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Abstract 
Many eukaryotic genes do not follow vertical inheritance pattern. In the present 

work, we have chosen as a model the gene for methionine adenosyltransferase (MAT), 
in which we have decided to examine in detail the evolutionary history. MAT is a 
ubiquitous essential enzyme that, in eukaryotes, occurs in two relatively divergent 
paralogs: MAT and MATX. Both paralogs have punctate distributions across the tree of 
eukaryotes and, except for a few cases, they are mutually exclusive. This points to the 
complicated evolutionary history of this gene couple, which may be caused by either 
differential loss of old paralogs or the spread of one of these paralogs by horizontal gene 
transfer (HGT). We have focused on the evolution of this enzyme particularly within 
one of the best-known groups of flagellates, the euglenids, because it was hypothesized 
that MATX evolved in photosynthetic euglenids before it spread to other lineages. 

We gained 26 new sequences from 23 euglenid lineages and one prasinophyte 
alga Pyramimonas parkeae. MATX was found only in photoautotrophic euglenids. 
Both, mixotroph Rapaza viridis and the prasinophyte alga Pyramimonas parkeae, the 
closest known relative of the euglenid plastid ancestor, only displayed the MAT 
paralog. In contrast, both paralogues were found in two euglenid species 
(Monomorphina pyrum and Phacus orbicularis). However, these two MAT genes were 
not related to any ancestral-euglenid MATs. The distribution of MAT/MATX in 
euglenids can be explained by three events: a single HGT of MATX that happened after 
the origin of euglenid secondary plastid, and two HGTs of MAT into two 
photoautotrophic species. 

The plausibility of processes putatively involved in MAT and MATX evolution 
was investigated using the Trypanosoma brucei/Euglena gracilis in vivo experimental 
model. This confirmed that MATX is able of both, a long-term coexistence with its 
MAT counterpart, and immediate replacement of MAT function. The conflict between 
species phylogeny and phylogeny inferred from MATX sequences suggests that MATX 
paralog has undergone HGT across the eukaryotic tree. Since phylogenetic analyzes do 
not exclude the presence of MATX in a common ancestor of eukaryotes, we assume 
that MATX originated in very ancient gene duplication, possibly in a common ancestor 
of all extant eukaryotes. This duplication was followed by more or less long period of 
coexistence of both paralogs until individual eukaryotic lines lost one of them. In 
addition, both paralogs have undergone HGTs. During one of the HGTs MATX was 
introduces into the lineage of photosynthetic euglenids, where it replaced the original 
MAT. The initial idea that euglenids was the group in which MATX originated proved 
to be very unlikely. 

 

 

5 
 



Abstrakt 
Velká část eukaryotických genů se v evoluci nepřenášela výhradně vertikálně 

z rodičů na potomstvo. V této disertační práci jsme si vybrali jeden z takových genů, a 
to gen pro methionin adenosyltransferázu (MAT), a pokusili se podrobně zmapovat jeho 
evoluci. MAT je všudypřítomný esenciální enzym, který se u eukaryot nachází ve formě 
dvou paralogů: MAT a MATX. Oba paralogy jsou mezi eukaryoty nerovnoměrně 
rozšířeny a s výjimkou několika málo případů se u daného organismu vyskytuje jen 
jeden z nich. To ukazuje na komplikovanou evoluční historii tohoto genu, která může 
zahrnovat takové evoluční procesy jako genové duplikace a následné ztráty nebo 
horizontální genový přenos (HGT). My jsme se zaměřili zejména na výskyt obou forem 
tohoto genu u jedné z nejznámějších skupin bičíkovců, skupiny Euglenida. 
Předpokládalo se totiž, že by tato skupina mohla být kolébkou paralogu MATX, ze 
které se tento gen následně šířil do dalších eukaryotických linií. 
 Podařilo se nám získat 26 nových sekvencí z 23 linií euglenidů a jedné 
prasinofytní řasy Pyramimonas parkeae, která představuje nejbližšího známého 
příbuzného euglenidího plastidu. MATX byl zjištěn pouze u fotoautotrofních euglenidů, 
přičemž mixotrof Rapaza viridis a P. parkeae vykazovali přítomnost pouze paralogu 
MAT. Oba typy paralogů byly nalezeny u dvou druhů euglenidů – Monomorphina 
pyrum a Phacus orbicularis. MAT geny u těchto druhů ovšem nejsou příbuzné MAT 
genům heterotrofních euglenidů. Distribuci MAT/MATX u euglenidů lze vysvětlit 
pomocí tří HGT událostí: jednoho horizontálního přenosu MATX genu, který se odehrál 
až v období po vzniku sekundárního euglenidího plastidu, a dalších dvou horizontálních 
přenosů MAT genů do dvou fotoautotrofních euglenidů. 
 Uskutečnitelnost procesů potenciálně zapojených do evoluce MAT a MATX 
paralogů (HGT, dlouhodobá koexistence dvou paralogů po genové duplikaci) jsme 
zkoumali pomocí in vivo experimentálního modelu Trypanosoma brucei/Euglena 
gracilis. Ten potvrdil, že MATX je schopen dlouhodobé koexistence se svým 
paralogem MAT a zároveň je také schopný MAT funkčně nahradit. Statisticky 
prokazatelný konflikt mezi fylogenezí eukaryot a fylogenezí MATX genu naznačuje, že 
v evoluční minulosti MATX došlo k HGT. Jelikož fylogenetické analýzy nevylučují 
přítomnost MATX u společného předka eukaryot, předpokládáme, že MATX vzniknul 
velmi dávnou genovou duplikací, možná u společného předka všech dnešních eukaryot. 
Po této duplikaci následovalo více či méně dlouhé období koexistence obou paralogů, 
dokud nedošlo v jednotlivých eukaryotických liniích ke ztrátě jednoho z nich. Oba 
paralogy navíc prodělaly HGT. Jeden HGT vnesl paralog MATX do linie 
fotosyntetických euglenidů, kde tento nahradil původní MAT. Prvotní představa, že 
skupina Euglenida byla kolébkou MATX, se ukázala jako velmi nepravděpodobná.  
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Overview 

1. Introduction 

In the present work, we have focused on the evolution of methionine 

adenosyltransferase (MAT, also known as S-adenosylmethionine synthetase or 

AdoMet-synthetase) (EC 2.5.1.6). Our major interest in this enzyme lies in its complex 

evolutionary history that stems from the fact that in nature it occurs in two divergent 

paralogs that exhibit punctuate distribution among eukaryotes. This enzyme was chosen 

as a case study, although other genes demonstrated a similarly complicated evolutionary 

history and apparently not follow a simple vertical inheritance pattern. Our goal was to 

elucidate the relationships and distribution of these paralogs in eukaryotes and 

specifically among euglenids, because it was hypothesized that one paralog of this 

enzyme could have arisen during the secondary plastid endosymbiosis in this group. 

MAT is an essential, ubiquitous enzyme that catalyzes a two-step reaction that 

leads to the formation of one of the most important cellular metabolites, S-adenosyl-L-

methionine (also known as SAM or AdoMet, Fig. 1), which plays a major role in 

methylation reactions in all organisms by acting as a direct methyl group donor. 

Methionine is a non-polar amino acid characterized by the presence of a methyl group 

attached to a sulfur atom located in its side chain. To be metabolically active, 

methionine must be converted into SAM (by MAT, Fig. 2). With the impairment of the 

MAT enzyme, supplementation of organism with methionine becomes useless or even 

toxic as it leads to the accumulation of unused, non-activated methionine (Lieber and 

Packer 2002; Cantoni 1951). It follows from this the paramount importance of MAT in 

all living cells, as it seems to be one of those essential enzymes required for life. 

MAT is involved in the specific reaction leading to SAM synthesis (scheme 

below), where the adenosyl group from an adenosyl triphosphate molecule (ATP) is 

transferred to the L-methionine. Simultaneously, the ATP is hydrolyzed to 

pyrophosphate (PPi) and orthophosphate (Pi), two byproducts that are released (Chiang 

et al. 1996; Cantoni 1951; Mudd and Cantoni 1958; Taylor and Markham 2000; 

Schlesier et al. 2013; Cantoni 1975). The Pi group involved in the SAM formation 

comes predominantly from the γ-phosphoryl group of the ATP. This indicates that 

motion of PPPi is restricted within the active site (Lu and Markham 2002). 
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L-methionine + ATP + H2O             (SAM + PPPi) + H2O             SAM + PPi + Pi 

 

The reaction catalyzed by MAT is the only known way of SAM biosynthesis. In 

addition, this enzyme requires the presence of divalent cations such as Mg2+ as well as 

monovalent cation K+ for its activation (Tabor and Tabor 1984; Kotb and Geller 1993; 

Mato et al. 1997; Garrido et al. 2011). 

The importance of SAM lies in the fact that it is the main methyl-group 

biological donor to: phospholipids (thus keeping the fluidity of membranes), DNA 

(crucial for regulation of gene expression), RNA, hormones and neurotransmitters. It is 

involved also in the biosynthesis of polyamines such as spermidine and spermine, in 

signal-transduction system and thus, it represents an important regulatory factor in 

many biological processes (Fontecave et al. 2004).   

Besides, SAM also contributes to other important biological reactions as it is 

able to donate any of the groups surrounding the sulfur atom: i) the aminopropyl group, 

which together with SAM-decarboxylase creates putrescine and afterwards spermidine, 

ii) the methyl group and also, iii) the 5´-deoxyadenosyl radicals, which are used by 

SAM radical proteins to produce biotine. Such is its “molecular promiscuity” that it has 

been estimated that SAM participates in as many reactions as ATP does (Pajares and 

Markham 2011; Fontecave et al. 2004; Chiang et al. 1996). 

 
Figure 1: S-adenosyl-L-methionine 

 

The common product of methylation reactions is S-adenosylhomocysteine 

(AdoHcy), which also serves as a regulator/inhibitor of the methionine 

adenosyltransferase at high concentration rates. The increasing amount of AdoHcy 
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simultaneously decreases the amount of SAM, being known this AdoMet/AdoHcy ratio 

as the methylation index. 

Due to the complexity of the MAT reaction Cantoni (1975) assumed that this 

enzyme could actually be a multiprotein complex consisting of several associated 

polypeptide chains. This suspicion was firstly confirmed in work by Chiang and 

Cantoni (1977), where the authors showed that, in yeast, the MAT enzyme is made up 

by two subunits with different molecular weight. They also found that MAT appears in 

yeast in two isozymes. 

From that time, MAT was found in all organisms studied to this day, except for 

some parasites like Pneumocystis, which acquire SAM from its host. In all organisms, 

MAT preferentially adopts an oligomeric structure, mostly tetramer made up of four 

identical subunits, which are encoded by a single gene. These four subunits form two 

tight dimers whose active sites are located between their subunits. Combining of these 

dimers leads to the final homotetramer enzymatic structure. In mammals, one of the 

isozymes adopts an heterotetrameric layout and consists of subunits encoded by two 

different genes (Takusagawa et al. 1996; LeGros et al. 2000). 

The different conformational structures (from primary to tertiary) of this 

cytosolic enzyme (Lu and Markham 2002; Garrido et al. 2011) have been extensively 

studied. It was revealed that its primary structure (approx. 400 amino acids) and tertiary 

structure of monomer is highly conserved among organisms. 

 
Figure 2: Schematic illustration of the methionine cycle, MAT is highlighted in red color. Adopted from 

Dixon et al. (1996). 
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2. MAT in archaea 

Despite they preserve some essential MAT-family similarities, sequences of 

archaeal MATs are highly divergent and distinct from those found in bacteria and 

eukaryotes.  

The archaeal MATs share with bacterial and eukaryotic MATs only about 20% 

sequence identity whereas bacterial and eukaryotic MATs are about 60% identical 

(Sánchez-Pérez et al. 2004). Although archeal MATs appear in solutions as dimers, the 

recently described MAT from hyperthermophile Thermococcus kodakarensis was found 

to form a tetramer in crystal packing (Schlesier et al. 2013), showing high level of 

thermostability. There are some indications that the sequence divergence observed 

between archaeal MAT and the rest of MATs could be due to the adaptation of these 

organisms to high temperature conditions. Increased stability could be caused by the 

presence of extended β-sheets in the core domain of the protein, as well as the 

establishment of tighter binding forces between both subunits within the dimer (Garrido 

et al. 2009; Schlesier et al. 2013). 

The archaeal type of MAT was subsequently found in the sequences of all the 

completed archaeal genomes, as well as in three bacterial genomes (Aquifex aeolicus, 

Chlorobium tepidum and Streptococcus pyogenes). In contrast, this form of MAT was 

not found in any eukaryotic genome. Regarding to the presence in three bacterial 

species encoding archael type of MAT, this is probably the result of HGT events 

through which this type of MAT was inserted into these three bacterial genomes. 

Inasmuch as all of them share a recent common ancestor, it only implies the need for a 

single transfer from archaea. On the other hand, all of these bacteria also contain the 

original bacterial MAT type. Despite this fact has not been fully addressed, these 

circumstances point to the possibility that the acquired xenologous MAT is responsible 

for the regulation of their ancestral MAT (Graham et al. 2000). Furthermore, these 

examples clearly demonstrate that MAT’s evolutionary history has involved lateral gene 

transfer events. 
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3. MAT in bacteria 

Most of the MAT enzymes from bacteria appear as single copy genes and 

commonly are labeled as metK gene. Escherichia coli MAT is the best-studied MAT 

enzyme among bacteria (Yocum et al. 1996). In the high-quality finished genome of E. 

coli it was found only a single metK gene (Markham et al. 1984; Newman et al. 1998). 

The essentiality of metK enzyme was proved in an experiment where an E. coli strain 

carrying a deletion for its metK gene was not able to grow in the absence of an episomal 

plasmid expressing this gene.  

An earlier work by Newman et al. (1998) described the influence of MAT 

activity on E. coli cell division. They showed that, when MAT activity was lower than 

certain critical threshold, cells were forming filaments more than 50 times longer than 

normal cells and without cross walls. By expressing a plasmid coding for metK, the wild 

type phenotype of cells was restored. From this pattern it was suggested that MAT plays 

a role in cell division and septation and the lack of MAT probably leads to cell division 

defect. Many studies described also the role of both MAT and SAM in the regulation of 

secondary metabolism and morphological differentiation in both eukaryotes and 

prokaryotes. There are several reports pointing out the role of intracellular SAM in the 

regulation of antibiotic production, sporulation and cellular differentiation (Kim et al. 

2003; Ochi and Freese 1982; Huh et al. 2004; Okamoto et al. 2003; Park et al. 2005). 

Over-expression of MAT (and thus the increase of SAM) or addition of SAM to the 

culture medium leads to overproduction of antibiotics in various Streptomyces species, 

but at the same time it results in a decrease of sporulation and differentiation. Despite 

similar results were found for other organisms like Bacillus subtilis (Ochi and Freese 

1982), the mechanism by which SAM regulates antibiotic production remains still 

unknown. 

 

4. MAT in eukaryotes 

Most of the previous studies on eukaryotic MATs have been restricted on land 

plants and opisthokonts. Regarding opisthokonts, these studies have been especially 

focused on both human and rat MATs, where three MAT isozymes (MAT I, MAT II 
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and MAT III) were found. While two of them (MAT I and III) are specifically 

expressed in the liver, the third one (MAT II) is ubiquitous being present in all tissues. 

Liver MAT enzymes (I, III) consist of the same α1 subunit but have different structures. 

MAT I appears as a homotetramer (α1)4, while MAT III is present as a homodimer 

(α1)2. MAT II isoform is a heterotetramer consisting of the two α2 subunits and two β 

subunits. Thus, mammalian MATs are encoded by three genes: MAT1A gene codes for 

α1, MAT2A codes for α2 and MAT2B codes for β subunit (Kotb and Kredich 1985; 

Mato et al. 1997; Halim et al. 2001; Nordgren and Peng 2011). 

It was described that SAM strongly inhibits MAT II, but at the same time 

minimally inhibits MAT I and stimulates MAT III. However, LeGros et al. (1997) 

showed that MAT II regulation could vary in function of the differential 

oligomerization of its α2 and β subunits. They found out that the β subunits are non-

catalytic (no MAT activity was detected) and probably have a regulatory function, as it 

seems that without these β subunits MAT II shows, simultaneously, higher activity as 

well as lower sensitivity to the inhibition mediated by SAM.  

 Lu et al. (2003) found that MAT1A gene is not only expressed in liver but also in 

rat and mouse pancreas. Therefore, MATI and III are not liver-specific enzymes, as it 

was previously thought. Probably, these genes can be expressed in all tissues, although 

the activity of these enzymes may vary multiple times among different tissues, being 

maximal in the liver. 

In other opisthokonts like yeasts, MAT occurs in two different isozymes, which 

were named AdoMet synthetase I and II, respectively (Cherest et al. 1978). The study 

on yeasts conducted by Rouillon et al. (1999) provided the first evidence showing that 

SAM is essential for these organisms, and also revealed the presence of a SAM 

transporter in yeasts by which they can acquire this metabolite from the medium (in 

contrast to the bacteria E. coli mentioned above).  

MAT genes have been studied and isolated from a variety of plants. These 

MATs were found usually as gene families with different number of types varying from 

2 to 4. MAT genes were isolated for example from Arabidopsis thaliana (LeGros 1997, 

web Arabidopsis.org), Pisum sativum (pea) (Gómez-Gómez and Carrasco 1998), 

Petroselinum crispum (parsley) (Kawalleck et al. 1992), Oryza sativa (rice) (Lee et al. 

1997), Actinidia chinensis (kiwifruit) (Whittaker et al. 1995), Catharanthus roseus 
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(Madagascar periwinkle) (Schröder et al. 1997) and Solanum lycopersicum (tomato) 

(Espartero et al. 1994). In addition, it seems that the expression of these distinct MAT 

genes differs through different plant tissues (Peleman et al. 1989) and that it is also 

developmentally regulated (Gómez-Gómez and Carrasco 1998). 

In general, eukaryotic MAT is a highly conserved enzyme, which exhibits close 

relatedness across all eukaryotes. This explains the effort to use MAT as a phylogenetic 

marker. According to Sánchez-Pérez et al. (2004), MAT phylogeny was able to solve 

relationships between close and distant relatives with high bootstrap support. 

Nowadays, thanks to whole genome and transcriptome sequencing experiments, 

sequences of MAT genes from almost all higher eukaryotic groups are available in open 

access databases. Before the sequencing ‘boom’ of the 1980s and 1990s, it was thought 

that MAT occurs only in two different versions that have almost strict kingdom-specific 

distribution: one form in Bacteria and Eukaryota and the other one in Archaea (Graham 

et al. 2000). Currently, it becomes clear that in eukaryotes exists another form of MAT 

enzyme, which occurs in few remotely related lineages of organisms. This form, named 

as MATX (Sánchez-Pérez et al. 2008), is apparently derived from eukaryotic MAT, 

from which it can be easily distinguished on phylogenetic tree by a long stem. 

 

5. MATX 

MATX differs from MAT in four unique insertions and many unique 

substitutions. As a result of these insertions the length of the enzyme increased to 471 

residues (in Euglena gracilis) in comparison to the about 400 residues present in most 

MATs (Garrido et al. 2011; Sánchez-Pérez et al. 2008). The insertions are located 

within the surface loops, not in the internal parts of the protein, nor in the interface 

where the active sites are located (Fig. 3). This leaves the rest of the protein without 

significant structural changes and probably without significant effect on the enzymatic 

activity (Sánchez-Pérez et al. 2008). Functional equivalency of MAT/MATX was 

confirmed in biochemical assay by Garrido et al. (2011).  

MATX was found so far in four unrelated groups of photosynthetic eukaryotes: 

haptophytes, diatoms, photosynthetic euglenids and dinoflagellates, but also in the data 

sets of a few isolated representatives of other groups. These involve the pelagophyte 
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alga Aureococcus anophagefferens, which harbors two copies of MAT in addition to the 

MATX; the prickly lettuce Lactuca serriolla and the southern pine beetle Dendroctonus 

frontalis. L. serriolla and D. frontalis seem to be result of a contamination as their 

MATXs are the only known occurrence of this enzyme in plants and animals, 

respectively. In most cases, MAT and MATX are mutually exclusive in their 

distribution and do not co-occur in the same organism. The hypothesis postulated by 

Sánchez-Pérez et al. (2008) explains this fact by the formation of unstable heterodimers 

or heterotetramers in cells able to express both enzymes. This could result in cell stress 

and damage. However, few organisms expressing both paralogs have been identified. 

Among these, belong five diatom species, A. anophagefferens and two species of 

photosynthetic euglenids (Kamikawa et al. 2009; Sánchez-Pérez et al. 2008; Szabová et 

al. 2014). The patchy distribution of MATX across the eukaryotic tree suggests a 

complicated evolutionary history for these two paralogous genes, which could involve 

events like gene duplications and subsequent gene losses (deep paralogy scenario) 

and/or horizontal gene transfers (horizontal gene transfer scenario). 

 
Figure 3: Schematic 3D model showing two different views of the tertiary structure of the MATX 

enzyme from Euglena gracilis. It is composed from four monomers (A, B, C and D) and the MATX 

insertions are marked by the arrows (Sánchez-Pérez et al. 2008). 
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6. Horizontal gene transfer  

Horizontal gene transfer (HGT or also known as a lateral gene transfer, LGT) 

refers to transmission of genetic information between individuals belonging to the same, 

related or even unrelated species, in a manner that is not connected to reproduction. This 

is in contrast to vertical gene transfer, where the genetic information is transferred from 

parents to their offspring (transfer through generations). 

Nowadays interpretation of the phylogenetic incongruities on gene trees as 

results of horizontal gene transfer is becoming very popular. Multiple forms of HGT 

have been described, like the intra-domain HGT (e.g. between prokaryotes) or the inter-

domain HGT (e.g. from prokaryotes to eukaryotes). HGT events are not always easy-to-

follow since sometimes due to the complexity of this processes, the direction of the 

transfer is very difficult to infer (Andersson 2009; Almeida et al. 2008). 

HGT events have been frequently described for prokaryotes (Koonin et al., 

2001), but less cases have been reported in eukaryotes. This is caused partly by to the 

big amount of prokaryotic data available (at both genomic and sequence levels) and 

partly historically because of the studies regarding the acquisition of antibiotic 

resistance (Huh et al. 2004; Kim et al. 2003; Dzidic and Bedeković 2003; Juhas et al. 

2009). However, it mainly reflects general strategy of bacterial populations for 

adaptation to changing environment (Koonin and Wolf 2008). In addition to the 

frequent prokaryote-to-prokaryote gene transfer, there is also evidence for prokaryote-

to-eukaryote gene transfers. The amount of eukaryote-to-eukaryote HGTs has gone 

underestimated for a long time, but this point of view is rapidly changing with the 

increasing sequencing data available (Andersson 2005; Huang 2013). 

For a successful transfer to take place, the xenologous (foreign) gene must enter 

the recipient cell, integrate into the resident genome and, finally, be transmitted to the 

offspring (Huang 2013). This last step could be very difficult, especially in multicellular 

organisms like vertebrates, where the xenologous DNA must reach the germ cells. For 

unicellular eukaryotic organisms, HGT is easier, at least in principle (Andersson et al., 

2001; Huang 2013). 

Two types of HGT can be differentiated in eukaryotes depending on the source 

from which the genetic information is obtained. If the origin of the transferred genes is a 

genome, which is or was present inside the recipient cell, this process is referred as an 
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endosymbiontic gene transfer (EGT). Potential sources of EGT include organelles with 

an endosymbiotic origin, like mitochondrion, plastids or endosymbionts, which are 

present in the cell (Doolittle 1998; Andersson 2005; Palenik 2002; Martin et al. 2002; 

Karlberg et al. 2000). The second kind of gene transfer does not involve any kind of 

endosymbiotic associations. 

After acquisition of the transferred gene the native homolog loses its essentiality 

and may be displaced from the genome by the foreign gene, which is taking over its 

function completely. In another case, the new gene may bring an advantageous function, 

maybe new for the organism, so the loss of any native gene is not necessary in principle. 

To summarize the whole process, any transferred gene must be able to: i) enter the 

recipient cell, which is easier in unicellular eukaryotes than in multicellular ones, ii) 

become expressed, and iii) completely substitute the function of the native gene or to 

bring a new one soon after the gene transfer. 

It is often complicated to prove a case of horizontal gene transfer. The most 

reliable indication is the incongruence between the phylogeny of the studied gene and 

the organismal phylogeny. Such incongruence means that the gene probably has 

different evolutionary past than the rest of the genome and one possible explanation of 

this fact is HGT. For the successful application of the phylogenetic congruency tests, 

few conditions must be fulfilled. Firstly, the studied genes must carry enough 

phylogenetic information, secondly, the compared homologs must be in orthologous 

and not in paralogous relationship, finally  the substitution rate of the compared genes 

should not be radically different (Syvanen 1994). The increased rate of substitution or 

contamination may cause artifacts in phylogenetic reconstruction and, consequently, 

misleading results. Other options to detect HGT are the calculation of GC content or the 

codon and amino acids usage. In this case, the foreign gene is expected to have different 

values of these parameters from the rest of the genome (Lawrence and Ochman 1997). 

The existence of HGT often complicates uncovering the phylogenetic history of 

organism. In certain special cases, however, the determination of an ancient HGT could 

be beneficial for the reconstruction of organismal phylogeny. The presence of a gene 

acquired by HGT could serve as a valuable phylogenetic marker of phylogenetic 

relationships between lineages. In these cases, organisms that share a derived character 

(unique insertion, deletion, gene fusion, other genetic rearrangements or a HGT from 
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the same source) are expected to form a monophyletic group (Williams et al. 2010). 

However, the more ancient is the transfer, the harder it is to detect, because traces of its 

relationship to donor-lineage deteriorate with age (Huang and Gogarten 2009). 

 

7. Deep paralogy 

The existence of gene-tree/species-tree incongruities is not explained only as 

result of horizontal gene transfer events. Another valid explanation is the ancient (deep) 

unrecognized paralogies and subsequent, independent gene losses. While phylogenetic 

trees of genes that underwent HGT are always in conflict with expected organismal 

phylogenies, deep paralogy and differential gene losses produce trees that are not in 

conflict with the organismal phylogeny, if the paralogs are correctly identified and 

treated separately (Andersson and Roger 2003).  

Paralogs are genes that are derived from a single ancestral gene by duplication 

within a genome, in contrast with orthologs, which are genes that have diverged from a 

common ancestral gene along with speciation of the organisms. Orthologs retain the 

same function, while paralogs often evolve to new functions. Gene duplications can 

occur in various ways like: unequal crossing over, retroposition or chromosomal 

(genome) duplication. Gene duplication could have both long- and short-term benefits. 

The short-term benefit is normally a higher level of gene expression. Long-term benefit 

is the acquirement of evolutionary innovations through the neofunctionalization or 

subfuntionalization of one copy of the duplicated gene. This is possible because the 

newborn paralog copy becomes free from forces of purifying selection and evolves 

rapidly while the other copy continues to fulfill the original function (Behe and Snoke 

2004). On the other hand, the gene duplication increases energetic and material costs, 

because the cell has to replicate higher amount of DNA. Another fact about the gene 

duplication, which has been fully addressed by several authors, is that these duplicated 

genes protect the organism from harmful mutations by increasing the number of copies 

that are available for a specific function (Taylor and Raes 2004). Undoubtedly, the gene 

duplication is an important aspect of the genome evolution because new genes and 

innovations could originate in this way (Wagner 2010; Makarova et al. 2005). 
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If a gene was duplicated in a common ancestor and then only one randomly 

chosen copy was preserved in the lineage by its descendants (every lineage chooses 

independently from the others), the tree resulting from mixture of both paralogs will be 

incongruent with the organismal phylogeny. Such result can be often wrongly 

interpreted as a case of HGT (Glansdorff 2000). 

Indication of a deep paralogy is the dual appearance of two paralogs in one 

organism, because this could be the remnant of the state after the gene duplication. Deep 

paralogy also assumes that the two paralogs should be able of long-term coexistence in 

one organism, i.e. should split the work rather than compete for the same function. This 

is an inherent assumption of every scenario that involves gene duplication and 

differential loss. Methods of the tree reconciliation that embed the gene tree into the 

species tree can be used to estimate the number of gene duplications and losses (Page 

and Charleston 1997; Guigó 1996). 

 

 
Figure 4. Schematic trees illustrating two evolutionary scenarios explaining the patchy distribution of a 
gene in the species tree (A) horizontal gene transfer scenario, (B) deep paralogy scenario followed by 
differential loss (Gogarten and Townsend 2005). Notice long periods of co-occurrence of two paralogs in 
B.  

 

Usually it is hard to distinguish between HGT and deep paralogy followed by 

differential losses. 

8. MAT/MATX vs. EF-1α/EFL 

Several cases of genes patchy distributed among organisms have been reported 

so far (Andersson et al. 2006; Andersson and Roger 2003; Gile et al. 2009). Whilst 
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some of them were explained by gene duplication and subsequent loss in unrelated 

lineages, a HGT scenario was able to elucidate the other cases. Two genes received 

more attention because their evolutionary history seems particularly complicated. 

Besides MAT and MATX it was the case of translation elongation factors in eukaryotes. 

Both cases share several common features. 

Eukaryotes and archaea possess the elongation factor 1α (EF-1α), while bacteria 

have its ortholog named elongation factor Tu (EF-Tu). Both are highly conserved 

GTPases that are involved in the process of translation elongation by delivering of 

aminoacyl tRNAs to the ribosome and, as well as MAT, they are essential housekeeping 

genes. Eukaryotic EF-1α is also involved in other cellular processes like nuclear export, 

cytoskeletal organization or negative regulation of genes involved in apoptosis (Gross 

and Kinzy 2005; Blanch et al. 2013; Duttaroy et al. 1998; Khacho et al. 2008).  

Similarly to MATX, a paralog of EF-1α was found in eukaryotes; it was named 

elongation factor-like (EFL) (Keeling and Inagaki 2004). EFL is distributed frequently 

but discontinuously among eukaryotes and this distribution is usually mutually 

exclusive with EF-1α, like it is observed for the MAT/MATX case. The differences 

between EF-1α and EFL consist in six different insertions with variable length and 

number of unique substitutions (Dreher et al. 1999; Keeling and Inagaki 2004; Noble et 

al. 2007; Atkinson et al. 2014). 

Firstly, the distribution of EFL was explained as the result of HGT because EFL 

was found in distantly related organisms, whose relatives possessed only the EF-1α 

form. At that time, no genome carrying both genes simultaneously was known (Keeling 

and Inagaki 2004). Since then, more organisms containing EFL and several containing 

both EF-1α and EFL genes have been discovered, so the HGT explanation for the 

evolution EFL became less convincing (Kamikawa et al. 2008; Sakaguchi et al. 2009; 

Keeling and Inagaki 2004). Existence of such “dual” organisms points to the presence 

of both paralogs in the common ancestor, demonstrating that this EF-1α/EFL duality is 

possible and may reflect the ancestral state. Nowadays, the evolution of this gene couple 

is explained purely by deep paralogy and subsequent losses, as no robust case of HGT 

has been demonstrated (Noble et al. 2007; Gile et al. 2009; Kamikawa et al. 2013; 

Keeling and Palmer 2008). 
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Until now, EFL was found in eight unrelated eukaryotic groups:  dinoflagellates, 

haptophytes, cercozoa, green algae, choanoflagellates, fungi, diatoms and radiolarians 

(Keeling and Inagaki 2004; Kamikawa et al. 2011; Noble et al. 2007; Gile et al. 2009; 

Kamikawa et al. 2013; Mikhailov et al. 2014; Henk and Fisher 2012; Ishitani et al. 

2012). Dual-EF1α/EFL-containing species were found in five distantly related lineages: 

goniomonadida, apusomonadida, diatoms, oomycetes and fungi. In all of these cases, 

the EFL gene is likely used as the principal elongation factor, since it has higher 

transcriptional level than EF-1α. Therefore, it was hypothesized that the EF-1α has been 

re-modeled to be functional only in auxiliary roles (Kamikawa et al. 2008; Kamikawa et 

al. 2013). 

When we compare EF1α/EFL and MAT/MATX distributions, it is noticeable 

that the distribution of EFL is much patchier than of MATX, and also the dual 

EF1α/EFL-state was found in more organisms than the MAT/MATX-gene couple.  

 

9. Euglenids and MATX evolution 
On the MAT/MATX phylogenetic tree, MATX is forming a long branch clearly 

separated from MAT sequences. The position of the MATX clade is not resolved and 

the bootstrap supports for every placement were very low. Thus it is very hard (or even 

not possible) to reveal the affinities of MATX to the exact MAT lineage (Sánchez-Pérez 

et al. 2008). 

Because MATX occurs only in taxa that possess a secondary plastid, one 

hypothesis postulates that MATX could arise during the secondary endosymbiosis of 

plastid from the endosymbiont MAT gene coded in the nucleomorph (Fig. 5) (Sánchez-

Pérez et al. 2008). As it was reported before (Patron et al. 2006), genes encoded in 

nucleomorphs are released from the purifying selection and may undergo accelerated 

sequence evolution resulting in a divergent form of the gene. The hypothesis of 

Sánchez-Pérez et al. (2008) postulates that after the origin of MATX in one group of 

algae, MATX spread to other eukaryotic lineages via HGT (Fig. 4A). There were 

suggested three algal groups in which MATX could originate – dinoflagellates, 

haptophytes and euglenids (Sánchez-Pérez et al. 2008). Diatoms were not considered 

because until that time the MATX was found only in one centric diatom T. pseudonana, 
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which bears also a MAT copy of the gene. It was suggested that T. pseudonana gained 

the MATX paralog by HGT from a haptophyte (Sánchez-Pérez et al. 2008). In later 

analyses, it came out that also other diatoms and pelagophyte alga Aureococcus 

anophagefferens possess MATX, and in some of them appeared dual MAT/MATX state 

(Kamikawa et al. 2009). Kamikawa et al. (2009) concluded that the ancestral diatom 

cell already possessed both paralogs. Then the diatoms like Achnanthes kuwaitensis, 

Fragilariopsis cylindrus and Phaeodactylum tricornutum, which harbor only MAT, 

have secondarily lost their MATX copy, while some others like Thalassionema and 

Skeletonema have secondarily lost their MAT. Finally, several diatoms (Thalassiosira 

pseudonana, Detonula confervacea, Ditylum brightwellii, Asterionella glacialis and 

Cylindrotheca closterium) preserved both. 

 

 
Figure 5: Illustration of a possible MATX origin in a photosynthetic organism during a secondary plastid 
endosymbiosis. A eukaryovore engulfed a plastid containing organism, both of which have MAT gene. 
After the plastid endosymbiosis, there was a rapid evolution of the MAT gene encoded in the 
endosymbionts nucleomorph. This led to the origin of MATX, which afterwards replaced the ancestral 
MAT gene in the host (Sánchez-Pérez et al. 2008). 
 

Regarding to the origin of MATX in the rest of the candidates, dinoflagellates 

were the main suspects, because of their predatory lifestyle and the ability to acquire 

different types of plastids by endosymbiosis. Therefore, there is a theoretical possibility 

that MATX evolved in one of these plastid endosymbionts. Some euglenids and 

haptophytes are also known to be able to engulf eukaryotic cells, contain complex 

plastids and theoretically could be the first hosts of MATX.  

We had the opportunity to investigate evolution of both MAT and MATX in one 

of this candidate groups, euglenids. In order to do so, it was necessary to expand the 

sampling of euglenid taxa in the MAT/MATX tree, because in previous studies it was 

very low. 

21 
 



Euglenids are free-living flagellates that belong to the kingdom Excavata. It is a 

large group of organisms, which live in marine but predominantly fresh water 

environments. They have different modes of nutrition, including autotrophy, 

heterotrophy and mixotrophy. According to Leander (2004), the euglenid common 

ancestors were bacterivorous, from which later evolved eukaryovory. One lineage of 

eukaryovores gave rise to primary osmotrophs and another, after the acquisition of 

plastid, to photoautotrophic euglenids (Fig. 6). 

Figure 6: Schematic illustration of euglenid relationships. Adopted from Leander (2004). 

The photosynthetic euglenids together with secondarily osmotrophic euglenids 

(colorless euglenids, which secondarily lost plastids) form a robust clade, located within 

the rest of euglenids. The only known mixotroph today, Rapaza viridis, branches as the 

sister of photoautotrophs (Yamaguchi et al. 2012). It was previously known that 

autotroph Euglena gracilis possess MATX gene while eukaryovore Peranema 

trichophorum possess MAT gene. However, for the rest of the group we had no 

knowledge concerning the presence of MAT or MATX.  

As it was mentioned above, photosynthetic euglenids possess a secondary green 

plastid. It was probably gained in the time period after the common ancestor of 

autotrophs + Peranema but before the common ancestor of autotrophs + Rapaza. This 

scenario is so called the “plastid-late hypothesis” or “plastid-recent hypothesis” (Fig. 6, 
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circle 3). In contrast, the “plastid-early hypothesis” (Fig. 6, circles A, B) assumes that 

the plastid was gained earlier in the euglenid evolution – already in the common 

ancestor of Euglenozoa. This hypothesis was suggested by Hannaert et al. (2003) when 

they found few genes encoding plant-like enzymes in kinetoplastids. However, 

according to Nozaki et al. (2003), these plant-like genes, which were found also in 

heterolobosea (Andersson and Roger 2002), could be derived from the ancient primary 

plastid endosymbiosis. Moreover, the re-analyses of the phylogenies of these genes by 

using recent wider taxon sampling did not support this hypothesis. Therefore, these 

plant-like genes were probably acquired by HGT from red and green algae (Soukal 

2013). 

The closest known relative to euglenid plastid is the prasinophyte marine alga 

Pyramimonas parkeae (Turmel et al. 2009). If the hypothesis that MATX came to 

euglenid lineage with the plastid endosymbiont is correct, the closest representative to 

MATX of euglenids would be Pyramimonas parkeae. 

Besides analysing the distribution of MAT and MATX across euglenids, we 

decided to investigate in general changes, which occurred after plastid endosymbiosis in 

euglenids and thereby understand in more detail the changes in gene content, transfers 

of genes from plastid to nucleus or loss of genes in this particular case. For this purpose, 

we sequenced the plastid genome of Eutreptiella gymnastica, which represented, before 

the discovery of R. viridis, the lineage of photoautotrophic euglenids most distantly 

related to Euglena, and compared it with the plastid genome of Euglena gracilis. 
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The main aims of the thesis 

 
• To experimentally test, how the two paralogs MAT and MATX satisfy assumptions 

of the two evolutionary scenarios: deep paralogy and horizontal gene transfer. 

 

• To map the distribution of MAT/MATX within the group of euglenids. 

 

• To characterize the possible evolutionary history of MATX paralog in eukaryotes 

with the particular focus on euglenids and to support of reject the hypothesis about 

the origin of MATX in this eukaryotic group. 

 
• To analyze the changes in gene content of the secondary plastid of euglenids after 

the event of secondary endosymbiosis. 
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Budějovice (Budweis), Czech Republic

�Present address: Institute of Experimental Botany, Czech Academy of Sciences, Prague, Czech Republic.

�Present address: Sanatorium Helios s.r.o., Brno, Czech Republic.

§These authors contributed equally to this work.

*Corresponding author: E-mail: jula@paru.cas.cz.

Associate editor: Hervé Philippe

Abstract

Many eukaryotic genes do not follow simple vertical inheritance. Elongation factor 1a (EF-1a) and methionine adenosyl
transferase (MAT) are enzymes with complicated evolutionary histories and, interestingly, the two cases have several
features in common. These essential enzymes occur as two relatively divergent paralogs (EF-1a/EFL, MAT/MATX) that
have patchy distributions in eukaryotic lineages that are nearly mutually exclusive. To explain such distributions, we must
invoke either multiple eukaryote-to-eukaryote horizontal gene transfers (HGTs) followed by functional replacement or
presence of both paralogs in the common ancestor followed by long-term coexistence and differential losses in various
eukaryotic lineages. To understand the evolution of these paralogs, we have performed in vivo experiments in
Trypanosoma brucei addressing the consequences of long-term coexpression and functional replacement. In the first
experiment of its kind, we have demonstrated that EF-1a and MAT can be simultaneously expressed with EFL and MATX,
respectively, without affecting the growth of the flagellates. After the endogenous MAT or EF-1a was downregulated by
RNA interference, MATX immediately substituted for its paralog, whereas EFL was not able to substitute for EF-1a, leading
to mortality. We conclude that MATX is naturally capable of evolving patchy paralog distribution via HGTs and/or long-
term coexpression and differential losses. The capability of EFL to spread by HGT is lower and so the patchy distribution of
EF-1a/EFL paralogs was probably shaped mainly by deep paralogy followed by long-term coexistence and differential losses.

Key words: EFL, MATX, horizontal gene transfer, functional rescue, RNAi, Trypanosoma.

Introduction
The transfer of genetic information among distantly related
organisms called horizontal (5 lateral) gene transfer (HGT)
represents one of the major driving forces of evolution
(Keeling and Palmer 2008). The pervasive occurrence of
HGT among prokaryotic organisms is apparent in their ge-
nomes and can be easily experimentally demonstrated,
thus disputing the actual existence of stable bacterial spe-
cies (Welch et al. 2002; Doolittle and Papke 2006; Doolittle
and Bapteste 2007; Papke 2009). Recently, the role of HGT
is becoming recognized also as an important force in the
evolution of eukaryotes and an increasing number of exam-
ples are being reported (Andersson 2005, 2009; Richards
et al. 2006; Watkins and Gray 2006; Andersson et al.
2007; Keeling 2009; Whitaker et al. 2009; Stairs et al.
2011). Even though several mechanisms of HGT have been
proposed (Gogarten 2003), two are believed to be preva-
lent: endosymbiotic gene transfer (Martin and Schnarren-
berger 1997) and ‘‘you-are-what-you-eat’’ (Doolittle 1998).
The former occurred upon endosymbiosis of the bacterial
ancestors of mitochondria and plastids and represents HGT

on the largest scale because more than 90% of the endo-
symbiosed genomes were subsequently lost or transferred
to the host cell nucleus and thus form a substantial part of
the coding capacity of the nuclei in extant eukaryotes (Ess-
er et al. 2004; Bock and Timmis 2008). Most of these or-
ganelle-derived proteins remain functionally associated
with the organelle of their evolutionary origin (Kurland
and Andersson 2000). However, some of these proteins
have eventually found their way to other cellular compart-
ments, being responsible for the mosaic pattern of most
metabolic pathways in a typical eukaryotic cell (Gabaldón
and Huynen 2004; Obornı́k and Green 2005).

Independently of these massive endosymbiosis-driven
HGT events, most eukaryotes were subject to intermittent
acquisitions of genomic material from prokaryotes or other
eukaryotes. According to the ‘‘you-are-what-you-eat’’ con-
cept, the digested prey is the pervasive source of these
transferred genes (Doolittle 1998). Various eukaryotic
groups differ in the extent of HGT from prokaryotes,
and their life style and environment seem to be an impor-
tant factor—HGTs occurred frequently in the evolutionary
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history of rumen ciliates (Ricard et al. 2006), anaerobic pro-
tists (Andersson 2006; Andersson et al. 2007), or diatoms
(Bowler et al. 2008), whereas very few such events have
so far been documented in yeasts (Dujon et al. 2004) or
animals (Kondrashov et al. 2006).

Although the eukaryote-to-eukaryote HGTs are likely to
be underestimated (Keeling and Palmer 2008), this process
can hardly be considered a frequent one. Particularly inter-
esting are highly conserved essential genes that have a sur-
prisingly complex evolutionary history—elongation factor
1a (EF-1a) and methionine adenosyltransferase (MAT)
(Keeling and Inagaki 2004; Gile et al. 2006; Ruiz-Trillo
et al. 2006; Noble et al. 2007; Kamikawa et al. 2008,
2009, 2010, 2011; Sanchez-Perez et al. 2008; Cocquyt
et al. 2009; Gile, Faktorová, et al. 2009; Gile, Novis, et al.
2009; Sakaguchi et al. 2009), being the best known exam-
ples. The main function of EF-1a is to bring an aminoacyl-
transfer RNA into the A site of the ribosome (Andersen
et al. 2003). This extremely abundant protein has also been
implicated in ubiquitin-dependent protein degradation
(Chuang et al. 2005) and localization of selected transcripts
via simultaneous binding of EF-1a to actin (Liu et al.
2002). MAT is the only enzyme synthesizing S-adenosyl-
L-methionine, which is one of the key metabolites, as it do-
nates the methyl group for most methylation reactions in
prokaryotic and eukaryotic cells (Chiang et al. 1996).

Although elongation factor like (EFL) and MATX were
initially considered to have evolved by vertical descent,
the respective phylogenetic trees were inconsistent with
such a simple scenario. In both cases, the analyses revealed
that subsets of unrelated organisms possess a divergent
version of the gene—EFL and MATX (Keeling and Inagaki
2004; Sanchez-Perez et al. 2008). In general, the patchy dis-
tribution of two paralogs can be explained by two outermost
scenarios: 1) deep paralogy—presence of both paralogs in
the common ancestor—followed by differential loss of
one variant in individual lineages or 2) more recent origin
of one paralog in one lineage of eukaryotes followed by its
spread by eukaryote-to-eukaryote HGT. It is difficult to dis-
tinguish between these alternatives purely on the basis of
phylogenetic analyses of protein sequences and their dis-
tributions. Theoretically, because the scenarios differ in
the types of events they invoke, we might use the principle
of parsimony and prefer the one that requires fewer im-
probable events. The first scenario minimizes the events
of HGT replacements and expects long-term coexistence
of both paralogs. The assumption of this scenario therefore
is that the two paralogs are (or were in the past) capable of
long-term coexpression in a single cell compartment with-
out negative effect on the fitness of the organism. The sec-
ond scenario expects that one paralog (probably the less
frequent and less diversified one, namely MATX and
EFL) spreads among eukaryotes via HGT. The assumption
of this scenario is that this paralog is in a very short time
able to substitute the function of its counterpart. Unfortu-
nately, in the cases of EFL/EF-1a and MATX/MAT, we have
no information how they fulfill one assumption or the
other.

The coexistence of these paralogs under natural condi-
tions is rare if not totally lacking. The distribution of EFL/EF-
1a paralogs and MATX/MAT paralogs is almost strictly mu-
tually exclusive, that is, organisms have either EF-1a or EFL
but not both, the same applying to MAT and MATX.
Strangely enough, the exceptional group in both cases is
the diatoms. The genome of Thalassiosira pseudonana har-
bors both variants of these genes (EFL, EF-1a, MAT, and
MATX) (Armbrust et al. 2004), transcripts of both EFL
and EF-1a have been detected in Th. pseudonana and in
five other diatom species (Kamikawa et al. 2008), and finally
transcripts of both MAT and MATX were revealed in an-
other four diatom species (Kamikawa et al. 2009). This al-
most strict mutually exclusive distribution led to a proposal
that the long-term coexistence of both paralogs in one
compartment is detrimental for the cell, probably due
to problems with regulation, competition for substrate,
or in the case of MAT/MATX, formation of less functional
heteromers (Sanchez-Perez et al. 2008).

The process of HGT replacement of these essential pro-
teins by their paralogs is, however, potentially problematic
as well. It is difficult to envisage a smooth switch, during
which these essential proteins are replaced with their hor-
izontally acquired paralogs that take instantly over their
functions. Moreover, the replacement is inevitably pre-
ceded by the potentially hazardous period of coexpression
of both variants.

We have decided to experimentally test on the model of
Trypanosoma brucei how the two paralog couples (EF-1a/
EFL and MAT/MATX) satisfy assumptions of the two evo-
lutionary scenarios. For the first time, we have simulated
step-by-step the process of HGT under laboratory condi-
tions. We have shown that EFL and MATX can coexist with
EF-1a and MAT, respectively. Moreover, the MATX gene
from Euglena gracilis was able to rescue the RNA interfer-
ence (RNAi) knockdown for MAT in Tr. brucei, but in the
same organism, the EFL gene from Diplonema papillatum
failed to rescue the knockdown of EF-1a. Although MAT/
MATX fulfills assumptions of both scenarios, EF-1a/EFL ap-
parently fulfills just one of them.

Materials and Methods

EF-1a and EFL Constructs
Oligonucleotides for generation of gene fragments suit-
able for generation of RNAi knockdown cell lines were
designed using the RNAit online tool available on the Try-
panoFAN web site (http://trypanofan.path.cam.ac.uk/
software/RNAit.html). The 453 bp-long 5# region of the
Tr. brucei EF-1a gene was amplified using oligonucleotides
EF-1-F (5#-GGATCCTGGAGGCACTAGACATGCTG-3#)
and EF-1-R (5#-AAGCTTCGATCTTCGACTCGATCTCC-
3#) (added BamHI and HindIII restriction sites are under-
lined) and cloned via these restriction sites into the
p2T7-177 RNAi vector carrying phleomycin resistance.

For constitutive expression in Tr. brucei of the full-size
exogenous EFL, genes from D. papillatum or Isochrysis gal-
bana were used. EFL from D. papillatum was expressed using
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either a pABPURO vector containing an HA3-tag and pu-
romycin resistance (Long et al. 2008) or a pHD1344tub vec-
tor with TAP-tag and puromycin resistance (Carnes et al.
2008). For the expression of EFL from I. galbana, the pAB-
PURO vectors with or without HA3-tag were used. The en-
tire open reading frame of the EFL gene (accession number
ACO50119) was polymerase chain reaction (PCR) amplified
from the cDNA of the diplonemid D. papillatum using oli-
gonucleotides Dp-HA-F (5#-TCACATCGATATGGCTAAC
GCTACCGA-3#) and Dp-HA-R (5#-AGTGGCTAGCCTTCT
TCTTGCCCTTGC-3#) (added ClaI and NheI restriction
sites are underlined) for pABPURO, and oligonucleotides
Dp-TAP-F (5#-TCACAAGCTTATGGCTAACGCTACCGA-
3#) and Dp-TAP-R (5#-AGTGGGATCCCTTCTTCTTGCCC
TTGC-3#) (added BamHI and HindIII restriction sites are
underlined) for pHD1344tub.

In the case of the I. galbana EFL gene (accession number
AAV34146), its entire open reading frame was PCR ampli-
fied from the total DNA using oligonucleotides Ig1-F (5#-
AAGCTTATGGCCTCCGAGAAA-3#) and Ig1-R (5#-GG
ATCCCTACTTCTTCTTCTT-3#) (added HindIII and BamHI
restriction sites are underlined), the amplicon was cloned
into pCRII TOPO (Invitrogen) and subsequently recloned
into the puromycin resistance–carrying pABPURO vectors
with or without the HA3-tag (Long et al. 2008). Proper in-
tegration of each construct was confirmed by sequenc-
ing. Comparison of the I. galbana EFL sequence with
other EFL sequences has not revealed any introns that
could potentially preclude the proper expression in
trypanosomes.

MAT and MATX Constructs
To generate the RNAi knockdown cells, a 438 bp-long 5#
fragment of the Tr. brucei MAT gene was amplified using
oligonucleotides IF-F (5#-TCACTCTAGAACGACGGTGTG
TCAAATGAA-3#) and IF-R (5#-AGTGAAGCTTGCAGTCG-
GAAGTTTTTCTGC-3#) (added XbaI and HindIII restriction
sites are underlined) and cloned into the p2T7-177 RNAi
vector. Furthermore, the full-size MATX gene from the eu-
glenid E. gracilis (accession number GU989640) was ampli-
fied from a cDNA clone using oligonucleotides RE-F (5#-T
CACATCGATATGGCTGAATCTGCTTC-3#) and RE-R (5#-
AGTGGCTAGCGTCCA CCCACTTCTGCA-3#) (added NheI
and ClaI restriction sites are underlined). The amplicon was
cloned into the pABPURO vector containing HA3-tag and
puromycin resistance as described above.

Transfection, Cloning, and RNAi Induction
The HA3-tagged E. gracilis MATX in pABPURO was di-
gested with MluI. Digestion with NotI was used to linearize
all the other constructs. After digestion, 10 lg of each lin-
earized vector was individually transfected into exponen-
tially growing (at 27 �C in SDM-79 medium) procyclic
Tr. brucei 29-13 strain or cell lines derived from thereof,
using 2-mm cuvettes and a BTX electroporator with the
settings of 1600 V, 25 lfarads, and 500 ohms. The clones
were obtained after about 2-week cultivation by limiting
dilution in 24-well plates at 27 �C in the presence of 5%

CO2, with 1 lg/ml puromycin or 1 lg/ml phleomycin as
the selectable agent depending on the type of construct.

The following clonal cell lines derived from the 29-13
strain were prepared for the EF-1a/EFL experiments: 1)
RNAi knockdowns containing Tr. brucei EF-1a in p2T7-
177; 2) cells constitutively overexpressing HA3-tagged
D. papillatum EFL in pABPURO; 3) cells constitutively over-
expressing HA3-tagged D. papillatum EFL cotransfected with
p2T7-177 containing EF-1a; 5) cells constitutively overex-
pressing TAP-tagged D. papillatum EFL in pHD1344tub; 5)
cells constitutively overexpressing TAP-tagged D. papilla-
tum EFL cotransfected with p2T7-177 containing EF-1a;
6) cells constitutively overexpressing HA3-tagged I. galbana
EFL in pABPURO; 7) cells constitutively overexpressing
HA3-tagged I. galbana EFL cotransfected with p2T7-177
containing EF-1a; 8) cells constitutively overexpressing
nontagged I. galbana EFL in pABPURO; and 9) cells consti-
tutively overexpressing nontagged I. galbana EFL cotrans-
fected with p2T7-177 containing EF-1a.

The following clonal cell lines derived from the 29-13
strain were made for the MAT/MATX experiments: 1)
RNAi knockdowns containing Tr. brucei MAT in p2T7-
177; 2) cells constitutively overexpressing HA3-tagged E.
gracilis MATX in pABPURO; and 3) cells constitutively
overexpressing HA3-tagged E. gracilis MATX cotransfected
with p2T7-177 containing MAT construct.

From each cell line containing the RNAi p2T7-177 vec-
tor, always a single clone was selected for further experi-
ments based on the tightness of tetracycline-inducible
expression of target double-stranded (ds) RNA and the cor-
responding robust elimination of target mRNA, as deter-
mined by Northern blot analysis using the Tr. brucei EF-1a
or MAT gene as a probe. Synthesis of dsRNA was induced
by the addition of 1 lg/ml tetracycline to the medium.

Northern Blot Analysis
Approximately 5 lg of total RNA/lane was loaded on a 1%
formaldehyde agarose gel, blotted, and cross-linked follow-
ing standard protocols. After prehybridization in NaPi so-
lution (0.25 M Na2HPO4 and 0.25 M NaH2PO4, pH 7.2, 1
mM ethylenediaminetetraacetic acid, and 7% sodium do-
decyl sulfate [SDS]) for 30 min at 60 �C, hybridization was
performed overnight in the same solution at the same tem-
perature. A wash in 2� saline sodium citrate (SSC) þ 0.1%
SDS at room temperature for 20 min was followed by three
washes in 0.2� SSC þ 0.1% SDS for 20 min each at 55 �C.

Western Blot Analysis
Cell lysates corresponding to 2.5 � 106 cells/lane were sep-
arated on a 15% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis, blotted, and for HA3-tagged constructs,
the membranes were treated with an anti-HA3-tag mouse
monoclonal antibody, followed by chicken anti-mouse an-
tibody coupled to horseradish peroxidase. For TAP-tagged
construct, the membranes were treated with anti-TAP-tag
mouse monoclonal antibody, followed by rabbit anti-
mouse antibody. Signal in Western blots was quantified
with the Bio-Rad quantity one software.
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Growth Analysis
Growth curves of selected Tr. brucei clones representing
the (non)-induced RNAi knockdowns and the other genet-
ically manipulated cells, obtained over a period of 12 days
after RNAi induction were established using the Beckman
Z2 Cell Counter.

Results

EFL and EF-1a mRNAs Are Fully Compatible
We have first tested whether EFL from D. papillatum, a dip-
lonemid flagellate closely related to kinetoplastids, will be
compatible with the Tr. brucei proteome, which contains
the EF-1a. For that purpose, the full-size D. papillatum EFL
gene was cloned into a vector that allows its constitutive
expression under the procyclin promoter. The NotI-linearized
vector was transfected into the 29-13 Tr. brucei strain where
it was integrated into the tubulin locus. Total RNA was iso-
lated from a puromycin-resistant clonal cell line and analyzed
by Northern blotting using the full-size D. papillatum EFL
gene as a probe. The analysis showed that the introduced
gene was strongly transcribed in the transfectants, whereas
no signal was detected in the wild type 29-13 cells (fig.
1A). At stringent hybridization conditions (60 �C), no
cross-hybridization with the EF-1a mRNA, transcribed from
three endogenous copies of the EF-1a gene, was observed.
Western blot analysis using specific anti-HA3 or anti-TAP
tag monoclonal antibodies detected a tagged protein trans-
lated from the heterologous gene (fig. 1B). The morphology
of Tr. brucei cells containing both the endogenous EF-1a and
exogenous EFL appeared normal by light microscopy (data
not shown), and their growth was similar in comparison with
the wild-type cells (fig. 2B and C) indicating that EF-1a and
EFL are fully compatible.

Silencing of EF-1a Inhibits Growth
The addition of tetracycline into the medium triggers
synthesis of dsRNA in trypanosomes transfected with the
EF-1a-containing inducible RNAi construct. The extent of
EF-1a mRNA silencing and the tightness of its inducible ab-
lation was determined by Northern blotting, which revealed
lack of leaky dsRNA transcription (fig. 1C, lanes 3 and 7) and
virtually complete ablation of EF-1a mRNA upon the induc-
tion of RNAi (fig. 1C, lanes 4 and 8). Next, we have followed
the growth of cells constitutively expressing exogenous D.
papillatum EFL in which RNAi against EF-1a was induced.
The elimination of EF-1a mRNA triggers an almost instant
cessation of growth, eventually causing death regardless of
the absence (fig. 2A) or presence (fig. 2B and C) of exogenous
EFL that is efficiently translated (fig. 1B), yet still fails to
rescue the growth phenotype.

To confirm these findings, similar experiments were per-
formed with cells with constitutive expression of the EFL
gene from a different organism, the haptophyte I. galbana.
In this series of experiments, we also wanted to establish
whether the attachment of a tag to the C-terminus of ex-
pressed exogenous EFL protein does (not) interfere with its
enzymatic function. Therefore, two parallel experiments

were performed; one using construct with HA3 tagged
EFL and the other using nontagged EFL. Because results
of both experiments were very similar, only the experiments
without tag are presented below. Successful constitutive ex-
pression of exogenous EFL and inducible downregulation of
endogenous EF-1a was confirmed using Northern blotting
(supplementary fig. S1, Supplementary Material online).
As in the case of EFL from D. papillatum, trypanosomes
in which both EF-1a and I. galbana EFL were expressed
grew at the same rate as the wild-type cells, with the ex-
ogenous EFL failing to rescue the growth of the cells with
RNAi-ablated EF-1a (fig. 2D).

FIG. 1. Expression of exogenous EFL from Diplonema papillatum and
(parallel) RNAi silencing of EF-1a in Trypanosoma brucei. (A) The
EFL mRNA is expressed in Trypanosoma brucei cells. Upper panels:
Levels of EFL mRNA with HA3-tag (lanes 1–4) and EFL mRNA with
TAP-tag (lanes 5–8) were analyzed by blotting 10 lg of total RNA/
lane extracted from 29-13 wild-type cells (lanes 1 and 5), cells
constitutively expressing exogenous EFL (lanes 2, 6), noninduced
cells expressing EFL and also containing RNAi vector against EF-1a
(lanes 3 and 7), and same cells as in lanes 3 and 7 in which RNAi was
induced (lanes 4 and 8). The full-length EFL gene was used as a
probe, and hybridization was performed at 60 �C, at which no cross-
hybridization with EF-1a mRNA occurs. Lower panels: As a loading
control, the gel was stained with ethidium bromide to visualize
ribosomal RNA (rRNA) bands. (B) The EFL protein is expressed in
Tr. brucei cells. Upper panels: The levels of the HA3-tagged (lanes 1–
4) and TAP-tagged (lanes 5–8) exogenous EFL protein were followed
using specific mouse monoclonal antibodies. The levels were anal-
yzed in total lysates (from 5 � 106cells) from 29-13 wild-type cells
(lanes 1 and 5), cells constitutively expressing EFL (lanes 2 and 6),
noninduced cells constitutively expressing exogenous EFL and
containing RNAi vector against EF-1a (lanes 3 and 7), and the same
cells as in lanes 3 and 7 in which RNAi was induced (lanes 4 and 8).
Lower panels: Enolase visualized by specific rabbit polyclonal
antibodies was used as loading control. (C) Down regulation of
EF-1a. Upper panels: Level of EF-1a mRNA in the cells with HA3-
tagged (lanes 1–4) and TAP-tagged exogenous EFL (lanes 5–8) were
analyzed in total RNA extracted from 29-13 wild-type cells (lanes 1
and 5), cells constitutively expressing EFL (lanes 2 and 6), non-
induced cells containing RNAi vector against EF-1a and constitu-
tively expressing EFL (lanes 3 and 7); and same cells as in lanes 3 and
7 in which RNAi was induced (lanes 4 and 8). The full-length EF-1a
gene was used as a probe, and hybridization was performed at
60 �C, at which no cross-hybridization with EFL mRNA occurs. The
positions of the EF-1a mRNAs and respective dsRNA are indicated
with white and gray arrowheads, respectively. Lower panels: As a
loading control, the gel was stained with ethidium bromide to
visualize rRNA bands.
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MAT and MATX mRNAs Are Compatible
The same strategy as the one described above for the EFL
and EF-1a genes was also used for the MAT/MATX system.
First, using Northern blot analysis and the MATX gene as a
probe, we have shown that in transfected Tr. brucei, the
MATX gene from E. gracilis is indeed expressed (fig. 3A).
This approach also excluded the unlikely yet possible pres-
ence of another MATX gene in the 29-13 wild-type cells,
which contain nine copies of the MAT gene in their ge-
nome. As shown by Western blot analysis using specific
anti-HA3 tag monoclonal antibody, MATX is not only tran-
scribed but also efficiently translated in Tr. brucei trans-
fected with the respective construct (fig. 3B). Growth
curve analysis of wild-type cells and those overexpressing
MATX clearly demonstrated that trypanosomes fully toler-
ate expression of this exogenous gene (fig. 4B).

MATX Rescues MAT Deficiency
Next, we have downregulated endogenous MAT mRNA us-
ing RNAi. In selected clones, the ablation was very efficient,
because after 48 h of RNAi induction, virtually no target
transcript was detectable by Northern blot analysis (fig.
3C). We have then followed the consequences of such de-
pletion on cell growth. As shown in figure 4A, MAT is
clearly an essential protein for trypanosomes, as they were
unable to propagate in its absence. The situation was, how-
ever, strikingly different with cells depleted for MAT but
overexpressing E. gracilis MATX. The constitutive expres-
sion of MATX in the inducible Tr. brucei RNAi MAT knock-
down fully rescued the growth, which differed neither from
the 29-13 wild-type cells nor from the noninduced knock-
downs (fig. 4B). This experiment shows that when the euglenid
MATX is concurrently expressed with the endogenous MAT,

following the depletion of the latter protein, MATX quickly
takes over its function(s) and rescues the cells, which would
otherwise die.

Discussion
Using in vivo experiments, we have mimicked the process
of acquisition of an exogenous paralog of an enzyme by
HGT followed by a period of simultaneous expression
and eventually leading to functional replacement of the en-
dogenous paralog. Our experiments have several important
implications for the evolution of the studied paralogs.

For two gene couples (MAT/MATX and EF-1a/EFL)
whose members are virtually never found simultaneously
in one cell, we have demonstrated for the first time that
their products can cohabitate in Tr. brucei in the same
compartment at least for several weeks, which is a substan-
tially long period for an organism with 8 h-long generation
time. Although our results do not attach any selective ad-
vantage to this highly risky and cumbersome process, they
show that it can indeed happen under experimentally con-
trolled conditions. Growth phenotype of trypanosomes co-
expressing MAT and MATX or EF-1a and EFL is similar and
comparable with the wild-type cells. The results of our ex-
periments are in agreement with the observations that
MAT and MATX mRNA as well as EF-1a and EFL mRNA
are present in several diatom species at the same time
(Kamikawa et al. 2008, 2009). In the light of these findings,
the long-term cohabitation followed by slow and more or
less random differential losses of one or the other paralog
is a plausible scenario for both paralog couples.

MATX and EFL differ in their ability to substitute the
endogenous paralog in trypanosomes. After downregulation
of MAT by RNAi, the expressed exogenous MATX was able

FIG. 2. Lethality RNAi-ablation of EF-1a is not rescued by exogenous EFL in Trypanosoma brucei. Cell numbers were measured using a Coulter
Counter Z2. The y axis is labeled by a logarithmic scale and represents the product of cell densities measured and total dilution. Growth curves
are one representative set from three independent experiments. (A) The growth of cells with ablated EF-1a mRNA is inhibited (triangles), as
compared with the 29-13 wild-type cells (diamonds). (B) The growth of cells with inducibly ablated EF-1a mRNA that also constitutively
express Diplonema papilatum EFL with HA3-tag is inhibited (triangles) in comparison with the noninduced cells constitutively expressing the
same EFL (squares) and 29-13 wild-type cells (diamonds), which grow at the same rate. (C) The growth of cells with inducibly ablated EF-1a
mRNA that also constitutively express D. papilatum EFL with TAP-tag is inhibited (triangles) in comparison with the noninduced cells
constitutively expressing the same EFL (squares) and 29-13 wild-type cells (diamonds), which grow at the same rate. (D) The growth of cells
with inducibly ablated EF-1a mRNA that also constitutively express Isochrysis galbana EFL is inhibited (triangles) in comparison with the
noninduced cells constitutively expressing the same EFL (squares) and 29-13 wild-type cells (diamonds), which grow at the same rate.
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to take over the function of its counterpart. The functional
replacement of MAT by MATX happened immediately with
no effect on the growth phenotype. This result is in agree-
ment with the work of Ho et al. (2007), who showed that
MATX from a dinoflagellate Crypthecodinium cohnii rescued
the MAT knockout of yeast. On the other hand, cells ex-
pressing EFL but depleted for EF-1a died in our experiments
irrespective of the presence or absence of tags on the EFL
protein and irrespective of the Diplonema or Isochrysis origin
of the EFL gene.

Because horizontally transferred genes may be disadvan-
taged in codon usage, we have compared this parameter
for both gene couples. Codon usage of MATX and both

EFLs departs from the kinetoplastid consensus to about
the same extent as the endogenous MAT and EF-1a (sup-
plementary figs. S2–S8, Supplementary Material online).
We therefore conclude that codon usage bias does not play
significant role in establishment of horizontally acquired
MATX and EFL.

The analysis of functional divergence in case of EFL
(Keeling and Inagaki 2004) and the conservation of all func-
tional residues in case of MATX (Sanchez-Perez et al. 2008)
suggest that these distant paralogs can perform the func-
tion of their counterparts. Nevertheless, the overall amino
acid identity between EF-1a and EFL (40–45%) is generally
lower than the amino acid identity between MAT and
MATX (55–64%, excluding insertions). The amino acid
identities between the particular gene pairs that have been
used in our experiments fell into the aforementioned
ranges, Euglena MATX with Trypanosoma MAT, Diplone-
ma EFL with Trypanosoma EF-1a, and Isochrysis EFL with
Trypanosoma EF-1a share 55%, 44%, and 42% of amino
acids, respectively. The lower identity between EFL and
EF-1a might contribute to the incapability of EFL to func-
tionally substitute EF-1a. The fact that EFL was not able to
substitute its paralog while MATX was could also be ex-
plained by the complexity hypothesis (Cohen et al.
2010). This hypothesis posits that genes, whose products
are involved in many interactions with other proteins or
molecules (like elongation factors), are less prone to trans-
fers than genes with less interactions (enzymes like MATX).

Judging by their phylogenies and distribution among eu-
karyotes, the cases of EF-1a/EFL and MAT/MATX look very
similar, yet our laboratory experiments indicate that this
similarity may only be superficial. In the case of MAT/
MATX, both long-term coexistence and horizontal transfer

FIG. 3. Expression of exogenous MATX from Euglena gracilis and
(parallel) RNAi silencing of MAT in Trypanosoma brucei. (A) The
MATX mRNA is expressed in T. brucei cells. Upper panel: Level of
MATX mRNA was analyzed by blotting 10 lg of total RNA extracted
from 29-13 cells (lane 1), cells constitutively expressing MATX from E.
gracilis (lane 2), noninduced cells constitutively expressing exogenous
MATX and containing RNAi vector against endogenous MAT (lane
3), and the same cells as in lane 3 in which RNAi was induced (lane
4). The full-size MATX gene was used as a probe, and hybridization
was performed at 60 �C. The position of the MATX mRNA is
indicated with a black arrowhead. Lower panel: As a loading control,
the gel was stained with ethidium bromide to visualize ribosomal
RNA (rRNA) bands. (B) The MATX protein is expressed in T. brucei.
Upper panel: The levels of the HA3-tagged exogenous MATX protein
were followed using specific mouse monoclonal antibodies. The levels
were analyzed in total lysates from 29-13 wild-type cells (lane 1), cells
constitutively expressing MATX (lane 2), noninduced cells constitu-
tively expressing exogenous MATX and containing RNAi vector
against MAT (lane 3), and the same cells as in lane 3 in which RNAi
was induced (lane 4). Lower panel: Enolase visualized by specific
rabbit polyclonal antibodies was used as loading control. (C) Down
regulation of MAT. Upper panel: Levels of MAT mRNA and re-
spective dsRNA were analyzed in total RNA extracted from the
following cell lines: 29-13 wild-type cells (lane 1); noninduced cells
containing RNAi vector against endogenous MAT and constitutively
expressing exogenous MATX (lane 2); same cells as in lane 2 in which
RNAi was induced (lane 3); noninduced cells containing RNAi vector
against MAT (lane 4); same cells as in lane 4 in which RNAi was
induced (lane 5). The 5# region of the T. brucei MAT gene was used
as a probe, and hybridization was performed at 60 �C. The positions
of the targeted MAT mRNA and the dsRNA are indicated with white
and gray arrowheads, respectively. Lower panel: As a loading control,
the gel was stained with ethidium bromide to visualize rRNA bands.

FIG. 4. Lethality of RNAi-ablated MAT is rescued by exogenous
MATX in Trypanosoma brucei. The growth curves were performed
as described in figure 2. (A) The growth of cells with ablated MAT
mRNA is inhibited (triangles), as compared with 29-13 wild-type
cells (diamonds). (B) The growth of cells with inducibly ablated
MAT mRNA is rescued by the expression of exogenous MATX
(triangles), and the cells grow at about the same rate as the
noninduced cells constitutively expressing the same MATX
(squares) and 29-13 wild-type cells (diamonds).
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followed by instantaneous functional replacement are
plausible. MAT/MATX pair therefore satisfies assumptions
of both outermost scenarios how the patchy distribution
might evolve, that is, ancestral presence of both paralogs
followed by differential losses or origin in one lineage fol-
lowed by spread via HGTs. Results of our experiments thus
do not help judging which of these scenarios are more
plausible in this particular case. In fact, it is reasonable
to expect that both phenomena—differential loss and
HGT—contributed to the evolution of MAT/MATX patchy
distribution. In the case of EF-1a/EFL, we have demon-
strated that the coexistence of both variants is possible.
This result is in agreement with the hypotheses that this
dual state could be maintained for millions of years in eu-
glenids (Gile, Faktorová, et al. 2009), diatoms (Kamikawa
et al. 2008), green algae (Noble et al. 2007; Cocquyt
et al. 2009), or even for much longer time since the com-
mon ancestor of all extant eukaryotes (Kamikawa et al.
2010). On the contrary, the instantaneous functional re-
placement of endogenous EF-1a by exogenous EFL was
not successful, so at least in our experimental setting,
we were not able to show that the EF-1a/EFL pair fulfills
the assumption of the multiple-HGT scenario, and this sce-
nario therefore seems in this particular case less probable.
This does not mean that after a sufficiently long period of
coexpression, when the cells become adapted to the exog-
enous paralog, EFL could not be able to substitute EF-1a.
This situation, depending on the length of the adaptation
period, however, approaches to the long-term coexpression
followed by differential losses scenario. It is theoretically pos-
sible that the EFL gene was horizontally transferred at some
points of its evolutionary history yet there is better evi-
dence that coexpression followed by losses played a major
role in the shaping the distribution of EFL and EF1-a.

In summary, the process of HGT and functional replace-
ment of paralogs was simulated in a step-by-step fashion,
which allowed to directly demonstrate that two relatively
divergent variants of essential proteins can be coexpressed
in vivo. A trouble-free simultaneous expression represents a
necessary assumption of scenarios invoking deep paralogy
and differential losses to explain the complex distribution
of paralogs in the eukaryotic tree. Our experiments thus
increase plausibility of this scenario for both EF-1a/EFL
and MAT/MATX paralog pairs. Unlike EFL, MATX exhibits
also a natural capability to spread among eukaryotes by
horizontal transfer and instantaneous functional replace-
ment indicating that also this mechanism might play a role
in the evolutionary history of this particular paralog pair.

Supplementary Materials
Supplementary figures S1–S8 are available atMolecular Biology
and Evolution online (http://www.mbe.oxfordjournals.org/).
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Abstract

Background: Methionine adenosyltransferase (MAT) is a ubiquitous essential enzyme that, in eukaryotes, occurs in
two relatively divergent paralogues: MAT and MATX. MATX has a punctate distribution across the tree of eukaryotes
and, except for a few cases, is mutually exclusive with MAT. This phylogenetic pattern could have arisen by either
differential loss of old paralogues or the spread of one of these paralogues by horizontal gene transfer. Our aim
was to map the distribution of MAT/MATX genes within the Euglenida in order to more comprehensively
characterize the evolutionary history of MATX.

Results: We generated 26 new sequences from 23 different lineages of euglenids and one prasinophyte alga
Pyramimonas parkeae. MATX was present only in photoautotrophic euglenids. The mixotroph Rapaza viridis and the
prasinophyte alga Pyramimonas parkeae, which harbors chloroplasts that are most closely related to the chloroplasts
in photoautotrophic euglenids, both possessed only the MAT paralogue. We found both the MAT and MATX
paralogues in two photoautotrophic species (Phacus orbicularis and Monomorphina pyrum). The significant conflict
between eukaryotic phylogenies inferred from MATX and SSU rDNA data represents strong evidence that MATX
paralogues have undergone horizontal gene transfer across the tree of eukaryotes.

Conclusions: Our results suggest that MATX entered the euglenid lineage in a single horizontal gene transfer event
that took place after the secondary endosymbiotic origin of the euglenid chloroplast. The origin of the MATX
paralogue is unclear, and it cannot be excluded that it arose by a gene duplication event before the most recent
common ancestor of eukaryotes.

Keywords: Methionine adenosyltransferase, Horizontal gene transfer, Deep paralogy, Gene evolution, Euglenozoa
Background
Methionine adenosyltransferase (MAT) is a cytosolic ubi-
quitous enzyme that synthesizes S-adenosyl-L-methionine
(SAM), a molecule that is one of the most important me-
tabolites in living cells. SAM serves as the major methyl
donor to phospholipids, DNA, RNA and other small mol-
ecules and is the second most widely used enzyme sub-
strate after ATP [1,2]. MAT is a well-conserved enzyme
that is encoded in the genomes of most eukaryotes, eubac-
teria, and archaebacteria (which have a highly divergent
version of the gene) and has been well studied at the
primary, secondary, and tertiary structural levels [3-5].
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Except for the mammalian MAT II, which is a hetero-
oligomer [6], members of the MAT family are homo-
oligomers that usually form tetramers consisting of four
identical subunits; the two active sites are located between
the subunits in each dimer [3]. Mammalian MAT III and
archaeal MATs form dimers [7].
Multiple sequence alignments of MAT genes from a

wide diversity of eukaryotes demonstrated a paralogue of
MAT, named MATX, with distinctive features that are
absent in all other eukaryotic MATs. These features
include four specific insertions and a large number of
unique substitutions [8]. The recombinant MATX from
Euglena gracilis has been found to function as a homo-
dimer with activities comparable to MATs from other
eukaryotes [9]. Molecular phylogenetic analyses clearly
showed that MATX is related to other eukaryotic MATs,
but it forms a long branch in the eukaryotic subtree [8].
The majority of MATX paralogues occur in four distantly
l Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly credited.
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related groups of photosynthetic eukaryotes: haptophytes,
photosynthetic euglenids, diatoms, and dinoflagellates.
MATX was also detected in a pelagophyte alga Aureococ-
cus anophagefferens [10]. All organisms possess either the
MAT or the MATX form of the gene, with the exception
of five diatom species that have both paralogues and A.
anophagefferens that harbors two different homologues of
MAT in addition to MATX [8,10].
A similar punctate distribution of two paralogues with

the same function was reported for “elongation factor 1-
alpha” (EF-1α) and its paralogue “elongation factor like”
(EFL), which are highly conserved members of a GTPase
superfamily involved in translation. Like MAT/MATX,
the EF-1α/EFL paralogues have a patchy distribution
across the tree of eukaryotes and rarely occur together
in the same organism. EFL has been localized so far in
eight groups of unrelated organisms: dinoflagellates,
haptophytes, cercozoans, green algae, choanoflagellates,
fungi, diatoms, and radiolarians [11-17].
The punctate distributions of MAT/MATX and EF-1α/

EFL across the tree of eukaryotes can be explained by two
scenarios: (1) a deep paralogy, whereby both paralogues
were present in an ancient common ancestor followed by
differential loss of one or the other paralogue in descend-
ant lineages; and (2) a horizontal (syn., lateral) gene trans-
fer (HGT), whereby a more recent origin of one paralogue
(most likely the less frequent one, such as MATX) in
one lineage of eukaryotes is followed by the spread of
this paralogue to other distantly related lineages via
horizontal transfer.
These scenarios differ in their assumptions. The first sce-

nario hypothesizes coexistence and probably co-expression
of both paralogues in one cell for a long time without
negative effects on the organism. This scenario explains
the distribution purely by vertical transmission. In this
case, MATX must have originated by gene duplication
from the MAT already present in the common ancestor of
all MATX containing taxa. This organism was very ancient
and not very distantly related, maybe identical, to the most
recent common ancestor of eukaryotes. Since that time,
MAT and MATX must have been propagated side by side
in the genomes of the descendants to much more recent
nodes of eukaryotic evolution and in some cases (diatoms)
even to extant organisms.
The second scenario assumes that one (MATX) can be

horizontally transferred and is capable of functional re-
placement of the MAT form soon after the transfer. Our
previous work on the model systems of Euglena gracilis
and Trypanosoma brucei indicates that MATX fulfills
the assumptions for both of these scenarios, because this
paralogue can be co-expressed with MAT and can imme-
diately take over its function [18]. By contrast, EFL was
capable of long-term co-expression, but was not able to
functionally replace EF1-α. Based on these results, neither
of the two evolutionary scenarios can be refuted for
MAT/MATX. However, in the case of EF1-α/EFL, HGT
is apparently more difficult and likely played a less im-
portant role in the evolutionary history of this paralogue
couple [18].
There are several questions associated with the putative

HGT explanation for the origin and distribution of the
MATX paralogue that remain unanswered. For instance,
under what circumstances would the highly divergent
MATX evolve within one recent group of eukaryotes and
in which lineage could it happen? One hypothesis posits
that MATX evolved during a secondary endosymbiotic ori-
gin of plastids from the endosymbiont copy of the MAT
gene, which was released from purifying selection and
underwent accelerated sequence evolution [8]. Therefore,
an analysis of the distribution of MAT/MATX in euglenids
provides an opportunity to evaluate this possibility.
The Euglenida is a large group of marine and freshwater

eukaryotic flagellates with diverse modes of nutrition, in-
cluding phagotrophy, osmotrophy, photoautotrophy, and
a recently discovered example of mixotrophy (a euglenid
capable of both phagotrophy and photosynthesis) [19,20].
Photosynthetic and secondarily osmotrophic euglenids
(i.e., colorless euglenids that have lost photosynthesis)
form a monophyletic group that is the sister lineage to the
mixotrophic Rapaza viridis and is nested within a para-
phyletic assemblage of phagotrophic euglenids. It is in-
ferred that the secondary chloroplast was gained through
secondary endosymbiosis in the most recent common an-
cestor of all photosynthetic euglenids, including R. viridis
[19-22]. The marine flagellate Pyramimonas (Pyramimo-
nadales, Prasinophyta) is inferred to be the closest known
relative of the euglenid chloroplasts (Turmel et al. 2009).
In this study, we investigated the distribution of MAT and
MATX in euglenids and Pyramimonas in order to evalu-
ate whether the origin of MATX occurred simultaneously
with the secondary endosymbiotic origin of the euglenid
chloroplast. These data were also expected to provide in-
sights into whether euglenids were the first group of eu-
karyotes to evolve the MATX paralogue.

Results
MAT and MATX phylogeny and distribution of MATX in
euglenids
We generated six new sequences of MAT and 20 new
sequences of MATX. The MAT sequences were obtained
from heterotrophic euglenids (Petalomonas cantuscygni
and Distigma sp.), the mixotroph Rapaza viridis, two
photoautotrophic euglenids (Phacus orbicularis and
Monomorphina pyrum) and the prasinophyte alga Pyra-
mimonas parkeae. The MATX sequences were obtained
from all investigated photoautotrophic euglenids, except
Rapaza viridis (Table 1). The sequences retrieved from
transcriptome projects were complete; sequences amplified



Table 1 Sources of sequences applied in this study

Taxon Protein MAT/MATX SSU

Euglena clara † supplement AJ532423.1*

Euglena stellata † supplement AF150936.1*

Euglena gracilis † supplement AY029409.1*

Euglena hiemalis † supplement DQ140157.1*

Euglena proxima † supplement EU624027.1*

Euglena viridis † supplement AJ532415.1*

Euglenaria anabaena † supplement AF242548.1*

Eutreptiella braarudii † supplement AJ532397.1*

Eutreptiella gymnastica ▲ KF383289 ▲ KF559331

Distigma sp. ▲ KF383287

Eutreptia viridis † supplement AF157312.1*

Lepocinclis tripteris † supplement AF286210.1*

Lepocinclis playfairiana † supplement KF267871*

Monomorphina aenigmatica ▲ KF383291 AF283313.1*

Monomorphina parapyrum † supplement AF112874

Monomorphina pyrum ▲ KF383286 MAT
▲ KF383290 MATX

▲ KF559330

Phacus inflexus † supplement FJ719629.1*

Phacus orbicularis † supplement AF283315.1*

Pyramimonas parkeae ▲ KF383285

Rapaza viridis ▲ KF383288 AB679269.1*

Trachelomonas ellipsoidalis † supplement DQ140135.1*

Trachelomonas sp. ▲ KF383292 AJ532447.1*

Trachelomonas volvocina † supplement AF096995.1*

Strombomonas accuminata † supplement EU624029.1*

The sequences downloaded from GenBank are marked by *; sequences
obtained by Sanger sequencing method in this study are marked by ▲,
sequences obtained from transcriptome projects sequenced by Roche 454
sequencing were marked by † and are available in supplement.
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from cDNA (Pyramimonas parkeae, Trachelomonas sp.,
Distigma sp., Monomorphina aenigmatica and Monomor-
phina pyrum) were partial (approximately 430 amino
acids). We found additional so far unnoticed partial MATX
homologues in GenBank from the haptophyte Prymne-
sium, the plant Lactuca serriola and the beetle Dendrocto-
nus frontalis. Further database searches revealed that
Lactuca and Dendroctonus also contain the MAT paralo-
gue. The presence of the MATX paralogue in the single
species of plant and metazoa is highly suspicious, and we
treat this data with caution because we cannot exclude the
possibility of contamination by foreign RNA in the Lactuca
and Dendroctonus transcriptome data sets. The MAT
sequences of Rhodomonas sp., Rhodomonas salina, Tha-
lassionema sp. and Peranema trichophorum and the
MATX sequence of Karenia brevis retrieved from Gen-
Bank were also incomplete. Despite their incomplete-
ness, all MAT and MATX sequences were suitable for
determining the paralogue type and for phylogenetic
analyses; therefore, all sequences were added to the
alignment with published MAT/MATX sequences for
phylogenetic analysis (Figure 1).
In the phylogenetic tree (Figure 1), MATX paralogues

formed a well-supported clade that was separated from
the MAT paralogues by a long stem. The tree was
rooted by five bacterial outgroups within the MAT para-
logues, with Trichomonas vaginalis MAT being the
most basal branch. However, the backbone topology of
the MAT tree was weakly supported, and the MATX
branch was situated only one node apart from prokary-
otes. We used Kishino Hasegawa (KH), weighted KH
(WKH), Shimodaria Hasegawa (SH) and weighted SH
(WSH) tests to evaluate whether the root position be-
tween MAT and MATX paralogues is significantly worse
than the suggested root on the T. vaginalis branch. The
tests showed that this root position cannot be ex-
cluded (p = 0.076 for KH and WKH, p = 1.00 for SH and
p = 0.945 for WSH).
The MATX sequences from photoautotrophic eugle-

nids formed a well-supported subclade (bootstrap 77%)
within the more inclusive MATX clade and branched as
the sister group to a clade consisting of Lactuca, dinofla-
gellates and Dendroctonus. The MAT sequences from
the heterotrophic euglenids clustered together with kine-
toplastids; the MAT sequence from P. parkeae branched
together with other green algae; and the MAT sequences
from M. pyrum and P. orbicularis clustered with ciliates
and Aureococcus, respectively.
We also performed an independent analysis of MATX

sequences that enabled us to use more alignment posi-
tions to reconstruct the phylogenetic relationships within
the MATX clade (Figure 2). The tree was rooted with the
branch of diatoms, haptophytes and Aureococcus accord-
ing to Figure 1.

Comparison of MATX and SSU rRNA gene phylogeny
We investigated whether or not the phylogeny of the
MATX paralogues differs significantly from the species
phylogeny. Significant differences would indicate that
MATX has not evolved vertically but instead experienced
HGTs between the MATX containing taxa. As “species
trees”, we have used topologies inferred from small sub-
unit (SSU) rRNA gene sequences and also manually
constructed topologies reflecting current view of species
relationships. The SSU rRNA gene tree and manual spe-
cies topologies differed in minor details and they are re-
ported in Additional file 1 and in Additional file 2: Figure
S1 and Additional file 3: Figure S3. We used the KH and
SH tests to compare the species topologies with the best
MATX topology and the set of 500 bootstrap topologies
calculated from MATX alignment (Table 2). The tests
showed that the “species topologies” are strongly rejected
(p value = < 7*10-6). To be sure that the conflict with the



Figure 1 Maximum likelihood phylogeny of MAT and MATX. The tree was constructed by maximum likelihood method in RAxML from the
347 amino acid positions. The values at nodes represent maximum likelihood bootstraps/Bayesian posterior probabilities; only values above 50%
and 0.5, respectively, are shown. Euglenid taxa are marked in red.
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Figure 2 Maximum likelihood phylogeny of MATX clade. The tree was constructed by maximum likelihood method in RAxML from the 392
amino acid positions. The values at nodes represent maximum likelihood bootstraps/Bayesian posterior probabilities; only values above 50% and
0.5, respectively, are shown.
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SSU rRNA gene tree topology is not caused only by the
Lactuca, Dendroctonus and Aureococcus MATX se-
quences, whose origin is dubious, and Prymnesium, the
sequence of which is very incomplete, we repeated the
tests after exclusion of these four taxa. The “species top-
ologies” were again rejected (p = < 2*10-4). The “species
topologies” were significantly excluded also if we com-
pared topologies rooted by Trichomonas and Escheri-
chia, although the significance was lower (p = < 0.001).
Similarly we compared the MATX topology (Additional

file 4: Figure S2) with the SSU rRNA gene tree
(Additional file 3: Figure S3) and manual species topologies
(Additional file 1) of the subclade of photosynthetic eugle-
nids. In this case, the tests showed that the euglenid
“species topologies” cannot be rejected (p > = 0.003).

Discussion
Distribution of MAT and MATX paralogues in euglenids
Some genes are dispersed across the tree of eukaryotes
in a punctate pattern, which means that they are present
in unrelated taxa and absent in interspersed lineages. This
observation suggests that the evolution of these genes was
complicated and may involve events like gene duplications
(the origin of paralogues), horizontal gene transfers, and



Table 2 Results of topology tests

KH WKH SH WSH

MATX (1) 0/0 0/0 7*10-6/0 0/0

MATX excl. APLD (2) 0/0 0/0 1*10-4/2*10-4 5*10-5/4*10-6

MATX rooted (3) 8*10-6/0 1*10-5/0 0.001/2*10-5 1*10-4/0

MATX rooted exl. APDL (4) 0/0 0/0 0.001/0.001 2*10-4/2*10-4

MATX euglenids (5) 0.004/0.004 0.003/0.003 0.25/0.246 0.209/0.172

The p-values of significance for differences between likelihoods of MATX gene tree vs. likelihoods of species trees. In each cell are given p-values using species
tree inferred from phylogeny of SSU rRNA/species tree based consensus from a literature. The tests were performed for five sets of taxa: (1) full MATX data set, (2)
MATX excluding Aureococcus, Prymnesium, Lactuca and Dendroctonus (excl. APLD), (3) rooted full MATX data set, (4) rooted MATX excl. APLD and (5) MATX of
euglenids. Four tests were used: Kishino Hasegawa (KH), weighted Kishino Hasegawa (WKH), Shimodaria Hasegawa (SH), weighted Shimodaria Hasegawa (WSH).
P-values = < 0.001 are given in bold.
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gene losses. Deciphering the history of such a gene is often
difficult. Two of the most enigmatic examples are (1)
elongation factor 1-alpha (EF-1α) and its paralogue elong-
ation factor-like (EFL) and (2) methionine adenosyl trans-
ferase (MAT) and its paralogue MATX [8,11]. In both
cases, these essential genes come in two paralogues that
exhibit a patchy distribution among eukaryotes and are
mutually, almost strictly, exclusive in their occurrence.
We considered two scenarios to explain the possible evo-
lution of the distribution of MAT and MATX: (A) a deep
paralogy scenario and (B) a horizontal gene transfer sce-
nario. MAT and MATX gene histories in euglenids ac-
cording to these two scenarios are shown in Figure 3.
We detected MATX only in photoautotrophic eugle-

nids. Rapaza viridis, which contains secondary chloro-
plasts and represents the earliest diverging lineage within
the photoautotrophic clade, apparently possesses only the
MAT form of the gene; the same holds for the hetero-
trophic euglenids (Petalomonas, Distigma and Peranema)
and Pyramimonas parkeae, which contains the closest
known relative of the euglenid chloroplast. Therefore, our
results suggest that MATX is specific for the clade of pho-
toautotrophic euglenids after the split of Rapaza. We also
found two exceptions within the clade of photoautotro-
phic euglenids; P. orbicularis and M. pyrum both possess
the MAT and MATX paralogues in their cDNAs, so both
genes are transcribed in these species. The MATX form in
these two species is located within the MATX clade with
other photoautotrophic euglenids, while the MAT form is
unrelated to euglenid MATs; the MAT of P. orbicularis
branches together with the MAT sequences from Aureo-
coccus, and the MAT in M. pyrum branches together with
the MAT sequence from ciliates. These facts are most
likely explained by two independent horizontal gene trans-
fers of MATs from two different sources into two different
lineages of euglenids.

Evolution of the MAT and MATX paralogues
We will focus on how well the observed data fit within the
context of the two alternative hypotheses for the evolution
of MAT and MATX in euglenids in particular and
eukaryotes in general: (A) the deep paralogy scenario and
(B) the horizontal gene transfer scenario (Figure 3). Let us
first suppose that the deep paralogy scenario (Figure 3A)
is correct. This scenario requires at least four independent
losses of the MATX gene to explain its distribution in
euglenids and many more losses of MATX to explain its
distribution within the tree of eukaryotes. Gene losses are
frequent events and many losses are not in themselves un-
likely. Slightly suspicious, however, is the discrepancy in
the number of MAT losses versus the number of MATX
losses in this scenario. MAT was lost in euglenids (and
within the Euglenozoa) only once, while MATX was lost
at least four times only within euglenids. A similar dispro-
portion of losses is present in the tree of eukaryotes. If we
compare the MAT/MATX history to the case of EF-1α/
EFL, the discrepancy is not as significant in the EF-1α/
EFL case; the occurrence of EFL is more fragmented not
only in euglenids but also in other eukaryotic groups
[15-17,23]. To our knowledge, it is impossible to evaluate
the significance of the observed disproportion between
the number of losses of one paralogue compared to the
other, so we must conclude that in this respect our obser-
vations do not contradict the deep paralogy scenario.
Moreover, if the deep paralogy scenario is correct

(Figure 3A), then we would expect both paralogues MAT
and MATX to be present in the most recent common an-
cestor of all MATX-containing taxa, which is likely identi-
cal to the most recent common ancestor of eukaryotes. If
so, then we would expect that the root of the tree in
Figure 1 will be positioned between the MAT and MATX
lineages. This is true for EF-1α/EFL tree [11]. In the case
of MAT/MATX, the bacterial outgroups form the sister
branch to MAT of Trichomonas vaginalis, and the
MATX clade is positioned within the MAT lineages. How-
ever, the bootstrap values supporting the backbone of the
MAT/MATX tree are very low (Figure 1), and the root
position on the MATX branch was not rejected by the
statistical tests. In this respect our data do not contradict
the deep paralogy scenario.
The deep paralogy scenario also assumes that the two

paralogues can be co-expressed together in one organism.



Figure 3 Schematic trees illustrating two possible scenarios of
MAT/MATX evolution mapped on the currently accepted
phylogenetic relationships of euglenids. The presence of MATX
is marked with orange color and MAT is colored with black.
(A) Scenario involving deep paralogy followed by differential losses.
(B) Scenario involving horizontal gene transfer.
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The observation that the two paralogues are simultan-
eously present in the transcriptomes of two different
euglenids (P. orbicularis and M. pyrum), five diatoms, and
Aureococcus [10] demonstrates that this is indeed possible.
Moreover, we have confirmed this fact experimentally on
the model system of Euglena gracilis and Trypanosoma
brucei [18]. In this respect the data do not contradict the
deep paralogy scenario.
Finally, the deep paralogy scenario expects that the re-

lationships between the eukaryotic groups in the MATX
part of the tree will correspond to the accepted eukaryotic
phylogeny, because the gene, despite being lost in many
lineages, has evolved vertically. This is apparently not true,
because MATX sequences in dinoflagellates form a rela-
tively robust sister branch to MATX sequences in eugle-
nids (bootstrap = 81%), even though dinoflagellates are in
fact more closely related to apicomplexans, ciliates, stra-
menopiles (including diatoms) and haptophytes. More
importantly, the conflict between the global MATX phyl-
ogeny and the species phylogeny of the MATX containing
taxa was significant in statistical tests. Within the clade of
photoautotrophic euglenids, the MATX phylogeny also
differed from species tree, but this difference was not sig-
nificant. In this last respect, therefore, our data do contra-
dict the scenario of deep paralogy followed by differential
losses in its purest form. In order to explain this observa-
tion, we must invoke either horizontal gene transfers
within the MATX clade or at least two more gene duplica-
tions and subsequent differential losses of putative paralo-
gues within the MATX clade. The latter case would
assume that some ancestral organisms would harbor at
least four paralogues of this enzyme, which is inconsistent
with the observation that most extant species contain only
one paralogue (see Additional file 1); therefore, we con-
clude that MATX has not evolved vertically.
Let us now suppose that the horizontal gene transfer

scenario is correct. The first assumption of this scenario
is that the MATX paralogue is capable of horizontal
transfer. The ability of the MATX paralogue to substi-
tute the function of MAT has been proven experimen-
tally in E. gracilis and T. brucei [18]. In this study, we
have also revealed two relatively clear cases of MAT hori-
zontal transfers from different sources into P. orbicularis
and M. pyrum. In order to explain the distribution of
MATX in euglenids through HGT, we only require a single
horizontal gene transfer shortly after Rapaza viridis split
from the other photoautotrophic euglenids (Figure 3B);
only a few more horizontal gene transfers would be neces-
sary to explain the distribution of MATX in all eukaryotes.
Taken together, the data suggests that MATX is capable of
HGT and the number of required events is low. In this
respect, the data do not contradict the horizontal gene
transfer scenario.
The second assumption of the HGT scenario is that

there was a eukaryotic group in which the MATX first
evolved and then subsequently spread into other lineages
of eukaryotes. Such a group would ideally appear as a
paraphyletic assemblage near the very base of MATX
clade. At the same time, the root of the MAT/MATX
tree would be situated inside the MAT paralogues. The
data collected so far do not suggest any source group,
because the taxa with MATX either form monophyletic
groups (e.g., euglenids and dinoflagellates) or have unclear
phylogenetic positions (e.g., diatoms, haptophytes and
Aureococcus). Our working hypothesis that the MATX
originated during the secondary endosymbiotic origin of
the euglenid chloroplast ([8]) is not supported by the fact
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that the MATX paralogue is absent in both Rapaza viridis
and the closest relative of the euglenid chloroplast, Pyra-
mimonas. Moreover, the MATX paralogues in euglenids
do not form a paraphyletic group, but instead form a ro-
bust clade within the more inclusive MATX clade. The
position of the root between MAT and MATX lineages
cannot be rejected, and both paralogues might have been
present in the common ancestor of all eukaryotes. The
current data are in this respect not in direct conflict but,
at the same time, they are also not supportive of the hori-
zontal gene transfer scenario.

Conclusions
Our data are not entirely consistent with either of the
two scenarios for MAT/MATX evolution in their purest
forms. The hypothesis of deep paralogy followed by dif-
ferential losses is rejected by the fact that MATX did not
evolve purely by vertical transmission. The hypothesis of
a more recent origin of MATX followed by spread via
horizontal gene transfers is complicated by the absence
of a source of the first MATX paralogue and the fact
that both paralogues could be present in the most recent
common ancestor of all eukaryotes. Therefore, we infer
that the MATX paralogue spread among eukaryotes via
HGT; however, the original source of MATX is not yet
known and it could originate by gene duplication from
MAT in the last eukaryotic common ancestor.
We also infer that euglenids were not the group in

which the MATX paralogue evolved. Instead, a foreign
MATX paralogue substituted the ancestral euglenid MAT
paralogue in a single horizontal gene transfer event that
occurred after the secondary endosymbiotic origin of the
euglenid chloroplast (Figure 3B). Although the donor of
the euglenid MATX paralogue is not known, the MATX
paralogue, once established, may have evolved vertically
within the clade of photoautotrophic euglenids. Two pho-
toautotrophic euglenids (P. orbicularis and M. pyrum)
regained a new version of the MAT paralogue by recent
horizontal gene transfers from two different eukaryotic
lineages and now contain both paralogues. Overall, the
case study of MAT/MATX illustrates the complex evolu-
tionary histories of some eukaryotic genes and highlights
the prevalence of gene duplications, differential losses of
paralogues, and horizontal gene transfer events during the
course of eukaryotic evolution.

Methods
Euglenid strains and culture conditions
All cultures used in this study are listed in Table 1. Strains
of Eutreptiella gymnastica (SCCAP K-0333), Trachelomo-
nas sp. (SCCAP K-1380) and Pyramimonas parkeae
(SCCAP K-0007) were obtained from the Scandinavian
Culture Collection of Algae and Protozoa (SCCAP).
Strains of Monomorphina pyrum (CCAP 1261/4B) and
Monomorphina aenigmatica (CCAP 1261/9) were ob-
tained from the Culture Collection of Algae and Protozoa
(CCAP). Distigma sp. was isolated from samples collected
from freshwater sediment from Czech Republic (50°27’N,
13°20’E). This culture was not monoeukaryotic and
contained various other protists, therefore, we used a
method of single cell cloning by serial dilution to obtain
a monoclonal Distigma sp. culture. Rapaza viridis was
isolated and cultured from marine sediment samples
from Canada (48° 47.551’ N, 125° 06.974’ W) [20]. Eu-
glena clara (SAG 25.98), Euglena gracilis (SAG 1224-5/
25), Euglena proxima (SAG 1224-11a), Eutreptia viridis
(SAG 1226-1c), were obtained from the Culture Collec-
tion of Algae at Goettingen, Germany. Euglena stellata
(UTEX 372), Trachelomonas volvocina (UTEX 1327),
Monomorphina parapyrum (UTEX 2354) and Eugle-
naria anabaena (UTEX 373) were obtained from the
Culture Collection of Algae at the University of Texas,
Austin Texas, USA. Euglena viridis (ATCC PRA110) was
from the American Type Culture Collection, Manassas,
Virginia, USA and Eutreptiella braarudii (CCMP 1594)
was obtained from the National Center for Marine Algae
and Protozoa, East Boothbay, Maine, USA. Phacus inflexus
(ACOI 1336) and Phacus orbicularis (ACOI 996) were ob-
tained from the Coimbra Collection of Algae, Coimbra,
Portugal. Culture of Petalomonas cantuscygni (CCAP
1259/1) was provided by Dr. Mark Farmer at the
University of Georgia, Athens, Georgia, USA and it was
originally obtained from the Culture Collection of Algae
and Protozoa. Strombomonas accuminata NJ, S 716 and
Trachelomonas ellipsoidalis NJ, ST1 are cultures main-
tained in the Triemer lab which were originally isolated
from pond samples from New Jersey, USA; Lepocinclis
tripteris MI 101 and Lepocinclis playfairiana MI 102 are
cultures isolated from ponds near Michigan State Uni-
versity, East Lansing, MI, USA.

DNA, RNA isolation and preparation of cDNA
Genomic DNA from Eutreptiella gymnastica, Trachelo-
monas sp., Pyramimonas parkeae, Monomorphina pyrum,
Monomorphina aenigmatica, and Distigma sp. was ex-
tracted from strains using the Qiagen Blood and Tissue
kit and total RNA was isolated from 150 ml of well-grown
cultures (approx. 25*106 cells) using TRIzol Reagent
(Invitrogen). Total RNA from Rapaza viridis was isolated
using Ambion® RNAqueous-Micro Kit (Life technologies).
mRNA was purified from total RNA with the use of
Dynabeads mRNA Purification Kit (Invitrogen). cDNA
was then prepared using Smarter PCR cDNA Synthesis
Kit (Clontech) according to the manufacturer’s protocol
with 15 to 27 cycles of cDNA amplification (depending on
the amount of mRNA used in the first-strand synthesis).
In case of E. gracilis, M. parapyrum, S. accuminata and

L. playfairiana the total RNA was extracted by grinding
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wet biomass in liquid nitrogen followed by purification
using RNA/DNA Maxi Kit (Qiagen); mRNA, whenever
used for cDNA synthesis, was purified from total RNA
using Qiagen Oligotex mRNA Maxi Kit. cDNA was pre-
pared using Smart (later Smarter) cDNA synthesis Kit
(Clontech) or by similar technology provided by MINT
cDNA synthesis Kit (Evrogen). cDNA libraries were
normalized using Trimmer cDNA normalization Kit
(Evrogen). The resulting normalized cDNA was adapted
for Roche 454 sequencing by performing a multiple last
amplification step, pooling the PCR products in order to
achieve the overall amount of cDNA acceptable for
sequencing.
For the remaining euglenid strains, total RNA was iso-

lated using RNAzol RT RNA Isolation Reagent (Molecu-
lar Research Center, Inc.). High level purification of total
RNA was achieved using MEGAclear Kit (Ambion).
Next, mRNA was isolated using MIcroPoly(A)Purist Kit
(Ambion). Preparation of cDNA suitable for the next
generation sequencing was according to cDNA Rapid
Library Preparation Manual (Roche, GS FLX Titanium
Series, later GS FLX + Series - XL+).

Amplification, sequencing and assembly
In case of Pyramimonas parkeae, Eutreptiella gymnastica,
Trachelomonas sp., Distigma sp., Monomorphina aenig-
matica and Monomorphina pyrum we have amplified the
MAT or MATX genes from cDNA template using slightly
modified primers of Kamikawa et al. [10]: Forward primer
MATA3-F (5’-GAGYMMGTSAVYGARGGYCAYCCXGA
CAA-3‘) directed at the consensus amino acid (aa) se-
quence GHPDK and the reverse primer MATB3-R (5’-
CCRTGNGCNCCCCADCCDCCRTAXGT-3’) directed at
the eukaryotic consensus aa sequence TYGGWGAH in-
side a conserved block. Amplification was carried out in
25-μl reactions with 1.5 μl of the diluted cDNA as a tem-
plate using EmeraldAmp MAX PCR Master Mix (TaKaRa
Bio Inc.) and the following program: a hot start at 95°C
for 4 min, followed by 35 cycles of denaturation at 95°C
for 30 s, annealing at 55°C for 60 s and extension at 72°C
for 90 s, finishing with an extension at 72°C for 15 min.
The PCR products were excised from the gel, cloned into
pGEM-T Easy Vector System (Promega) and sequenced.
The new sequences were deposited in GenBank under the
accession numbers listed in Table 1.
Small subunit (SSU) ribosomal RNA gene from E. gym-

nastica was amplified from genomic DNA with “universal”
eukaryote SSU primer pairs Medlin A (5’-CTGGTTGA
TCCTGCCAG-3‘), Medlin B (5’-TGATCCTTCTGCAG
GTTCACCTAC-3’) described by Medlin et al. [24]. Amp-
lification was carried out using the following program: a
hot start at 95°C for 4 min, followed by 35 cycles of de-
naturation at 95°C for 30 s, annealing at 55°C for 60 s and
extension at 72°C for 90 s, finishing with an extension at
72°C for 15 min. Medlin A, Medlin B, EPA-23 (5’- GTC
ATATGCTTYKTTCAAGGRCTAAGCC -3’), EPA-2286
(5’- TCACCTACARCWACCTTGTTACGAC -3’) accord-
ing to Müllner et al. [25] and our primers SSU 633-F (5’-
GGCAGCAGGCRCGCAAATTGC -3’) and SSU 2031-R
(5’- TCAACCAGACAAATCACTYCACCAA -3’) were
used for sequencing of PCR products.
Small subunit (SSU) ribosomal RNA gene from L. play-

fairiana and M. parapyrum was amplified from genomic
DNA with nuclear SSU primers 18S_1A (AAYCTGGTT
GATCCTGCCAGT) and 18S_1520B (TGATCCTTCTG
CAGGTTCACCTAC). Amplifications were carried out
using 5 min of denaturation at 94°C and 30 cycles of the
following: 94°C for 30 s, 45°C – 50°C for 1 min, 72°C for
2 min, a final extension at 72°C for 11 min. For sequencing
of PCR products were used primers 18S_1A, 18S_1520B,
18S_300F (WGGGTTYGATTCCGGAG), 18S_528F (CG
GTAATTCCAGCTCC), 18S_516R (ACCAGACTTGCY
CTCC), 18S_960F (TTTGACTCAACRCGGG) and 18S_1
055R (CGGCCATGCACCACC).
For the 454 sequences obtained from cDNAs, the raw

reads (SFF File format) from 454 were filtered to remove
reads shorter than 50 bp and all reads which had more
than 30% of the bases with a Phred quality score less than
30 using NGS QC TK [26] were excluded. The resulting
high quality reads were assembled using Roche's propri-
etary "Newbler" software version 2.6 with "cDNA" option.
Assembled contigs shorter than 200 bp were excluded.
The full length of euglenid MATX genes were 1290 bp.

Some of the sequences were incomplete: P. orbicularis
(length 1257 bp), M. pyrum (length 906 bp), M. aenigma-
tica (length 843 bp), Trachelomonas sp. (length 909 bp)
and E. anabaena (length 1266 bp). The length of the
MAT genes were 1167 bp for P. cantuscygni, 1137 for P.
orbicularis, 795 bp for R. viridis, 774 bp for M. pyrum,
765 bp for Distigma sp. and 720 bp for P. parkeae.

Phylogenetic analyses
The MAT and MATX protein sequences were aligned in
ClustalX [27], the SSU rRNA gene sequences were aligned
in MAFFT (http://www.genome.jp/tools/mafft/) using G-
INS-I option [28]. The alignments were manually refined
in BioEdit 7.0.5.3. [29]. The regions, which could not be
unambiguously aligned, were excluded from the analyses.
A phylogeny of eukaryotic MAT and MATX was in-

ferred from 123 sequences using 347 aligned amino acid
positions; the phylogenetic relationships within the MATX
clade were inferred from 41 sequences and 405 positions;
the phylogenetic relationships within the euglenid sub-
group of the MATX clade were inferred from 21 sequences
and 399 alignment positions. Maximum likelihood trees
were estimated by RAxML_HPC version 2.3.3 [30] using
the best fitting models as determined by Prottest (http://
darwin.uvigo.es/software/prottest2_server.html) [31] and

http://www.genome.jp/tools/mafft/
http://darwin.uvigo.es/software/prottest2_server.html
http://darwin.uvigo.es/software/prottest2_server.html
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10 replicates of starting tree construction. The models
were PROTGAMMALG for MAT+MATX and MATX of
euglenids and PROTGAMMAWAG for analysis of
eukaryotic MATX clade. Bootstrap supports (BS) were cal-
culated from 500 replicates. Bayesian trees were estimated
by MrBayes version 3.1.2 (Ronquist and Huelsenbeck
2003) using the WAG+GAMMA+ Invariants + covarion
model of substitution. In case of MAT+MATX analysis
(Figure 1), two MCMC were run for 5 860 000 generations,
trees from the first 1000 000 generations were discarded as
burn-in. In case of MATX analysis (Figure 2), two MCMC
were run for 17 775 000 generations, trees from the first 2
818 500 generations were discarded as burn-in.
For the purposes of topology testing, pruned and rooted

data sets of MATX clade were analyzed – 40 sequences
(only one Karenia brevis sequence was used), 36 se-
quences (without Aureococcus, Prymnesium, Dendrocto-
nus and Lactuca) and both previous data sets rooted by
Trichomonas and Escherichia (i.e. 42 and 38 sequences).
All alignments contained 405 amino acid positions and
were analysed as described above. Phylogenetic trees of
SSU rDNA were inferred by maximum likelihood method
from the corresponding set of taxa – 40 and 36 sequences
in unrooted, 42 and 38 sequences in rooted analyses of
MATX clade and 21 sequences of MATX containing
euglenids. Unrooted and rooted SSU alignments con-
tained 1525 and 1282 positions respectively. A maximum
likelihood trees were estimated by RAxML_HPC version
2.3.3 [30] using the GTRGAMMA model of nucleotide
substitution, 10 replicates of starting tree construction
and BS were calculated from 500 replicates.
All data sets and trees generated in this study have

been deposited in TreeBASE (study accession number is
15062).

Topology testing
The Kishino Hasegawa (KH) [32] and Shimodaria
Hasegawa tests [33] implemented in Consel 0.1j [34]
were used for topology testing. We have decided not to
report the results of approximately unbiased test [35]
because we have realized that the test behaves very un-
stably for our data sets; re-testing of the same data sets
produced very different p-values that sometimes dif-
fered in significance. Regarding the significance or non-
significance at the p = 0.001 level, the results of the AU
tests were in agreement with the results of KH and SH
tests in most cases; however due to their instability, we
have decided to report only the results of KH and SH
tests.
A set of 503 topologies was created in order to test

whether the relationships between MATX paralogues are
in conflict with the relationship of MATX containing taxa
as inferred from SSU rDNA sequences. This set of topolo-
gies contained the best topology inferred from an analysis
of the MATX protein alignment by RAxML, 500 topolo-
gies from bootstrap permutations of the MATX alignment
generated by RAxML, the best tree inferred by RAxML
from the SSU rRNA alignment of the same set of taxa,
and the manually constructed topology reflecting the
current view of species relationships. The latter two top-
ologies representing species trees are given in Additional
file 1 and in Additional file 2: Figure S1 and Additional file
3: Figure S3. Site likelihoods for topologies 1–501 were in-
ferred by Treepuzzle 5.2. [36] using MATX gene align-
ment, WAG+ I + Γ model of amino acid substitution and
parameter values inferred from the topology nr. 1. Site
likelihoods for topologies 502 and 503 were inferred by
Treepuzzle using MATX gene alignment, WAG+ I + Γ
model of amino acid substitution and parameter values
inferred from these topologies. The sets of site likeli-
hoods were then compared by the KH, weighted KH
(WKH), SH and SH (WSH) test in Consel 0.1j [34]. The
tests were performed for (1) the full set of MATX paralo-
gues from 40 taxa, (2) a set of MATX paralogues,
excluding MATX from Aureococcus, Prymnesium, Den-
droctonus and Lactuca, (3) data set 1 rooted by Tri-
chomonas and Escherichia, (4) data set 2 rooted by
Trichomonas and Escherichia, and (5) a set of MATX
paralogues from euglenids.
The same tests were used to evaluate whether or not

the root position between MAT and MATX paralogues
can be rejected. For these tests, we used topology shown
in Figure 1, 500 bootstrap topologies calculated from the
same alignment, and a topology that differed from Figure 1
only in the position of prokaryotic outgroups that were
moved on the branch separating MAT and MATX paralo-
gues. The tests were performed as described above.

Availability of supporting data
All the supporting data are included as additional files.

Additional files

Additional file 1: Reconciliation of MATX gene tree with species
tree. We have used the software Jane (http://www.cs.hmc.edu/~hadas/
jane/) to reconcile the MATX gene tree with the species tree. For this
analysis we have excluded taxa with very incomplete sequence
(Prymnesium) or taxa, whose MATX sequences could be result of
contamination (Lactuca and Dencroctonus). If we set the cost of gene loss
to 0, which could be a realistic value in case of loss of one of two
paralogues, then the discrepancy between MATX gene tree and species
tree can be explained by the same number of events if we consider
duplications and differential losses (A) or horizontal gene transfers (B).

Additional file 2: Figure S1. Maximum likelihood phylogeny of MATX
containing taxa based on SSU rRNA gene. The tree was constructed by
maximum likelihood method in RAxML from the 1525 nucleotide
positions. The values at nodes represent maximum likelihood bootstraps,
only values above 50% are shown.

Additional file 3: Figure S3. Maximum likelihood phylogeny of MATX
containing euglenid taxa based on SSU rRNA gene. The tree was
constructed by maximum likelihood method in RAxML from the 1525

http://www.biomedcentral.com/content/supplementary/1471-2148-14-25-S1.docx
http://www.cs.hmc.edu/~hadas/jane/
http://www.cs.hmc.edu/~hadas/jane/
http://www.biomedcentral.com/content/supplementary/1471-2148-14-25-S2.tiff
http://www.biomedcentral.com/content/supplementary/1471-2148-14-25-S3.tiff
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nucleotide positions. The values at nodes represent maximum likelihood
bootstraps, only values above 50% are shown.

Additional file 4: Figure S2. Maximum likelihood phylogeny of
euglenid MATX. The tree was constructed by maximum likelihood
method in RAxML from the 399 amino acid positions. The values at
nodes represent maximum likelihood bootstraps, only values above 50%
are shown.
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Abstract

Euglenids are a group of protists that comprises species with diverse feeding modes. One distinct and diversified clade of
euglenids is photoautotrophic, and its members bear green secondary plastids. In this paper we present the plastid genome
of the euglenid Eutreptiella, which we assembled from 454 sequencing of Eutreptiella gDNA. Comparison of this genome
and the only other available plastid genomes of photosynthetic euglenid, Euglena gracilis, revealed that they contain a
virtually identical set of 57 protein coding genes, 24 genes fewer than the genome of Pyramimonas parkeae, the closest
extant algal relative of the euglenid plastid. Searching within the transcriptomes of Euglena and Eutreptiella showed that 6
of the missing genes were transferred to the nucleus of the euglenid host while 18 have been probably lost completely.
Euglena and Eutreptiella represent the deepest bifurcation in the photosynthetic clade, and therefore all these gene transfers
and losses must have happened before the last common ancestor of all known photosynthetic euglenids. After the split of
Euglena and Eutreptiella only one additional gene loss took place. The conservation of gene content in the two lineages of
euglenids is in contrast to the variability of gene order and intron counts, which diversified dramatically. Our results show
that the early secondary plastid of euglenids was much more susceptible to gene losses and endosymbiotic gene transfers
than the established plastid, which is surprisingly resistant to changes in gene content.
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Introduction

Euglenids are a relatively large group of protists that contains

species with different types of feeding strategies: some euglenid

species (e.g. Rhabdomonas) are osmotrophic and feed by pinocytosis;

others developed phagotrophic apparatuses for catching bacteria

(e.g. Entosiphon) or even eukaryotes (e.g. Peranema) [1,2]. One large

clade of euglenids is photoautotrophic and its members bear green

secondary plastids (e.g. Euglena gracilis). The plastid has been

subsequently and independently lost in several branches within

this clade (Euglena longa, prev. Astasia longa, Euglena quartana, prev.

Khawkinea quartana, Euglena hyalina, Euglena viridis hyalina and Phacus

ocellatus, prev. Hylophacus ocellatus) [3–5]. The phototrophic

euglenids and their secondary heterotrophic descendents are

classified as class Euglenophyceae [4]. Complete plastid genome

sequences are known so far for only two closely related euglenid

species, Euglena gracilis [6] and Euglena longa [7].

The fact that plastids are present in a single clade of euglenids

favors a hypothesis that the ancestor of this clade acquired the

plastid by engulfing a green alga [6,8]. Our current knowledge on

the phylogeny of euglenids implies that this endosymbiotic event

happened after the split of Peranema but before the split of

Eutreptiella and Eutreptia, the basal lineages of the phototrophic

clade [9]. This ‘‘plastid late’’ hypothesis is further indirectly

supported by the fact that the autotrophic clade is derived from

within the eukaryovorous euglenids; eukaryovory is regarded as

the derived feeding mode in euglenids and at the same time it is a

useful predisposition facilitating the engulfment of green algae

[10]. The plastid of Euglena gracilis can be completely lost after

bleaching with many enviromental and chemical agents without

effect on cell viability, and this fact is also used as an argument for

a relatively recent acquisition of the plastid, which has not yet been

recruited for cellular functions other than photosynthesis [11].

Recent study of introns in the plastid targeting presequences also

agrees with the plastid-late hypothesis [12]. An alternative but

currently less-accepted plastid-early hypothesis postulates that the

euglenid plastid was acquired early in the evolution of euglenids,

or even in the common ancestor of euglenids and kinetoplastids

(e.g. Trypanosoma), their nearest sister group [13,14]. The presence

of genes of red algal origin in the photosynthetic Euglena as well as

in the heterotrophic Peranema suggests that the lineage of euglenids

might have experienced a cryptic red algal plastid endosymbiosis

before the current green algal plastid was established [15].

Analyses of 70 plastidial genes and conservation of gene order

on the plastid genome has pointed to Pyramimonas (Pyramimona-

dales, Prasinophyceae) as the closest extant relative of the euglenid

plastid [7]. Pyramimonas comprises marine flagellates, suggesting

that the endosymbiotic event happened in the marine environ-
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ment. Although the majority of euglenids live in freshwater, the

basal lineage of the autotrophic clade contains the marine species

Eutreptia and Eutreptiella, corroborating the hypothesis of a marine

origin of photosynthetic euglenids [4,5]. The comparative analysis

of the gene content between the plastid genome of Pyramimonas

parkeae, which encodes 110 conserved genes (81 protein and 29

RNA species) [16], and Euglena gracilis, which comprises 88

conserved genes (58 protein and 30 RNA species) [6], has revealed

a substantial loss of genes (for example all genes of NADH-

plastoquinone oxidoreductase of the plastidial respiratory chain)

happening from the common ancestor of P. parkeae and E. gracilis to

extant E. gracilis. This reduction of gene repertoire is explained as a

consequence of secondary endosymbiosis, although comparable

gene losses took place in the prasinophyte lineages leading to

Pycnococcus and to the coccoid microalgae Ostreococcus and

Monomastix [16]. Further gene loss in euglenids accompanying

the loss of photosynthetic activity has been observed in the closely

related but non-photosynthetic Euglena longa, which has maintained

56 conserved genes (26 protein and 30 RNA species) [7]. Despite

the reduction of coding capacity of the Euglena plastid in

comparison to that of P. parkeae, the size of the E. gracilis genome

increased (143.2 vs. 101.6 kb in P. parkeae). The increase in the

genome size should mainly be ascribed to the expansion of self-

splicing introns. While P. parkeae features a single group II intron,

the genome of the E. gracilis plastid contains 160 group II and

group III introns (15 of which formed twintrons), which is by far

the most of all known organellar genomes [17,18]. There are

indications that the expansion of introns may be a feature specific

to E. gracilis and its relatives [17,18]; however, no other plastid

genome of euglenids has been completely sequenced, which would

be necessary to enable comprehensive comparisons.

Here we report the complete genome sequence of Eutreptiella

gymnastica, a member of the basal lineage of the photosynthetic

clade, and phylogenetically most distant from Euglena gracilis – the

common ancestor of E. gracilis and E. gymnastica was the common

ancestor of all currently known members of the photosynthetic

lineage [1,19,20]. Comparative analysis of the gene content of

euglenid plastids allows relatively precisely tracing the events of

gene transfers and gene losses accompanying this particular case of

secondary endosymbiosis. The vast differences in intron density

suggest that the expansion of introns has happened specifically in

the lineage leading to E. gracilis.

Results and Discussion

The complete size of the circular chloroplast DNA of Eutreptiella

gymnastica is 67 622 bp. An overview of the general features of this

genome and its closest relatives is given in Table 1. The genome

sequence is numbered from the first nucleotide after the second

23S RNA gene (see a physical map of chloroplast DNA – Figure 1).

The organization of the genome resembles those of higher plants

and algae (including Pyramimonas parkeae) with a large single copy

region (LSC), a small single copy region (SSC) and two inverted

repeats (IR). Simplified maps of plastid genomes of Eutreptiella

gymnastica, Euglena gracilis, Euglena longa, and Pyramimonas parkeae are

illustrated in Figure 2 for comparison.

As is apparent from the genome map (Figure 1), the SSC region

is reduced (to 1055 bp), containing only one ORF of unknown

function (orf248). This is not surprising, because E. gymnastica (like

E. gracilis) has lost most genes usually found in the SSC region

(NADH dehydrogenase complex and a few others). Two of them

(rpl32 and psaC) are relocated to other sites. The large single copy

region (47 528 bp) contains most genes for proteins and tRNAs.

Two regions resembling inverted repeats (IR, 6304 bp) contain

one 16S rRNA gene (1463 bp), one 23S rRNA gene (2999 bp),

and a 1726-bp-long sequence with unknown function that contains

2 tandem repeats – VNTR (3611 bp and 3,4633 bp). Between

the IR copies, the 23S rRNA genes differ in three bases, while all

other sequences are identical. The IR copy on the plus strand

further contains an insertion of a block of genes (tRNA-Ala,

tRNA-Cys, rps2, atpI, atpH, atpF, atpA, and orf372), and the IR

copy on the minus strand contains the insertion of tRNA-Ile. The

gene cluster of rps2, atpI, atpH, atpF, and atpA found within the

IR is one of the ancestral gene clusters conserved in streptophyte

and prasinophyte plastid genomes, but it is usually located in the

LSC region [16]. The tRNA-Ala and tRNA-Ile genes are present

also in the IR of P. parkeae.

The inverted repeats do not contain 5S RNA, and in fact

Eutreptiella lacks it completely. Absence of 5S RNA was also

recorded in the plastid genome of Pyramimonas parkeae and

Pycnococcus provasolii, but the possibility exists that its sequence

was unrecognized [16]. Interestingly, transcriptional analysis of the

E. gracilis plastid chromosome showed that, although the genes for

5S, 23S and 16S RNA make one operon [6], the abundance of 5S

RNA is much lower than the abundance of 23S and 16S RNA

[21]. If 5S RNA is present but remains unrecognized in the plastid

genome of Eutreptiella, it probably is not localized within the RNA

operon, as the 16S RNA gene is very closely followed by

neighboring genes. The symmetrical arrangement of tandem

repeats in the non-coding part of the IRs suggests that this region

may function as the origin of replication. According to the classical

model [22], which has recently been challenged [23], the

replication of plant and some green algal plastid genomes starts

simultaneously from both IRs, and expands unidirectionally

towards the SC region, forming two D-loop structures. After it

passes the initiation site of the opposing D-loop, the two D-loops

fuse to form Cairn-type bidirectional forks that move away from

each other and meet approximately 180 degrees from the starting

point. E. gracilis and E. longa plastid genomes lack IRs (Figure 2)

and, so far, no model of their replication has been proposed. The

origin of replication in the plastid genome of E. gracilis has been

localized into the region of tandem repeats approximately 6 kb

upstream from the extra 16S rRNA gene (Figure 2) [6,24,25].

From this site, the replication probably proceeds in both directions

[6]. Because most genes are coded on the leading strand of

replication, these genomes have a strikingly non-random distribu-

tion of genes. Starting from the ORI site, in one half of the circle,

most genes are coded by the plus strand, and in the other half on

the minus strand [6,26]. A similar situation is in Eutreptiella, but the

switch of the coding strands is situated approximately 2/3 of the

way through the circle (Figure 1 and 2).

The size of the E. gymnastica plastid genome is less than half of

that of E. gracilis, though the number of conserved genes in both

species is not very different (Table 1). The difference in the

genome size is caused by different numbers of self-splicing introns.

The genome of E. gracilis plastid contains 160 group II and group

III introns, which is by far the most of all known organellar

genomes [6,17]. The plastid genome of Eutreptiella apparently

contains only two putative introns, and in this respect it resembles

the plastid genome of Pyramimonas parkeae, which contains only one

[16]. We have not found any sequential, structural or positional

homology either between the introns of Eutreptiella and Pyramimonas

or between the introns of Eutreptiella and Euglena gracilis. The first

putative intron of Eutreptiella (1480 bp) is located in the psaA gene.

This intron apparently contains an orf386 (1158 bp) that shows

very weak homology to reverse transcriptases. The homology is so

weak that it was revealed only after iteration in PSI-BLAST. As

The Plastid Genome of Eutreptiella
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group II introns often encode for reverse transcriptases, which

probably help with their splicing and retroposition [27,28], the

homology should be taken seriously. The second intron is much

shorter (152 bp), without an ORF, and is located in the rpoB gene.

The sizes of both introns (excluding ORFs) are smaller than typical

group II and longer that group III introns, and we have not been

able to find any noticeable similarities in the secondary structure

with self-splicing introns in E. gracilis or elsewhere. Therefore, their

ability to self-splice as well as their exact boundaries should be

considered only putative. Besides the orf386 in intron 1, the

Eutreptiella plastid genome encodes three other ORFs with

homology to reverse transcriptases or intron maturases. Two of

them (orf291 and orf372) have no close homologues, and their

evolutionary origin cannot be traced. The third (mat1) is clearly

homologous to mat1 (ycf13) of E. gracilis and other euglenids, and

in the tree (Figure S1) it forms a well supported branch (98%) with

these genes. Mat1 was apparently present in the last common

ancestor of euglenid plastids but interestingly this reverse

transcriptase is unrelated to the single reverse transcriptase found

in the plastid genome of Pyramimonas (orf608) (Figure S1). Mat1 is

also remarkably conservative regarding its position in the genome.

In almost all investigated euglenids, including relatively closely

related Eutreptia, it is situated in the internal group III intron of the

4th intron in the psbC gene [18]. In Eutreptiella it is located right

next to the psbC gene, which in Eutreptiella does not contain any

intron. Mat1 was found also in the chloroplast of E. longa. As this

organism has no psbC gene, the mat1 gene is situated in different

loci [7]. The RT and X domains of E.gracilis and E.longa mat1

deviate from the consensus sequence of 34 group II intron-

encoded proteins [29]. Sequence alignment of mat1 in Eutreptiella

and E.gracilis shows the loss of at least two conserved domains.

Comparison between the genomes of E. gracilis, Eutreptiella and

Pyramimonas suggests that the genome of the common ancestor of

euglenid plastids was intron-poor but encoded at least one reverse

transcriptase (mat1). Expansion of introns is apparently a feature

specific to E. gracilis and its relatives, as already suggested by

Thompson et al. [17]. On the other hand, the small number of

introns, their unusual sizes and structures and the loss of the

otherwise-conserved intron in psbC indicate the suppression of

introns in Eutreptiella. The evidence for the recent horizontal

transfer of a group II intron from a cyanobacterial donor was

found in the chloroplast genome of Euglena myxocylindracea [30].

This intron (in the psbA gene) includes ORF575, named mat4,

which resembles cyanobacterial reverse transcriptases. Mat4 is also

homologous to the maturase of Pycnococcus provasolii and Volvox

carteri (Figure S1), which is located in an intron of the atpB gene

[16].

The content of the unique protein coding genes is surprisingly

similar between Euglena gracilis and Eutreptiella gymnastica plastid

genomes (Figure 3). The Eutreptiella plastid encodes for the same

photosynthetic proteins (31), transcription/translation proteins (5),

ribosomal proteins (21), and maturase mat1 as Euglena gracilis.

There are only 5 extra ORFs in Eutreptiella as compared with E.

gracilis – four ORFs without strong similarity to known proteins

(orf291, orf386, orf248 and orf372) and one conserved protein

with homology to P. parkeae ycf65 (putative ribosomal protein rpl3).

Similarly, only eight genes (including intron maturases mat2, roaA

and orf506) are specific to E. gracilis. Not surprisingly, many of the

shared proteins have been lost in Euglena longa, whose plastid has

lost photosynthetic activity. Given this almost exact match of

protein coding capacity of two genomes, whose last common

ancestor was at the same time the last common ancestor of all

known euglenid plastid genomes, we can with reasonable

confidence expect that the Eutreptiella plastid genome also matches

the coding capacity of this last common ancestor. Using the

Pyramimonas parkeae plastid genome to represent the closest relative

to the plastid endosymbiont, we may trace quite precisely the

changes in the protein coding capacity of the plastid genome that

took place right before and during the process of the secondary

endosymbiogenesis. This coding capacity was reduced compared

to Pyramimonas by the set of genes coding for: 10 proteins of NADH

dehydrogenase complex, 2 proteins of cytochrome B6F (petA,

petN), 3 proteins of chlorophyll metabolism (ChlL, ChlN, ChlB),

heme binding protein ccsA, photosystem I subunit psaI, initiation

factor infA, the protease subunit of clp protease clpP, chloroplast

division protein FtsH, and several conserved and non-conserved

ORFs with unknown function. A BLAST search of 23,372

transcriptome sequences of E. gracilis in GenBank and 268 530

transcriptome sequences of Eutrepriella produced by us (unpub-

lished data) revealed that transcripts for some of these proteins,

Table 1. General features of euglenid and Pyramimonas cpDNA.

Feature Eutreptiella gymnastica Pyramimonas parkae Euglena gracilis Euglena longa

Genome size: 67 622 101 605 143 171 73 345

GC percentage: 34,32 34,7 26,13 22,41

Gene-unique loci: 91 123 96 76

Unique rRNA (count/bases): 2/8 924 2/9 086 3/15 057 3/15617

Unique tRNA (count/bases): 26/1 959 27/2 393 27/2 764 27/2122

CDS (conserved genes/all): 59/63 81/94 58/66 26/46

non-spliced (count/bases): 61/38 145 93/69 072 26/15 873 29/15 822

spliced (count/bases): 2/5 511 1/1 467 40/34 449 17/16 299

Introns (count/bases): 2/1 630 1/2 757 160/55 702 61/NA

Density (genes per kb): 0,932 0,925 0,468 0,627

Average length (excl. introns): 692 750 751 698

Coding percentage (excl. introns): 64,5 69,4 35,1 43,7

Intergenic sequences (excl.RNA): 12 614 18 720 25 535 NA

Overlaping sequences: 1 161 1 890 6 209 NA

doi:10.1371/journal.pone.0033746.t001
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namely petA, petN, ycf3, clpP, and ftsH, are present in both

transcriptomes, indicating that these genes were probably

transferred into the nucleus of the common ancestor of

photosynthetic euglenids during the endosymbiogenesis. The gene

ccsA is present only in the transcriptome of Euglena, suggesting that

it was transferred into the nucleus of the common ancestor of

photosynthetic euglenids, but retained in Euglena while probably

lost in Eutreptiella. The rest of these genes were not found in any

transcriptome. Although we cannot rule out the possibility that

their transcripts were missed by transcriptome sequencing (e.g. due

to the low abundance of transcripts), the observations here suggest

that they might have been lost completely, either in the evolution

of green algal ancestor of euglenid plastid after the split of the

Pyramimonas branch, or later during endosymbiogenesis itself.

In contrast to the highly conserved gene content of E. gracilis and

Eutreptiella gymnastica plastid genomes, the conservation of gene

order is much lower between the two and also in comparison to

Pyramimonas, indicating that many genome rearrangements have

taken place. To get a rough estimate of the degree of gene

conservation we counted the number of neighboring gene pairs

Figure 1. Map of the plastid genome of Eutreptiella gymnastica. Outer circle shows the large single copy region (LSC) (yellow), short single
copy region (SSC) (red) and inverted repeats (IR) (blue). The inner circle shows genes and their division layout in respect to the DNA strands. The
genes are color coded according to their function: photosynthesis (shades of green), translation (except maturases) (shades of blue), transcription
(violet), tRNA (pink), maturases and unknown function (gray).
doi:10.1371/journal.pone.0033746.g001
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Figure 2. Simplified maps of the plastid genomes of Eutreptiella gymnastica, Euglena gracilis, Euglena longa and Pyramimonas parkeae.
The maps are in scale to their sizes. The colors indicate the coding strands (plus-green and minus-violet), the ribosomal RNAs (blue) and introns
(yellow). The inverted repeats IRA and IRB in Pyramimonas and Eutreptiella are marked in red. The ori site in Euglena gracilis is marked by an arrow.
doi:10.1371/journal.pone.0033746.g002
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Figure 3. Venn diagrams showing overlaps in protein coding capacities between known euglenid plastid genomes and the plastid
genome of Pyramimonas parkeae. The schematic representation of genome relationships is indicated in the left. Arrows indicate the probable fate
of the genes absent from euglenid genomes. The genes are colour coded in respect to the functional group of their products: housekeeping proteins
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common for pairs of genomes. In this measure, the E. gracilis and

Eutreptiella genomes are the closest as expected, sharing 61 adjacent

gene couples; Pyramimonas shares with each of them 40 and 38 gene

neighbors, respectively.

Phylogenomic analysis of 70 plastid protein coding genes

confirmed with maximum bootstrap support the sister relationship

of euglenid plastids and Pyramimonas (Figure 4) as reported by

Turmel et al. [16]. The tip branch of Euglena gracilis is almost three

times longer than the branch of Eutreptiella, probably a result of an

accelerated substitution rate in the lineage leading to the genus

Euglena (Figure 4A). The analyses with relaxed molecular clocks

produced ultrametric trees (Figure 4B and Figure S2) that give

estimates of relative ages of internal nodes. The branching order of

these trees is virtually identical to the maximum likelihood tree.

The relaxed clock analyses revealed that the common ancestor of

Euglena and Eutreptiella (node 1 in Figure 4B and Figure S2) was not

very recent, as it was approximately as old or older (depending on

the clock model) as the common ancestor of vascular plants

(common ancestor of Marchantia, Anthoceros and Physcomitrella). It

also revealed that the age of the common ancestor of Pyramimonas

and euglenid plastid (node 2 in Figure 4B and Figure S2), for the

three clock models, was 1.2–2.36older than the common ancestor

of E. gracilis and Eutreptiella if considering the median of the age

estimates and 1–56older if considering the extreme values of the

95% confidence intervals of the age estimates (blue bars in

Figures 4B and Figure S2). The time span from node 2 to node 1

was therefore similarly as long as or shorter than the time span

from node 1 to the present time, but likely was not markedly

longer. The period from node 2 to node 1 includes the green algal

lineage that became the direct ancestor of the secondary euglenid

plastid and then the stem branch of the secondary plastid before

the split of genera Euglena and Eutreptiella. The exact point where

the transition between alga and plastid happened is not known.

During this period, 16 protein coding genes functioning in the

plastid metabolism were possibly lost and six were transferred to

the nucleus of the euglenid. This is in contrast to the at least

comparable but very probably quite longer time of evolution that

separates extant photosynthetic E. gracilis and Eutreptiella (twice the

time from node 1 to present) during which only one gene (ycf65)

was lost and none was transferred to the nucleus. The rapid slow-

down of gene loss could be explained by the fact that the gene set

was relatively quickly reduced to an essential core that must be

preserved if the photosynthetic function is to be retained. The

complete halt of endosymbiotic gene transfer from plastid to the

host nucleus is, however, unexpected, as such transfers are also

reported in plastids that have been established for a long time in

their hosts [31,32]. Unlike the gene content the gene order evolved

relatively uniformly – 61 gene couples remained in neighboring

positions after the period separating E. gracilis and E. gymnastica,

and correspondingly fewer (40 or 38) gene couples remained

positionally fixed to each other after approximately double the

period separating P. parkeae and E. gracilis or P. parkeae and E.

gymnastica.

In conclusion, the plastid genome of Eutreptiella turned out to be

almost identical to Euglena gracilis in protein coding gene content

that is reduced when compared to Pyramimonas. This indicates that

virtually all gene losses and endosymbiotic transfers of genes to the

host nucleus took place in the period before the last common

ancestor of the euglenid plastid. In contrast to the frozen protein

content, the genome organization (gene order, inverted repeats)

diversified significantly in the two sequenced lineages of euglenid

plastids, and in the lineage leading to the genus Euglena it was

furthermore accompanied by an accelerated substitutional rate in

protein sequences and the expansion of self splicing introns. We

have shown that the method of 454 sequencing could be widely

applied to sequencing of organellar genomes.

Materials and Methods

Preparation of genomic DNA
A culture of Eutreptiella gymnastica strain SCCAP K-0333 was

obtained from the Scandinavian Culture Collection of Algae and

Protozoa and grown in TL30 medium in 12uC. 150 ml of well-

grown culture (approx. 25*106 cells) was used for DNA isolation.

DNA was isolated using the Quiagen Blood and Tissue kit.

Sequencing and assembly of the plastid genome
1 mg of whole genomic DNA was subjected to 454 sequencing

according to GS FLX Rapid Library Preparation Method

protocol (Roche). In total 548 056 reads of average size 370 bases

were produced. Automatic assembly of reads in Newbler 2.5.3

(Roche) resulted in 19 417 contigs (N50 contig size was 791 bases)

and 9.2 Mb of unique sequence. Using a BLASTn homology

search it was determined that two contigs, by far the longest

(26 365 bp and 20 813 bp), represented parts of the plastid

genome. It is expected that contigs derived from the plastid

genome should have approximately the same coverage, and so

those contigs that had coverage similar to contigs 1 and 2 (356 for

contig 1 and 306 for contig 2) were selected from the assembly

and all subjected to BLASTn homology search. Five of them were

found to represent parts of the plastid genome. All plastid derived

contigs were then manually assembled into a 67,274 bp long linear

supercontig. Because we expected that the plastid genome would

be a circular molecule, a PCR from the ends of the linear

supercontig was used to amplify and sequence the missing part

(primer F: 59 - taacctgtgaacacgaag -39 and primer R: 59 -

caaccagtaagttataggaa -39). After adding 348 bases the genome was

circularized.

Annotation
Annotation of ORFs was done using BLASTx homology search.

tRNAs were found using tRNA Scan-SE [33], and rRNAs were

annotated using a BLASTn homology search with their bound-

aries determined according to the alignment with rRNA from

Euglena gracilis and Pyramimonas parkeae. The annotation was

completed in Artemis 13.2.0 [34] and the annotated genome is

deposited in the EMBL database under accession no. HE605038.

The genome maps were plotted in GenomeV [35].

Intron secondary structures
The secondary structures of intron candidates were predicted by

mFOLD version 2.3 [36] (http://mfold.rna.albany.edu/

?q = mfold/RNA-Folding-Form2.3) using the default setting but

with the temperature set to 12uC.

Phylogenetic analyses
The set of maturases was assembled from Eutreptiella mat1 and

121 homologues from GenBank representing both all available

euglenid homologues and homologues from other taxa covering

(black), proteins involved in photosynthesis (green), maturases of introns (red) and genes with unknown function (gray). Maturases of introns
included in the phylogenetic tree of maturases (Figure S1) are marked by asterisks.
doi:10.1371/journal.pone.0033746.g003
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Figure 4. Phylogenies of plastid genomes of green algae, euglenids and Bigelowiella based on 70 genes. A. This phylogenetic tree was
constructed using the maximum likelihood method implemented in RAxML, using the LG+I+G model selected by ProtTest. The bootstraps were
estimated in 500 replicates. B. This tree was constructed in Beast v 1.6.1 using the WAG+I+C model of substitution and an uncorrelated exponential
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the sequential diversity of this protein. The data set was aligned

using ClustalX [37] and manually edited in Bioedit 7.0.5.3 [38].

The phylogenetic tree was constructed in RAxML v7.2.7 [39]

using the PROTGAMMAILGF model. The bootstrap support

was calculated using the same model and 500 permutations.

For the phylogenomic analysis we used the data set of 70 protein

coding genes from 24 plastid genomes published by Turmel et al

[17]. The Eutreptiella sequences were manually added to this set in

Bioedit 7.0.5.3 [38], realigned using ClustalX [37], and the

alignment was then manually edited in Bioedit 7.0.5.3 [38]. The

phylogenetic tree was constructed in RAxML v7.2.7 [39] using a

uniform PROTGAMMAILGF model for all gene partitions. The

bootstrap support was calculated using the same model and 500

permutations. The analyses using relaxed molecular clocks were

performed in Beast v 1.6.1 [40] using the WAG+I+C model of

substitution and three models of relaxed molecular clock: an

uncorrelated exponential model, an uncorrelated lognormal model

and a random model. MCMC was run for 10*106 generations;

trees from first 2*106, 7*106 and 3*106 generations were discarded

as the burn-in, respectively.

Supporting Information

Figure S1 The phylogeny of intron maturases. The

phylogenetic tree was constructed using the maximum likelihood

method implemented in RAxML, using the LG+I+G model

selected by ProtTest. The bootstraps were estimated in 500

replicates. The eukaryotic maturases are marked by red, the

cyanobacterial are marked by cyan and other bacterial maturases

are marked by black.

(DOCX)

Figure S2 Phylogenies of plastid genomes of green
algae, euglenids and Bigelowiella based on 70 genes.
These trees were constructed in Beast v 1.6.1 using the WAG+I+C
model of substitution and an uncorrelated lognormal model of

relaxed molecular clock (A) and random local model of relaxed

molecular clock (B). MCMCs were run for 10*106 generations;

trees from the first 7*106 and 3*106 generations were discarded as

the burn-in in A and B, respectively. Node labels represent

posterior probabilities, node bars represent the 95% confidence

interval of relative node ages.

(DOCX)
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Conclusions 
 

The patchy distribution of MAT/MATX gene couple in the eukaryotic tree 

points to the complicated evolutionary history of this enzyme, which could be the result 

of: i) either HGT or ii) ancient paralogy with subsequent differential losses of one its 

counterpart paralogs in different eukaryotic lineages (Fig. 4).  

These two scenarios differ in their assumptions. Deep paralogy scenario 

assumes: i) the long-term coexistence of both paralogs and their co-expression in the 

cell, ii) the congruence of phylogenetic relationships within individual paralogs with the 

organismal phylogeny and iii) the position of the root of the gene tree between the two 

paralogs. On the other hand, HGT scenario expects that: i) one paralog (probably the 

less frequent and divergent – in our case MATX) should be able to substitute the 

function of the other (ancestral) paralog in a short time, ii) the tree topology of at least 

one paralog is not consistent with the organismal topology, iii) there was a donor 

lineage, in which the divergent paralog MATX evolved and afterwards spread to other 

lineages. Then the root of MAT/MATX tree would be situated inside the MAT paralog 

and the donor lineage would be at the base of the MATX clade. 

Because we had no information clarifying how MAT and MATX fulfill the 

assumptions of one or the other scenario, we decided to investigate it partly 

experimentally by means of an Euglena gracilis/Trypanosoma brucei in-vivo-model 

system (paper no. 1), and partly by phylogenetic reconstruction of gene trees using the 

most complete and updated set of homologues available at present (paper no. 2). We 

found out that transfection of T. brucei cells (containing the ancestral MAT form of the 

gene) with MATX from E. gracilis, and the co-expression of both genes had no impact 

on cells viability and growth. Thus the coexistence of both paralogs in one cell is 

possible indeed. This result indicates that MAT/MATX fulfills one assumption for the 

deep paralogy scenario. After initiation of RNA interference, the original MAT was 

knocked-down but the cells were able to survive because MATX substituted its 

function. This successful replacement is the assumption for the HGT scenario. Our in 

vivo experiments have shown that MATX is capable of evolving and spreading among 

different organisms by HGT as well as by ancestral coexistence with MAT and 

differential loss (paper no. 1). 
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We performed the same experiment with the EF-1α and its paralog EFL. While 

T. brucei cells were viable with both paralogs expressed in the same cell, after RNA 

interference induction and knocking down of the ancestral EF-1α, the foreign EFL was 

not able to substitute this essential function and cells died. This showed the differences 

between MAT/MATX and EF-1α/EFL gene couples. EFL was able to coexist with EF-

1α but it was not capable of HGT in any of experiments carried out (paper no. 1). 

In the next study (paper no. 2), we focused on the possible origin of MATX in 

the group of euglenids. We collected MATX sequences from various species of 

euglenids, both heterotrophic and photoautotrophic. We were also able to collect data 

from a recently discovered euglenid, mixotroph Rapaza viridis. We found MATX in all 

investigated photoautotrophic euglenids, while the mixotroph Rapaza viridis, which 

contains the secondary plastid and is the most basal lineage in photoautotrophic 

euglenid clade, possessed only the MAT form of the gene. The MAT form was also 

found in heterotrophic euglenids (Petalomonas, Distigma and Peranema) and the 

prasinophyte alga Pyramimonas parkeae, which represents the closest known relative of 

the euglenid plastid. From these results, we infer that MATX is specific for the clade of 

photoautotrophic euglenids, but it appeared in this lineage after the split of the 

mixotroph R. viridis, e.g. not simultaneously with the endosymbiosis of the euglenid 

plastid, which took place before R. viridis split. Based on these findings, we reject the 

former hypothesis of Sánchez-Pérez et al. (2008) claiming that MATX evolved in the 

nucleomorph of the emerging euglenid secondary plastid. 

In order to study the evolutionary history of these enzymes in eukaryotes we 

performed phylogenetic analyses from available eukaryotic-MATX sequences (paper 

no. 2). The eukaryotic MATX phylogeny did not match the organismal phylogeny 

because MATX sequences from euglenids branched together with the dinoflagellates. 

The significance of these differences was confirmed in statistical tests. This is in 

contrast with one assumption of the deep paralogy scenario. The root in MAT/MATX 

phylogenetic tree was not localized between MAT and MATX clade, but the statistical 

tests did not exclude the possibility of this position, therefore MATX could be presented 

in the eukaryotic common ancestor, what is in agreement with one assumption of the 

deep paralogy scenario.  
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Regarding to euglenids, we also found that within this group the MATX 

phylogeny did not correspond to the organismal phylogeny, but the differences were not 

statistically significant and, consequently, the congruence was not rejected. Therefore, 

in the phototrophic clade of euglenids, MATX could have evolved by vertical 

inheritance. In order to explain the distribution of MATX paralog in euglenids by deep 

paralogy, there would be needed at least four independent losses of MATX. These gene 

losses would be increased, much more, when trying to explain the distribution of 

MATX within the whole eukaryotic tree. To explain the distribution of the MAT 

paralogue by deep paralogy we would need just one loss in euglenids and only few in 

the whole eukaryotic tree. Although, gene losses are frequent events among organisms, 

the fact that losses of one paralog are much more frequent than for the other one is 

suspicious. When we look on the MAT/MATX distribution from the HGT point of 

view, there will be needed only one HGT of MATX gene into photoautotrophic 

euglenids clade after the split of R. viridis and only few others to explain the situation in 

whole eukaryotes. Nevertheless, simple counts of these evolutionary events, do not 

allow making any serious conclusion, as we have no information about their relative 

probabilities. 

During analyses of the distribution of these two paralogs in euglenids, we found 

also two dual MAT/MATX-containing euglenids (Monomorphina pyrum and Phacus 

orbicularis). MAT genes of these species branch on phylogenetic tree with A. 

anophagefferens and with ciliates, respectively, but not with the rest of MAT from 

Euglenozoa. Although the presence of MAT from ciliates looks slightly suspicious and 

it could be a contamination, we never saw ciliates in the culture. We also tried to 

amplify the 5’ terminus of this MAT sequence to see whether it contained the typical 

splice leader, but unfortunately we did not succeed (unpublished data). At this moment, 

we favor the explanation of this pattern by recent HGTs into two lineages of 

phototrophic euglenids but the possibility of contamination was not excluded yet.  

The biggest problem of the HGT scenario is that there is no clear donor group of 

MATX. From the MATX phylogeny we cannot even speculate about the directions of 

the possible transfers between eukaryotic groups. There is a theoretical option that the 

donor lineage of MATX could become extinct and therefore cannot be determined. This 
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hypothesis was firstly introduced by Fournier et al. (2009) in order to explain the 

distribution of the amino-acid pyrrolysine. 

Based on both in-vivo experiments and phylogenetic reconstructions we infer 

that MAT/MATX fulfill the complete set of assumptions of neither of these two 

scenarios. MATX has not evolved purely vertically as supposes the deep paralogy 

scenario, whilst at the same time, the absence of donor lineage argues against the HGT 

hypothesis.  

To reconcile the evidence that does not support any of the two scenarios in their 

pure form, we propose following hypothesis of evolution of MAT and MATX genes. 

MAT and MATX were both present in the eukaryotic common ancestor. Subsequently, 

one or the other paralog was lost in different eukaryotic lineages. Except for differential 

more or less random losses, few HGTs of MAT and MATX took place between 

lineages. In this way, MAT from ciliates and A. anophagefferens was transferred to two 

photoautotrophic euglenids. One transfer of MATX introduced this gene into the 

lineage of phototrophic euglenids from a still unknown source. This HGT happened 

after the acquisition of the secondary plastid, as no MATX was found in R. viridis or in 

P. parkeae. Then, after MATX was established in this lineage, it substituted the original 

MAT and subsequently evolved by vertical descent.  

In the last part of our work (paper no. 3) we sequenced the plastid genome of 

Eutreptiella gymnastica, which was, before discovering R. viridis, the most basal and 

deepest lineage of photoautotrophic euglenids. The purpose of this study was to look 

closer into the changes involving the gene content as well as rearrangements in the 

plastid genome, which occurred after the ingestion of a green alga. These genome 

changes are common processes that could theoretically lead to the formation of MATX 

in euglenids or other secondary algae, although we currently do not support the 

hypothesis that MATX evolved this way. 

We found out that the plastid genome of Eutreptiella is less than half of the size 

of E. gracilis plastid genome, as it does not have such a large amount of introns like E. 

gracilis (over 150 group II. and III. introns) (Hallick et al. 1993). In contrast with 

Euglena, Eutreptiella has only eight introns; two of them identified by us (paper no. 3), 

five  by Pombert et al. (2012) and the last one by us after recent intensive screening of 

the E. gymnastica plastid genome (unpublished results). This corroborates the 
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hypothesis that the euglenid plastid ancestor was intron-poor (the P. parkeae plastid 

genome contains only one intron) (Turmel et al. 2009; Pombert et al. 2012). The 

number of conserved genes in Euglena gracilis and Eutreptiella gymnastica is almost 

identical, but both of them are reduced in comparison to the plastid genome of 

Pyramimonas. This suggest that during formation of plastid from alga, up to 18 protein 

coding genes were lost completely or were transferred to the nucleus; while during the 

period following that event, only one gene was lost and none was transferred to the 

nucleus. The coding capacity was therefore reduced, probably very soon, after the 

plastid acquisition in the period before last euglenid-plastid common ancestor (Hrdá et 

al. 2012). This points to the fact that major changes in the genome content took place in 

the early period of its evolution. Once the plastid was established, it became resistant to 

changes in gene content. But when we compare the plastid genomes from various 

euglenids sequenced so far, there are still changes in the gene order. 

In summary, we have found out that the plastid genome of euglenids 

experienced a reduction in the number of genes soon after endosymbiosis, followed by 

the expansion of introns within the line leading to E. gracilis. However, the introduction 

of MATX into photosynthetic euglenids had no connection to the plastid endosymbiosis 

and it took place after the euglenid-plastid acquisition. We propose that the evolutionary 

history of the MAT/MATX in eukaryotes represents a mixture of both HGT and deep 

paralogy scenarios, as our data are not entirely consistent with either of these scenarios 

in their purest form. 
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