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Abstract Phylum Euglenozoa comprises three groups of

eukaryotic microbes (kinetoplastids, diplonemids, and eu-

glenids), the mitochondrial (mt) genomes of which exhibit

radically different modes of organization and expression.

Gene fragmentation is a striking feature of both euglenid

and diplonemid mtDNAs. To rationalize the emergence of

these highly divergent mtDNA types and the existence of

insertion/deletion RNA editing (in kinetoplastids) and

trans-splicing (in diplonemids), we propose that in the

mitochondrion of the common evolutionary ancestor of

Euglenozoa, small expressed gene fragments promoted a

rampant neutral evolutionary pathway. Interactions

between small antisense transcripts of these gene fragments

and full-length transcripts, assisted by RNA-processing

enzymes, permitted the emergence of RNA editing and/or

trans-splicing activities, allowing the system to tolerate

indel mutations and further gene fragmentation, respec-

tively, and leading to accumulation of additional mutations.

In this way, dramatically different mitochondrial genome

structures and RNA-processing machineries were able to

evolve. The paradigm of constructive neutral evolution

acting on the widely different mitochondrial genetic sys-

tems in Euglenozoa posits the accretion of initially neutral

molecular interactions by genetic drift, leading inevitably

to the observed ‘irremediable complexity’.

Keywords Euglena � Diplonema � Mitochondrial

genome � RNA editing � Constructive neutral evolution

Introduction

Kinetoplastid flagellates contain an astonishingly complex

mitochondrial (mt) DNA network, known since the 1950s

and termed kinetoplast (k) DNA. This intricate assemblage

of interconnected circular DNA molecules of different

sizes, along with the more recently discovered and extre-

mely sophisticated uridine (U) insertion/deletion editing of

kDNA transcripts, stretches the imagination of molecular

and evolutionary biologists. Very recent studies of mtDNA

and mtRNA structure and processing from diplonemids and

euglenids, which are specifically related to kinetoplastids,

have revealed dramatically different complexities, for

which a logical evolutionary pathway from a common

ancestor of these three protist groups is hard to imagine.

Yet in the light of these discoveries, a recent incarnation

(Gray et al. 2010; Lukeš et al. 2011) of a neutral evolu-

tionary theory (Covello and Gray 1993) termed ‘con-

structive neutral evolution’ (Stoltzfus 1999) becomes

particularly appealing. In this paper, we argue that if kDNA

structure and the kinetoplastid type of RNA editing are

perhaps singular in detail, what is not unique is their almost

nonsensical molecular complexity.
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Montreal, QC H3C 3J7, Canada

123

Curr Genet (2011) 57:225–232

DOI 10.1007/s00294-011-0340-8



The proposed eukaryotic supergroup Excavata (Hampl

et al. 2009) brings together unicellular eukaryotic microbes

(protists) in which the evolutionary fate of mtDNA has

been markedly different. Whereas the parabasalids (met-

amonads) Trichomonas and Giardia have apparently lost

all DNA from their highly modified mitochondria, the

jakobid flagellate Reclinomonas, the malawimonad Mala-

wimonas and the heterolobosean Naegleria have retained

the most gene-rich mitochondrial genomes known (Gray

et al. 2004). Finally, Euglenozoa, which represents another

prominent phylum within this supergroup, features mito-

chondrial genomes with reduced gene content, but with

complex architectures and modes of expression. Remark-

ably, various groups of the free-living or parasitic members

of Excavata evolved dramatically different mitochondrial

genomes, culminating in a diversity that is virtually

unmatched in any other eukaryotic lineage.

The phylum Euglenozoa is subdivided into three well-

supported groups: Kinetoplastida, Diplonemida, and

Euglenida (Moreira et al. 2004; Simpson and Roger 2004).

The nuclear and mitochondrial genomes of kinetoplastids

have been studied in great detail, primarily because this

taxon includes the medically important trypanosomatids

(Lukeš et al. 2005); in marked contrast, very few investi-

gations have focused on the mitochondrial genomes

of the other two euglenozoan groups, with the mtDNA of

diplonemids (Kiethega et al. 2011; Marande et al. 2005;

Marande and Burger 2007; Roy et al. 2007; Vlček et al.

2011) and euglenids (Roy et al. 2007; Spencer and Gray

2011) only recently receiving some attention.

Mitochondrial DNA in Euglenozoa

The most prominent feature of the mitochondrial genetic

system of kinetoplastids is the extensive editing of

mRNAs. Small guide (g) RNAs and several large protein

complexes mediate the insertion and/or deletion of U

residues at numerous pre-ordained sites within most

mitochondrial transcripts. The intricacies of this mecha-

nism are reflected in the organelle’s genetic structure, with

protein- and rRNA-coding genes residing in so-called

maxicircles, which are the counterpart of typical mito-

chondrial genomes, while the vast majority of the gRNA

genes are located in so-called minicircles (for review see

Lukeš et al. 2005). Usually, several gRNAs are needed to

re-tailor a single transcript, so that thousands of mutually

interlocked minicircles are found to code for hundreds of

different gRNAs, with a species-specific number of gRNA

genes per minicircle (for review see Liu et al. 2005).

While essentially the same type of editing seems to be

present in all kinetoplastids (Deschamps et al. 2011),

kDNA is variably organized and packaged. The ancestral

state, found in various bodonids, is represented by a

morphologically dispersed kinetoplast composed of non-

catenated circles, which may constitute up to half of the

total cellular DNA (Lukeš et al. 1998). Catenation of

individual DNA circles into a single kDNA network, a

feature common to all obligatorily parasitic trypanoso-

matids (Liu et al. 2005), allows more faithful replication

leading to a highly compact and much smaller kinetoplast

(Lukeš et al. 2002).

Diplonemids, the sister group of kinetoplastids (Simp-

son and Roger 2004), have evolved in a different direction.

The gene content of their mitochondrial genome is very

similar to that of kinetoplastids, but the mtDNA is not

organized as maxi- and minicircles (Marande et al. 2005).

All genes appear to be fragmented, with each gene frag-

ment encoded by a single DNA circle (Marande and Burger

2007; Vlček et al. 2011). These subgenic modules are

independently transcribed and then trans-spliced by an as

yet unknown mechanism. Neither conserved elements,

intron signatures nor sequence complementarity could be

identified at the ends of individual transcript modules

(Kiethega et al. 2011). How the transcript fragments are

correctly spliced is a challenging question, and it has been

hypothesized that as yet unidentified gRNA-like molecules

might be mediators of trans-splicing. Remarkably, some

form of RNA editing exists in parallel with trans-splicing:

insertion of six U residues between two modules of the

cox1 transcript is observed (Kiethega et al. 2011; Marande

and Burger 2007). Trans-splicing and RNA editing, as well

as a multi-partite mitochondrial genome consisting of

small, circular, repeat-rich chromosomes of two size clas-

ses, have been documented in all four species investigated

to date: Diplonema ambulator, D. papillatum, Diplonema

sp.2, and Rhynchopus euleeides (Kiethega et al. 2011).

Mitochondrial genomes of euglenids have remained

intractable for a long time. The mitochondrial genome of

the hallmark species Euglena gracilis is represented by a

heterogeneous distribution of linear, *4 kb-long mole-

cules (Spencer and Gray 2011). To date, the genes cox1,

cox2, and cox3, not requiring transcript editing, as well as

SSU and LSU rRNAs that are each split into two frag-

ments, have been identified in Euglena mitochondria

(Spencer and Gray 2011; Tessier et al. 1997; Yasuhira and

Simpson 1997). Genes are flanked by complex arrays of

direct and inverted repeats; overall, genome organization

appears chaotic, with full-length genes, gene fragments,

repeats, and repeat clusters appearing in various arrange-

ments. The most conspicuous feature of this genome is that

small dispersed gene fragments retain almost perfect

identity with sequences in the corresponding full-length

authentic genes.

Peranema trichophorum is a basally branching non-

photosynthetic euglenid (Adl et al. 2005). Electron
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microscopy indicates that its mtDNA consists of linear

molecules of a broad size range between 1 and 75 kb, while

restriction enzyme digestion reveals a band pattern similar to

that observed in E. gracilis (Roy et al. 2007). Yet another

non-photosynthetic and basally branching euglenid, Petalo-

monas cantuscygni, exhibits a quite different mitochondrial

genome structure. Electron microscopy, restriction enzyme

digestion, and DNA sequencing of the bona fide mtDNA

indicate a 40 kbp circle (Roy et al. 2007). The failure to

identify in this genome typical mitochondrial genes suggests

the possibility of massive gene fragmentation and/or tran-

script editing of an unknown type.

Constructive neutral evolution model

An obvious question follows: how could this array of

‘strange’ and at the same time strikingly different mito-

chondrial genomes in Euglenozoa evolve from conven-

tional gene-rich mtDNAs preserved in the sister lineages

Jakobida and Heterolobosea?

In recent years, alternatives to the exclusively adapta-

tionist evolutionary approach favored by many molecular

biologists have appeared (Koonin 2009). There is a grow-

ing understanding that mutation bias, drift and selectively

neutral ‘ratchets’, rather than positive selection, may

underpin the main evolutionary mechanisms for genomes,

multi-molecular machines, and regulatory networks (Cov-

ello and Gray 1993; Gray et al. 2010; Lukeš et al. 2011;

Lynch 2007; Lynch and Conery 2003; Stoltzfus 1999). We

propose that the model of constructive neutral evolution

(Covello and Gray 1993; Stoltzfus 1999), recently expan-

ded as an explanation for the seemingly ‘irremediable

complexity’ of the molecular systems and machines char-

acteristic of eukaryotes (Gray et al. 2010; Lukeš et al.

2011), is particularly well suited to explain the explosion of

forms and complexities of mitochondrial genomes and

their expression in euglenozoans. This model assumes that

fortuitous interactions between proteins and/or nucleic

acids relax functional constraints on some mutations that

would otherwise be deleterious or even lethal, so that

mutations arising in one component (say A) can become

fixed in the genome by genetic drift as a result of the prior

interaction of A with another component (say B). In other

words, the initially neutral interaction of A with its partner

B ‘pre-adapts’ A for subsequent mutations, by effectively

‘pre-suppressing’ these mutations, thereby rendering A

functionally dependent on B. Through additional muta-

tions, the system’s complexity increases, and because there

are more ways to build a complex system than to build a

simple one, and because a random walk through ‘com-

plexity space’ can continue indefinitely, molecular struc-

tures evolve that are unnecessarily complex and seemingly

‘sophisticated’ in function (Gray et al. 2010; Lukeš et al.

2011). It is evident that such a ratchet can function in an

essentially neutral manner, initially without positive

selection. Nevertheless, complex systems that emerge in

this way can be recruited subsequently for secondary

functions under positive selection (Covello and Gray

1993).

While overall genome architecture has not often been a

subject of adaptationist interpretations, RNA editing has

received much more attention. This phenomenon has been

viewed as a relict of the RNA world (Benne 1990; Stuart

et al. 1997), as an error-correction mechanism (Stuart et al.

1997; Cavalier-Smith 1997), or on the contrary, as a

mutagenic mechanism (Landweber and Gilbert 1993).

Lifestyle with changing requirements for mitochondrial

function has been viewed as a prerequisite for the origin of

U insertion/deletion RNA editing in kinetoplastids. The

idea here is that under anaerobic conditions, mutations that

accumulate in non-expressed genes in maxicircle DNA

might be effectively suppressed via RNA-processing

activities that are recruited when these genes are expressed

under aerobic conditions (Cavalier-Smith 1997). Speijer

(2006, 2007, 2010) hypothesized that gRNAs, dispersed

over multiple genomic locations and needed for editing a

few essential transcripts, hinder large-scale deletions in

kDNA at life cycle stages when other transcripts are non-

essential. Furthermore, roles for RNA editing in regulation

of gene expression (Stuart et al. 1997) and generation of

protein diversity (Ochsenreiter and Hajduk 2006, 2007;

Ochsenreiter et al. 2008) have been proposed. However,

even from an adaptationist perspective, all these benefits of

RNA editing either appear marginal when compared to

their costs, or they become useful only after the emergence

of editing. In our view, none of these arguments convinc-

ingly accounts for the emergence of the editing system in

the first place.

In the context of a constructive neutral evolutionary

perspective, we propose that the emergence of editing in

the mitochondrion of kinetoplastid flagellates proceeded

through three stages (Covello and Gray 1993; Gray 2003;

Horton and Landweber 2002; Keeling et al. 2010; Lukeš

et al. 2009; Simpson and Maslov 1999; Stoltzfus 1999): (1)

gene fragments appeared and, by chance, some of them

produced antisense transcripts; (2) various enzymes—

endonuclease, exonuclease, uridylyl transferase, RNA

ligase, and RNA helicase, normally present in the mito-

chondrion as components of other RNA-processing path-

ways—fortuitously interacted with the antisense transcripts

(=gRNA precursors); (3) these interactions allowed muta-

tions in genes to be corrected at the transcript level, through

the concerted action of the various editing enzymes together

with gRNAs. Thus, mutations that would be deleterious or

lethal in the absence of editing are maintained and spread by
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genetic drift. Reversion to the original, non-edited state is

unlikely given that additional mutations may arise within the

region that is complementary to the initial antisense tran-

script (gRNA), and additional gRNAs may be recruited.

Nevertheless, reversion of almost all mutations is conceiv-

able if the edited transcript is reverse-transcribed and the

resulting cDNA replaces the gene sequence whose transcript

requires editing (Landweber and Gilbert 1993; Maslov et al.

1994; Simpson and Maslov 1999; Simpson et al. 2000).

Although accepting the three-step model, Simpson and

Maslov (1999) proposed that random sequences, rather

than gene fragments, could be recruited as gRNAs. Indeed,

the short length of gRNAs and imperfect matches to edited

mRNAs (featuring frequent G–U base pairing) make them

nearly indistinguishable from random sequences in com-

puter simulations (von Haeseler et al. 1992). There is one

example in Phytomonas of a random sequence being

recruited as a gRNA after loss of the original gRNA due to

large deletions in the maxicircle (Nawathean and Maslov

2000). Expanding on the only known contemporary

example of cis editing (in the transcript of the trypanoso-

matid cox2 gene), Golden and Hajduk (2005) proposed that

unedited transcripts themselves, i.e., their random frag-

ments, were initially used in cis as gRNAs. There is no

easy way to distinguish between the two alternatives

(random vs. non-random) for the source of primordial

gRNAs. Guide RNAs could originate from perfectly

matching gene fragments, and then become more frag-

mented and accumulate mutation by genetic drift as long as

G–U base pairs were tolerated by the editing machinery,

resulting in sequences nearly indistinguishable from

random ones. Selection for wobble pairing was proposed

for gRNAs because weak G–U base pairs in the gRNA–

mRNA duplex are readily displaced by the perfectly

matching anchor region of the following gRNA, allowing

progression of editing in the 30–50 direction along the

template (Horton and Landweber 2002; Simpson and

Maslov 1999).

Evolution of euglenozoan mitochondrial genomes

With the constructive neutral evolutionary scenario in mind

and considering information recently obtained about

mtDNA in diplonemids (Kiethega et al. 2011; Vlček et al.

2011) and E. gracilis (Spencer and Gray 2011), we are in a

position to speculate more generally about mitochondrial

genome evolution in Euglenozoa. The finding of small

gene fragments in the mtDNA of E. gracilis has important

evolutionary implications, suggesting that such fragments

were present in the mtDNA of the euglenozoan last com-

mon ancestor (ELCA) and subsequently recruited as gRNA

precursors along the diplonemid–kinetoplastid branch

(Spencer and Gray 2011).

Fig. 1 Schematic

representation of euglenozoan

mitochondrial genomes (in

trypanosomatids, diplonemids,

and Euglena) and proposed

genome organization in their

euglenozoan last common

ancestor (ELCA). The 50 and 30

ends of full-length genes are

depicted by arrowheads,

cryptogenes by gradient fill, and

transcription direction by the

position of the shape inside or

outside of the genomic circle.

Transcripts and processing

events are shown above the

genomic circles
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So, what did the ELCA mitochondrial genome look

like? What pathways led to the current striking diversity

and complexity of mitochondrial genomes in Euglenozoa?

We infer that the ELCA genome was probably circular

because kinetoplastids [and apparently the euglenid

Petalomonas (Roy et al. 2007)] still retain an unbroken main

mitochondrial genome. But the ELCA genome already

contained ‘seeds of future Chaos’—gene fragments arising

by recombination between short repeats, degradation of

auto-spliced introns in gene duplicates, or simple pseu-

dogenization (Fig. 1). It should be noted that to the extent

that most euglenozoans have only a single mitochondrion

per cell but multiple genome copies per organelle, all genes

may be considered multi-copy, and so under somewhat

relaxed selective pressure. Gene copies on separate mole-

cules could take different evolutionary paths, e.g., some

could become fragmented due to genome rearrangements.

With increasing recombination frequency, such a meta-

stable genome might progress to a truly chaotic state such as

that observed in Euglena. Chaos is most probably a one-way

road, as it is extremely unlikely that a complete ‘normal’

genome could be reassembled from a highly fragmented and

rearranged state. Notably, ‘genomic chaos’ also seems to be

the rule in some other mtDNAs, such as those of dinoflag-

ellates (Nash et al. 2008; Waller and Jackson 2009)

and Chromera velia, the closest photosynthetic relative of

Apicomplexa (Flegontov et al., submitted).

The constructive neutral evolution model implies that

the transcribed small gene fragments could be recruited for

different activities: for example, transcript trans-splicing in

Diplonemida, leading to more and more widespread gene

fragmentation and trans-splicing, or U insertion/deletion

RNA editing in Kinetoplastida (although, as discussed

earlier, random sequences could also, in principle, be

recruited as gRNAs) (Fig. 1). We can speculate that the

decision as to which pathway would be taken—editing,

trans-splicing, both or yet some other process—would

depend on which enzymatic machineries were most readily

available. Both trans-splicing and RNA editing machiner-

ies seem to coexist in D. papillatum, although the

involvement of gRNA-like molecules in these processes

remains to be demonstrated in this case (Kiethega et al.

2011). It is notable that RNA editing has not been detected

so far in Euglena, possibly because the observed gene

fragments are not transcribed (Spencer and Gray 2011).

Capping of triphosphorylated 50 ends, a very sensitive

method used to detect kinetoplastid gRNAs, has failed to

reveal any small gRNA-like molecules in E. gracilis

mitochondria (Yasuhira and Simpson 1997). However, an

unknown type of editing probably exists in the basal-

branching euglenid P. cantuscygni (Roy et al. 2007).

Notably, a role in RNA editing has been suggested for

gene fragments in the extremely scrambled mtDNAs of

dinoflagellates, as some fragments were found to encode

edited positions (Nash et al. 2007). Editing in mitochondria

of dinoflagellates is not as extensive as in kinetoplastids,

yet it is widespread and of several different types (Lin et al.

2002; Nash et al. 2008; Waller and Jackson 2009). How-

ever, such edited fragments were found for only a minor

fraction of edited sites, and their role remains unknown

(Waller and Jackson 2009).

In kinetoplastids, most gRNA genes became segregated

either on free or mutually interlocked minicircles (Liu et al.

2005; Lukeš et al. 1998), or arranged in large tandem

arrays in megacircles, as in the case of Trypanoplasma

borreli (Yasuhira and Simpson 1996). Regardless of their

genomic location, minicircles could have been formed

initially by recombination between direct repeats flanking

gene fragments (Spencer and Gray 2011). However, evo-

lution of the mitochondrial genome architecture found

solely in diplonemids is more difficult to envisage. All

circular chromosomes of D. papillatum share a 1.5-kb

sequence stretch, and all chromosomes within a given class

have a *5 kb region in common, which includes con-

spicuous tandem repeat arrays (Marande and Burger 2007;

Vlček et al. 2011).

An intriguing question is what determines an equilib-

rium level of editing or trans-splicing, and a more ‘philo-

sophical’ question follows: are the current systems in

equilibrium? A high rate of genetic drift (i.e., low effective

population size) is required for the constructive neutral

evolution ratchet to function efficiently. A relatively low

mutation rate is also required as all complexities of gene

structure and expression increase significantly the muta-

tional target size for a gene (Lynch 2007). On the other

hand, the ‘complexity burden’ can become too high and so

counteract the ratchet. Such a theoretical complexity pla-

teau might have been reached by diplonemids and kine-

toplastids, which have an extremely high mtDNA content

per cell (Marande et al. 2005; Roy et al. 2007; Lukeš et al.

1998), and whose editing and processing machineries

require dozens or even hundreds of dedicated proteins, as

has been demonstrated in the model flagellate Trypano-

soma brucei (Lukeš et al. 2005). In D. papillatum, each

gene is split into 3–12 fragments (Vlček et al. 2011).

Further fragmentation might be deleterious due to the

associated required increase in mtDNA content (each sin-

gle coding module is embedded in a *7 kb chromosome)

or by the inability to splice certain junctions due to inherent

limitations of the splicing machinery. The finding of much

the same gene fragmentation across different diplonemid

taxa (Kiethega et al. 2011) is suggestive of a complexity

plateau.

In trypanosomatids, a tendency was noted for editing

events to be more abundant in the basal genus Trypano-

soma (Maslov et al. 1994) than in derived genera; in this
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case, editing sites were likely lost by means of reverse

transcription (Kolesnikov et al. 2003; Landweber and

Gilbert 1993; Simpson and Maslov 1999; Simpson et al.

2000). Trypanosoma species have the most complex life

cycles among trypanosomatids, and the correlation

between life cycle complexity and the extent of RNA

editing has received considerable attention in the form of

sophisticated hypotheses (Speijer 2006, 2007, 2010, 2011).

This latter author doubts that a neutral ratchet would be

able to generate the extensive editing observed in kine-

toplastids, and argues that although the initial occurrence

of limited editing might follow the model of Covello and

Gray (1993), rampant spread of editing, probably early in

the kinetoplastid lineage, required some selective

advantage (Speijer 2007). Speijer suggests that the most

plausible advantage is a scrambled genome itself, because

universally essential gRNA genes scattered in the genome

prevent accumulation of large-scale deletions and chro-

mosome losses at life cycle stages (or in certain envi-

ronments) when most of the mitochondrial genes are

dispensable. In this scenario, rampant accumulation of

gRNA genes was selected for in lineages that evolved

such metabolic versatility, the dixenous trypanosomes in

particular.

However, there may be a rather simple explanation:

complex life cycles in parasites imply severe population

bottlenecks, leading to genetic drift and further spread of

editing, which were counteracted by reverse transcription

and substitution in species with simpler life cycles. It

remains to be seen whether this view also holds true for the

kinetoplastid groups emerging prior to the Trypanosomati-

dae, collectively called bodonids. Unfortunately, little

information is currently available about editing patterns in

these groups (Blom et al. 1998; Deschamps et al. 2011;

Lukeš et al. 1994; Simpson and Maslov 1999; Yasuhira and

Simpson 1996). Moreover, segregation of most gRNAs on

separate genomic molecules (minicircles) can render the

genome even more vulnerable to degradation at certain life

cycle stages (Savill and Higgs 1999), especially because of

the sheer bulk of DNA and selective disadvantage probably

associated with it: partial or complete minicircle losses are

extensively documented in T. brucei (Lai et al. 2008;

Schnaufer et al. 2002, 2005) and Leishmania tarentolae

(Gao et al. 2001; Thiemann et al. 1994). Thus, in our view,

gRNA genes do not prevent this bulk of DNA from being

lost, but it is selection at the species level that prevents petite

(=dyskinetoplastic) strains, constantly generated de novo,

from spreading, since they usually lack efficient transmis-

sion mechanisms (Lun et al. 2010; Schnaufer 2010).

The existence of at least one transcript whose editing is

expanding throughout the evolution of kinetoplastids,

considered an example of editing ‘on-the-way-in’ (Blom

et al. 1998), does not necessarily contradict the view that in

these protists the evolutionary trend is toward loss and not

gain of editing sites. We interpret this example rather as a

reflection of an equilibrium between the loss and emer-

gence of editing. The fact that no kinetoplastid flagellate

has yet been described in which either all of its mito-

chondrial mRNAs are edited, or none is, testifies to such an

equilibrium. It is notable that some genes are never edited

in any trypanosomatid species (Lukeš et al. 2005). In these

cases, it is plausible that the respective transcribed frag-

ments, or gRNA precursors, never emerged.

Conclusions

It was generally expected that the description of elusive

mitochondrial genomes of diplonemids and especially

euglenids would help us to understand the origin and

evolution of one of the most complex genomic systems in

nature, namely the mitochondrial kDNA network and the U

insertion/deletion type of RNA editing in trypanosomes

and other kinetoplastids. Contrary to expectations,

diplonemid and euglenid genomes do not appear to repre-

sent any intermediary steps or key evolutionary events

leading to the above-mentioned kinetoplastid machineries;

nevertheless, their investigation has provided provocative

evolutionary insights. We postulate that in the mitochon-

drion of the common evolutionary ancestor of Euglena,

Diplonema, and Trypanosoma, gene fragmentation allowed

the operation of rampant constructive neutral evolution,

leading in each lineage to dramatically different DNA

replication and RNA-processing pathways. The only ‘unifying

feature’ of euglenozoan mitochondrial genomes is their

individuality and baroque intricacy, which have been

revealed so far by intense decade long studies only in the

medically relevant trypanosomes. It is safe to predict that

the biochemical mechanisms operating on mtDNA and

mtRNA in diplonemids and euglenids may even surpass in

complexity the biochemical mechanisms underlying kine-

toplastid RNA editing and kDNA replication.
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