Chapter 6 )
Mitochondrial RNA Editing and Processing e
in Diplonemid Protists
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and Julius Lukes

Abstract RNA editing and processing in the mitochondrion of Diplonema
papillatum and other diplonemids are arguably the most complex processes of
their kind described in any organelle so far. Prior to translation, each transcript has
to be accurately trans-spliced from gene fragments encoded on different circular
chromosomes. About half of the transcripts are massively edited by several types of
substitution editing and addition of blocks of uridines. Comparative analysis of
mitochondrial RNA processing among the three euglenozoan groups, diplonemids,
kinetoplastids, and euglenids, highlights major differences between these lineages.
Diplonemids remain poorly studied, yet they were recently shown to be extremely
diverse and abundant in the ocean and hence are rapidly attracting increasing
attention. It is therefore important to turn them into genetically tractable organisms,
and we report here that they indeed have the potential to become such.

6.1 Introduction

6.1.1 General Overview

It is beyond reasonable doubt that the genome of all extant mitochondria is of
bacterial origin and with high confidence derives from a single acquisition of an
alpha-proteobacterium by an archaeal cell (Zimorski et al. 2014). The mitochondrial
genome was then subject to progressive reduction by downsizing of the endosym-
biont genome and via the transfer of genes into the nucleus and subsequent
retargeting of their products into the organelle. This led to a stepwise conversion
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of the endosymbiont into a mitochondrial organelle that is controlled largely from
the nucleus (Lithgow and Schneider 2010; Gray 2012). Closest to the original proto-
mitochondrial version seems to be the gene-rich mitochondrial genomes of jakobid
flagellates, which belong to the supergroup Discoba (Burger et al. 2013). In several
lineages, the gradual loss of genes resulted in a minimized genome containing just
two protein-coding genes (Flegontov et al. 2015) or in a complete elimination of the
mitochondrial genome (Maguire and Richards 2014). In other lineages that include
both uni- and multicellular eukaryotes, organization of the mitochondrial genome
acquired an almost limitless spectrum of forms and structures, which led some
authors to postulate that “anything goes” in these organellar genomes (Burger
et al. 2003). Recent research shows that this statement also applies to the expression
of mitochondrial genes, as their transcripts are more often than not subject to diverse
and complex forms of RNA editing, splicing, and processing.

Moreover, the structural and organizational diversity is not confined to the genome
and transcriptome but also applies to the proteome of these organelles. Interestingly,
only a minor fraction of proteins constituting the mitochondrion (= mitoproteome) is
a remnant of the original alpha-proteobacterium, while most of them are of diverse
prokaryotic (but other than alpha-proteobacterial) or eukaryotic origin (Szklarczyk
and Huynen 2010). The evolution of the mitochondrial ribosome represents an
illustrative example of numerous lineage-specific losses accompanied by gains of a
substantial amount of novel proteins (Desmond et al. 2011). Since most of extant
eukaryotic diversity is hidden in poorly studied protist lineages (Pawlowski et al.
2012), it is likely that their mitoproteomes will significantly differ from that of the
prototypic ones in yeast and human. The mitoproteomes of these latter opisthokonts
are by far the best studied and are at present the largest in terms of protein repertoire,
as summarized in MitoCarta2.0 (Calvo et al. 2016). However, it seems that some
protist mitoproteomes may be as complex as those of their multicellular relatives, as
exemplified by the studies of the mitochondrion of Acanthamoeba castellanii
(Gawryluk et al. 2014) and Trypanosoma brucei (Zikova et al. 2017).

T. brucei and related trypanosomatid flagellates contain a single canonical mito-
chondrion that generates ATP via oxidative phosphorylation, with oxygen being the
terminal electron acceptor (Tielens and van Hellemond 2009; Skodova-Sverakova
et al. 2015). It is likely that in terms of main metabolic setup, Diplonema papillatum
(Fig. 6.1) and other diplonemids have a rather similar organelle (our unpublished
data). This presumption and the relatedness with kinetoplastid flagellates indicate
that the mitoproteome of diplonemids will be highly complex rather than reduced as
is the case of disparate anaerobic or microaerophilic eukaryotes (Maguire and
Richards 2014). The well-studied mitochondrion of 7. brucei with over 1100 pro-
teins (Dejung et al. 2016; Urbaniak et al. 2013; our unpublished data) is as complex
as the mitochondrion of multicellular organisms. Moreover, its metabolism is highly
adaptable to the drastically different environments of the insect vector and the
bloodstream of the mammalian host (Verner et al. 2015). It is reasonable to assume
that the mitochondrion of diplonemids (Fig. 6.1) will be more akin to the
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Fig. 6.1 Morphology of the model diplonemid, Diplonema papillatum. Light microscopy (a) and
scanning electron microscopy (b) revealing the sac-like shape of the cell in culture and two
heterodynamic flagella. (¢) Transmission electron microscopy of a longitudinally sectioned cell
with a prominent nucleus (N), single reticulated and peripherally located mitochondrion (M) with
large discoidal cristae (arrowhead), and readily visible Golgi apparatus (G)

morphologically developed and metabolically highly active organelle of the insect-
dwelling trypanosomes, especially since its nuclear genome is much larger (estimated
at around 180 Mbp; our unpublished data) compared to that of the well-studied
parasitic kinetoplastids (El-Sayed et al. 2005).

So far, diplonemids have been considered a marginal, rare, and rather insignifi-
cant group that received attention only thanks to its bizarre mitochondrial genome
(see below). However, as they are emerging as major players in the world oceanic
ecosystem, we predict that the era of diplonemids is just beginning.
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6.1.2 Diplonemid Ecology, Taxonomy, and Phylogeny

With a single known exception (Triemer and Ott 1990), diplonemids seem to be
confined to the marine environment including benthic waters. Yet in this largest
planetary ecosystem, they are virtually omnipresent. In the frame of a global survey
of marine microbial eukaryotes performed by the Tara Oceans expedition, based on
the V9 region of the 18S ribosomal (r)RNA gene, over 85% of total eukaryotic
plankton diversity is represented by unicellular eukaryotes (de Vargas et al. 2015).
Diplonemids appeared among the most abundant groups, as they constitute the sixth
most abundant (by reads of rRNA) and the third most diverse (by the number of
operational taxonomic units, OTUs) eukaryotic group of the photic zone (de Vargas
et al. 2015; Lukes et al. 2015).

This came as a surprise since all the other prominently present eukaryotic groups
were already well known, whereas diplonemids were until then considered rare and
ecologically insignificant protists. In some stations of the Tara Oceans expedition,
diplonemids reach up to 58% of all eukaryotes in the deeper mesopelagic zone
(Flegontova et al. 2016) and were detected down to 6000 m in the poorly studied
abyssopelagic zone (Eloe et al. 2011). Extensive sampling in the deeper pelagic
layer, which is apparently the main habitat of diplonemids, further confirmed their
prominent position among marine planktonic eukaryotes in terms of abundance and
diversity (Flegontova et al. 2016).

The vast majority of marine diplonemids falls into a single clade dubbed the
“deep-sea pelagic diplonemids” (DSPD) from deep oceanic environments (Lépez-
Garcia et al. 2001, 2007; Lara et al. 2009) and was recently encountered at various
depths ranging from surface to mesopelagic waters (Lukes et al. 2015). The DSPD
clade is also widespread in different geographical locations, ranging from tropical to
polar regions, as well as from coastal to open ocean environments (Flegontova et al.
2016). Despite their diversity, ubiquity, and apparent abundance, we know close to
nothing about the lifestyle, morphology, physiology, and biochemistry of the DSPD
clade. Diplonemid species subjected to studies so far have been associated with
parasitic or predatory lifestyles in plants, diatoms, and other marine protists (Schnepf
1994; Yabuki and Tame 2015). However, neither of the investigated species falls
into the DSPD clade, which represents over 90% of diplonemid diversity.

The elusive DSPD diplonemids were, however, frequently encountered in a
single-cell genomic survey of heterotrophic flagellates, conducted in the North
Pacific Ocean (Gawryluk et al. 2016). Data generated from 10 individual cells,
some of which belonged to OTUs most frequently represented in the Tara Oceans
dataset, contain over 4000 protein-coding genes that fall into an ensemble of
categories expected for heterotrophic protists. One striking feature is the high density
of nonconventional introns that are absent from their kinetoplastid sister group
(Gawryluk et al. 2016). Although we still have limited morphological and genetic
information about the DSPD clade, it has now been formally described as a new
class within Diplonemidea (Okamoto et al. 2018).
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Moreover, significantly more information is available on the morphology, ultra-
structure, and behavior of marine diplonemids not falling into the DSPD clade, but
constituting several sister clades. These sac-like cells, highly variable in size and
shape, have invariably two heterodynamic flagella inserted into a pronounced
flagellar pocket and a DNA-rich mitochondrion with prominent lamellar cristae
(Fig. 6.1). As is expected for a newly emerging speciose group of protists, the
taxonomy and phylogeny of diplonemids is likely to evolve in the upcoming years.

6.1.3 Relationship of Diplonemids to Other Members
of Euglenozoa

Diplonemids are part of the supergroup Euglenozoa, which includes two other
morphologically and biochemically distinct main groups, kinetoplastids and
euglenids (Adl et al. 2012; Cavalier-Smith 2016). This triumvirate was extended
by the addition of anaerobic symbiontids (also called postgaardids) that were until
recently placed among euglenids (Cavalier-Smith 2016). Symbiontids, which have a
uniquely modified feeding apparatus and owe their name to their dependence on
surface bacteria, are a poorly studied small group with only three genera described so
far—Postgaardia, Calkinsia, and Bihospites. They were isolated from anoxic or
low-oxygen environment, mainly from marine sediments (Yubuki et al. 2009, 2013;
Breglia et al. 2010). Dependence on surface-bound episymbiotic bacteria along with
hydrogenosome-like mitochondria with reduced cristae indicate a tight mutualistic
relationship. Recently, symbiontids were shown to be present worldwide, similarly
to the other euglenozoan groups, and they also seem to be more diverse than
appreciated so far (Breglia et al. 2010; Edgcomb et al. 2011; Yubuki et al. 2013).

6.1.4 Mitochondrial Genome and Gene Structure

Despite the fact that all mitochondria are most likely derived from a single endo-
symbiotic event, mitochondrial genomes have evolved into myriad forms (Burger
et al. 2003). The most diverse mitochondrial genomes are to be found among protists
belonging to the supergroup Discoba (Smith and Keeling 2015). Jakobida harbor the
most gene-rich mitochondrial genomes known (Burger et al. 2013), while anaerobic
Metamonada exhibit mitochondrial reduction and even complete organelle loss
(Karnkowska et al. 2016).

Arguably one of the most complex forms of mitochondrial DNA (mtDNA)
evolved in diplonemid flagellates. D. papillatum carries in its organelle the largest
amount of mtDNA known so far. The presence of an extraordinarily high amount of
nucleic acids in its single mitochondrion was indicated by centrifugations of total
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DNA in cesium chloride density gradients (Maslov et al. 1999). Later on, this
observation was corroborated by staining mtDNA in situ, which revealed a strong
continuous signal throughout the lumen of the reticulated organelle (Marande et al.
2005).

Flow cytometry experiments indicate that the D. papillatum nuclear genome has a
size of about 180 Mbp (our unpublished data). In a more recent study, the cultured
cells were stained simultaneously with an A + T-selective and nonselective dye, and
the nuclear and mitochondrial signals were distinguished by color deconvolution,
followed by quantification (Wheeler et al. 2012). This approach revealed massive
inflation of the D. papillatum mtDNA, which with its estimated size of 270 Mbp not
only exceeds that of the corresponding nuclear DNA but also represents the largest
amount of DNA documented in any bacterium-derived organelle (LukeS
et al. unpublished). However, this enormous inflation does not reflect the gene
content, which is rather ordinary, specifying subunits of respiratory complexes (six
identified ORFs have unknown function) and the large and small subunit
mitoribosomal rRNAs (Vicek et al. 2011; Valach et al. 2014; Moreira et al. 2016).

Members of the genera Diplonema and Rhynchopus, as well as Hemistasia
phaeocysticola have a multipartite mitochondrial genome (VIcek et al. 2011; Yabuki
et al. 2016). In D. papillatum, mtDNA is composed of thousands of non-interlocked
circular chromosomes of at least 81 sequence classes that fall into two size catego-
ries—o6 kb and 7 kb long, also labelled classes A and B, respectively (Marande et al.
2005) (Fig. 6.2). Within each class, chromosomes are essentially identical in
sequence except for a short region called “cassette.” Representing only about 5%
of the chromosome, each cassette is composed of short unique 5’ and 3’ regions that
flank a coding sequence, which is invariably a single gene fragment. With the sole
exception of the small mitoribosomal rRNA, all genes are broken into up to
11 fragments, each of which resides on an individual chromosome (Valach et al.
2016); contiguous gene versions were not detected in mtDNA or nuclear DNA of
D. papillatum (Figs. 6.2, 6.3 and 6.4). As a consequence of systematic fragmenta-
tion, not a single gene could be recognized at the outset of investigating the
mitochondrial genome (Burger et al. 2016).

6.2 From Fragmented Genes to Contiguous Transcripts Via
RNA Splicing

6.2.1 Splicing Types Found in Nature

As detailed above, genes in diplonemid mitochondria are systematically fragmented.
However, mRNAs and rRNAs are, as usually, in one piece. Therefore, some kind of
posttranscriptional mending must take place, which we have investigated mostly in
D. papillatum and to some degree in D. ambulator, Diplonema sp. 2 [recently
renamed to Flectonema neradi (Tashyreva et al. 2018)], and Rhynchopus euleeides.
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Fig. 6.2 Gene expression in diplonemid mitochondria. (a) Canonical circular mitochondrial
chromosomes comprise a constant region of identical sequence across all members of a class
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Our results reveal that the formation of contiguous mitochondrial mRNAs and
rRNAs is diametrically different from conventional RNA splicing.

To summarize briefly, four major RNA splicing mechanisms exist across the
various life forms and are classified according to the type of intervening sequence
that is being eliminated: spliceosomal, tRNA (or archaeal), Group I, and Group II
intron splicing (reviewed in Moreira et al. 2012). An additional less abundant type
acting in fungi and vertebrates is IRE-mediated splicing that removes HAC1/XBP1
introns from pre-mRNA (Gonzalez et al. 1999). Each intron type is spliced by a
distinct molecular machinery, be it a ribonucleoprotein complex (spliceosomal
introns), catalytic RNA assisted by proteins (Groups I and II introns), or proteina-
ceous enzymes (tRNA and HAC1/XBP1I introns) (Hudson et al. 2015; Stahley and
Strobel 2006; Zhao and Pyle 2017; Tanaka et al. 2011).

Initially, RNA splicing was viewed as an intramolecular (cis) reaction, removing
an internal stretch of a pre-RNA and resealing adjacent exons. However, each of the
abovementioned splicing types can also proceed in frans, i.e., the exons can reside
on separate molecules, essentially representing halves of a pre-RNA broken apart
within the intron.

6.2.2 RNA Processing Steps Prior to Trans-splicing
in Diplonemid Mitochondria

Expression of fragmented genes in diplonemid mitochondria involves a unique
mode of trans-splicing not seen before in any other system. The substrate for this
particular trans-splicing is generated in a series of steps. First, gene pieces are

Fig. 6.2 (continued) [e.g., (a) and (b) in D. papillatum] and a unique cassette, which encloses a
module (gene fragment). A cassette may be oriented in either sense relative to the constant region
(illustrated at left and right). Long primary transcripts are initiated from the constant region by either
two convergent promoters (left), or a bi-directional promoter (right), and extended into the other
side of the constant region. (b) Separately transcribed single module precursors are processed in a
highly parallelized process, which includes removal of 5’ and 3’ flanking noncoding regions,
C-to-U, A-to-I, and U-appendage RNA editing of specific modules, 3’ polyadenylation of terminal
modules, and trans-splicing of modules at processed ends (gray background). During the processing
and trans-splicing, errors and their repair can take place: (i) exonucleolytic over-trimming of a
module can be compensated for by a longer U-tract; (ii) 3’ flanking region of the upstream module
can be retained instead of a U-tract; (iii) 3’ end over-trimming of can be compensated for by
U-addition, even if the terminus is not normally a U-appendage site; (iv) polyadenylation of the
terminal module may occur at over-trimmed sites; (v) two non-cognate modules can be joined
together. Note that only the coding-strand transcripts are shown. (¢) Examples of erroneous and
error-compensating intermediates at the junction between the modules m7 and m8 of nad5 detected
in the total RNA from Flectonema neradi (Diplonema sp. 2). Coding and flanking noncoding
regions are shown in black and gray, respectively. Note that the correctly processed, U-appendage-
edited, and trans-spliced product represents the vast majority of detected RNAs
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Fig. 6.3 Mitochondrial genome architectures and gene expression pathways in euglenozoans.
Phylogenetic relationships among representative euglenozoan genera with their mitochondrial
genome organization schematized. Euglenid mitochondria generally contain an assortment of linear
molecules of variable length, though some species also harbor circular DNAs. Mitochondrial DNA
of trypanosomatids, termed kinetoplast DNA (kDNA), is arranged into a single disc-shaped
structure of catenated molecules. Bodonid species (Bodo, Trypanoplasma, and Dimastigella)
contain non-catenated and relaxed or supercoiled circular molecules. Diplonemid mitochondrial
circular chromosomes differ in size, with Hemistasia having particularly small chromosomes, as
well as gene fragments

transcribed as long precursor molecules from a promoter located in the shared region
of a mitochondrial chromosome. Although precise mapping of the transcription start
site by in vitro capping experiments failed, the site was inferred to be located within
the constant regions of chromosomes from precursor length determined by RNA
circularization followed by RT-PCR across the ligation site (circRT-PCR) and
amplicon sequencing (Kiethega et al. 2013) (Fig. 6.2a).

The promoter is most likely bi-directional (or two mirroring promoters exist in the
constant region of circular chromosomes), since gene fragments are found encoded on
either strand of the chromosome (plus and minus orientation of A-class and B-class
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Diplonema Euglena Trypanosoma
Gene +U C-to-U A-to-l +U -U
cob 3 | 6| 34
cox1 6 [ 9]
cox2 3 4
cox3 1 547 41
nad1 16
nad4 2 22 7 IE3
nad5
i 26
rns 8 30 15
atp6 447 28
nad7 1 ER 553 89
nad8 259 46
y1 4 7 4
v2 29 2 1
J%; 44 6 1
y4 40
y5 50 18
y6 6
nad2 (murf1)
nad3 (cr5) 210 13
nad4L (cr3) 148 13
nad9 345 20
rps12 132 28
crd 325 40
murf2 26 4
murf5

Fig. 6.4 Gene complement and editing site count across representative euglenozoans. Black
rectangles indicate the presence of a gene (left column), with the number specifying the tally of
precursor transcripts. Also shown is the total number of edits (+U, —U, C-to-U, A-to-I) in the
corresponding mature transcript

chromosomes). In addition, antisense transcripts of individual gene fragments are
detectable at low steady-state concentrations (Valach et al. 2014). Whether the amount
of sense and antisense transcripts is regulated at the level of transcription initiation,
transcription progressivity, or transcript degradation is currently not known.

The subsequent step in the expression of fragmented mitochondrial genes con-
sists in end-processing of module transcripts. Processing intermediates, which are
readily discernable by cDNA sequencing and circRT-PCR experiments, indicate that
a combination of both endonucleolytic cuts and trimming are at work to generate
transcripts that consist exclusively of coding regions (Fig. 6.2b). Only the 5" (“first)
module of protein-coding genes retains noncoding sequence, notably a 26- to 27-nt-
long 5" UTR (Kiethega et al. 2013).

Prior to trans-splicing, modules that will constitute the end of the mature tran-
scripts undergo further maturation, notably addition of a homopolymer tail at the 3’
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end. Transcripts of the “last” module from protein-coding genes are polyadenylated,
forming the A-tail of mRNAs. Remarkably, A-tailed 3’-module transcripts belong to
the most abundant precursors in total RNA, being present in certain cases (e.g., coxI)
in a steady-state concentration comparable with that of the mature transcript
(Marande and Burger 2007).

The last modules of both mito-rRNAs also receive a homopolymer tail. The large
ribosomal subunit (mt-LSU) rRNA is polyadenylated. We reported previously that
the transcript, once incorporated into the mitoribosome, has no A-tail (Valach et al.
2014). However, we realized recently that the result that led to this conclusion was
due to an experimental artifact (see below “Limitations Encountered in Using the
RNA-Seq Approach”). Reinvestigation of this issue by circRT-PCR demonstrates
unambiguously that the A-tail length of mt-LSU rRNA (19-20 nt) remains
unchanged after integration into the mitoribosome (Valach and Burger, unpublished
data). The small ribosomal subunit (mt-SSU) rRNA from diplonemids studied so far
is special in that its 3’ end carries a tail made from 8 Us. Curiously, in the
kinetoplastid Trypanosoma brucei, both mt-rRNAs are modified by the addition of
multiple terminal uridines (Adler et al. 1991).

Throughout eukaryotes, terminal adenylation or uridylation of rRNAs is gener-
ally a signal for degradation (Slomovic et al. 2010; Kuai et al. 2004). While
exceptions to that rule have been reported for several taxa (Chaput et al. 2002;
Mohanty and Kushner 2011), rigorous studies of either transcript stability or the state
of rRNA actually incorporated into the ribosome are rare. Finally, prior to trans-
splicing, certain modules will undergo RNA editing, which will be detailed in a later
section.

6.2.3 Succession of Posttranscriptional Processing Steps
and Trans-splicing

Contiguous mRNAs and mt-LSU rRNA of diplonemid mitochondria are formed
through the joining of gene module transcripts that have been processed as described
above. (Note that we use the term “module-transcript joining” synonymously with
“trans-splicing”) (Figs. 6.2, 6.3, 6.4 and 6.5). Intermediates of module-transcript
end-processing, as well as trans-splicing, are readily detectable, not only in circRT-
PCR experiments (Kiethega et al. 2013) and deep transcriptome sequencing
(Moreira et al. 2016) but even in much less sensitive Northern hybridization
(Marande and Burger 2007). This situation made D. papillatum an ideal system in
which to investigate the temporal order of events.

Specifically, we observed a mixture of end-processing and trans-splicing inter-
mediates, demonstrating that the succession of the individual posttranscriptional
processing steps is not as strict as presented above (Fig. 6.2b). For example, module
transcripts were detected that still carry adjacent, noncoding sequence at one termi-
nus, while their other terminus is already trans-spliced to the neighbor module. This
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Fig. 6.5 Comparison of gene expression pathways among euglenozoans. Note that while the
processes are sequential in kinetoplastids, diplonemids perform most processing and editing steps
in parallel (see also Fig. 6.2)

shows that end-processing is not required to be completed for both module termini
before trans-splicing can proceed. Further, polyadenylation of 3’-module transcripts
is not a prerequisite for trans-splicing of their 5’ end to the upstream neighbor.
Similarly, RNA editing of a module transcript via substitutions is not required to
have taken place before trans-splicing. The only exception is U-appendage RNA
editing. U-addition at module 3’ ends is completed before the corresponding termi-
nus is joined to its downstream module or, in the case of terminal modules, before it
is polyadenylated. Still, trans-splicing products with incompletely processed ends
are the minority, as are those that are still pre-edited or not yet polyadenylated.

In summary, trans-splicing results in the correct sequential order of modules, yet
proceeds without a particular directionality (e.g., 3’ to 5"). Thus transcript biogen-
esis in diplonemid mitochondria is a highly parallelized process (Kiethega et al.
2013).
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6.2.4 Partner Selection in Trans-splicing

In diplonemids of the D/R clade, about 80 mitochondrial module transcripts have to
be trans-spliced to their correct partner, raising the question how cognate module
recognition is achieved. Cis sequence elements such as those adjacent to trans-
splicing sites of conventional introns are not discernable, nor are conserved primary
or secondary structure elements that are shared by all splice sites (Kiethega et al.
2011). Therefore, we posit trans-acting factors that recognize module transcripts to
be joined and align them tail to head for trans-splicing.

Kinetoplastids possess guide RNAs, an abundant species of ~50-nt-long tran-
scripts with a 5'-triphosphate and a U-tail, which are involved in mitochondrial
uridine insertion and deletion RNA editing (Aphasizhev and Aphasizheva 2011;
Read et al. 2016). We speculated initially that such molecules might guide trans-
splicing in diplonemids, yet Diplonema mitochondria do not contain such an RNA
species (Kiethega et al. 2013). Another conceivable kind of trans-acting splice
guides would be full-length antisense mRNAs and antisense rRNA, serving as a
single template for all splice junctions of a given gene. Since full-length genes are
not present in Diplonema nuclear or mitochondrial DNA, these antisense transcripts
would have to be produced by an RNA-dependent RNA polymerase (Valach et al.
2014), using sense transcripts as a template. Alternatively, there might be multiple
(i.e., a total of 69) short antisense RNAs, each complementary to a single module
junction.

We tested the “antisense RNA hypothesis” for cox/ and rnl. For coxl, we
performed exhaustive in silico analyses in an attempt to detect potential splice
guides. Indeed, for each of the junctions, sequences were identified in the mitochon-
drial and nuclear genome that have the potential to be transcribed into splice guides
(Kiethega et al. 2011); in turn, RT-PCR experiments indicated the existence of splice
guides for five of the eight junctions (Kiethega et al. 2013). For rnl, which is ~100x
more highly expressed, RT-PCR returned a readily discernable antisense product,
Northern experiments showed a weak and smeary signal, and deep sequencing of a
stranded cDNA library made from total RNA using an approach, which produces
di-tagged first-strand cDNAs (ScriptSeq kit), yielded ~2.5% read coverage of the
complementary strand bridging the rnl-m1/rnl-m2 junction. This rate is more than
two times above the 1% of spurious antisense reads considered typical for the
methodology (Valach et al. 2014).

Yet, these results must be considered with caution. The RT-PCR technique may
produce artifactual antisense products, e.g., by polymerase template switching.
Moreover, in more recent RNA-Seq experiments (Valach et al., unpublished data),
we noted a considerable variation in the depth of junction-crossing antisense reads
between libraries made from different RNA preparations (1-6%). Furthermore, total
RNA-Seq libraries, made wusing the first-strand dUTP-cDNA approach
(as implemented in the TruSeq kit) (Parkhomchuk et al. 2009) of D. ambulator,
F. neradi (Diplonema sp. 2), and R. euleeides, showed only a coverage of 1% (i.e.,
background level). In sum, at the current time, it is uncertain if Diplonema cells
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indeed produce a significant steady-state level of genuine junction-crossing anti-
sense RNAs for cox/ or mt-LSU rRNA.

Instead of RNA guides, trans-splicing could also be directed by guide proteins.
Such proteins must be capable of binding selectively to specific RNA sequence
motifs. Sequence-specific RNA-binding proteins are generally composed of sev-
eral conserved RNA-binding domains that engage in base-dependent interactions
with RNA and form a three-dimensional shape that is complementary to that of the
recognized RNA motif (Ban et al. 2015). The most common and best-studied
RNA-binding proteins are characterized by either tristetraprolin (TTP)-type tandem
zinc finger domains, pentatricopeptide repeat protein (PPR) domains, Pumilio-FBF
(Puf) domains, or RNA recognition motif (RRM) domains. We detected genes
from the three latter families in the preliminary version of the D. papillatum
nuclear genome sequence (our unpublished data). It remains to be confirmed, in
silico and experimentally, which of these predicted proteins are located in the
mitochondrion.

6.2.5 Accuracy of Module Trans-splicing

With several dozen distinct gene module transcripts in the diplonemid mitochon-
drion, what is the trans-splicing accuracy? Deep transcriptome sequencing of total
D. papillatum RNA shows on average ~0.1% mis-spliced transcripts, with certain
modules being considerably more “promiscuous” than others (Fig. 6.2c¢). For
example, in a total RNA library, as much as ~16% of trans-spliced coxI-m7 3’
termini have been joined incorrectly, i.e., predominantly to cox/-m6 instead of
cox1-m8. In contrast, poly-A libraries contain only about 0.4% of mis-joined coxI-
m7 products. Thus, incorrectly joined modules appear to be eliminated by some
quality control mechanism in mature polyadenylated mRNAs. Mis-splicing might
be caused by short identical sequence motifs. A preliminary search (>6-nt-long
motifs within 20-nt from the junction) did not reveal recurrent patterns. The
analysis has to be extended to more distant regions and also consider secondary
structure motifs.

Interestingly, a recent investigation of the distantly related diplonemid
H. phaeocysticola (Yabuki et al. 2016) recovered rare cases of mitochondrial
transcripts in which the first cox/ module was joined to downstream modules
other than the expected module 2. These findings were interpreted as indicative of
an mRNA assembly pathway containing a step of module-transcript insertion in
contrast to a “concatenation” model described for D. papillatum. Although this
suggestion is an intriguing possibility that merits further study, in the light of the
existence of module mis-joining in all D/R diplonemids studied thus far (Valach
et al. 2016), it seems more plausible that the rare transcripts with unexpected
module order in Hemistasia also represent dead-end intermediates.



6 Mitochondrial RNA Editing and Processing in Diplonemid Protists 159

6.2.6 Speculations on the Trans-splicing Reaction
and Machinery

While the process of trans-splicing in diplonemid mitochondria is quite well char-
acterized, open questions remain about the reaction itself. Given the absence of
conserved nucleotides at the splice junctions, a ribozyme reaction mechanism is
unlikely, thus favoring the hypothesis of an enzyme-based ligation of module
transcripts. For example, splicing of conventional tRNA introns and of HAC/XBP1
involves an end-joining reaction catalyzed by RNA ligases of the T4 Rnl or the RtcB
family (Popow et al. 2012). Preliminary analyses of the nuclear genome draft from
D. papillatum show that it encodes proteins of the RtcB family. Some family
members will be involved in the splicing of nuclear tRNA introns, while others
might join mitochondrial module transcripts. We postulate that module ligation and
matchmaking are performed by an integrated molecular machinery—the hypothet-
ical joinosome (Valach et al. 2016)—whose identification is our priority.

Interestingly, a second case of unorthodox trans-splicing has been reported in
mitochondria of certain dinoflagellates. One of the mitochondrion-encoded gene,
cox3, is broken up into two separate pieces, while its transcript is contiguous
(Jackson and Waller 2013). Whether the machinery involved shares communalities
with the system in diplonemids remains to be investigated.

6.2.7 Limitations Encountered in Using the RNA-Seq
Approach

By investigating the mitochondrial transcriptome of diplonemids, we became aware
of several limitations of the RNA-Seq approach (see also Ozsolak and Milos 2011;
Levin et al. 2010). One problem is that read coverage only partially represents the
actual steady-state level of a transcript, especially when the library construction
protocol, as in our case, uses hexamer primers for initiating first-strand cDNA
synthesis. Not only does coverage drop strongly toward the template’s extremities,
but also internally drastic fluctuations occur, probably due to differences in effi-
ciency of primer annealing to particular sequence contexts. An important challenge
in our analyses was the low read coverage in homopolymer tracts, likely caused by
inefficient progressivity at the stage of reverse transcription and sequencing.
Strand specificity is another issue, especially when analyzing the level of genuine
antisense transcripts. We noted that the degree of spurious antisense reads depends
on the sequence of the gene in question and may be above or below the overall
vendor-stated rate of a given library construction protocol. To determine exactly the
level of spurious antisense products, controls with an in vitro-synthesized RNA
should be performed so that the portion of genuine antisense transcripts in the sample
can be reliably assessed. Our approach was to synthesize in vitro an ~200-nt-long
RNA that covers the rnl-m1/rnl-m2 junction and—for cost reasons—mix it into an
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RNA preparation of another organism to be sequenced, construct a stranded
RNA-Seq library of this mix, and sequence it.

Further, we encountered the problem that capture probes used for eliminating
over-abundant transcripts, such as rRNAs, are not always removed completely from
the sample prior to library construction. Remnants of the capture probe prime reverse
transcriptase during first-strand synthesis, generating artificially profuse amounts of
reads all starting at the same position. Capture probes are biotinylated for easy
removal with streptavidin-coated magnetic beads after annealing with their target
rRNA. We assume that sample contamination occurred because of a too low ratio of
beads to capture probe and/or because of incomplete biotinylation of the
oligonucleotide.

A final unexpected issue was that different RNA-Seq library construction kits are
not equally effective in reproducing A-tails. Control experiments with circRT-PCR
confirmed that mt-LSU rRNA has indeed 19-20 As at its 3’ end, just as determined
via the reads from the ScriptSeq library (Valach et al. 2014), while the TruSeq library
returned only 0-2-nt-long A-tails. We assume that the particular mix of random
primers used by the TruSeq protocol is biased against annealing with A-tracts.

6.3 From Defective to Functional Products Via RNA
Editing

As alluded to in the previous section, the convoluted mitochondrial gene expression
in diplonemids does not stop at ribonucleolytic processing and covalent joining to
form the functional mRNA or rRNA. Certain module transcripts undergo additional
maturation steps, which result in nucleotide-level changes of the transcript sequence.

6.3.1 Types of RNA Editing Systems in Mitochondria

In general, RNA modifications corresponding to nucleotide insertions, deletions, or
substitutions are referred to as RNA editing (reviewed in Knoop 2010). They may
take place directly during transcription or at later maturation stages, may involve a
variety of enzymatic activities (e.g., base deaminases, nucleases, ligases, 3’ or 5’
polymerases), and may affect mRNAs, rRNAs, or tRNAs, as well as other types of
transcripts like miRNAs, ncRNAs, or retrotransposons (reviewed in Knoop 2010;
Nishikura 2016). We first briefly overview the diversity of RNA editing mechanisms
in mitochondria (Table 6.1), with emphasis on five instances where the enzymatic
players have been characterized, before addressing the peculiarities of the
diplonemid RNA editing.

C-to-U substitution is commonly encountered in land plant organelles, with
hundreds to thousands of editing events per genome (reviewed in Takenaka et al.
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Table 6.1 Diversity and distribution of RNA editing types in mitochondria

Transcript
Type of change Distribution category Selected references
Substitution | C-to-U Land plants mRNA Reviewed in Takenaka
et al. (2013)
Slime molds mRNA Bundschuh et al. (2011)
Heteroloboseans | mRNA Riidinger et al. (2011) and
Fu et al. (2014)
Diplonemids mRNA, Moreira et al. (2016)
rRNA
Malawimonads | mRNA Authors’ unpublished data
U-to-C Land plants mRNA Reviewed in Takenaka
et al. (2013)
A-to-1 Diplonemids mRNA, Moreira et al. (2016)
rRNA
Various Dinoflagellates | mRNA, Lin et al. (2002) and Jack-
rRNA son et al. (2007)
Insertion Predominantly C Slime molds mRNA, Bundschuh et al. (2011),
(also U, A, G) rRNA, Mahendran et al. (1991)
tRNA and Chen et al. (2012)
Predominantly G Heteroloboseans | mRNA, Yang et al. (2017)
(also A, C, U) rRNA,
tRNA
A Dinoflagellates mRNA, Jackson et al. (2007)and
rRNA Jackson and Waller (2013)
Metazoans tRNA Yokobori and Piidbo
(1995)
U Metazoans mRNA Vanfleteren and
Vierstraete (1999) and
Lavrov et al. (2016)
Kinetoplastids mRNA Reviewed in Read et al.
(2016)
Diplonemids mRNA, Moreira et al. (2016)
rRNA
Various (5" end) Amoebozoans tRNA Jackman et al. (2012)
Fungi tRNA Laforest et al. (1997)
Heteroloboseans | tRNA Authors’ unpublished data
Various (3’ end) Jakobids tRNA Leigh and Lang (2004)
Metazoans tRNA Segovia et al. (2011)
Deletion A Slime molds mRNA Gott et al. (2005)
U Kinetoplastids mRNA Reviewed in Read et al.

(2016)

2013; see also Chap. 9). Although the enzyme responsible for the deamination
reaction has not yet been unambiguously identified, a plethora of ancillary cofactors
has been catalogued (reviewed in Sun et al. 2016) and the indirect experimental
evidence has been converging on the DYW family of PPR proteins as the catalytic

component (Salone et al. 2007; Shikanai 2015).
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A different process takes place in the mitochondria of slime molds such as
Physarum polycephalum (Bundschuh et al. 2011; Mahendran et al. 1991), where the
plentiful mono- and dinucleotide insertions at internal sites in mitochondrial transcripts
occur co-transcriptionally, probably relying on the interplay between the RNA poly-
merase complex and its substrate DNA (Visomirski-Robic and Gott 1997; see also
Chap. 8). However, the exact mechanism of this system remains to be elucidated.
Much better understood is the editing of mt tRNA at their 5’ and 3’ ends, a posttran-
scriptional nucleotide insertion process observed in various eukaryotic clades
(Table 6.1). Several amoebozoans replace 5’ terminal nucleotides of their mt tRNA
employing an unconventional 3’ to 5’ polymerase of the Thgl family (Abad et al.
2011; see also Chap. 7). Editing of tRNA at 3’ end can proceed via polyadenylation by
a 3’ terminal adenylyltransferase (poly-A polymerase), generating a missing secondary
structure element (reviewed in Rammelt and Rossmanith 2016).

Finally, one of the best understood RNA editing processes takes place in the
mitochondrion of kinetoplastids (Benne et al. 1986), where most mRNAs undergo
extensive insertion and/or deletion of U residues by a complex ribonucleoprotein
machinery (reviewed in Read et al. 2016; see also Chap. 5). The multicomponent
editosome includes endonuclease, U-specific exoribonuclease, terminal
uridylyltransferase (TUTase), and ligase activities, which for each edited site com-
plete a cycle consisting of cleaving the transcript, inserting/deleting a number of Us
specified by a partially complementary guide RNA, and religating the broken strand.

6.3.2 Idiosyncratic RNA Editing in Diplonemid Mitochondria
6.3.2.1 Appendage of Uridines

RNA editing in D. papillatum mitochondria was noted early on in the cox/ cDNA,
which contained six nonencoded Ts inserted between its modules 4 and 5 (Marande
and Burger 2007). Once high-throughput cDNA sequencing technologies made
possible a comprehensive investigation of RNA editing sites, a more complex
picture emerged: in this diplonemid, 240 Us are inserted at 18 sites distributed
across 14 out of its 18 genes (Moreira et al. 2016) (Figs. 6.2b, c and 6.4). Insertions
of no other nucleotide besides U, nor nucleotide deletions, have been detected in any
diplonemid analyzed to date.

While many U-tracts are shorter than the one in coxl, a stretch of as many as
26 Us is added in the middle of the mt-LSU rRNA (rnl) (Valach et al. 2014).
Recently, we have confirmed the presence of even more impressive 50 Us in a
row in the mature transcript of the (unassigned) gene y5 (Valach et al. 2017). Such
long U-tracts blur the line between the conventional definition of RNA editing
(a single or a couple of affected nucleotides at a single site) and posttranscriptional
modifications traditionally not considered to represent RNA editing, such as terminal
polyuridylylation.

In Diplonema, the U residues are not inserted in a cut-add-reseal strategy as in
kinetoplastid RNA editing. Instead, they are appended to 3’ termini of processed
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modules prior to trans-splicing. First, all identified U insertions are confined to
module junctions or to 3’ ends of last modules, just upstream of poly-A tails in
case of mRNAs. Second, circular RT-PCR, 5’ and 3’ RACE, and primer extension
assays showed that in D. papillatum, no cox] mRNA trans-splicing intermediate
lacks the six Us after the modules 4 and 5 have been joined together, nor does it
contain the six Us attached to the downstream module 5. It is exclusively the 3’ end
of the upstream module 4 to which the U-tract is appended (Kiethega et al. 2013).
Comprehensive investigation of the entire transcriptome further confirmed that only
the 3’ end-processed module transcripts are uridylylated, irrespective of the matura-
tion state of the 5" end of that same module (Moreira et al. 2016). In this respect, the
U-appendage pathway is similar to trans-splicing, which can also proceed even if the
opposite end of a module that does not participate in module joining is incompletely
processed (see the previous section; Fig. 6.2b).

The close relationship between module transcript joining and uridylylation has
been further corroborated by our deep-coverage transcriptome data from
D. papillatum and three additional diplonemids, revealing transient errors or “back-
ground noise.” At a frequency around 0.1%, Us (mostly 1 to 3) are being added even
at module 3’ ends that normally do not undergo U-appendage RNA editing. Inter-
estingly, the vast majority of these abnormal U-addition events occur in trans-spliced
transcripts whose upstream partner’s 3’ end is several nucleotides shorter, with the
Us compensating for the missing sequence (Valach et al. 2017). We thus hypothesize
that the same process ensuring the usual U-appendage RNA editing can also repair a
deletion at a module junction, which could have arisen from erroneous over-
trimming during module transcript end-processing (Fig. 6.2b, c¢). Curiously, at
certain, but not all, junctions usually separated by a U-tract (e.g., nad5-m7/m8 in
F. neradi [= Diplonema sp. 2]), we also observe rare (<1%) occurrences of two
cognate modules being joined together without the U-tract (Valach et al. 2017).
However, in these cases, the missing sequence is compensated by a sequence stretch
originating from the upstream module’s 3’ flanking region, which is present instead
of the expected U-tract (Fig. 6.2b, c). It remains to be seen whether these defective
trans-spliced products are translated or rather are discarded by some downstream
control mechanism, as is apparently the case for mis-joined, non-cognate modules
(see Sect. 2). In any case, these two observations—gap filling by U-addition or
partial retention of a 3’ flanking region—imply that some kind of a molecular ruler
measures the length of the module transcripts or the distance between the two RNA
ends to be joined. Likely candidates are the factors involved in junction recognition
(see below).

6.3.2.2 Clustered Substitutions of Adenosines and Cytidines

The screening for cDNA vs. genome differences further unveiled 85 cytidine-to-
uridine (C-to-U) substitutions, well known from organelles of many species
(Table 6.1). In addition, we discovered 29 adenosine-to-guanosine (A-to-G) sub-
stitutions in half of the D. papillatum genes (Moreira et al. 2016) (Fig. 6.4). These
substitutions indicate C-to-U and A-to-I base deamination (inosine is read as
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guanosine during reverse transcription). Indeed, A-to-I deamination could readily
be demonstrated experimentally (Moreira et al. 2016). While this type of deami-
nation is common for tRNAs, ours was the first report of its kind for mitochondrial
mRNAs and rRNAs. Diplonemid mitochondria also show an exceptionally high
rate (>95%) of RNA editing at a given site, and further, in most instances,
diplonemid editing sites congregated in clusters denser even than those of the
so-called hyper-edited segments in metazoan nuclear transcripts (Wahlstedt and
Ohman 2011) (Fig. 6.4).

The latter two features are particularly intriguing. As a general rule, we consid-
ered as a cluster a group of adjacent sites where more than half of the potentially
editable residues (As + Cs) in a row were indeed edited. In D. papillatum, in all but
one cluster (y5-ml), every single C in a cluster is edited, as are most As (Moreira
etal. 2016). For example, in an 85 nt-long region of mt-SSU rRNA, all 15 As and all
30 Cs are substituted. Although most sites are edited to high levels, there are few
partially edited (5-40% rate) sites, with editing rates generally slightly higher for C-
to-U than for A-to-I substitutions. Still, all of these occur within a cluster or at its
boundaries and thus may indicate “misfiring” of the editing enzyme(s).

Our comprehensive analyses of trans-splicing and editing intermediates in
D. papillatum also revealed that substitution RNA editing in a cluster progresses
stochastically and not directionally. As mentioned in the previous section on trans-
splicing, substitution editing is essentially completed before trans-splicing begins;
pre-edited or partially edited module transcripts that are already trans-spliced are
found only at below 5% (Moreira et al. 2016) (Fig. 6.2).

6.3.3 Functional Consequences of RNA Editing

Both types of RNA editing in diplonemid mitochondria appear to be critical for the
function of the affected transcripts. For example, in the case of rnl, the long U-tract is
predicted to form segments of two helices of the mt-LSU’s central domain 0 (Valach
et al. 2014). The six Us of the cox] mRNA add codons for amino acids that restore
the three-dimensional structure of the protein (Kiethega et al. 2011), whereas the two
Us of the nad4 transcript rectify the reading frame of the coding sequence (Moreira
etal. 2016). In several mature transcripts (e.g., cox3, y3), U-appendage together with
polyadenylation creates the termination codon, and in nadl mRNA, the 16 nt-long
U- tract at its 3’ end adds codons for five additional phenylalanyl residues to the
polypeptide, thus completing the C-terminal membrane-spanning helix. Similarly,
substitution RNA editing of nad4 mRNA leads to a protein that contains all its
hydrophobic transmembrane helices instead of lacking the second helix (Moreira
et al. 2016). Comparative analysis of the gene across four diplonemid species
demonstrated that the proteins encoded by edited mRNAs became more similar to
one another, as well as to homologs from other organisms.

Interestingly, dense C-to-U and A-to-I RNA editing results in codons rich in U
and G (I) residues, which mostly specify apolar amino acids. In addition,
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uridylylation creates UUU codons, which code for the hydrophobic phenylalanine
residue. Apolar and hydrophobic amino acids being favored in membrane-embedded
or membrane-anchored proteins, one can easily imagine how these two types of
RNA editing in particular could become evolutionarily fixed for mending the
deterioration of diplonemid genes, which all encode proteins of this class.

6.3.4 Predicted Components of the Editing Machineries

Based on our insights into diplonemid mitochondrial RNA editing described above,
we have attractive working hypotheses about the nature of the enzymes involved in
the two types of RNA editing. Akin to kinetoplastids, diplonemids add Us at the 3’
end of mitochondrial transcripts, suggesting that U-appendage RNA editing is
performed by a TUTase enzyme similar to RET2 of the trypanosome editosome.
For substitution RNA editing, a nucleotide/base excision-replacement system is
conceivable, but our current data rather indicate that the mechanism relies on base
deamination. Since the C-to-U and A-to-I edits are closely spaced and display no
ordering of pre-edited and edited positions in transcript intermediates, we speculate
that an enzyme able to deaminate both Cs and As is involved. Interestingly, a
precedent for such an enzyme was discovered in the kinetoplastid 7. brucei (Rubio
et al. 2007). According to our preliminary analyses, several genes potentially
encoding proteins with a nucleotidyltransferase or deaminase domain are present
in the draft nuclear genome of D. papillatum (our unpublished data).

As in the case of trans-splicing (Kiethega et al. 2011), no cis-elements have been
identified in the genome sequence that have the potential to direct the enzymatic
machinery to the RNA editing sites (Moreira et al. 2016). This led us to postulate that
all three processes—the trans-splicing, U-appendage, and substitution RNA
editing—are guided by trans-acting factors (Valach et al. 2016). Among the numer-
ous RNA-binding protein (RBP) families that were mentioned in the previous
section and that could be implicated in mitochondrial RNA processing in
D. papillatum, PPR proteins have emerged as primary candidates. They are not
only the most notable cofactors of C-to-U editing in land plant organelles (Sun et al.
2016) but also serve as cofactors of numerous other organellar RNA transactions in a
wide variety of organisms (Manna 2015).

6.4 Comparison of Mitochondrial Gene Expression Across
Euglenozoa

In molecular biology textbooks, expression of genetic information is simple and
straightforward. However, in some organisms it is surprisingly derived, incompre-
hensible, and gratuitously inefficient. This applies not only to diplonemids but also
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to those protists from other euglenozoan groups. Since no molecular data are
currently available about symbiontids, we will compare the expression of mitochon-
drial genes among the three other euglenozoan groups—diplonemids (besides
Diplonema papillatum also represented by Diplonema ambulator, Flectonema
neradi (D. sp.2), and Rhynchopus euleides), trypanosomatids (represented by
Trypanosoma brucei), and euglenids (represented by Euglena gracilis, Peranema
trichophorum, and Petalomonas cantuscygni). What is currently known about the
organization of their mtDNA and about the mitochondrial gene expression of D.
papillatum, T. brucei, and E. gracilis is summarized in Figs. 6.3, 6.4 and 6.5.

6.4.1 Mitochondrial A + T Content and Gene Complement
Throughout Euglenozoa

All euglenozoans carry a single mitochondrion with discoidal cristae, with possibly
the only exception being the euglenid P. trichophorum, which possesses several
small elongated mitochondria (Roy et al. 2007). While packaging of mtDNA into a
dense single kinetoplast remains a character exclusive to kinetoplastids, mtDNA in
diplonemids and euglenids is homogenously distributed throughout the organellar
lumen and is only exceptionally organized into tiny bodies or foci. The A + T content
of mtDNA varies across euglenozoans—it has a typically higher A + T content in
T. brucei, R. euleides, E. gracilis, and P. cantuscygni, but in P. trichophorum and
D. papillatum, the A + T content is unusually low (Roy et al. 2007; Dobdkov4 et al.
2015).

Regardless of its structure (Fig. 6.3), the mitochondrial genome of euglenozoans
has a very similar gene composition. It is typically composed of subunits of four
respiratory complexes, complex I (NADH dehydrogenase; nad genes), complex III
(ubiquinone-cytochrome ¢ oxidoreductase; gene cob), complex IV (cytochrome
c oxidase; cox genes), and complex V (ATP synthase; gene atp6), and two
mitoribosomal RNAs (rnl and rns) (Faktorova et al. 2016) (Fig. 6.4). Moreover,
mtDNA in T. brucei also encodes ribosomal protein Rps12 (Alfonzo et al. 1997). No
tRNA genes have been identified in any euglenozoan mitochondrial genome and
therefore have to be imported from the cytoplasm (Alfonzo and S6ll 2009).

6.4.2 Comparison of D. papillatum Genome Structure
with Other Diplonemids

Diplonemid species studied to date possess several classes of circular chromosomes.
Compared to the 6.0 kb and 7.0 kb classes in the case of D. papillatum, the sizes in
the other studied species vary from 4.5 kbp to >6.7 kbp (with a majority at ~5 kbp)
in D. ambulator, from ~5 kbp to ~10 kbp in Diplonema sp. 2 (= F. neradi,
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Tashyreva et al. 2018), and from 5 kbp to 12 kbp (with a majority at ~7 kb and
~8 kb) in R. euleeides (Kiethega et al. 2011; Valach et al. 2017). In D. papillatum
almost every gene split into fragments (up to 11) and each piece is encoded on a
separate chromosome (Moreira et al. 2016) (Fig. 6.4). While the fragmentation
pattern is essentially identical in the other investigated D/R clade species, up to
eight gene pieces were found to be encoded on the same chromosome (Valach et al.
2017).

In H. phaeocysticola, the size of mitochondrial chromosomes sequenced so far is
significantly smaller (2.7-3.2 kb), with twice as many half-sized gene fragments
(Yabuki et al. 2016), and a similar situation seems to be the case in the newly isolated
species belonging to the same clade (our unpublished data). Moreover, currently we
are trying to shed more light on this group by studying the mitochondrial genome
structure of newly described diplonemid species that belong to the genus
Rhynchopus (Rhynchopus humris and Rhynchopus serpens) or to the newly
described environmental clade (Lacrimia lanifica), and even a novel early-branching
clade, represented by Sulcionema specki (Tashyreva et al. 2018).

6.4.3 Kinetoplastids: Uridines In and Out

Kinetoplastids are either free-living (e.g., Bodo saltans) or parasitic protists, which
include human parasites of major medical importance, such as members of the genera
Trypanosoma and Leishmania. They are characterized by a kinetoplast, a compact
mass of mtDNA composed of dozens of maxicircles and thousands of minicircles
(Shapiro and Englund 1995; Stuart and Feagin 1992). Maxicircles (~20 kbp) repre-
sent functional equivalents of mtDNA in other organisms. Most of the mitochondrial
genes (12 out of 18) are literally encrypted (Fig. 6.4). This means that their transcripts
have to undergo a process of RNA editing, which restores meaningful open reading
frames that are translatable (Fig. 6.5). Since its first description in 7. brucei (Benne
etal. 1986), many distinct and unrelated types of RNA editing have been described in
organisms across the entire tree of life (Read et al. 2016). In T. brucei and other
kinetoplastid protists, RNA editing is guided by small minicircle-encoded molecules
called guide RNAs (gRNAs) that serve as template for the insertions and/or deletions
of uridines into the pre-edited sequence at specific positions (Aphasizhev and
Aphasizheva 2011).

Interestingly, about a thousand distinct minicircle-encoded gRNAs, together with
more than 70 different nucleus-encoded proteins, are necessary for proper expres-
sion of the small complement of 18 mitochondrion-encoded genes (Alfonzo et al.
1997; Verner et al. 2015; Read et al. 2016). More specifically, in addition to well-
described RNA editing core complex (RECC) or the 20S editosome (Goringer
2012), several other ribonucleoprotein complexes, e.g., the MRB1 complex, were
recently shown to be involved in the RNA editing and processing machinery
(Ammerman et al. 2012; Read et al. 2016; Dixit et al. 2017).
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The uridine insertion/deletion type of RNA editing in kinetoplastids, and even
more the obscure and still unrecognized machinery for trans-splicing associated with
uridine insertions and cytidine-to-uridine and adenine-to-inosine substitution RNA
editing in diplonemids, appears extremely costly in comparison to their benefits. So
far, no advantages of these strategies have been proposed, leading to the speculation
that they most likely originated as a result of constructive neutral evolution
(Flegontov et al. 2011; Lukes et al. 2011).

6.4.4 Euglenids: Surprises in Their Own Right

It was hoped that elucidation of the structure and expression of mitochondrial
genome in euglenids, the sister group to kinetoplastids, would shed light on the
origin of the latter groups’s bizarre mtDNA structure and RNA processing. There-
fore, it was quite surprising when the mitochondrial genome of E. gracilis was
recently shown to be extremely streamlined, without any evidence of RNA editing
(Dobédkova et al. 2015) (Fig. 6.5). This mitochondrial genome consists of a hetero-
geneous population of 1 to 9 kbp-long linear fragments. Up to now, only seven
protein-coding genes have been discovered, as well as two mito-rRNAs (mtSSU and
mtLSU), which are each split into two fragments (Spencer and Gray 2011;
Dobadkova et al. 2015) (Fig. 6.4).

Nonetheless, transmission electron microscopy of the early-branching euglenid
P. cantuscygni revealed a structure in its mitochondrion resembling the kinetoplast
of the kinetoplastid flagellates (Leander et al. 2001; Lee and Simpson 2014).
Observations of the mtDNA fraction by electron microscopy confirmed that linear
DNA molecules are most frequent, but also small (1 to 2.5 kbp) and large (~40 kbp)
circular molecules have been infrequently noted. This observation together with the
absence in the sequenced mtDNA segments of some highly conserved
mitochondrion-encoded subunits of respiratory complexes III and IV suggest that
some kind of RNA editing and gene encryption may exist in this species (Roy et al.
2007).

6.5 Genetic Manipulation of D. papillatum

The recently recognized diversity and abundance of diplonemids (Flegontova et al.
2016; Gawryluk et al. 2016) makes it mandatory to turn at least one species into a
genetically tractable organism. Indeed, in order to understand their biology, interac-
tions, ecology, and more specifically functions of individual proteins, a crucial step
is to establish protocols that would allow genetic manipulations of diplonemids. We
have started to develop a transformation system of the type species D. papillatum,
the genome of which is being sequenced (our unpublished data). Even more
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importantly, it can be easily cultivated axenically in the laboratory, reaches high cell
density, grows in large volumes, and can be cryopreserved.

Nuclear gene expression of D. papillatum is similar to that in other euglenozoans.
Its genes are transcribed polycistronically, and individual mRNAs are then trans-
spliced, with the short spliced-leader (SL) RNA gene being added to the 5" end of
each transcript. On one hand, the 39-nt-long SL RNA of D. papillatum is quite
conserved at the sequence level even in the planktonic diplonemids from the DSPD
clade. On the other hand, the situation seems much more complex when it comes to
nuclear spliceosomal introns, as the nuclear DNA of the DSPD species displays a
high density of noncanonical introns that await further characterization (Gawryluk
et al. 2016). The genome and transcriptome of D. papillatum have been sequenced,
and their assembly and annotation are under way (our unpublished data). Knowing
the full set of genes will be essential not only for turning this diplonemid into a
model species but also for our understanding of its metabolism and other features.

The first obvious task is to get foreign DNA into the D. papillatum cells. To
ensure stable integration, several crucial steps have to be fulfilled. One is to find
resistance markers that can be used for selection of transformants. In the next step,
optimal transformation conditions and strategy have to be designed. Last but not
least, constructs have to be obtained that will not only stably integrate into the
genome, but even more importantly, allow expression, including transcription,
posttranscriptional processing and modifications, so that the ensuing transcripts
can be finally translated on cytosolic ribosomes. We have accomplished all these
steps (Kaur et al. 2018), although efficiency is still moderate and requires
optimization.

More specifically, so far we have found seven selection markers to which
D. papillatum is sensitive. Using available genomic data, we have selected genes
that are suited for replacement, namely, those that are nonessential are highly
expressed and contain 5” and 3’ untranslated regions (UTRs) longer than 100 nucle-
otides. Moreover, we have established a protocol for DNA uptake in a reproducible
fashion and have created linear constructs bearing fluorescent protein and selection
marker flanked by diplonemid 5 and 3’ UTRs. We have also confirmed stable
incorporation of foreign DNA into the D. papillatum genome and have evidence
that both the fluorescence gene and the resistance marker on the electroporated
constructs are transcribed. Sequencing results showed that the SL RNA sequence
is trans-spliced to the 5’ end of the corresponding transcripts. The antibiotic resis-
tance of selected clones provides indirect evidence that the integrated genes are
translated (Kaur et al. 2018).

In principle, homologous recombination should be possible, since the genes
involved in the corresponding machinery are present in the D. papillatum genome,
but so far, the inserted DNA has failed to integrate into the target locus. We believe
that this can be remedied by further extension of the 5" and 3’ homologous regions of
the constructs. We also plan to use the CRISPR/Cas9-based approach to achieve
proper integration of the introduced genes. Attempts to maintain circular plasmids as
non-integrated episomes, or to transform the cells with a virus vector carrying green
fluorescent protein, were not successful (our unpublished data).
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These preliminary data allow us to state that D. papillatum can be transformed
and has a solid potential to become a genetically tractable organism. Once a robust,
reproducible transfection protocol for gene replacement and tagging has been
established in D. papillatum, we plan to apply the procedure to other diplonemid
species—key to understanding the biology of the group as a whole. For the time
being, with a representative of the species-rich DSPD clade yet to be brought into
culture, the next candidate for transformation is H. phaeocysticola. However, this
species is much more challenging to work with, as it prefers live diatoms as a food
source and reaches only low cell densities. Moreover, in contrast to D. papillatum,
H. phaeocysticola can apparently not be cryopreserved (our unpublished data).

6.6 Conclusions and Outlook

Within the last couple of years, diplonemids have emerged from obscurity as one of
the most diverse groups of marine eukaryotes. They are also among the half dozen
most abundant eukaryotes. Since their cell numbers seem to expand with depth, one
can expect that the importance of diplonemids for the marine ecosystem is widely
underappreciated.

Two steps are key for further exploration of these fascinating and ecologically
highly relevant protists: (1) complete genome and transcriptome sequences from a
broad range of diplonemid species have to become available, and (2) diplonemid
species must become amenable to reverse genetic methods, allowing stable integra-
tion, transcription, and translation of introduced genes. Given the steadily growing
interest in diplonemids, we are optimistic on both accounts.
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