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Annotation

This study is dedicated for the first time for the systematic and
multifaceted research in the diplonemids which were overlooked for long
time due to technical limitations but recently they were discovered as the
most species rich among marine plankton protists. This study describes
the phylogeny and morphology of diplonemids based on the 18S rRNA
gene sequences. Since, D. papillatum, the only species studied in detail
so far and the easily cultivable representative, thus we established it as a
model organism to study the function of diplonemids genes which will
further allow us to shed light on their amazing evolutionary success in
contemporary oceans. Further investigation revealed that diplonemids are
the record holders in mitochondrial genome content, gene structure and

RNA editing.
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SUMMARY

Diplonemids are a sparsely studied group of heterotrophic marine
protists. They belong to the phylum Euglenozoa, and represent a sister
group of the well-studied free-living euglenids (Euglenida), as well
as highly pathogenic trypanosomatids and free-living bodonids
(Kinetoplastea). For a long time, diplonemids were considered a small
and rare group of flagellates with only two known genera and less than a
dozen species (Massana 2011; Simpson 1997; Vickerman 2000; von der
Heyden et al. 2004). However, this group has attracted significant interest
after the recent holistic assessment of the eukaryotic planktonic
diversity in samples collected by the 7ara Oceans expedition, with the
dataset composed of ~800 million V9 18S rRNA barcodes.
Unexpectedly, its analysis revealed that diplonemids are the most diverse
marine eukaryotes, surpassing metazoans and dinoflagellates, and the
6™ most abundant eukaryotic taxon populating the world oceans (de
Vargaset al. 2015; LukeSet al. 2015; Flegontova et al.2016).
Additional studies suggest that they are even more abundant in the deeper
meso- and bathypelagic zones (our unpubl. data). Despite this huge
diversity, only a handful of diplonemid species have been formally
described (Simpson 1997; Maslov et al. 1999; Porter 1973; Busse and
Preisfeld 2002; Montegut-Felkner and Triemer 1996; Triemer and Ott
1990; von der Heyden et al. 2004; Roy et al. 2007; David and Archibald
2016). However, all the described species belong to the clades rarely
found in the available marine samples, while only a limited number of
sequence data and no morphology was available for the representatives of
the diplonemid group Eupelagonemidae (Gawryluk ef al. 2016). Indeed

this major clade remains virtually unknown yet it represents up to 97% of



all members of this group in the ocean (Flegontova et al. 2016;

Okamoto et al. 2019).

The only diplonemid feature studied in some detail is the unique
and complex mitochondrial genome. In their single reticulated organelle,
these flagellates harbor a huge amount of mitochondrial DNA (Lukes et
al. 2018). The mitochondrial genome is composed of thousands of
circular non-catenated molecules, which carry fragmented genes, the
transcripts of which have to be trans-spliced (Marande et al.
2007; Valach et al. 2016; Faktorova et al. 2018). Almost all the
morphological, genomic and physiological information available about
diplonemids has been obtained from the studies of a single
species, Diplonema papillatum (e.g. Marande et al. 2005; Kiethega et al.
2011; Maslov et al. 1999; Valach et al. 2016; Valach et al. 2017). This is
due to its capacity to tolerate cryopreservation and grow in an affordable
medium to high densities, and also to the fact that no other species are
available in culture collection. Moreover, together with available limited
genomic and transcriptomic data, D. papillatum represents a suitable

model for genetic manipulations and hence functional studies.

In the first chapter of this thesis, we report the discovery of new
diplonemid species from surface marine water samples. We have
established axenic cultures of these strains, describe their life cycles
under the cultivation conditions and have performed their phylogenetic
analysis based on the 18S rRNA gene sequences. We have also tried to
comprehensively describe their morphology using light and electron

microscopy. In total, we described five new diplonemid species and



established three new genera (Chapter 1, Tashyrevaer al. 2018a,
Protist 169: 158-179).

The second chapter of this thesis demonstrates a successful
genetic transformation of D. papillatum. This is the first documented case
of transformation in a euglenozoan protist outside the well-studied
kinetoplastids. We showed that D. papillatum is sensitive to multiple
drugs that can be used as selectable markers, we have established
conditions for efficient electroporation, and demonstrated that
electroporated DNA constructs can be stably integrated in its nuclear
genome. Finally, we have confirmed that the heterologous genes are
transcribed into mRNA with the spliced leader RNA attached and
eventually translated into proteins. Although we achieved for the first
time expression of a heterologous gene in diplonemids, our constructs
were not integrated into the target position. (Chapter 2, Kaur et al.

2018, Environ. Microbiol., 20, 1030-1040).

In the third chapter of this thesis, we summarize what is known
about the mitochondrial RNA editing and RNA processing in D.
papillatum and other diplonemids. (Chapter 3, Faktorova et al. 2018,
In: M.W. Gray and J. Cruz-Reyes (Eds.), RNA Metabolism in
Mitochondria, Springer 145-176).

In the fourth chapter,in a comparative manner we reveal a
broader picture of the mitochondrial genome architecture, gene content,
and  post-transcriptional ~ processing of six  recently isolated,
phylogenetically diverse diplonemid species. We document the most

complex and extensive pattern of RNA editing in the hemistasiid clade,



which became the record holder in this respect for organellar
transcriptomes (Chapter 4, Kaur et al. 2020, Nucleic Acids Res. 10,
https://doi.org/10.1093/nar/gkz1215).

In the fifth and sixth chapters, we show the establishment of
successful endogenous gene tagging and replacement techniques using
homologous recombination in D. papillatum and provide evidence of
stable transformants. Genetic modification of D. papillatum can now be
used as a standard reverse genetics tool for the discovery of gene
function. The aim of this work was a correct integration of the cassette,
which was achieved by the extension of the 5’ and 3’ homologous regions
of the constructs over 1.5 kb. Thus, we established this diplonemid as a
promising model organism (Chapter 5, Faktorova ef al., Nature

Methods, in resubmission; Chapter 6, Manuscript in preparation).


https://doi.org/10.1093/nar/gkz1215

AIMS OF THE STUDY

Although diplonemids quite unexpectedly emerged as extremely diverse
marine protists, so far only marginal information about them is available.
Their lifestyle (free-living vs commensal vs parasitic) and preferences for
abiotic factors (temperature, light, pressure, and oxygen concentration)
are yet to be studied. Along with their abundance and diversity,
diplonemids are of interest because of their bizarre mitochondrial genome
and expression as well as unorthodox ultrastructural features and

presence of a range of endosymbionts.

The main aims of this study were to:

1) characterize the newly isolated strains and develop stable cultures;
describe their life cycle and morphology, and replicate their development

in the laboratory

i1) establish at least one representative species as a genetically tractable

system and initiate functional analyses

ii1) characterize the mitochondrial genomes of newly isolated and

phylogenetically diverse species



1. INTRODUCTION

1.1. General Overview of diplonemids

Diplonemids are biflagellated heterotrophic protists belonging to the
phylum Euglenozoa of the supergroup Excavata, which also contains
kinetoplastids, euglenids, and symbiontids (Cavalier-Smith 1993, Adl et
al. 2019, Burki et al. 2019) (Fig. 1). The kinetoplastids are so far the
best-studied group composed of small colorless flagellates characterized
by a mass of mitochondrial DNA also called the kinetoplast (k) DNA.
They are subdivided into highly pathogenic trypanosomatids (such as
Trypanosoma and Leishmania) and free-living bodonids. Mostly aerobic,
free-living  euglenids contain  heterotrophic, mixotrophic and
photosynthetic representatives. The best-studied euglenid is FEuglena
gracilis, for which genome and several transcriptomes are available
(O’Neill et al. 2015; Yoshida et al. 2016; Ebenezer et al. 2019). We
know very little about anaerobic free-living symbiontids represented by
only three species and a handful of environmental DNA sequences

(Yubuki and Leander et al. 2018).

Diplonemids were initially considered a small and rare sister group of
medically important kinetoplastids and ecologically relevant euglenids
(Moreira et al. 2001) and were thus poorly studied. This was reflected by
their decades-old subdivision into only two genera - Diplonema and
Rhynchopus (Lara et al. 2009) with a formal description of just a handful
of species (Lukes et al. 2015). Diplonemids are mostly marine free-
living phagotrophs, although some Rhynchopus species were

proposed to be parasitic (Roy et al. 2007). All of the known



diplonemids carry two heterodynamic flagella, a subpellicular corset of
microtubules and a single mitochondrion with extremely large cristae

(Schnepf 1994; Marande et al. 2005; Roy et al. 2007).
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Figure 1. The eukaryotic tree of life. The tree is based on the eukaryotic
phylogenomic studies. The supergroup (denoted by star symbol) Excavata indicated by
black with broken lines contain phylum Euglenozoa. The taxonomic sub-division of
Euglenozoa and has been corroborated and is shown with red arrows (Adapted from
Burki et al. 2019).

The description of most of their representatives was based exclusively on
morphological and ultrastructural observations, with sequence data
available for only D. papillatum, D. ambulator, and R. euleeides (Roy

et al. 2007).

1.2 Diplonemids: From insignificance to prominence

Recently, diplonemids emerged as one of the most abundant eukaryotic
protist groups in the world oceans. They are present from the surface to

the deep mesopelagic zone (200 to 1,000 meters) and in the deep aphotic



pelagic waters (1,000 to 4,000 meters) (Lara ef al. 2009; de Vargas et al.
2015; Gawryluk et al. 2016; Lukes et al. 2015; Flegontova et al. 2016).
However, they were also detected down to 6,000 m in the poorly studied
abyssopelagic zone (Scheckenbach et al. 2010; Eloe et al. 2011) and
are also found in shallow sediments (Larsen and Patterson 1990), as well
as in hydrothermal vents (Lopez-Garcia et al. 2007). This emergence was
triggered by a global metabarcoding survey of marine eukaryotic
diversity performed by the Tara Oceans expedition across the tropical,
temperate and polar regions, which collected samples at 210 sites with
the depths from the surface up to 2,000 m. The analysis was based on
~850 million sequences of the V9 motif of the 18S rRNA gene, which
revelated that diplonemids constitute the 6™ most abundant eukaryotic
group in the marine plankton (Flegontova et al.2016). They were
present in the photic layer of all initially analyzed 45 worldwide-
distributed sampling stations, showing their cosmopolitan distribution,
with their abundance increasing with oceanic depth (de Vargas et al.

2015; Gawryluk et al. 2016; Lukes et al. 2015; Flegontova et al. 2016).

Even more surprising is their enormous diversity, substantially
exceeding that of the well-known dinoflagellates, diatoms, and metazoans
(de Vargas et al. 2015; Lukes et al. 2015). With over 45,000 operational
taxonomic units (OTUs) identified, diplonemids ranked as the most
diverse planktonic eukaryotes, and are thus inevitably important
heterotrophic players in the largest ecosystem of our biosphere (Lukes ef
al. 2015, Flegontova et al. 2016; Flegontova et al. 2018) (Fig. 2). Despite
their significance, their biology and ecological roles remain virtually
unknown. Currently, based on the 18S rRNA sequences, diplonemids

have been subdivided into four major lineages: (i)‘classical’ diplonemids



(Diplonemidae), which include both benthic and planktonic species; (ii)
hemistasiids (Hemistasiidae), a small planktonic clade; (iii) an extremely
diverse clade of deep-sea pelagic diplonemids - DSPD I, recently named
Eupelagonemidae; and (iv) DSPD II- a relatively small clade of deep-sea
pelagic diplonemids (Flegontova et al., 2016; Okamoto et al., 2019).

A B

other
stramenopiles

diplonemids_  others

diatoms
other

stramenopiles__

diatoms.

unknown

eukaryotes
rhizarians

unknown

diplonemids

Figure 2. Pie chart showing diplonemids as the (A) 6th most abundant marine
eukaryotes according to V9 18S rRNA region of 18S rRNA gene (B) the 1% most
diverse group (45,197 swarm based OTUs, or 26% of all eukaryotic OTUs belonging to
known clades) (Adapted from Flegontova ef al. 2016).

Previously, only two diplonemids genera were known -Diplonema and
Rhynchopus (Adl et al. 2012). Their cells are oval to sack-shaped and
generally variable in size, equipped with a distinct apical papilla and a
tubular cytopharynx contiguous with a deep flagellar pocket, both having
separate opening (Triemer and Ott 1990; Tashyreva et al., 2018a). A
naked cell membrane is supported by a tightly packed corset of
microtubules. The cells are highly metabolically active with twisting,

gliding or swimming patterns (Tashyreva et al., 2018a). Diplonema cells
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are motile, bearing two equal size flagella supported with a paraflagellar
rod that emerge from the subapical depression, while Rhynchopus cells
possess two unequal heterodynamic flagella which are concealed in their
trophic stages and fully developed in the swimming stages (Von der
Heyden et al. 2004; Tashyreva et al. 2018). Species from both genera
carry a single highly reticulated peripheral mitochondrion with lamellar
cristae containing a large amount of mitochondrial DNA. Species ranked
into the clade Hemistasiidae bear a prominent digestive vacuole,
peripheral lacunae and extrusomes. They are predators of diatoms,
dinoflagellates, and copepods (Elbriachter et al. 1996 ). Unexpectedly,
some diplonemid species exhibit symbioses with prokaryotes.
Endosymbiotic relationships have evolved multiple times independently
in a number of unrelated groups of protists. In diplonemids, the
endosymbionts known so far come from two from different orders,
Rickettsiaceae and Holosporaceae (Tashyreva et al. 2018 b; our

unpublished data).

The newly described clade Eupelagonemidae represents over
97% of known diplonemid diversity (Okamato et al. 2019) but so far no
culturable representative is available, although some morphological
information and single-cell amplified genome fragments exist
(Gawryluk et al. 2016; Okamoto et al. 2019). Recently, diplonemids
were also found in freshwater lakes Baikal in Russia and Biwa and Ikeda
in Japan (Yi et al. 2017; Mukherjee et al. 2019). Despite this huge
diversity and abundance, close to nothing is known about this clearly
significant group of marine protists. To change this, our laboratory is

trying to turn at least one diplonemid species into a genetically tractable

11



system and establish it as a model organism to study the function of its

genes.

2. Genetically tractable system

In recent decades, the extent of known diversity of marine protists has
expanded exponentially with the advances in high throughput
sequencing. Systematic analysis of the available wealth of information,
represented by millions of genes with unknown function (Carradec et al.
2019), has the potential to improve our understanding of the biology of
theses pivotal members of the marine ecosystem. However, it is the
availability of genetically tractable representatives, which will allow us to
systematically analyze gene regulation and expression, and protein-
protein interactions, shedding light onto their biology. Indeed, there is an
urgent need to conduct functional studies by reverse genetic approaches,
mainly using gene replacement via homologous recombination, RNA
interference and CRISPR/Cas approaches. So far, stable and efficient
transfections have been achieved in several marine protists with
prominent examples including Phaeodactylum tricornutum, Chaetoceros
gracilis, Parabodo caudatus and Thalassiosira pseudonana (Miyahara et
al. 2013; Ifuku et al. 2015; Gomaa et al. 2017; Nymark et al. 2016;
Stukenberg et al. 2018; Hopes et al. 2016). In any case, the rather short
list of manipulatable marine unicellular eukaryotes has recently been
significantly extended (Faktorova ef al., in communication). The first
step in developing a transgenic organism is the selection of reliable strain

that grows fast to high densities and establish reproducible transfection
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protocols for it. Model organisms for each taxonomic unit are the key to
understand the basic biological processes, metabolism, genes functions

and behavior.

2.1 Selection of model organism

A typical model organism is one which is widely studied, its genome and
transcriptome are available, has a short generation time and is easy to
culture in the laboratory. A few diplonemid species are available from the
American Type Culture Collection (ATCC) and are classified based on
their 18S RNA gene sequences, yet they still lack morphological
description and sequenced genomes. So far, the best studied is D.
papillatum, which has been morphologically described and is being
sequenced (Burger et al. unpublished). Additionally, it has the
potential to become a model species, as it grows quickly and
relatively easy in artificial seawater, reaches high cell density (6 X
10° cells/ml) with a doubling time of 12 hours and can be easily cryo-

preserved (Kaur ef al. 2018).

D. papillatum was first described in 1973, designated as Isonema
papillatum, and misplaced within the euglenid group before being
isolated from seawater on the surface of eelgrass from New Hampshire,
morphologically characterized and made available as ATCC50162
(Porter 1973). Like other diplonemids, D. papillatum is colorless, sack-
shaped and 5-15 um in length. The non-rigid cell body capable of
pronounced shape changes is covered by a naked plasma membrane, with

a prominent anterior papilla and possesses two short flagella inserted sup-
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apically into a pronounced pocket (Griessmann 1913; Porter 1973). The
two flagella are of different length (5.5 to 7.0 um), arise at the base of the
papilla and generally project anteriorly from the cell. Swimming usually
involves spiral, oscillating, or erratic movements, and no encystment
formation has been observed so far. The nucleolus persists throughout

nuclear division.

Light and electron microscopy revealed a single mitochondrion
with an ultrastructure atypical for Euglenozoa (Marande et al. 2005). In
addition, DNA is evenly distributed throughout the organelle rather than
being compacted as in bodonids. The mitochondrial lumen is
homogenously electron transparent and contains few but exceptionally
large and irregularly arranged cristae, which are flat, uniformly thick,
unbranched, and only rarely attached to the mitochondrial inner
membrane. (Marande et al. 2005). The morphology of D. papillatum is
shown in Fig. 3. D. papillatum, is known for the unprecedented
complexity of its mitochondrial genome which is huge and multipartite
with systematically fragmented genes (Marande ef al. 2005; Marande and
Burger 2007; Vlcek et al. 2011; Valach et al. 2017; Lukes et al. 2018),
while its well described transcriptome undergoes massive trans-splicing
of transcripts and diverse and extensive RNA editing, the molecular
mechanisms behind these clearly complex mechanisms remain

unknown.

First metabolic studies were also performed on D. papillatum,
revealing central position of gluconeogenesis is the carbon metabolism.

Still, the cells are incapable of performing glycolysis, do not consume
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glucose and preferentially use amino acids as their main carbon source,

even though the glycolytic enzymes are present (Morales et al. 2016).

(A) (B) _ ©

Figure 3. Morphology of D. papillatum. (A) light microscopy (B) scanning electron
microscopy (C) transmission electron microscopy showing longitudinally section.
Prominent flat cristae are visible in the organellar lumen. nc, nucleus; mt,

mitochondrion (Adapted from Marande et al. 2005).

These enzymes seem to be compartmentalized into peroxisomes, which
are modified glycosomes (Makiuchi et al. 2011; Morales et al. 2016).
Another diplonemid species that captured some interest is Hemistasia
phaeocysticola, which until recently has been the only -cultured
representative of hemistasiids. It has been formally described based on
light microscopy, ultrastructure and molecular data (Elbrdchter et al.
1996; Yabuki and Tame 2015; Prokopchuk et al. 2019). H.
phaeocysticola belongs to the clade Hemistasiidae, a sister group to the
recently established Eupelagonemidae and DSPDII clades (Adl et al.
2019; Cavalier-Smith 2016; Yabuki and Tame 2015). H. phaeocysticola
was originally described as a predator of diatoms, haptophytes and other
planktonic organisms (Schnepf, 1994), but can be cultured without prey
in media similar to that of D. papillatum (Yabuki and Tame 2015).
Cells are also biflagellated, pyriform to oblong in shape, 13 to 33 pum in
length, with a flexible apical papilla and a spiral groove. Flagella are of
unequal length and are approximately 1.5 times the cell length with the
posterior flagellum being slightly longer than the anterior one. They are

located subapically in the flagellar pocket, which wraps around the body
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during feeding. Cells are fast-moving and can rapidly stop and change
direction. The nucleus is small and spherical in shape, located at the
lower end of the flagellar pocket (Elbréichter et al. 1996; Yabuki and
Tame 2015; Prokopchuk ef al. 2019).

Electron microscopy showed that H. phaeocysticola also possesses
giant flat mitochondrial cristae similar to D. papillatum as well as an
apical papillum and feeding apparatus vanes with fuzzy coats (Yabuki
and Tame 2015). H. phaeocysticola is of interest due to the presence of
extrusomes, ejectable rod-shaped structures, which have evolved
independently several times during eukaryotic evolution and are
employed for a variety of functions such as predation, cell invasion, and
protection. Indeed, molecular phylogenies showed that Hemistasia is the
closest known relative of the most diverse eupelagonemids (Gawryluk et
al. 2016) and its laboratory culture has already been established. Like
other diplonemids, H. phaeocysticola also possesses a large and highly
unusual mitochondrial genome, with twice the degree of gene

fragmentation than D. papillatum (Yabuki et al. 2016).

2.2 Transformation methods

Various transformation methods include viruses (i.e. adenoviruses,
retroviruses and lentiviruses) and conventional non-viral modalities
including electroporation, micro-injections, liposomal reagents and
particle bombardment, which have been available for a long time. Out of
these, electroporation has been extensively used for the transformation of

the sister group of diplonemids, the trypanosomatids (Bellofatto et al.
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1993; LeBowitz et al. 1995; Li et al. 2007; Dyer et al. 2016).
Electroporation techniques can be used to introduce in-situ tags, such as
enhanced green fluorescent protein and mCherry, to the endogenous loci
which can be further monitored by either fluorescent microscopy,
antibodies against the tag through western blot analysis or indirect
immunofluorescence using anti-tag antibodies. During electroporation,
the high voltage electrical pulses are used to permeabilize the cell
membranes to transfect foreign DNA into the cells. The foreign DNA
becomes integrated into the nuclear genome in a targeted manner using
homologous recombination (HR) or randomly through non-homologous
end joining (NHEJ). HR is a homology directed, universal and highly
conserved double-strand DNA (dsDNA) repair process (Heyer et al.
2007, 2008; Prakash et al. 2015). Itis a sequence induced
recombination, in which 5" to 3’ homologous strands act as a repair
template to fix the double-strand break with the help of recombinases

such as Rad51 (Rodgers and McVey 2016).

In D. papillatum, genomic data showed the presence of Rad51
(our unpublished data), a key component of HR which coats single-
stranded DNA to form nucleoprotein filaments essential for the
homology search and strand exchange. Thus, in-sifu tagging can be
achieved using machinery responsible for HR, which in diplonemids is
very likely operational. The efficiency of HR recombination also varies
between species and is reported to be upregulated by alterations in the
Rad51 levels and with the use of enhancers like RS-1 (3-(benzylamino)
sulfonyl)-4-bromo-N-(4-bromophenyl) benzamide), which stimulate
RADS51 recombinase in organisms with low HR efficiencies (Choo et al.

2014, Jayathilaka et al. 2008, Song et al. 2015).
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NHEJ is another double stand repair pathway conserved in all
eukaryotes, although the levels of conservation of its components differ
(Weller et al. 2002; Nenarokova et al. 2019). The NHEJ pathway exists
into two main types - classical (C-NHEJ) and alternative (A-NHEJ), also
named as microhomology-mediated end joining. It was reported recently
that C-NHEJ pathway has been independently lost in several parasitic
protist lineages (Nenarokova et al. 2019). Since it requires no template, it
causes the re-joining of incorrect DSB ends or re-joining the resected
DNA and thus leads to random integration, which causes various
mutations. Despite this, in many eukaryotes NHEJ usually triumphs over
HR due to their huge and highly repetitive genomes (Lieber. 2010;
Malkova & Haber 2012; Rodgers & McVey 2016).

To solve the problem of random integration due to NHEJ,
one solution is to enhance HR by disrupting the essential and conserved
components of NHEJ, namely the following five core components:
Ku70/Ku80 heterodimer (Ku), DNA-dependent protein kinase catalytic
subunit (DNA-PKcs), DNA ligase IV (Lig4), and the XRCC4 and XLF
protein (Waters et al. 2014; William et al. 2014; Her et al. 2018;
Neal and Meek 2011; Neal et al. 2011; Emerson et al. 2018). The Ku
heterodimer first recognizes and binds to the double-stranded break and
serves as a scaffold on which other components of the NHEJ machinery
can subsequently assemble and form a stable complex with further
sealing performed by Ligd (Dynan & Yoo, 1998). Deletion of
the Ku genes in N. crassa (Ninomiya et al. 2004), K.lactis (Kooistra et al.
2004), A. nidulans (Nayak et al. 2006) and C. neoformans (Goins et al.
2006) all resulted in increased targeted integration rates following

different transformation approaches. Various inhibitors are available for
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different components of NHEJ, such as the inhibition of the DNA-PKcs
through the depletion of their cofactor, inositol hexakisphosphate
(InsPs) via the calmodulin antagonists W7 (N-(6-aminohexyl)-5-chloro-
I-naphthalenesulfonamide) and chlorpromazine  (2-chloro-10-(3-
dimethylaminopropyl  phenothiazine hydrochloride) (Byrum et al.
2004). Although the benzochromenone 2-(morpholin-4-yl)-
benzo[h]chomen-4-one and chromenone §-dibenzothiophen-4-yl-2-
morpholin-4-yl-chromen-4-one are also potent inhibitors of the DNA-
PKcs (Durant ef al. 2003; Leahy et al. 2004; Willmore et al. 2004), these
molecules are toxic and determination of their optimal concentration for a

given species is challenging.

2.3 CRISPR/Cas9 (Clustered Regularly Interspaced Short

Palindromic Repeats)

CRISPR is an array of alternating short palindromic repeats and spacer
sequences that reflects a chronological history of the viruses and
plasmids that have invaded bacteria and thus provides an adaptive
immunity to prokaryotes (Barrangou et al. 2007). It was first observed in
the 1980s in Escherichia coli (Ishino et al. 1987). In bacteria, CRISPR-
based immunity involves three critical steps protecting them from
invading viruses: adaptation, expression, and interference (van der
Oost et al. 2009; Makarova ef al. 2011). In the adaptation step, fragments
of foreign DNA are incorporated into the CRISPR locus as new spacers.
During expression, the transcription and subsequent processing of the

CRISPR locus provide an RNA template for the recognition of
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complementary protospacer sequences in the invading DNA. In the final
interference step, the invading DNA is cleaved and inactivated by an
RNA-guided Cas effector protein (van der Oost et al. 2009; Makarova et
al. 2011). To allow the immune system to distinguish its own DNA from
foreign DNA (already incorporated in the CRISPR array), stable binding
by the effector protein and subsequent DNA cleavage requires a
protospacer motif present only in the targeted foreign DNA. This
mechanism has been repurposed for sequence-specific genome editing by
constituting a programmable system to create double-strand breaks,
thereby opening exciting and far reaching possibility of targeted and
exact genome editing (Doudna and Charpentier 2014). Within the last
couple of years, this method has been rapidly adopted and widely utilized
by researchers due to its universal applicability and robustness when
compared to the previously known genome editing methods, thus making
CRISPR one of the most important technological breakthroughs of this

century.

There are three main classes of the CRISPR/Cas system. Class I
and III systems utilize a multi-protein effector complex to cleave
invading DNA. By contrast, class II systems require only a single
effector protein and are thus more advantageous for genome editing. The
Cas9 protein from Streptococcus pyogenes is the effector protein most
widely used for genome editing. More recently, the single effector Cpfl
has been demonstrated to be another highly effective tool for genome
engineering (Zetsche et al. 2015a). The Cas9 effector protein from S.
pvogenes revealed the existence of a two-component system; Cas9
endonuclease for generating targeted DSBs coupled with a single

chimeric guide RNA (gRNA), which are short programmable sequences
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that base pairs with complementary DNA in the targeted genome and
provide a genomic address for the associated generic Cas9 protein to
locate the target locus (Jinek et al. 2012) (Fig. 4). There is some evidence
showing the toxic effects of Cas9 when expressed at high levels using

binary expression systems (Port and Bullock 2016).

A B
BACTERIAL/ARCHEAL IMMUNITY GENOME EDITING

Cas9
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Figure 4. CRISPR-Cas system for two-component genome editing. (A) A Cas
effector protein is targeted to a PAM-containing DNA target by a ctRNA and tracrRNA.
The invading DNA is subsequently cleaved by the RuvC and HNH nuclease domains,
generating a DSB. (B) A two-component system composed of Cas9 and a single
chimeric gRNA can cleave genomic DNA containing a PAM sequence. Target
specificity is determined by 20 nucleotides at the 5’ end of the gRNA, allowing the
researcher to program the Cas9 cleavage (Adapted from Bier et al. 2017).

Cas9 can be used either as DNA, mRNA, or in protein form, or
can also be transgenically expressed (Bassett and Liu 2014; Housden et
al. 2014, 2016; Gratz et al. 2015a,b; Housden and Perrimon 2016; Port
and Bullock 2016b). Species-specific features such as recognition of
different Protospacer Adjacent Motif (PAM) sequence and size of the
nuclease within a given type of CRISPR/Cas system have also been used
to diversify genome-engineering capabilities, as it expands the

availability for targeting and the size of the nuclease, with smaller
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variants being more easily delivered into the cells (Gasiunas ef al. 2012;
Cong et al. 2013; Esvelt et al. 2013; Hou et al. 2013; Kleinstiver et al.
2015; Ran et al. 2015; Zetsche et al. 2015a). PAM is a short stretch (3-

8 bp) of DNA that serves as a binding signal for Cas9 and is present
upstream of the target region. PAM sequences 5'-NGG-3' are relevant in
the case of SpCas9, while saCas9 from Staphylococcus aureus and
StCas9 from Streptococcus thermophilus specifically recognizes the
PAM motifs 5-NNG-3’, 5-NNGRR(N)-3' and 5-NNAGAAW-3',
respectively. In all cases, "N" represents any base followed by two

guanines ("G"), where "R" is G or A and "W" represents T or A.

Various studies reported the application of CRISPR/Cas9 for gene
editing in protists (Ghorbal et al. 2014; Grzybek et al. 2018). Indeed,
successful knock-out and gene silencing have been described in
trypanosomatids 7rypanosoma spp., and Leishmania spp. (Lander et al.
2015; Peng et al. 2015), as well as multi-gene editing in Dictyostelium
(Sekine et al. 2018) and gene editing in several species of diatoms
(Hopes et al. 2016). CRISPR/Cas9 has been successfully used by
different Cas9/sgRNA delivery methods into the cells through: (i) co-
transfection of Cas9 protein/gRNA ribonucleoprotein complex via
electroporation or liposome-meditated transfection (Soares Medeiros et
al. 2017), (i1) electroporation of all-in-one vector containing Cas9 gene
and sgRNA (Stukenberg ef al. 2018), and (ii1) by creating cell lines stably
expressing Cas9, in which only sgRNAs are required to target specific

genes (Peng et al. 2015; Aygul et al. 2018).
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2.4 RNA interference (RNAI)

RNAi mechanism regulates gene expression through small (~20-30 nt),
noncoding RNAs (ncRNA) that target transcripts for silencing in a
sequence-specific manner. It was first described in Caenorhabditis
elegans (Fire et al. 1998), after which it was identified in a wide array of
organisms. In the classical RNAi pathway, a double-stranded RNA
(dsRNA) molecule identical to the target sequence is recognized and
cleaved by Dicer (RNaselll enzyme) into short (20-30 nt) double-strand
fragments that get loaded into an RNA-Induced Silencing Complex
(RISC). The passive strand gets further degraded, activating RISC to use
the other strand i.e. the guide strand, which has a perfect or near-perfect
complementarity to target transcripts for Argonaute-mediated
transcriptional or post-transcriptional silencing (Portnoy et al. 2011;
Hannus et al. 2013). RNAi is a very powerful tool to study gene
functions in organisms, especially in those, which lack HR and are
thereby limited to traditional gene knock-out techniques. In protists,
RNAi pathways are highly diverse, functionally specialized and
composed of unique small ncRNA classes and different Argonaute
proteins (Braun et al. 2010; Shi et al. 2000; Prucca et al. 2008; Zhang et
al. 2008). Preliminary data showed the presence of Dicer and Argonaute
in the D. papillatum genome, which suggests that it is meaningful to try

this technique in diplonemids in the future (our unpublished data).
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3. Nuclear genome, polycistronic transcription and mRNA splicing in

diplonemids

The kinetoplastids are the only group within Euglenozoa for which high-
quality nuclear genomes are available mainly due to their medical
significance (Berriman et al. 2005; El-Sayed et al. 2005; Ivens et al.
2005). Moreover, a draft nuclear genome is being generated for D.
papillatum. The approximate size of its nuclear genome is around 240
Mbp. It is of highly repetitive nature, especially in intergenic
regions (unpublished data; G. Burger, personal communication). The
unusual feature of D. papillatum, known only from a handful of
eukaryotes including trypanosomes, is its chromosomal gene
organization, in which genes are arranged in long polycistronic
transcription units of huge number of open reading frames (unpublished
data). The complex processing of nuclear primary transcripts involving
mandatory trans-splicing is a common feature among Euglenozoa yet has
been thoroughly studied only in trypanosomes (Huang and van der Ploeg
1991; Ullu ef al. 1993) and to some extent in euglenoids (Tessier et al.
1991). A similar mRNA processing process exists in nematodes (Krause
and Hirsh 1987) and in trematodes (Rajkovic et al. 1990), and more

recently was also found in some chordates (Vandenberghe et al. 2001).

Primary nuclear transcripts are processed by trans-splicing of a
short sequence (for example, 26-39 nt long in most euglenozoans) called
spliced leader (SL RNA) (Walder et al. 1986; Tessier et al. 1991; Frantz
et al. 2000; Mayor and Floeter-Winter 2005). Although they differ in
numerous components, the players behind cis general trans as well as SL

trans splicing are similar. In case of cis-splicing, the splice donor and
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acceptor sites lie on the same RNA strand, separated by the intron
sequence, which contains the branch point adenosine (Stover et al. 2005;
Lasda & Blumenthal 2011). The spliceosomal small nuclear
ribonucleoprotein particle recognizes the splice site boundaries and
catalyzes the frans-esterification reaction, thus pairing a 5’ (donor) and a
3’ (acceptor) splice site, followed by the removal of the intronic RNA
sequence between them (Stover et al. 2005). Both general trans-splicing
and SL trans-splicing also rely on the presence of a 5" splice site
sequence on one RNA molecule, a branchpoint polypyrimidine tract, and
a 3’ splice site sequence. The exact consensus sequence for each of these
elements varies slightly among different organisms (Lasda & Blumenthal

2011).

The SL trans-splicing requires a special class of non-coding small
nuclear RNAs, called SL RNAs. These molecules contain two
functionally distinct moieties: the 5’ part consists of the leader sequence
that is spliced onto a pre-mRNA, along with the SL RNA
methylguanosine cap; the 3’ part contains a binding site for the Sm
protein complex, which also binds the RNAs involved in intron splicing
(Stover et al. 2005). These two moieties are separated by a splice donor
site (GU dinucleotide). In 5" UTR of pre-mRNA the AG splice site
(acceptor site) and a conserved adenosine, used as a branch point, are
located. Between them a polypyrimidine (Py) tract is present (Mayor and
Floeter-Winter 2005; Lasda & Blumenthal 2011; Preuller et al. 2012).
Thus, a nuclear machinery trans-splices the leader sequence to the splice
acceptor sites (AG dinucleotides) in the 5’ region of target pre mRNAs.

As a result, many or even all mRNAs in a given species that employes
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SL trans-splicing have a common sequence at their 5’ ends (Stover ef al.

2005; PreuBer et al. 2012).

Similarly to the much more widespread cis-splicing, the trans-

splicing process is mediated by spliceosomes and proceeds through two
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Fig. 5. Mechanism of trans-splicing. Depicted is the SL RNA and a pre-mRNA,
including the conserved branch point adenosine, the polypyrimidine tract (Y)n, and the
protein-coding exon (as part of a long polycistronic transcript). Part of the consensus
sequences at the 5" and 3’ splice sites (5_SS; 3_SS) are shown as well. The first trans-
esterification step involves a nucleophilic attack of the 2" OH of the branchpoint
adenosine at the 5’ splice site. Intermediates are the free SL mini-exon and the SL
intron/protein-coding exon in form of a so-called Y-structure with the characteristic 2'—
5" phosphodiester linkage. In the second step, the free 3’ OH of the 5’ SL mini-exon
attacks the 3’ splice site of the protein-coding exon. Joining of the SL RNA and the
protein-coding exon into a single mRNA, and the intron is released in the form of a Y-
structure, which undergoes debranching and degradation (Adapted from PreuBer et al.
2012).
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transesterification steps, but a so-called Y structure is formed instead of a
lariat (Fig. 5). The first transesterification step involves a nucleophilic
attack of the 2" OH of the branch point adenosine at the 5" splice site.
Intermediates are the free SL mini-exon and the SL intron/protein-coding
exon in the form of a Y-structure with the characteristic 2'-5'
phosphodiester linkage. In the second step, the free 3' OH of the 5’ SL
attacks the 3’ splice site of the protein-coding exon. As a result, the first
39 nucleotides of the SL RNA and the protein-coding exon are joined
with each other, yielding a single mRNA with the released intron in the
Y-structure, which subsequently undergoes debranching and degradation

(Liang et al. 2003; PreuBler et al. 2012).

The SL-RNAs sequence is weakly conserved among Euglenozoa
but includes a consensus binding site (Frantz et al. 2000; Tessier et
al.1991). Its length ranges from 26 nt in euglenids to 39 nt in both
kinetoplastids and diplonemids (Sturm et al. 2001). Recent single-cell
genomic data from 10 deep-sea pelagic diplonemids confirmed the
presence of the SL RNA genes in all of them (Gawryluk et al. 2016). In
addition, in D. papillatum nuclear DNA, numerous SL like sequences are
scattered throughout the genome, but only one sequence is the true SL
RNA gene being present in about 500 copies) (our unpublished data).
With SL RNA the m’G cap is added to each protein-coding mRNA, thus

ensuring its stability and eventual translation (Stover ef al. 2005).

Finally, polyadenylation is coupled with trans-splicing (Lasda &
Blumenthal 2011; Clayton 2016). The pre-mRNA is first cleaved
endonucleolytically at a specific site that is followed by sequential

addition of AMPs to the hydroxyl group at the 3’ end of the mRNA. The
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cleavage site is usually a conserved hexanucleotide AAUAAA, located

10 to 30 nt upstream of this 3’ end (Clayton 2016).

4. Mitochondrial genome architecture and gene expression

Euglenozoa in protists carry a single large mitochondrion per cell, while
the least known symbiontids exhibit a reduced hydrogenosome-like
mitochondrion with either reduced or absent cristae (Breglia et al. 2010;
Edgcomb et al. 2011; Yubuki ef al. 2013). In euglenids, mitochondrial
(mt)DNA is linear and likely uniformly distributed in the mitochondrial
lumen. Kinetoplastids contain circular covalently linked DNA, which is
either supercoiled and free, or relaxed and interlocked into a single
network (Faktorova ef al. 2016). Their mtDNA is comprised of dozen of
maxicircles and thousands of mutually concatenated minicircles (Luke$
et al. 2002; Povelones et al. 2014; Read et al. 2016). In all euglenozoans,
mtDNA is transcribed into polycistronic tracts that are
endonucleolytically cleaved and further trans-spliced and/or edited

(Flegontov et al. 2011; Faktorova et al. 2016).

The mitochondrial genome architecture, gene structure and
expression in diplonemids are extremely unusual. All extant
mitochondria evolved from a single endosymbiotic event, but their
genome was subject to dramatically different lineage-specific
development and thus exhibits considerable diversity (Burger et al.
2016). In all diplonemid studied so far, mitochondrial chromosomes are
circular (Roy et al. 2007; Kiethega et al. 2011; Yabukiet al. 2016)
carrying highly fragmented genes, the transcripts of which are post-
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transcriptionally assembled into contiguous mRNA by frans-splicing

(Vlcek et al. 2011; 2013; Moreira et al. 2016).

The first molecular study of a diplonemid mitochondrial gene was carried
out on the model species D. papillatum. Although a complete coxl
transcript was recovered, no contiguous gene could be identified in the
mtDNA (Maslov et al. 1999). Only later studies showed that gene
identification is complicated by their highly fragmented nature. The
mitochondrial genome of D. papillatum consists of a complex array of
small covalently closed chromosomes of at least 81 different sequences,
which fall into two size categories (6 and 7 kbp) (Fig. 6) (Marande et
al. 2005).
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Figure 6: Transcription and transcript processing in D. papillatum mitochondrial
DNA. Structure of a mitochondrial chromosome with the unique region (“cassette”),
which encodes gene module and the non-coding constant region (Adapted from
Kiethega et al. 2013).

About 95% of a chromosome’s length shares its sequence with
that of the other members of its class, with only ~ 5% of the sequence
being unique. This unique region referred to as a ‘cassette’, includes a

coding sequence, notably a gene fragment (‘module’) 40 to 540 nt long
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(Fig. 6) (Marande and Burger 2007; Kiethega et al. 2013). Each module
is transcribed independently together with long neighboring regions.
Next, each long precursor molecule undergoes RNA processing
involving removal of the non-coding regions, 3" module polyadenylation,
RNA editing by substitution (C-to-U and A-to-I) and by the addition of
uridines (U-appendage) (Fig. 7).
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Figure 7. Mitochondrial gene structure and gene processing. The depicted gene
consists of 3 modules, which are all transcribed separately. The primary transcript
includes long stretches of the constant region which is common to both classes of
mitochondrial chromosomes. The class-specific regions (bright and pale blue) are
adjacent to the cassette (light gray). Each cassette contains a gene fragment (module m1
to m3, yellow shades). Transcription starts and ends within the constant region and the
transcripts thus require extensive end processing. Substitution editing at clustered sites

is illustrated for module 1, symbolized by the dinucleotide CA that is converted to UL
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U-appendage editing is shown for module 2, to which two Us are added at its 3 end
prior to trans-splicing. Module 3 undergoes polyadenylation (Adapted from Burger et
al. 2016).

All modules of a given gene are further frans-spliced together in a
defined order, into a contiguous, single-gene mRNA (Marande et al.
2005; Marande and Burger 2007; Vlcek et al. 2011; Kiethega ef al. 2013;
Valach et al. 2014). The aforementioned RNA processing steps occur in
parallel mode with trans-splicing. The only exception is uridine (U)-
appendage editing, which must be completed before the corresponding
terminal part of the module is joined to its downstream module or, in the
case of terminal modules, before it is polyadenylated (Kiethega et al.
2013; Valach et al. 2014; Faktorova et al. 2018). The intermediates of the
mitochondrial trans-splicing in D. papillatum occur at a detectable
steady-state level. The transcripts assembly does not seem to proceed in a
defined order (e.g. from 3’ to 5’ or vice versa). Instead, module transcript
assembly appears to start simultaneously with any cognate pair and to
proceed in parallel until completion (Kiethega et al. 2013 and Moreira et

al. 2016).

Various molecular and in-silico studies proved that trans-splicing
in diplonemids is different from the intron-based (trans)-splicing, as
neither of the conserved group I or group II intron sequence motifs, nor
highly conserved spliceosomal intron motifs were detected in the regions
adjacent to the coding modules (Kiethega et al. 2011). Additionally,
module junction sites differ from all known insertion points of organellar
introns which further diminishes the possibility of the presence of

discontinuous group I and II introns. Hence, the nature of these trans-
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acting factors and/or machinery involved in this process remains to be
established (Kiethega et al. 2013; Valach et al. 2014; Moreira. et al.
2016).

The number of mitochondrial chromosomes and module/cassette
arrangements and module content vary considerably among diplonemids.
In D. papillatum 76 out of its 81 mapped chromosomes carry a single
cassette with a single module (mono-module/mono-cassette
organization), while three cassettes enclose two modules (two-
module/mono-cassette) and two cassettes are without an identified
module (Moreira et al. 2016, Valach et al. 2016). In case of D.
ambulator, 21 out of 40 distinct chromosomes contain multi-modules
either in the single cassette or multi-cassette arrangement. In case of R.
euleeides, 10 chromosomes out of 66 carry multi-modules (Valach et al.
2016). Recent studies showed that the hemistasiids have even much more
fragmented genomes, with many gene modules existing in multiple non-
identical copies, leading to highly heterozygous gene sequences.
Moreover, the length of modules is half of their average size in classical

diplonemids (Yabuki ef al. 2016).

The mitochondrial gene content in diplonemids studied so far is
quite conventional, specifying proteins of the respiratory chain, and the
large (LSU) and small subunit (SSU) rRNAs (Vlcek et al. 2011,
Moreira et al. 2016; Valach et al. 2017). However, the amount of DNA
in their mitochondrion is by all means unconventional. Indeed, the
estimated size of the D. papillatum mitochondrial genome is 250 Mbp
and represents the largest amount of DNA documented in any bacterium-

derived organelle and is unusually GC rich (46.5% A+T), even more than
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the corresponding nuclear genome (Lukes ef al. 2018). Interestingly, D.
papillatum also employs a non-standard genetic code in its
mitochondrion with the UGA stop codon reassigned as tryptophan, and

additional GUG initiation codon used in a few cases (VIcek ef al. 2011).

4.1 RNA editing patterns in diplonemids

In addition to gene fragmentation and trans-splicing, RNA editing in the
mitochondrial genome of diplonemids is unique and complex, well
described at the level of nucleic acids, while the responsible machinery
remains unknown. Diplonemids possess three distinct types of RNA
editing, namely C-to-U and A-to-I substitution editing and the post-
transcriptional uridine addition (U-appendage) at 3' ends of certain
modules. All these events take place post-transcriptionally with some
differences across species, as well as across transcripts (Valach et al.
2016). About half of the U-appendage sites are shared among four
previously studied four diplonemids (D. papillatum, D. ambulator, R.

euleeides and F. neradi).

RNA editing was first observed in the cox/ gene of D.
papillatum which is fragmented into 9 modules, with six Us inserted
between its fourth and fifth modules (Marande 2007). Initially, this U-
insertion was considered a rare event, but afterwards U-appendages were
found in many transcripts, with most sites shared among the studied
species. Earlier, Physarum polycephalum, a myxomycete was the only
known eukaryote to use more than one type of editing in its

mitochondria: co-transcriptional nucleotide insertions and occasional
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deletions (Gott et al. 2005), as well as post-transcriptional C-to-U
deaminations (Bundschuh et al. 2011). In the mitochondrial LSU rRNA
of D. papillatum, 26 Us are added between modules 1 and 2 and it was
demonstrated that Us were added upstream of module junctions before
trans-splicing took place (Valach ef al. 2014; 2016). RNA editing is also
present in all other examined Diplonema, Rhynchopus and in Hemistasia
species. Many U-appendage sites are shared among them while the
pattern of substitution RNA editing varies more significantly (Moreira et

al. 2016).

4.2 Prediction of RNA editing machinery in diplonemids

The three distinct types of RNA editing (C-to-U and A-to-I substitutions,
and U-appendage) in the D. papillatum mitochondrion affect both pre-
mRNAs and pre-rRNAs. Out of 18 D. papillatum mitochondrial genes,
the transcripts of 15 of them are edited with a total of ~350 nt changed or
added. So far, the corresponding RNA editing machinery remain
completely unknown, yet it is likely that it is not directed by cis-motif to
the editing sites (Kiethega ef al. 2013; Moreira et al. 2016; Valach et al.
2016).

For the U-insertions and deletions, a “cut-and-reseal” strategy has
been described in the mitochondrion of kinetoplastid flagellates. The
information for the exact U-insertions and/or deletions is provided by
small (~50-nt-long oligo-uridylated) and abundant RNA molecules called
guide RNAs. The process is highly complex and requires the activity of

up to 100 specialized proteins constituting several complexes
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(Aphasizhev and Aphasizheva 2011; Read ef al. 2016). Although similar
small RNA molecules could guide frans-splicing and RNA editing also in
diplonemids, such molecules seem to be absent from the D. papillatum

mitochondrion (Faktorova et al. 2018).

C-to-U editing is particularly common in plants, while A-to-I
substitutions are mostly restricted to the nucleus of mammals with both
events catalyzed by cytidine and adenosine deaminases, respectively (Sun
et al. 2016). Nucleus-encoded RNA-binding proteins, such as
pentatricopeptide repeats (PPR) proteins in plants and likely also in other
organisms such as Heterolobosea (Fu et al. 2014; Knoop et al. 2010) are
known to contribute to the organellar RNA editing (Yagi et al. 2013).
Both the land plants and the distantly related heterolobosean protists
encode DYW-type PPR proteins (Rudinger et al. 2011; 2013; Fu et al.
2014), the presence of which in the D. papillatum genome would indicate
C-to-U editing. Preliminary bioinformatics searches indeed showed that
it contains multiple members of several families of RNA-binding
proteins (PPR, KH and Zinc-finger domains), thus representing
promising candidates for future functional studies in diplonemids (Burger
and Valach 2018). The A-to-I and C-to-U substitutions in animal mRNAs
and tRNAs are performed by RNA- or tRNA-specific adenosine
deaminases (ADAR and ADAT) or the apolipoprotein B mRNA editing
complex ("APOBEC") comprising a catalytic subunit. In all these
enzymes, the deaminase domains, which share several catalytic features,
are present (Gerber ef al. 2001). Hence, the substitution RNA editing
could be performed by their homologs in the D. papillatum
mitochondrion (Valach et al. 2016).
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The U-appendage editing has so far not been reported from
outside of diplonemids, but it is worth noting that homologs of
uridylyltransferase 2 (TUTase 2), which is critical for the U editing in
kinetoplastids, are present and thus constitute potential candidates that
may play a role in the addition of terminal Us to the RNA modules in
diplonemids (Valach et al. 2016). In any case, the identification of
proteins performing RNA editing and SL trans-splicing will require
extensive functional and biochemical studies (Valach et al. 2016).
Moreover, several RNA ligases that reseal RNA indel editing sites in the
kinetoplastid mitochondrion or, alternatively, RtcB-type ligases that join
the ends of tRNA halves after intron removal, were found in the
mitochondrion of D. papillatum (G. Burger et al., unpublished data) and

represent other attractive candidates for knock-outs or knock-downs.
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Diplonemids were recently found to be the most species-rich group of marine planktonic protists. Based
on phylogenetic analysis of 18S rRNA gene sequences and morphological observations, we report the
description of new members of the genus Rhynchopus - R. humris sp. n. and R. serpens sp. n., and the
establishment of two new genera - Lacrimia gen. n. and Sulcionema gen. n., represented by L. lanifica
sp. n. and S. specki sp. n., respectively. In addition, we describe the organism formerly designated as
Diplonema sp. 2 (ATCC 50224) as Flectonema neradi gen. n., sp. n. The newly described diplonemids
share acommon set of traits. Cells are sac-like but variable in shape and size, highly metabolic, and sur-
rounded by a naked cell membrane, which is supported by a tightly packed corset of microtubules. They
carry a single highly reticulated peripheral mitochondrion containing a large amount of mitochondrial
DNA, with lamellar cristae. The cytopharyngeal complex and flagellar pocket are contiguous and have
separate openings. Two parallel flagella are inserted sub-apically into a pronounced flagellar pocket.
Rhynchopus species have their flagella concealed in trophic stages and fully developed in swimming
stages, while they permanently protrude in all other known diplonemid species.
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Introduction

Diplonemids are colorless heterotrophic, predomi-
1 : nantly marine protists, equipped with two flagella.
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ically and medically relevant kinetoplastids (AdI
et al. 2012; Maslov et al. 1999; Moreira et al.
2001). For a long time, diplonemids were consid-
ered a small and rare group of flagellates with only
three genera and less than a dozen species for-
mally described (Massana 2011; Simpson 1997;
Vickerman 2000; von der Heyden et al. 2004).
However, they emerged from obscurity thanks to
molecular analysis of hundreds of planktonic sam-
ples collected across the globe by several research
expeditions (de Vargas etal. 2015; Lara et al. 2009).
The recent Tara Oceans 18S rRNA-based metabar-
coding survey revealed remarkable diversity and
abundance of marine diplonemids: with over 45,000
operational taxonomic units (OTUs), they qualify as
the most species-rich marine planktonic eukaryotes
(David and Archibald 2016; Flegontova et al. 2016).
Furthermore, diplonemids show cosmopolitan dis-
tribution with different lineages being abundant
and often dominant in most ocean niches, from
shallow littoral sediments (Larsen and Patterson
1990) to deep aphotic pelagic waters (de Vargas
et al. 2015; Flegontova et al. 2016; Gawryluk
et al. 2016; Lara et al. 2009), hydrothermal vents
(Lépez-Garcia et al. 2007), and down to poorly
studied abyssopelagic zones (Eloe et al. 2011;
Scheckenbach et al. 2010).

According to 18S rRNA-based phylogeny,
diplonemids represent a monophyletic group which
can be subdivided into four robustly supported
lineages: (i) the so-called classic diplonemids,
hereafter referred to as Diplonemidae, consisting
of the genera Diplonema and Rhynchopus; (ii)
a small planktonic clade containing the genus
Hemistasia; (iii) a deep-sea pelagic diplonemids
(DSPD) clade | and (iv) DSPD clade Il (Flegontova
et al. 2016). DSPD | diplonemids were recently
formally described as Eupelagonemidae (Okamoto
et al., submitted; this work). While this phylogeny
shows a clear support for diplonemid monophyly,
the relationships between these major lineages are
unclear. Most of the species richness is apparently
confined within the hyperdiverse Eupelagonemi-
dae clade which, together with DSPD II, was until
recently known exclusively from environmental
sequences, and we still lack any cultured rep-
resentative (Flegontova et al. 2016; Lara et al.
2009; Lukes et al. 2015). However, the single-cell
approach provided a first glance at morphological
diversity and genomic characteristics of members
of the Eupelagonemidae, although it was stressed
that poor quality of genomic assemblies and pos-
sible contamination necessitates establishment of
stable cultures (Gawryluk et al. 2016).

60

New Diplonemids From Japan 159

Despite their abundance, huge diversity and
consequently importance in marine food webs,
very little is known about the behavior as well as
molecular, morphological and biochemical traits of
diplonemids (David and Archibald 2016). Indeed,
there are only four species altogether for which
both morphological observations and sequence
data, albeit limited, is available: two members of
the genus Diplonema - D. papillatum (Maslov
et al. 1999; Porter 1973) and D. ambulator (Busse
and Preisfeld 2002; Montegut-Felkner and Triemer
1996; Triemer and Ott 1990; Triemer 1992), and a
single species for each of the genera Rhynchopus
and Hemistasia, namely Rhynchopus euleeides
(von der Heyden et al. 2004; Roy et al. 2007)
and Hemistasia phaeocysticola (Elbrachter et al.
1996; Yabuki and Tame 2015), respectively. How-
ever, virtually all molecular studies, such as the
analysis of mitochondrial RNA editing and frans-
splicing, were performed solely on D. papillatum
(Kiethega et al. 2013; Marande et al. 2005;
Marande and Burger 2007; Moreira et al. 2016;
Vicek et al. 2011;). Otherwise, a few other species
known from early morphological studies, namely
Diplonema breviciliata (Griessmann 1913), D. nigri-
cans (Schuster et al. 1968), D. metabolicum
(Larsen and Patterson 1990), Rhynchopus amitus
(Skuja 1948), and R. coscinodiscivorus (Schnepf
1994), lack any molecular data and are unavail-
able in culture. Moreover, several putative species
have been classified according to their 18S RNA
gene sequences and are available at the Ameri-
can Type Culture Collection (ATCC) but lack proper
morphological description (von der Heyden et al.
2004).

Diplonemids belonging to the genera Diplonema
and Rhynchopus, or Diplonemidae, were only
marginally present in the global metabarcoding
dataset (Flegontova et al. 2016). Still, the number
of putative diplonemid OTUs revealed by envi-
ronmental molecular barcodes available on public
databases greatly exceeds the currently recog-
nized number of species. Despite their newly
discovered abundance and diversity, to the best
of our knowledge, no new classic diplonemid
species have recently been described. Therefore,
we attempted to establish axenic cultures by man-
ual picking of diplonemid-like cells from samples
collected in surface waters around Japan. Based on
phylogenetic analysis of nearly full-size 18S rRNA
gene sequences and morphological observations
using electron and light microscopy, we report the
description of four new diplonemid species and two
new genera. In addition to this, we create a novel
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genus to accommodate a protist previously referred
to as Diplonema sp. 2 (ATCC50224).

Results

Molecular Phylogeny

We have created three datasets differing by the
composition of the outgroup and analyzed them
using maximum likelihood and Bayesian inference
(see Methods for details). Both methods applied
on the dataset K (diplonemids rooted with kineto-
plastids only) yielded a highly congruent topology,
differing mainly by branching support of some
clades (Fig. 1). The monophyly of Diplonemidae,
including new members described in this study (see
Taxonomic summary), is highly supported. While
the internal relationships in Diplonemidae cannot
be clearly resolved, there are three main robustly
supported clades: (i) a clade containing D. papilla-
tum, D. ambulator and Diplonema sp. ATCC50232,
as well as several environmental sequences; (ii)
a clade comprising of Rhynchopus euleeides
(ATCC50226), Rhynchopus sp. (ATCC50229) and
a few sequences from uncultured isolates, as well
as two Rhynchopus spp. introduced into culture
during of this study and formally described as new
species R. humris sp. n. and R. serpens sp. n.
(see below). The last main group identified within
Diplonemidae is an abundant assemblage of envi-
ronmental sequences (iii) described here for the
first time, which is represented by an isolate intro-
duced into culture and formally described as a new
genus and species Lacrimia lanifica gen. n., sp. n.
(see below). Diplonema sp. 2 (ATCC50224) is for-
mally described here as Flectonema neradi gen.
n., sp. n. (see below) branches outside of these
three main clades along with one environmental
sequence (i.e., EU635682), although this position
is not highly supported. Finally, YPF1618, formally
described in this study as Sulcionema specki gen.
n., sp. n. (see below), is shown to be the most basal
lineage of all classic diplonemids, including the new
members.

We have tested the alternative positions of F.
neradi and S. specki using the AU-test. The con-
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strained ML tree in which F. neradi and Diplonema
species form a clade is not rejected (p-value: 0.121)
and the other constrained ML tree showing the
monophyly of F. neradi, S. specki and Diplonema
species is not rejected either (p-value: 0.077).

Analyses of auxiliary datasets with outgroup
expanded by the addition of euglenids (E) or
euglenids and heteroloboseans (H) yielded very
similar topologies to that of dataset K. Composi-
tion of individual ‘genus-level’ clades remained the
same, however, the branching order mainly within
the Diplonema and Rhychopus clade slightly dif-
fered in nodes with low support in dataset E. In
dataset H, Rhynchopus branched with the new
clade containing Lacrimia lanifica to the exclu-
sion of Diplonema and the overall support for both
datasets decreased, most likely due to the more
diverged outgroup sequences and lower number
of characters available for analysis (Supplementary
Material Fig. SA1A, B).

Light Microscopy

In order to characterize five strains that in phyloge-
netic analyses formed novel species, we proceeded
to their morphological characterization. Differences
on the light microscopy level, while not substantial,
were sufficient for their distinction (Table A1A).

Rhynchopus humris

Cells cultivated axenically in a fresh, nutrient-rich
medium (=trophic cells) are uniform in size and
shape. The cells are of elongated to elliptical shape,
dorsoventrally flattened, and narrowed at both ends
(Fig. 2 A). The length ranges from 12.5 to 16.4 pm
(14.54+1.2um; n=25), and the width is between
3.3 and 5.1 pm (4.24+0.59 um; n=25). The cells
carry two very short flagella buried in the flagellar
pocket and thus are invisible by light microscopy.
Prominent granulation is observed throughout the
cytoplasm. The cells are typically attached to the
flask bottom with a small fraction floating freely
in the medium but gradually detach as cultures
become older. The surface-attached cells move
slowly by gliding and frequently change their direc-
tion (Fig. 3A). The cells are highly metabolic which

outgroup, 133 taxa, 2000 nucleotides) inferred using IQ-Tree 1.5b under the GTR model with six relaxed rate
categories. Branching support (numbers at respective nodes) is represented by non-parametric bootstrapping
(BS) estimated from 1000 replicates using thorough algorithm in 1Q-Tree as well as by Bayesian posterior
probabilities (PP) estimated in Phylobayes 4.1 (C40 + GTR model). For Bayesian inference (BI), 0.95 probability
was used as a support criterion, d.t. means different topology of respective node in Bl compared to ML. Bold

lines represent absolute support (100 BS/1.0 PP).
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Figure 2. Differential interference contrast images of living cells. Cells of Rhynchopus humris (A), Rhynchopus
serpens (D), Lacrimia lanifica (G), Sulcionema specki(l), and Flectonema neradi (K) from nutrient-rich medium.
Note the absence of flagella in both Rhynchopus species. Cells of R. humris with partially (B) and fully developed
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Figure 3. Differential interference contrast images of live cells. Contracting-extending and twisting metabolic
movements of starved R. humris (A), R. serpens (B), starved L. lanifica (C), S. specki (D), and F. neradi (E).

Scale bar is 10 pm.

is displayed as frequent twisting and contracting-
extending movements (Table A1A).

When starved, cells reduce their size up to
7.2 x 3.2 um, and the prominent cytoplasmic gran-
ulation disappears. Rhynchopus humris gradually
develops large number of swimming cells with
unequally long heterodynamic flagella (Fig. 2B, C),
which are about twice of the body length and used
for fast cell propulsion. The swimming cells slightly
oscillate and move in a straight line but can abruptly
stop and change the direction. One flagellum is
twisted around the anterior part of the cell wob-
bling like a lasso, and the other flagellum waving
and stretched along the body (Fig. 2C). The flag-
ella are parallel-orientated and arise from subapical
flagellar pocket. No cysts were observed in either
starved or old batch cultures (Table A1B). Cell divi-
sion occurs by binary fission from the anterior to
posterior end, producing two equal daughter cells.

DAPI staining of the DNA reveals that in R. hum-
ris, the nucleus is often located proximally to the

cell's periphery (Fig. 4A, B). In most cells, a network
of mitochondrial DNA is located peripherally under
the plasma membrane (Fig. 4A), clearly without any
kinetoplast-like structure. The patchy character of
mitochondrial DNA staining was often observed in
R. humris, in both starved and non-starved cells
(Fig. 4B).

Rhynchopus serpens

Cells in nutrient-rich medium (trophic cells) are con-
sistent in morphology and have little variability in
size. The cells are elongated, dorsoventrally flat-
tened, tapered at the anterior, and rounded as well
as widened at the posterior ends (Fig. 2D). They
measure 21.3 to 28.7 um (26.0 £ 1.7 pm; n=25)
in length, and 7.2 to 9 um (8.0 £ 0.6 um; n=25) in
width. Numerous cytoplasmic vesicles are concen-
trated at the posterior part of R. serpens cells. The
short flagella stubs are concealed in the flagellar
pocket and invisible under light microscopy. Cells

(C) flagella, R. serpens with partially (E) and fully developed (F) flagella following starvation treatment. L. lanifica
(H), S. specki (J), and F. neradi (L) after 7-day starvation. Note the decrease of cytoplasmic granulation in all

species. Scale bar is 10 pm.
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A

Figure 4. Light and fluorescence micrographs of fixed DAPI-stained cells (A-C, F-J). Swimming (A) and trophic
(B) R. humris cells with peripheral nuclei; trophic R. serpens cell (C); non-starved L. lanificacells (F, J); a series of
images focused through non-starved S. speckicell with the nucleus in the anterior part (H); non-starved F. neradi
cells (I, J). Note that mitochondrial DNA forms a network in all species but is split into isolated aggregates in R.
humris (B) and L. lanifica (G). Fluorescence microscopy of starved live R. serpens cells stained with DiOCg(3)
reveals extensive mitochondrial network (D) or possibly fragmented mitochondria (E). Scale bar is 10 pm.



typically attach to the flask bottom, move slowly
by gliding and show frequent metabolic movements
(Table A1A; Fig. 3B).

As cultures become denser, the cells progres-
sively display greater variability in size, and often
detach from the surface. Numerous cytoplasmic
refractive bodies prominently present in cells of
well-growing cultures diminish or completely disap-
pearin aging cultures and in the starvation medium,
indicating that they possibly serve as food reserves.
The cells attain a more symmetrical shape but pre-
serve the acute apex and eventually halve in size
(13.5x 3.7 um). The swimming stages (Fig. 2E,
F) occur less frequently than in R. humris cul-
tures. The cells are symmetrical and elongated,
notably dorsoventrally compressed, tapering at the
cell apex. Two unequally long flagella (2 to 2.5 times
of the body length) are parallel and inserted into a
pronounced flagellar pocket. The swimming is slow
when both R. serpens flagella are stretched along
the body and perform waving movements (Fig. 2E;
Table A1B), whereas fast propulsion occurs when
the anterior flagellum forms a loop beating rapidly
before the anterior end (Fig. 2F; Table A1B). Cysts
are not produced. Cells divide by binary fission.

DAPI staining shows that the nucleus has a vari-
able position within R. serpens cells, and reveals a
network of mitochondrial DNA beneath the cell sur-
face forming aggregates but lacking kinetoplast-like
structures (Fig. 4C). Multiple attempts to stain the
mitochondrion with specific dyes and immunola-
belling worked only in starved R. serpens, in which
a reticulated mitochondrion was stained with 6 uM
DiOCg(3), regardless of the presence of DMSO.
In non-starved cells, the signal from the mitochon-
drion was hindered by very bright fluorescence of
cytoplasmic inclusion bodies that non-specifically
took up the DIOCg(3) dye. The staining revealed
thata mitochondrion, most likely single, forms a net-
work, which occupies a substantial part of the cell’s
periphery (Fig. 4D). In some cases, the network
seems to split into several smaller oval-shaped
organelles, which remain located under the cell sur-
face (Fig. 4E).

Lacrimia lanifica

Cells in well growing cultures are nearly isodiamet-
ric but often teardrop-shaped due to the presence
of large digestive vacuoles at the posterior end,
while the anterior end is narrowed (Fig. 2G). They
are 10.4 to 15.3pm long (13.1+1.3pm; n=25)
and 7.3 to 10.5pm wide (8.7 +0.74 um; n=25).
Lacrimia lanifica cells tend to form homogeneously
suspended cultures, and invariably possess two
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unequally long flagella (about the body length)
inserted sub-apically into a conspicuous flagellar
pocket. When suspended in the medium, L. lani-
fica constantly maintains rotational movement with
its two flagella (Table A1A), and is also capable
of gliding along the surface by attaching to it with
its longer flagellum. In culture, L. lanifica displays
metabolic movements mostly when attached tem-
porarily to the surface with its body or flagellum,
however, these movements become frequent when
the cells are trapped under a coverslip orembedded
in 0.5% ultralow gelling agarose (Fig. 3C). Cell divi-
sion occurs by binary fission producing two equal
daughter cells, both with digestive vacuoles, or only
one of the daughter cells receives the vacuole.

In aged and starved cultures, the cells become
notably smaller (7.5x 3.6 um) and attain more
elongated shape, however, the length of flagella
mostly remains unchanged. The food vacuoles
become small or disappear (Fig. 2H). Some of the
starved L. lanifica cells are capable of fast swim-
ming in a straight line through spiral oscillating
movement (Table A1B). No cysts produced.

DAPI staining reveals the mitochondrial network
beneath the cell’'s surface (Fig. 4F), and a nucleus in
the anterior part of the cell. Regardless of the nutri-
tion, the mitochondrial network sometimes splits
into separate small aggregates (Fig. 4G).

Sulcionema specki

Cells are noticeably flattened with tapered, slightly
crooked anterior along with rounded posterior ends,
and contain conspicuous cytoplasmic granulation
(Figs 2I, 3D). The cells range between 23.7 and
33.3pm (27.6 £2.1 pm; n=25) in length and 5.8
to 9.6 um (7.4+0.9 pm; n=25) in width although
smaller cells also occur, possibly as a result of
recent binary fission. Sulcionema specki tends to
form homogeneously suspended cultures, and pos-
sesses two equal to subequal flagella, which are
about a third of the body length and inserted sub-
apically in a flagellar pocket. The flagella support
only erratic ‘floundering’-like movement without cell
propulsion. Cells are highly metabolic, which is
displayed as frequent radical contortions, twisting,
and contraction-extension reminiscent of amoeboid
movement (Table A1A; Fig. 3D).

The cell shape, dimensions, and cytoplasmic
granulation vary considerably depending on the
age of cultures and content of nutrients in the
medium. With the age of cultures and after transfer
to the starvation medium, the S. specki cells begin
to display great morphological variability, ranging
from short oval to considerably elongated cells, with
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both ends either rounded or constricted (Fig. 2J).
The smallest cell measured only 16.3 x 5 um, with
flagella the same length as in the nutrient-rich
medium. The conspicuous cytoplasmic inclusions
greatly reduce in size or completely disappear.
Although the cells become noticeably smaller, no
fast swimming cells were observed even after 10-
day incubation in the starvation medium, and the
character of their movement remained unchanged
(Table A1B). No cysts were observed.

Mitochondrial DNA, stained with DAPI, appears
as numerous agglomerates occupying nearly the
entire cell’s subsurface (Fig. 4H). The nucleus
is mostly located at the posterior part of cells
(Fig. 4H).

Flectonema neradi

The cells in nutrient-rich medium show little vari-
ability in size and shape. They are dorsoventrally
flattened, thin and crooked as well as con-
stricted at both ends, which gives a crescent-like
shape, with granulation in the posterior region
(Fig. 2K). The length ranges from 15.9 to 20.9 pm
(18.3+1.45 um; n=25), and the width is between
3.5and 5.8 um (4.0 + 0.6 um; n=25). Flectonema
neradi cells are mostly attached to the flask sur-
face, display pronounced metaboly (Fig. 3E), move
slowly by gliding, and frequently change their direc-
tion. The species invariably possesses two equal
flagella emerging sub-apically, which are about
a fifth of the body length. Cells often temporar-
ily attach to the flask surface with one of their
short flagella and rotate around their anterior end
(Table A1A). Cell division occurs by binary fission
from the anterior to posterior end, producing two
equal daughter cells.

No fast swimming stages or cysts can be
observed in old batch cultures and after the star-
vation treatment. Starved cells are short and
mostly rounded, or have constricted posterior ends
(Fig. 2L). The dimensions of cells reduces (down
to 6.3 x 3.1 um) along with the length of their flag-
ella. The cytoplasmic inclusions are small or absent
(Table A1B).

Mitochondrial DNA is organized as a fine network
anastomosing peripherally under the plasma mem-
brane (Fig. 41, J). The nucleus can occupy various
positions within cells.

Electron Microscopy

Scanning EM revealed relatively slight differences
in general morphology between the examined iso-
lates (Fig. 5). Rhynchopus humris (Fig. 5A, F), R.
serpens (Fig. 5B, G), S. specki (Fig. 5D, ) exhibit
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long cylindrical or rounded cells, as is the case
of L. lanifica (Fig. 5C, H), which has the cells
tapered anteriorly with subapically inserted flagella.
A cylindrical cell is also a characteristic of F. neradi
(Fig. 5E), whose distinctive feature is that the open-
ing of the flagellar pocket is extended into a curved
groove, giving the anterior end a twirl-like appear-
ance (Fig. 5J). The cell surface of all described
species is generally smooth, though some pim-
ples can occasionally be found in the anterior part
of R. serpens (Fig. 5B). Invariably, the opening to
the feeding apparatus contiguous with the flagellar
pocket is located at the anterior end. The opening is
characterized by a prominent collar-like cytostome
with an apical papillum (Fig. 5F-J).

Comparison of ultrastructural features observed
by TEM revealed similarity in the common
organelles and structures in all species examined
(Fig. 6). Immediately beneath the cell membrane
lies a single-layer corset of peripheral, evenly
spaced microtubules interlinked by fine lateral
bridges (Fig. 7A-E). These microtubules seem to
enfold the cell in a helical pattern. The corset
is absent along the zone of flagellar attachment
(Fig. 8A-E), and forms a perpendicular junc-
tion in the flagellar pocket region (Fig. 7A-E).
Tubules of endoplasmic reticulum (ER) are often
seen under the microtubular corset (Figs 6, 7).
Beneath the microtubules is a dense mitochon-
drial network anastomosing around the periphery
of the cell (Fig. 7F-J). The mitochondria contain
variable but overall exceptionally large lamellar
cristae, with the attachment to the mitochon-
drial inner membrane seen only rarely. Unlike
other species, F. neradi contains numerous short
cristae that are arranged transversely rather than
longitudinally (Fig. 70). Another prominent fea-
ture of the organelle is numerous patches of
electron-dense DNA distributed throughout the
mitochondrial matrix (Fig. 7K-O). Longitudinally
and cross-sectioned cells show large mitochon-
drial profiles extending to the areas of the flagellar
pocket and feeding apparatus (Figs 8B, D, 9F-I),
although they do not reach the zone of flagellar
attachment (Fig. 8A-E).

Analysis of longitudinally sectioned cells showed
that the flagellar pocket is deep and morpholog-
ically similar in all analyzed species (Fig. 8A-E).
Flagella arise from parallel basal bodies located in
the proximal region of the flagellar pocket. Basal
bodies are supported by the asymmetrically dis-
tributed ventral (Fig. 8B, E), intermediate (Fig. 8C),
and dorsal (not shown) microtubular roots. Flagella
of L. lanifica, F. neradi, S. specki invariably have
conventional 9 + 2 axonemal arrangement of micro-



Figure 5. Scanning electron micrographs of R. humris
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(A, F), R. serpens (B, G), L. lanifica (C, H), S. specki

(D, 1), and F. neradi (E, J). (A-E) General appearance with apical papillum (Ap) and flagellum (F). Note a
smooth cellular surface and pimples in the anterior part of R. serpens (arrowhead). (F-J) Detailed views of the
anterior part showing subapical emergence of flagella from the pocket (Fp), and adjacent feeding apparatus
(Fa) decorated with an apical papillum. Note a curved groove extended from the flagellar pocket in F. neradi

(arrow). Scale bar=1 pm.

tubules, and contain a prominent paraflagellar rod,
which has a lattice-like structure (Fig. 8C-E, H-J).
The paraflagellar rod joins the axoneme immedi-
ately after the distal transitional plate within the
flagellar pocket, and runs along its length almost
to the tip of the flagellum (Fig. 8A-E). The same
structural organization is also preserved in fully
developed flagella of starved R. humris and R. ser-
pens (Fig. 8L, M), whereas, one or both flagella
of trophic Rhynchopus cells are often rudimen-
tary, with the paraflagellar rod and some axonemal
tubules missing (Fig. 8F, G, K). Outer surfaces of
the feeding apparatus, flagellar pocket and flagella
are normally covered with a prominent glycocalyx
(Fig. 8). In R. humris, they also coated with dense
hairs (Fig. 8F, K, L), a feature that is in a less promi-
nent form occasionally found also in the apex of S.
specki and L. lanifica (data not shown).

Part of the flagellar pocket close to the basal
bodies is marked with a complex of reinforcing
microtubules (MTR) surrounded by a zone of exclu-
sion along its entire length (Fig. 8A-E). The MTR
extends into the pharyngeal complex of the feeding
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apparatus, which is located adjacent to the flagel-
lar pocket, and supports both the flagellar pocket
and pharyngeal complex along their length (data
not shown). The pharyngeal complex opens with a
cytostome and extends as a cytopharynx down into
the cell reaching up to half of its length (Fig. 9F-
J). Figure 6F shows a deep pharyngeal lumen at
the level of the nucleus. In longitudinal view, phar-
ynx appears as a horn-like structure (Fig. 9F-J). In
all studied species, the feeding apparatus consists
of fibrils arranged in a series of vanes (ribs) with
supporting elements (rods) composed of fibrils and
densely packed microtubules, and a row of lon-
gitudinally and transversely oriented microtubules
on the opposite side (Fig. 9A-E). In its vicinity, the
cytoplasm is surrounded by ER (Fig. 9A-E) and
contains numerous vesicles that eventually seem
to spread uniformly throughout the cell (Fig. 9F-
J). Their content varies in terms of electron density
and granulation and they tend to increase in size
during spreading away from the feeding appara-
tus.
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Figure 6. Transmission electron micrographs of R. humris (A, F), R. serpens (B, G), L. lanifica (C, H), S. specki
(D, 1), and F. neradi (E, J). (A-E) Longitudinal sections through the cell. (F-J) Transverse sections through the
nucleus. (B) Nucleus (N) located in posterior part of the cell. (A, C-E, G) Nucleus in anterior region next to
the bottom of the flagellar pocket (Fp), at the end of the pharyngeal lumen (P). Note large convoluted tubular
vessels (arrow) near the ceasing pharyngeal lumen (P) and one large amorphous digestion vacuole (V) (C),
numerous smaller digestion vacuoles of different contents (A, B, D, E), and little diverse vacuolar inclusions
in the cytoplasm of all cells: peroxisomes (px), lysosomes (ly). Mitochondrial network (M) is located at the
periphery; Golgi apparatus (G); ribosomes are electron-dense dots within the cytoplasm; arrowheads point to

endoplasmic reticulum. Scale bar=2 pm.

Assingle very large digestive vacuole is invariably
present in the non-starved L. lanifica cells (Fig. 6C),
while all other species possess numerous smaller
vacuoles of different content (Fig. 6A-B, D-E). A
conspicuous Golgi apparatus, with a variable num-
ber of both linear and circularized foci, is usually
found in the perinuclear region (Fig. 10F-J). The
cytoplasm is rich in free ribosomes, lysosomes,
peroxisomes, small refractive granules, likely of
reserve nature, and sparse endoplasmic reticula
that are scattered among the food vacuoles (Figs
6,7,9,10).

The nucleus is invariably large, spherical or oval,
confined by a prominent nuclear membrane with
readily visible pores (Fig. 10A-E). A persistent
densely granular nucleolus is located either cen-
trally or eccentrically within the nucleus, and may
occupy as much as its third. The heterochromatin
is highly condensed and distributed at the periph-
ery of the homogeneous nucleoplasm (Fig. 10A-E).
The nucleus commonly appears next to the bottom
of the flagellar pocket, except for R. serpens, where
it can be located both in the anterior and posterior
region of the cell (Fig. 6).

A prominent feature of L. lanifica is the presence
of large convoluted tubular vessels which lie near
the proximal end of the feeding apparatus (Figs
6C, 9H). They look like a single, mostly O-shaped
organelle, which somewhat resembles Golgi cis-
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ternae, but is larger and less electron-dense.
Occasionally, numerous small membrane-bound
droplets are seen within the vessels (data not
shown). A direct connection between the pharynx
and this organelle was not observed.

Discussion

Ribosomal RNA-based phylogenies confirm the
existence of two main diplonemid clades, (provi-
sionally) named Diplonemea and Eupelagonemea
(Okamoto et al., submitted; this work). Not sur-
prisingly, recent interest was directed to the hyper-
diverse eupelagonemid diplonemids, as these may
constitute one of the key players of the oceanic
ecosystem (David and Archibald 2016; Flegontova
etal. 2016; Gawryluk et al. 2016; Luke$ et al. 2015).
Despite their enormous diversity, they are, at least
on the level of 18S rRNA, quite uniform, which sug-
gest a recent rapid speciation (Flegontova et al.
2016). However, exhaustive sampling of 18S rRNA
sequences among Diplonemidae presented here
shows that both Hemistasia and especially classic
diplonemids contain previously unknown phyloge-
netic structuring and diversity. Classic diplonemids
were traditionally composed of just two genera:
Rhynchopus and Diplonema (Adl et al. 2012). Our
18S rRNA phylogeny supported by extensive sam-
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Figure 7. Transmission electron micrographs showing the surface ultrastructure and mitochondrial arrange-
ment of R. humris (A, F, K), R. serpens (B, G, L), L. lanifica (C, H, M), S. specki (D, I, N), and F. neradi
(E, J, 0). (A-E) Cross section demonstrating plasma membrane (pm) and single row of microtubular corset
(m) underneath it. Arrows point to the junction of microtubules in the region of the flagellar pocket (Fp). (F-J)
Transverse section showing peripheral location of the mitochondrion (M). (K-O) Mitochondria displaying char-
acteristic morphology: large lamellar cristae (cr) and abundant dense patches of DNA; nucleus (N); digestion
vacuole (V); pharynx (P); Golgi apparatus (G); endoplasmic reticulum at ER; peroxisomes at px; lysosomes
at ly. Ribosomes are electron-dense dots within the cytoplasm. Arrowheads point to fine lateral bridge. Scale

bar=0.5pm.

pling of ‘environmental’ sequences, as well as
newly described species, reveals the existence of at
least five well-supported lineages. While S. specki
and F. neradifell into rare and species-poor clades,
the third novel clade, represented here by the newly
described L. lanifica, is the most diverse of the
classic diplonemids and hence deserves further
attention. Although most of the major diplonemid
clades are robustly monophyletic, one should keep
in mind that the 18S rRNA gene lacks the phyloge-
netic resolution to uncover their interrelationships
and allow better understanding of the evolution of
these remarkable protists. This situation shall even-
tually be improved by more extensive phylogenomic
analyses employing the existence of several novel
diplonemid species in culture and/or the power of
single-cell transcriptomics.
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All diplonemid species described to date share
a common set of morphological and ultrastructural
traits. The cells are sac-like but variable in shape,
surrounded by a naked plasma membrane, which
is supported by a tightly packed corset of paral-
lel interconnected microtubules that follows a spiral
course from the apex toward the posterior end.
Such arrangement of the microtubular corset likely
allows for extreme plasticity in shape and move-
ment, as was observed in diplonemids and many
euglenids (Arroyo et al. 2012; Jeuck and Arndt
2013; Simpson 1997; Swale 1973; Vickerman
1977; this work). The ER cisternae underlying the
microtubular corset are likely involved in this active
movement (Arroyo et al. 2012). As in the two
other euglenozoan groups (Euglenida and Kine-
toplastea), diplonemids carry a single peripheral



170 D. Tashyreva et al.

i

Figure 8. Ultrastructural architecture of the flagellar apparatus in R. humris (A, F, K, L), R. serpens (B, G, M),
L. lanifica (C, H), S. specki (D, 1), and F. neradi (E, J). (A-E) Longitudinal sections through flagella (F) and the
area of flagellar attachment. In all strains, flagellar pocket (Fp) is deep and contains morphologically similar
parallel basal bodies (B) located in the proximal region; ventral (VR) and intermediate (IR) roots. Flagellar pocket
(Fp) is bordered by microtubular elements, reinforcing microtubules (MTR), which extend along and support the
flagellar pocket and the pharyngeal wall (C). Note disrupted microtubular arrangement in the flagellar attachment
zone and portions of large mitochondrion (M) in the areas of flagellar pocket (Fp) and feeding apparatus (C).
Arrowheads indicate distal and proximal transitional plates. (F-K) Cross sections showing flagellar arrangement
in trophic cells. Note characteristic 9+2 axonemal structure and lattice-like paraflagellar rod (pr) in L. lanifica
(H), F. neradi (1), S. specki (J), and lack of B-tubules of the outer doublets and paraflagellar rod in R. humris
(F) and R. serpens (G). (K) Likely, transitional stage of R. humris, where one of the flagella is fully developed
yet missing paraflagellar rod and another appears as a rudiment. (L-M) Cross sections showing presence of
conventional 9+2 arrangement plus paraflagellar rod in flagella of starved R. humris (L) and R. serpens (M).
Note flagellar hairs in R. humris (F, K, L). Arrows point to glycocalyx. Scale bars =1 um (A-E) and 0.2 .m (F-M).

highly reticulated mitochondrion containing a large
amount of mitochondrial DNA (Elbrachter et al.
1996; Faktorova et al. 2016; Marande et al. 2005;
Maslov et al. 1999; Roy et al. 2007). However, as
shown here, it is invariably arranged in numerous
agglomerates lacking the kinetoplast-like structure
characteristic for related trypanosomatids (Jensen
and Englund 2012). Similarly dispersed distribution
of the mitochondrial DNA was also described in
euglenids and some bodonids (Hayashi and Ueda
1989; Lukes et al. 2002).

Although we are the first to report a successful
staining of the diplonemid mitochondria, allowing
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the observation of its complex structure, earlier 3D
reconstruction and staining of the mitochondrial
DNA provided evidence that this organelle is reticu-
lated in other Diplonema and Rhynchopus species
as well (Marande et al. 2005; Roy et al. 2007). In all
ultrastructurally examined diplonemids, the single
branched mitochondrion contains a few long lamel-
lar cristae arranged in parallel (Elbrachter et al.
1996; Maslov et al. 1999; Porter 1973; Roy et al.
2007; Schnepf 1994; Vickerman 1977). The only
known exception is F. neradi (this work), which
not only contains a much higher number of cristae
than other diplonemids, but also has them arranged
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Figure 9. Ultrastructural architecture of the feeding apparatus in R. humris (A, F), R. serpens (B, G), L. lanifica

(C, H), S. specki (D, 1), and F. neradi(E, J). (A-E) Cross section showing the very top (B, D) and the intermediate
part (A, C, E) of cytostome (C), which is the opening into the pharynx. Pharynx consists of a series of fibrils, the
vanes (v), arranged in the form of a partial rosette, and supported by rods (R) and a row of microtubules (m). (F-J)
Longitudinal section through the pharynx, which has a horn-like structure. The ribs forming the rosettes appear
as a series of longitudinally-oriented dense lines. Note large convoluted tubular vessels (arrow) at the proximal
end of pharynx (P) in H. Arrowheads indicate endoplasmic reticulum. The microbodies, numerous membrane-
bounded vesicles, in early stages of formation surrounding the pharynx in the cytoplasm: peroxisomes at px;
lysosomes at ly. Note portions of reticulated mitochondrion (M) surrounding the feeding apparatus and the

density of ribosomes in the cytoplasm. Scale bar=0.5 um.

transversely rather than longitudinally. Other con-
spicuous cellular features of diplonemids are a
prominent Golgi apparatus, which is much larger
than in the sister kinetoplastids (Han et al. 2013) but
similar to euglenids (Becker and Melkonian 1996;
Leedale 1982), and the exceptionally large nucleoli
within the vesicular nuclei.

The architecture of the cell apex equipped with
characteristic flagellar and feeding apparatuses is
nearly identical in all studied diplonemids. The
flagellar complex has a basic configuration of
two nearly parallel basal bodies and asymmet-
rically distributed microtubular roots (Elbrachter
et al. 1996; Montegut-Felkner and Triemer 1994,
1996; Schnepf 1994). Such arrangement was
also observed in bodonids (Brugerolle et al.
1979; Brugerolle 1985) and euglenids (Kivic and
Walne 1984). In all diplonemids, the characteris-
tic feeding apparatus is arranged parallel to the
longitudinal cell axis and consists of fibrillar ribs
arranged in the form of a partial rosette, supported
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by rod bundles and accompanying microtubules,
which extend through the length of the phar-
ynx (Montegut-Felkner and Triemer 1996; Porter
1973; Schuster et al. 1968). Another common fea-
ture is a conspicuous collar-like cytostome with
an apical papillum, contiguous with the flagellar
pocket (Larsen and Patterson 1990; Montegut-
Felkner and Triemer 1996). The available SEM
and TEM images clearly document two separate
openings for the feeding apparatus and flagellar
pocket in all diplonemids (Elbrachter et al. 1996;
Montegut-Felkner and Triemer 1994, 1996; Porter
1973; Schuster et al. 1968; Triemer and Farmer
1991; this work), including R. euleeides, in which
these were incorrectly interpreted as merged into
a single opening (Roy et al. 2007). A feature dis-
tinguishing R. humris from the other diplonemids
described herein is the presence of dense hair coat
on both flagella and inside the cytostome and flag-
ellar pocket. Flagellar hairs, although of varying
fine structure, have been described in the diplone-
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Figure 10. Transmission electron micrographs of nucleus and Golgi apparatus in R. humris (A, F), R. serpens
(B, G), L. lanifica (C, H), S. specki (D, 1), and F. neradi (E, J). (A-E) Section through large nuclei of vesicular
pattern, with nuclear envelope (ne). Prominent centrally or eccentrically located nucleolus is surrounded by
dense aggregations of chromatin (ch). (F-J) Cross sections of Golgi apparatus, which appears in either linear
and/or circularized profiles, and is usually located adjacent to the nucleus/vacuoles (V). Peroxisomes at px;

lysosomes at ly. Scale bar=0.5 pm.

mid H. phaeocysticola (Elbréchter et al. 1996),
and the kinetoplastids of the genera Bodo (Eyden
1977), Cryptobia (Vickerman 1977), Rhyncho-
bodo (Brugerolle 1985) and Phyllomitus (MylInikov
1986).

Members of the genus Rhynchopus studied
so far produce two distinct stages during their
life cycle: (i) big non-flagellated trophic cells with
prominent cytoplasmic granulation and/or digestive
vacuoles, which move by gliding, and (ii) smaller,
fully motile stages equipped with two long flagella,
which usually lack digestive vacuoles and cytoplas-
mic inclusions. Both stages were observed in R.
euleeides (Roy et al. 2007), R. serpens and R.
humris (this work), Rhynchopus sp. ATCC 50230
(Simpson 1997) and in several other Rhynchopus
species (von der Heyden et al. 2004), whereas
for R. coscinodiscivorus (Schnepf 1994) and an
Isonema-like (a junior synonym of Diplonema;
Triemer and Ott, 1990) flagellate (Kent et al. 1987),
only a trophic stage has been described. This can
be explained by the fact that no observations were
made under starvation conditions, which are known
to trigger the emergence of the swimming stages
(von der Heyden et al. 2004; this study). Since all
other known diplonemid species have two perma-
nently protruding flagella (Elbréchter et al. 1996;
Larsen and Patterson 1990; Porter 1973; Schuster
et al. 1968; Triemer and Ott 1990; this work), we
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suggest that the existence of non-flagellated trophic
stages is a discriminatory morphological feature for
the genus Rhynchopus.

Flagellar stubs in trophic Rhynchopus cells often
lack ordered axonemes with 9+2 microtubular
arrangement (Schnepf 1994; Simpson 1997; this
work). However, long flagella in their respec-
tive swimming stages develop regular axonemes
accompanied by paraflagellar rods, which likely
helps hydrodynamic propulsion (Hughes et al.
2012). This was shown for Rhynchopus sp. ATCC
50230 (Simpson 1997), R humris and R. serpens
(this work), while ultrastructural data are miss-
ing for swimming stages of R. euleeides (Roy
et al. 2007), R. coscinodiscivorus (Schnepf 1994)
and the Isonema-like flagellate (Kent et al. 1987).
Paraflagellar rods are absent in trophic stages of
D. nigricans (Schuster et al. 1968), D. papillatum
(Porter 1973), and D. ambulator (Montegut-Felkner
and Triemer 1994) in agreement with the apomor-
phy suggested for diplonemids by Adl et al. (2012).
Here, we show that the flagella in trophic F. neradi,
S. specki and L. lanifica cells are paraflagellar
rod-bearing. While the latter diplonemid is capable
of fast swimming under starvation conditions, the
functions of flagellain F. neradiand S. speckishould
be further investigated, since these are used nei-
ther for substrate attachment nor for cell propulsion.
However, we might have failed to find conditions



under which cells with long swimming flagella are
produced.

Diplonemids studied herein can be distinguished
by their characteristic morphology under nutrient-
rich conditions. However, in every species the size,
shape, length of flagella and cytoplasmic granula-
tion are subject to high variability when nutrients
are limited. Hence, species determination in nat-
ural samples or under different conditions may
be difficult or even impossible. Distantly related
species may exhibit similar morphology as in case
of L. lanifica and the 4sb cell belonging to the
Eupelagonemidae clade (Gawryluk et al. 2016;
Okamoto et al., submitted; this work). The same
is true for the swimming stages of different Rhyn-
chopus species (Roy et al. 2007; this work). At
the same time, the subcellular organization is strik-
ingly similar among the representatives of different
diplonemid genera as described in this work and
elsewhere (Roy et al. 2007; Schnepf 1994; Triemer
and Oft 1990) and hence, cannot aid species
identification. Consequently, the determination and
systematics of diplonemids, at least at the species
level, will rather have to rely on the sequence data.

Due to little interspecies difference among Rhyn-
chopus and their great morphological variability
depending on nutrient availability, we argue that
identification of species should not be based
solely on morphological traits, and that obser-
vations under both nutrient-rich and starvation
conditions are needed. The freshwater lifestyle
of R. amitus suggests that this species is dif-
ferent from R. humris and R. serpens. The size
and shape of R. coscinodiscivorus (pear-shaped;
20-25 x 10-12pm) are similar to those of R.
serpens (elongated, pear-shaped; 21.3-28.7 x 7.2-
9 pm) butthe 18S rRNA sequence is unavailable for
the former species, precluding their more detailed
comparison, whereas parasitizing or predation on
diatoms is not known for R. serpens. Nevertheless,
based on the cell morphology, we conclude that L.
lanifica, F. neradiand S. speckiare different species
from previously described non-sequenced diplone-
mids. All three species are noticeably smaller, even
under nutrient-rich conditions, than D. metabolicum
(30-48 um long) and D. nigricans (40-50 wm long),
and never produce conical cells with broad ante-
rior and tapered posterior ends (Schuster et al.,
1968; Larsen and Patterson 1990). The length of
their flagella when in the trophic phase readily dis-
tinguishes them from all described Rhynchopus
species.

All diplonemids described in this study were
isolated as free-swimming cells from water sam-
ples. However, a Rhynchopus isolate with 99% of
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18S rRNA sequence identity to R. humris (Fig. 1),
was reported to cause massive infections of the
Nephrops norvegicus lobster (von der Heyden et al.
2004). Since our culture was established from a
free-swimming motile cell, we propose that it may
represent a dispersive and/or invasive stage, while
the trophic stage develops under nutrient-rich con-
ditions, such as are inside the host. It seems that
parasitism, at least transient, as well as preda-
tion, are common life strategies for members of
the genus Rhynchopus. Indeed, several species
were found to parasitize crabs, lobsters and clams
(Bodammer and Sawyer 1981; Kent et al. 1987; von
der Heyden et al. 2004), while R. coscinodiscivorus
predates/parasitizes on diatoms by invading the
frustule (Schnepf 1994). So far, the literature refers
to diplonemids mostly as to parasites or epibionts
of plants and invertebrates or as predators of
algae rather than bacterivores or detritus feed-
ers (Vickerman 2000). Specifically, D. ambulator
is involved in Cryptocoryne plant disease (Triemer
and Ott 1990), D. papillatum s associated with drift-
ing eelgrass (Porter 1973), D. metabolicum feeds
on leaves of the Halophila seagrass (Larsen and
Patterson 1990), and H. phaeocysticola feeds on
diatoms, dinoflagellates and copepods (Elbrachter
et al. 1996). Alternatively, D. ambulator and R.
euleeides may also graze bacteria and ingest detri-
tus particles (Larsen and Patterson 1990; Roy
et al. 2007). However, new extensive sequence
data from the pelagic samples (Flegontova et al.
2016; Gawryluk et al. 2016) point to the free-living
heterotrophic life style of most species.

Taxonomic Summary

Phylum Euglenozoa Cavalier-Smith 1981, emend.
Simpson 1997

Class Diplonemea Cavalier-Smith 1993, emend.
Simpson 1997

Genus Rhynchopus Skuja (1948)

Rhynchopus  humris sp. n.
Prokopchuk, Horék and Lukes$ (2018)

Description: trophic cells elongated, dorsoven-
trally flattened, narrowed at both ends;
12.5-16.4um (145+1.2um; n=25) long and
3.3-5.1 um (4.2 £ 0.59 pm; n=25) wide; prominent
granulation throughout cytoplasm. Short flagellar
stubs with disordered axonemes, lacking paraflag-
ellar rods, concealed inside flagellar pocket. Highly
metabolic, move by gliding on surfaces. Fast

Tashyreva,
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swimming stage in starved cultures; dimensions
7.2 x 3.2 um; dorsoventrally compressed; cyto-
plasmic inclusions absent. Flagella up to 2.5 times
of body length, inserted subapically, both with
regular axonemes and paraflagellar rods. Anterior
flagellum loops around cell apex; posterior flagel-
lum stretched. Nucleus in central part proximally
to cell periphery; mitochondrial cristae arranged
longitudinally; flagella pocket hairs. No cysts and
extrusomes.

Etymology: The species name is a Czech word
for lobster, which is the host of a species with 99%
18S rBNA sequence identity to YPF1608.

Type strain: YPF1608
Type material: hapantotype (OsOs-fixed slide)
and genomic DNA sample deposited at the protis-

tological collection of the Institute of Parasitology,
Biology Centre, Czech Academy of Sciences,

Ceské Budgjovice, no. IPCAS Prot 37
Gene sequence: MF422204, 18S rBNA gene,
partial sequence.

Type locality: sand filter of ‘D-1' tank in Enoshima
Aquarium, Fujisawa, Kanagawa, Japan.

Rhynchopus serpens sp. n. Tashyreva,
Prokopchuk, Hordk and Luke$ (2018)
Description: trophic cell cells elongated,

dorsoventrally flattened, tapered at the ante-
rior, rounded and widened posteriorly; numerous
cytoplasmic inclusions in posterior half; 21.3-
28.7 pm (26.0+ 1.7 pm; n=25) long and 7.2-9 um
(8.0£0.6 um; n=25) wide. Short flagellar stubs
with disordered axonemes, lacking paraflagellar
rods, concealed inside flagellar pocket. Highly
metabolic, move by gliding on surfaces. Swimming
stage in starved cultures small (13.5 x 3.7 um),
cytoplasmic granulation reduced or absent,
dorsoventrally compressed; slow swimming with
both flagella stretched along body or fast swim-
ming cells with anterior flagellum forming loop and
posterior flagellum stretched. Flagella up to 2.5
times of body length, inserted subapically, both
with regular axonemes and paraflagellar rods.
Nucleus position variable; mitochondrial cristae
arranged longitudinally. No cysts and extrusomes.

Etymology: The species name describes the
crawling movement of the cells.

Type strain: YPF1515

Type material: hapantotype (OsOs-fixed slide)
and genomic DNA sample deposited at the protis-
tological collection of the Institute of Parasitology,
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Biology Centre, Czech Academy of Sciences,
Ceské Budéjovice, no. IPCAS Prot 38

Gene sequence: MF422195, 18S rRNA gene,
partial sequence.

Type locality: Kaiike-lagoon, Koshikijima Island,
Satsuma-Sendai, Kagoshima, Japan (31°51'36"N,
129°52'29"E), surface water.

Phylum Euglenozoa Cavalier-Smith 1981, emend.
Simpson 1997

Class Diplonemea Cavalier-Smith 1993, emend.
Simpson 1997

Genus Lacrimia gen. n. Tashyreva, Prokopchuk,
Horak and Luke$ (2018)

Marine diplonemids distinguished from similar
genera by molecular phylogenetic analyses.

Type species: Lacrimia lanifica.

Lacrimia lanifica sp. n. Tashyreva, Prokopchuk,
Hordk and Luke$ (2018)

Description: cells in well growing cultures nearly
isodiametric but often teardrop-shaped, large
digestive vacuoles at posterior end, narrowed
anterior end; 10.4-15.3 um (13.1 £ 1.3 um; n=25)
long and 7.3-10.5 um (8.7 £0.74 pm; n=25) wide.
Two subapical subequal body-length flagella, with
regularly arranged axonemes and paraflagellar
rods. Cells homogeneously suspended, metabolic,
maintaining constant rotation movements; gliding
along surface by attaching with longer flagellum.
Cells in aged and starved cultures elongated
and small (7.5 x 3.6 pm), lacking food vacuoles.
Occasional fast swimming cells move in straight
line through spiral oscillating movement. Nucleus
in anterior half; mitochondrial cristae arranged
longitudinally. No cysts and extrusomes produced.

Etymology: The name (feminine) reflects the
tear-drop shape (lacrima) and spinning movement
(lanifica)

Type strain: YPF1601

Type material: hapantotype (OsOs-fixed slide)
and genomic DNA sample deposited at the protis-
tological collection of the Institute of Parasitology,
Biology Centre, Czech Academy of Sciences,

Ceské Budgjovice, no. IPCAS Prot 39

Gene sequence: MF422199, 18S rBNA gene,
partial sequence

Type locality:  Tokyo
139°39'04"E), surface water.

Phylum Euglenozoa Cavalier-Smith 1981, emend.

Bay (35°1910'N,
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Class Diplonemea Cavalier-Smith 1993, emend.
Simpson 1997

Genus  Sulcionema gen. n.
Prokopchuk, Horak and Lukes$ (2018)

Marine diplonemids distinguished from similar
genera by molecular phylogenetic analyses.

Type species: Sulcionema specki.

Sulcionema specki sp. n. Tashyreva, Prokopchuk,
Hordk and Luke$ (2018)

Description: cells in nutrient-rich medium notice-
ably flattened with tapered, slightly crooked
anterior along with rounded posterior ends, con-
spicuous cytoplasmic granulation; 23.7-33.3 um
(27.6+2.1um; n=25) long and 5.8-9.6pm
(7.4£0.9 pm; n=25) wide. Two equal to subequal
flagella third of body length, with paraflagellar
rods and regular axonemes. Cells suspended in
medium, highly metabolic, flagella support only
erratic movement. Starved cells reduce size to
16.3 x 5 um, morphologically variable, cytoplasmic
granulation reduced or absent. Swimming stage,
cysts and extrusomes not observed. Nucleus
mostly in posterior half, mitochondrial cristae
arranged longitudinally.

Etymology: The generic name (neuter) reflects
in Latin the sausage-like shape of the cells, and
the species name in German (“bacon”) refers to
lipid-like cell inclusions.

Type strain: YPF1618

Type material: hapantotype (OsOs-fixed slide)
and genomic DNA sample deposited at the protis-
tological collection of the Institute of Parasitology,
Biology Centre, Czech Academy of Sciences,

Ceské Budgjovice, no. IPCAS Prot 40
Gene sequence: MF422201, 18S rBNA gene,
partial sequence.

Type locality: Oura Beach, Shikinejima Island,
Tokyo, Japan (34°19'48"N, 139°12'29"E), surface
water.

Tashyreva,

Phylum Euglenozoa Cavalier-Smith 1981, emend.
Simpson 1997

Class Diplonemea Cavalier-Smith 1993, emend.
Simpson 1997

Genus  Flectonema gen. n.
Prokopchuk, Hordk and Luke$ (2018)

Marine diplonemids distinguished from similar
genera by molecular phylogenetic analyses. Type

Tashyreva,
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species: Flectonema neradi.

Flectonema neradi gen. n., sp. n. Tashyreva,
Prokopchuk, Horék and Lukes$ (2018)

Description: cells in nutrient-rich  medium
dorsoventrally flattened, constricted at both ends,
thin and crooked, with granulation in the posterior
region; 15.9-20.9 pm (18.3 £ 1.45 um; n=25) long
and 3.5-5.8 pm (4.0 £ 0.6 pm; n=25) wide; slowly
glide on surfaces, display pronounced metaboly,
attach to surfaces with one flagellum and rotate.
Two equal subapical flagella fifth of body length,
both with regular axonemes and paraflagellar rods.
No fast swimming stages or cysts in old batch
cultures and starvation medium. Starved cells
short and rounded, some with constricted posterior
ends, 6.3 x 3.1um, lack cytoplasmic inclusions.
Nucleus position variable; mitochondrial cristae
arranged transversely; opening of flagellar pocket
extended into curved groove. Extrusomes not
observed.

Etymology: The name (neuter) is derived from
the bent shape (flecto-), the species name is after
Thomas Nerad, the isolator of the strain.

Type strain: ATCC50224

Type material: hapantotype (OsO,-fixed slide)
and genomic DNA sample deposited at the protis-
tological collection of the Institute of Parasitology,
Biology Centre, Czech Academy of Sciences,
Ceské Budgjovice, no. IPCAS Prot 41.

Gene sequence: AF119812, 185 rRNA gene,
partial sequence.

Type locality: Gaithersburg, Maryland, USA.

Methods

Isolation and cultivation: Samples from aquaria, lagoon and
sandy beach seawater were collected around Japan. The
details on the collected samples are summarized in the Supple-
mentary Material Table SA2. The samples were inoculated into
seawater-based Hemi medium (designed in this study), con-
taining 3.6% sea salts (Sigma-Aldrich), enriched with 1% (v/v)
heat-inactivated horse serum (Sigma-Aldrich) and 0.025 g/I LB
broth powder (Amresco). The medium was supplemented with
10 wl/ml antibiotics cocktail (P4083, Sigma-Aldrich) and ster-
ilized by filtering through a 0.22 um filter. The samples were
then incubated at 20 °C. Possible diplonemid cells were isolated
under the inverted microscope CKX31 (Olympus) using glass
microcapillaries. In total, 18 strains from isolated single cells
were established. A culture of Diplonema sp. 2 (ATCC 50224)
was obtained from ATCC. All cultures were grown axenically
at 15 or 20°C in antibiotic-free Hemi medium. Additionally, for
some experiments, the cultures were starved by incubation in
a medium diluted 1:10 with seawater for up to 10 days.
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DNA isolation, PCR amplification and sequencing:
Total genomic DNA was isolated from cultures with DNeasy
Blood & Tissue Kit (Qiagen) following the protocol A
as described by the manufacturer. The nearly full-size
18S rRNA gene was amplified with universal eukaryotic
primers SA (5'-AACCTGGTTGATCCTGCCAGT-3) and SB
(5'-TGATCCTCCTGCAGGTCCACCT-3'), the amplicons were
purified and sequenced.

Phylogenetic analyses: 18S rRNA sequences of novel
diplonemid species described here were added to the exhaus-
tive dataset of euglenozoan 18S rRNA extracted from public
databases using the EukRef approach (eukref.org). The dataset
was aligned together with newly sequenced cultures using the
genafpair algorithm as implemented in Mafft v7. 305b (Katoh
and Standley 2013). Ambiguous regions were removed by eye
in Seaview 4 (Gouy et al. 2010). At this step, we created three
datasets differing by outgroup composition. In dataset K, only
kinetoplastids were used as an outgroup. This dataset com-
posed of 133 taxa and 2000 nucleotide sites. In datasets E (149
taxa and 1835 sites) and H (152 taxa, 1835 sites) outgroups
were expanded by the addition of euglenids and heterolo-
boseans and euglenids, respectively. The best fitting model of
evolution for each dataset, as well as maximum likelihood phy-
logenies under these selected models, were estimated using
IQ-Tree (Nguyen et al. 2015) with thorough non-parametric
bootstrap analysis of 1,000 replicates as a measure of branch-
ing support. Robustness of observed topologies was also tested
using Bayesian posterior probabilities as inferred by Phylobayes
4.1 (Lartillot et al. 2009) under the empirical mixture model
C40 combined with exchange rates as defined by GTR matrix
(C40+ GTR model). Two independent MCMC chains were ran
until convergence was reached (i.e. maximum observed dis-
crepancy was lower than 0.1 and effective sample size of
observed statistics was at least 100). Alternative hypotheses
on topologies of selected taxa (see Results) were tested using
an approximately unbiased (AU) test in Consel (Shimodaira and
Hasegawa 2001). For this, we first forced alternative topologies,
re-optimized the ML tree and computed per-site log-likelihood
scores in RAXML 8.28b (Stamatakis 2014).

Light microscopy: For imaging, live cells were trapped
between a slide and coverslip with edges sealed either
with nail polish or immobilized by suspending in 0.5 to 1%
ultralow gelling agarose solution (Sigma). Microscopy slides for
agarose-immobilized cells were prepared according to Reize
and Melkonian (1989). Light microscopy observations were
performed with either Olympus BX53 equipped with differen-
tial interference contrast (DIC) or Zeiss Primovert. Videos and
images were taken with a DP72 microscope digital camera at
1600 x 1200-pixel resolution using CellSens software v. 1.11
(Olympus). The images were processed using GIMP v. 2.8.14,
Irfan view v. 4.41 and Image J v. 1.51 software.

Fluorescence staining and microscopy: For DNA stain-
ing, cell pellets were fixed with seawater-based Parducz
fixative consisting of 6:1 volumes of 2% OsO4 and saturated
HgCl, solutions (Parducz 1967) for 15min, and washed thor-
oughly with distilled water. Cell suspensions were applied on
glass slides, air-dried, and mounted in ProLong Gold antifade
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reagent with 4',6-diamidino-2-phenylindole, or DAPI (Life Tech-
nologies). For mitochondrial staining, live cells in serum-free
medium were treated for 30 min with (i) 100 or 200nM Mito-
Tracker Green FM, (ii) 100 or 500 nM MitoTracker Red CMXRos,
(iii) 60 nM tetramethylrhodamine ethyl ester (TMRE), and (iv) 2,
6, 10 or 20 uM DiOCg(3) either with or without addition of 5% v/v
dimethyl sulfoxide (DMSO) (all dyes Life Technologies, USA).
Slides were prepared as described above and observed with
an AxioPlan 2 fluorescence microscope (Zeiss). In addition, we
attempted to visualize mitochondria with immunofluorescence
assay targeting mitochondrial heat shock protein (HSP) 70 with
antibodies generated against Trypanosoma brucei HSP70, as
described in Zikova et al. (2009).

Electron microscopy: For scanning electron microscopy
(SEM), pellets were fixed with the above-described Parducz fix-
ative (pH 7.4) either alone or followed by instantaneous freezing
inliquid nitrogen and freeze-drying at -60 °C under high vacuum
for 12 hours following a procedure described elsewhere (Small
and Marszalek 1969). Alternatively, fixed cells were adhered
to poly-L-lysine coated glass coverslips and dehydrated in
an increasing gradient of acetone (30% to 100%), in sets of
15min, and critical point dried using CO,. Dehydrated sam-
ples were then transferred onto SEM specimen stubs, coated
with gold/palladium in Sputter Coater Polaron chamber, and
examined using a JEOL JSM-7401-F microscope at an accel-
erating voltage of 4 kV. Conventional fixation procedure with 4%
paraformaldehyde or 2.5% glutaraldehyde followed by the dehy-
dration in ethanol series could not be used, as it resulted in
near-complete disintegration of cells. For transmission electron
microscopy (TEM), samples were prepared by high pressure
freezing technique (HPF) as described previously (Yurchenko
et al. 2014). Ultrathin sections were observed in a JEOL 1010
TEM microscope at accelerating voltage of 80 kV. Images were
captured with an Olympus Mega View IIl camera.
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Table A1A. Trophic cells in nutrient-rich medium.
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Species R. humris R. serpens L. lanifica S. specki F. neradi

Cell shape elongated, elongated, nearly round or  elongated, elongated,
terminally acute anterior  teardrop- laterally posteriorly
narrowed and round shaped flattened rounded, bent

posterior ends

Cell size, 12.5-16.4 x 3.3- 21.3-28.7x7.2- 104-153x7.3- 23.7-33.3x5.8- 15.9-20.9 x 3.5-

um? 5.1 9 10.5 9.6 5.8

Flagella stubs, buried in  stubs, buried in  subequal, as subequal, a equally long, a
flagellar pocket ~ flagellar pocket  body length third of body fifth of body

length length

Movement gliding, gliding, rotation, gliding  erratic, gliding, rotation,
metabolic metabolic with flagellum,  metabolic metabolic

metabolic

Cytoplasmic  big vesicles big posterior big posterior conspicuously  posterior

inclusions vesicles vacuole big vesicles vesicles

@measured in extended state.

Table A1B. Cells after starvation treatment.

Species R. humris R. serpens L. lanifica S. specki F. neradi

Cell shape elongated, elongated with  oval elongated with  elongated or
terminally both ends both ends rounded
narrowed rounded rounded

Cell size, 72x32 13.5x3.7 75x3.6 16.3x5 6.3x 3.1

pm?

Flagella unequally long,  unequally long, unequally long, subequal, a equally long, a
2times of body 2to2.5timesof 1to2.5timesof third of body fifth of body
length body length body length length length

Movement fast swimming, ~ fast swimming,  rotation, gliding, erratic, gliding, rotation,
metabolic metabolic metabolic, metabolic metabolic

swimming

Cytoplasmic  absent absent absent small or absent  small or absent

inclusions

asmallest measured cells.

Appendix B. Supplementary Data

Supplementary data associated with this arti-
cle can be found, in the online version, at
https://doi.org/10.1016/j.protis.2018.02.001.
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Summary

Diplonema papillatum is the type species of diplone-
mids, which are among the most abundant and
diverse heterotrophic microeukaryotes in the
world’s oceans. Diplonemids are also known for a
unique form of post-transcriptional processing in
mitochondria. However, the lack of reverse genetics
methodologies in these protists has hampered eluci-
dation of their cellular and molecular biology. Here
we report a protocol for D. papillatum transformation.
We have identified several antibiotics to which D.
papillatum is sensitive and thus are suitable select-
able markers, and focus in particular on puromycin.
Constructs were designed encoding antibiotic resis-
tance markers, fluorescent tags, and additional
genomic sequences from D. papillatum to facilitate
vector integration into chromosomes. We established
conditions for effective electroporation, and demon-
strate that electroporated constructs can be stably
integrated in the D. papillatum nuclear genome. In
D. papillatum transformants, the heterologous puro-
mycin resistance gene is transcribed into mRNA and

Received 3 November, 2017; revised 13 December, 2017; accepted
15 December, 2017. *For correspondence. E-mail dranov@paru.
cas.cz; Tel. +420 387775433; Fax +420 385310388.

translated into protein, as determined by Southern
hybridization, reverse transcription, and Western blot
analyses. This is the first documented case of trans-
formation in a euglenozoan protist outside the well-
studied kinetoplastids, making D. papillatum a genet-
ically tractable organism and potentially a model
system for marine microeukaryotes.

Introduction

Diplonemids are biflagellate protists inhabiting marine eco-
systems. Diplonemids, together with symbiontids (a small
poorly studied group of species living in anoxic or low-
oxygen marine environment, for which no molecular data
are available [Breglia et al., 2010]), euglenids (important
component of the freshwater ecosystems), and kinetoplas-
tids (including free-living Bodo, as well as the highly
pathogenic Trypanosoma and Leishmania spp.), form
Euglenozoa. Both the kinetoplastids and euglenids have
long been recognized as ecologically omnipresent and
species-rich, while diplonemids were considered an insig-
nificant group both in terms of diversity and ecology, and
they remained poorly-studied (Lukes et al.,, 2015).

The first diplonemid, Diplonema breviciliata, was
described by Griessman in 1914 (Griessman, 1914), and
only less than half a dozen species in two genera have
been described since then (Skuja, 1948; Schuster et al.,
1968; Porter, 1973; Larsen and Patterson, 1990; Schnepf,
1994; Simpson, 1997; Roy et al., 2007). More recent eco-
logical surveys tracked down two clades of previously
unrecognized diplonemids in deep-sea pelagic waters,
notably the deep sea pelagic diplonemids clade | and Il
(DSPD |, 1) (Lara et al., 2009). In a comprehensive marine
survey, diplonemids emerged even as the 3rd most diverse
and 6th most abundant group of oceanic eukaryotes (de
Vargas et al., 2015; Lukes et al., 2015) populating virtually
all stations and all depths examined in the comprehensive
Tara Oceans expedition (de Vargas et al., 2015; Flegon-
tova et al., 2016). Analysis of the V9 18S rRNA sequence
suggests that diplonemids may even be the most species-
rich among all marine eukaryotes (Flegontova et al,
2016). At present, only diplonemids from the Diplonema/

© 2018 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.



2 B. Kauretal

Rhynchopus (D/R) clade can be grown axenically and are
available from the American Type Culture Collection
(ATCC). Representatives of the hyper-diverse DSPD
clades are not yet in culture. An initial examination of 10
DSPD isolates has been performed by single-cell geno-
mics (Gawryluk et al., 2016).

Among the common structural features of diplonemids is
their sac-like shape with cell sizes ranging from 5 to 50
um, their highly metabolic movement, and the presence of
two sub-apical flagella. They possess a single mitochon-
drial network lining the inside of the plasma membrane
and containing a large amount of mitochondrial DNA
(mtDNA) (Marande et al, 2005). Whether diplonemids
have a parasitic, commensal, or free-living life-style is still
an open question. Hence the ecological role of diplone-
mids in the oceanic ecosystem remains elusive (Luke$
et al,, 2015). This important gap in knowledge reflects our
ignorance about the ecological functions of marine protists
in general (Worden and Wilken, 2016), and the lack of a
suitable model system for diplonemids in particular.

Establishing a model organism requires several crucial
steps to be fulfilled, the most prominent being their avail-
ability in culture, and the ability to genetically modify the
species. Ideally, a genetic system includes a vector, a
transformation system, and a selectable marker, all of
which facilitate expression of introduced genes, including
transcription, post-transcriptional processing, and transla-
tion. All these steps require extensive experimentation and
optimization for each target organism, but once a protocol
established, it is generally straightforward to create any
range of constructs to address many functional questions.

Only a single diplonemid species, Diplonema papillatum,
has been examined at the molecular level in much detail.
D. papillatumis a free-living protist with two short heterody-
namic flagella that was first isolated from seawater at
Friday Harbor, Washington (Porter, 1973). This species is
available from the American Type Culture Collection
(ATCC), can be easily cultivated axenically in the labora-
tory at high cell densities, and can be cryopreserved. The
mitochondrial genome and transcriptome have been ana-
lyzed in detail, revealing novel modes of post-
transcriptional gene expression (Marande and Burger,
2007; Kiethega et al., 2013; Moreira et al., 2016; Valach
et al., 2016; Faktorova et al., 2018). Further, D. papillatum
has been investigated regarding its compartmentalization
of gluconeogenesis (Makiuchi et al., 2011; Morales et al.,
2016). Finally, the nuclear genome has recently been
sequenced and assembled, and functional annotation is
under way (unpubl. data).

For all these reasons, establishing a tractable genetic
system for D. papillatum and establishing it as a model
system would be highly desirable. Here, we describe all
key steps necessary for genetic manipulation of this
marine flagellate.
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Fig. 1. The growth curve of D. papillatum cells during 10 days in
Diplonema cultivation medium. Inoculation titer at time 0 was 2 X
10° cells/ml.

Results
Optimization of cultivation and electroporation conditions

In the standard seawater medium (see Experimental Pro-
cedures), D. papillatum cultures reach the exponential
phase at a cell density of 2-4 X 10° cells/ml. The highest
cell density obtained is 6 X 10° cells/ml with a doubling
time of 12 h (Fig. 1).

To introduce foreign DNA into D. papillatum, we first
tested electroporation as the technique of choice, as it is
being successfully and extensively used for transforming
Trypanosoma brucei and several other trypanosomatids
(Beverley and Clayton, 1993). Since diplonemids and try-
panosomatids are closely related and share a number of
fine-structural features including a corset of subpellicular
microtubules (Roy et al., 2007; Tashyreva et al., 2018), we
reasoned that electroporation may also be suitable for D.
papillatum.

As a first step, we confirmed that D. papillatum cells sur-
vive for at least 10 min in electroporation buffers (Cytomix -
used for BTX electroporator or Amaxa - used for Amaxa
Nucleofector Il) and thus can be electroporated in standard
electroporation buffers. Survival rate was > 90%. Next, two
different electroporation apparatuses were tested: BTX
electroporator and Amaxa Nucleofector Il (see Experimen-
tal Procedures), for which we optimized several
parameters, such as the composition of electroporation
buffer, the electroporation program, and the amount of
DNA used for transformation (Table 1). Specifically, cells
were pelleted by a short centrifugation, re-suspended in
electroporation buffer, subjected to the electric pulse,
transferred back into seawater-containing medium, and
then observed under the microscope. While electropora-
tion with BTX killed the majority of cells, the Amaxa
procedures yielded more than 20% survival (see Table 1),
with cells retaining their original shape, and demonstrating
full recovery after a few hours. The Amaxa Nucleofector I

© 2018 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,
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Table 1. Used electroporation programs and survival rate of
D. papillatum cells.

Electroporation machine Survival rate

BTX 1600V, 25Q, 50 pF 10%
Amaxa Nucleofector Il preset program X-001 50%-60%
Amaxa Nucleofector Il preset program X-014 20%-30%

Used program

programs proved to be best suited and therefore were cho-
sen for further experiments (Table 1).

Identification of selectable markers

To identify selection markers, we tested the sensitivity of
D. papillatum to seven antibiotics—hygromycin, geneti-
cin, phleomycin, puromycin, blasticidin, nourseothricin
and tetracycline. With the exception of tetracycline,
these drugs have been extensively used for genetic
manipulation of T. brucei and related trypanosomatids
(http://tryps.rockefeller.edu/). The antibiotic concentra-
tion for selection of D. papillatum transformants was

Transformation of a diplonemid flagellate 3

assessed by determining cell viability by the Alamar
Blue assay (Raz et al., 1997).

Diplonema papillatum was found to be sensitive to all
the selection markers tested, except tetracycline. The
effective concentrations for selection of electroporated D.
papillatum are shown in Fig. 2 and Table 2.

The highest antibiotic sensitivity of Diplonema is to
puromycin.

Rationale for construct design for Diplonema
transformation

Our overall strategy for transformation is to incorporate for-
eign DNA via genomic integration, since nothing is known
about DNA replication in this group and no native plasmids
are known. Due to the high number of repetitive regions in
the nuclear genome sequence of D. papillatum (unpubl.
data), we restricted our selection of genomic regions to tar-
get for integration to genes that met several criteria. The
genes must (i) be contained inside validated genomic con-
tigs and (i) be intron-less. Further the corresponding
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Fig. 2. Antibiotic sensitivity of D. papillatum. Effect of various concentrations of antibiotics (mg/ml; x axis) on survival of Diplonema cells, as
determined by the Alamar blue assay, which measures viability by fluorescence (see Experimental Procedures). The fluorescence intensity

corresponding to 1% cell survival is indicated by a dotted horizontal line.
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Table 2. Tested resistance markers and their concentration used for
selection.

Antibiotic Concentration (ug/ml)
Puromycin 20

Blasticidin 50

Geneticin 75

Hygromycin 125

Nourseothricin 400

Phleomycin 500

Tetracycline not sensitive

mRNAs must (jii) have a high steady state level (rank
among the top hundred by their expression level) and (iv)
carry a spliced leader (SL) at their 5" end (Sturm et al,
2001).

In order to confirm proper integration, the target gene
was tagged with a cassette that is composed of a fluores-
cent protein tag and a resistance gene, both flanked by 5’
and 3 UTRs from Diplonema. To direct the integration of
this cassette into the proper genomic position via homolo-
gous recombination, we appended to the cassette
appropriate sequences of D. papillatum genome (targeting
regions). This strategy, successfully used in numerous
model systems (Stretton et al., 1998; Janke et al., 2004;
Lai et al, 2010; Wang et al 2017), should lead to
antibiotic-resistant transformants expressing a fluores-
cently labelled protein that can be detected with a
fluorescent microscope or by commercially available
antibodies.

Endogenous N-terminal tagging of a-tubulin

Based on the above described strategy, we have
designed a construct for tagging the N-terminus of the
Diplonema «-tubulin gene. The cassette contains the
puromycin resistance gene (pac), here called puromy-
cin® (encoding the puromycin N-acetyltransferase of
Streptomyces alboniger), which from all tested drugs
was selectable at the lowest concentrations (Table 2).
Moreover, it also contains the sequence encoding the
fluorescent protein mCherry which lacks the stop codon,
as we intended to create a fused mCherry-a-tubulin pro-
tein. We chose mCherry, which emits red light, to avoid
overlap with the quite strong green autofluorescence of
D. papillatum (our unpubl. data). The puromycin®-
mCherry cassette (~ 2 kbp) was flanked by D. papillatum
sequences including 5 and 3 UTRs and homology
regions about 500 bp long, which ought to enhance the
integration of the construct into the targeted locus. A
schematic representation of this construct is shown in
Fig. 3A. A similar tagging approach was recently used for
cytoskeleton studies in T. brucei (Sheriff et al., 2014).

Transfection of Diplonema leads to stable chromosomal
integration of foreign DNA

Both Notl-linearized and circular constructs were then
electroporated into Diplonema cells in parallel and the
transfectants were subjected to selection with increasing
concentrations of puromycin to ensure stringent selection.

A total of 10 puromycin-resistant Diplonema clones were
recovered after 8-10 days, at which time point a negative-
control culture represented by wild type cells without the
construct and in the presence of the drug did not display
any viable cells.

Clones A3 and A4 (labelled according to their position in
the 24-well plate) were investigated in detail by PCR and
amplicon sequencing showing the presence of the puromy-
cin®-mCherry cassette in Diplonema genomic DNA (Fig.
3B; Supporting Information Figs. S1 and S4). To verify the
cassette’s presence in the genome, we performed South-
ern blot analysis using radioactively labelled probes
against mCherry (Fig. 3C). The expected size of the Spel-
Ndel restriction fragment containing the mCherry CDS is
1969 bp, which corresponds to the detected band size
(Fig. 3C, right). Digestion of genomic DNA with Pcil should
produce a fragment of 9699 bp in case the cassette has
integrated into the expected site by homologous recombi-
nation; however, we detected bands of ~ 3.5 kbp (Fig. 3C,
left). We, therefore, conclude that the complete cassette
has been incorporated in the two D. papillatum transform-
ants, but at heterologous sites in the genome. In line with
this observation, amplification of the cassette with primers
outside the cassette failed (data not shown).

Introduced heterologous gene can be transcribed,
post-transcriptionally processed and translated
in Diplonema

To examine whether mCherry and puromycin® are tran-
scribed in the D. papillatum transformants A3 and A4, we
conducted reverse transcription followed by PCR amplifica-
tion of the first-strand cDNA (RT-PCR). This experiment
produced a single band of expected size confirming tran-
scription of the two heterologous genes (Fig. 4B;
Supporting Information Fig. S5A). We also confirmed, by
nested RT-PCR, that the mCherry and puromycin™ mRNAs
are properly processed post-transcriptionally by addition of
the SL RNA to their 5 end (Fig. 4C; Supporting Informa-
tion Figs. S2 and S5B).

To verify translation of the heterologous genes in A3 and
A4 clones, we checked mCherry fluorescence and per-
formed Western blots with an anti-mCherry antibody.
However, in both cases no signal was detected, as
expected due to the integration of the cassette into a differ-
ent site. In contrast, translation of the puromycin™ gene
could be demonstrated by two different immunoassays,
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Fig. 3. Confirmation that the electroporated construct is integrated in the D. papillatum genome.
A. Scheme of the puromycin® (puro™) + mCherry cassette (2995 bp Notl fragment) including restriction sites, positions of the primers and

expected sizes of the amplicons.

B. PCR of total DNA of D. papillatum wild type (WT) and selected transformants (A3 and A4) using specific primers for amplification of
puromycin® and mCherry CDSs. Negative control PCR (NC) was performed without template DNA. The explicit sequences are shown in
Supporting Information Fig. S1 and the whole gels are shown in Supporting Information Fig. S4.

C. Southern hybridization of total DNA from D. papillatum wild type (WT) and transformants A3 and A4 using a DNA fragment of mCherry as a
radiolabelled probe. Right panel, total DNA digested with Spel+Ndel, which cut inside the cassette (+), and undigested (-). The Spel+ Ndel
band is of expected size—1969 bp. Left panel, total DNA digested Pcil, which cuts outside the cassette (+), and undigested (-). In case of
homologous integration, the expected size of the Pcil band is 9699 bp, however, we detected bands of ~ 3.5 kbp.

one using the anti-Puromycin antibody, and the other using
the anti-Puromycin N-acetyltransferase antibody.
Puromycin is an aminonucleoside antibiotic that func-
tions as an inhibitor of protein synthesis by disrupting
peptide transfer on ribosomes, causing premature chain
termination during translation. Since its structure resem-
bles the 3 end of aminoacylated tRNA, puromycin
enters the acceptor site of the ribosome and is added to
the growing polypeptide chain, which leads to premature

termination of the newly synthesized proteins
(Pestka, 1971). Anti-Puromycin antibody binds puromycin-
containing newly synthesized proteins, visible in Western
blot as a smear due to their different molecular weights.
Diplonema wild type cells show indeed a strong signal of a
broad molecular weight range, while the A3 and A4 clones
do not (Supporting Information Fig. S3). This indicates that
puromycin is not incorporated in the proteins of the clones
A3 and A4, providing indirect evidence for the translation
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Fig. 4. Validation of proper transcription and post-transcriptional 5’ end-processing of the transcripts produced from heterologous genes in D.
papillatum.

A. Scheme of the puromycin“ (puro®) + mCherry cassette including positions of the spliced leader (SL) primers and expected sizes of the
amplicons of 5' region from the puromycin® transcript and the mCherry transcript. RT-PCR primers used for amplifying mCherry and
puromycin® (puro™) cDNAs are the same as shown in Fig. 3B.

B. Demonstration that heterologous genes in D. papillatum are transcribed. RNA from D. papillatum wild type (WT) and transformants A3 and
A4 was used as a template for RT-PCR. Expected sizes of the RT-PCR products are indicated. Reactions with reverse transcriptase added
and negative controls without reverse transcriptase are indicated by (+) and (-). The whole gels are shown in Supporting Information Fig. S5A.
C. The amplification of the 5' region from the puromycin® (puro®) transcript and the mCherry transcript respectively. Nested SL RT-PCR using
total RNA from the transformants A3 and A4 as templates, and two sets of primers that anneal to the conserved SL sequence of D. papillatum
(forward primers) and to the 5' end of the transcripts (reverse primers). The explicit sequences are shown in Supporting Information Fig. S2
and the whole gels are shown in Supporting Information Fig. S5B.

of the puromycin™ gene in the transformants (Supporting and A4, revealing distinct bands of the expected size (Fig.
Information Fig. S3). 5; Supporting Information Fig. S6). In both experiments,
Similarly, Western immunoassays with the anti- puromycin-resistant and sensitive cell lines from T. brucei
Puromycin  N-acetyltransferase antibody show clear served as negative and positive controls.
expression of the heterologous puromycin® gene in A3
Discussion

T. brucei D. papillatum . .
Very few marine protists have been successfully trans-

29-13 SMOX WT A3 A

NCO) (PO formed at present, most notably members of the green and
anti-Puromycin red microalgae, diatoms, chlorarachniophytes (for review

25kDa\_ﬂ [ ] Nastiost 9 phytes (for re
see Gong et al,, 2011), and further the alveolate Perkinsus
marinus (Fernandez-Robledo et al., 2008), the prasinophyte
50 kDa \! | anti-a-tubuiin Ostreococcus tauri (van Qoijen et al., 2012), the haptophyte
Pleurochrysis carterae (Endo et al.,, 2016) and recently the
Fig. 5. Western blot analysis of D. papillatum wild type (WT) and of kinetoplastid Parabodo caudatus (Gomaa et al, 2017). Dif-
transformants A3 and A4 that express the puromycin® gene ferent transfection methods were used, notably polyethylene

(puromycin N-acetyltransferase). o glyco-mediated approach for the haptophyte, otherwise
Monoclonal rabbit anti-Puromycin N-acetyltransferase antibodies

(1:500) and secondary anti-rabbit antibodies coupled to horseradish microprojectile bombardment or electroporation.
peroxidase (1:1000). 29-13, T. brucei procyclic-stage cell line 29-13,
which does not express the puromycin® gene, is used as a

negative control (NC). SMOX, T. brucei cell line SMOX P9, which The challenge of electroporating marine organisms

does express the puromycin® gene, is used as a positive control L . e

(PC). Anti-a-tubulin antibodies were used as a loading control. The Electroporation induces a transient destabilization of the
whole gels are shown in Supporting Information Fig. S6. cell membrane, which then becomes highly permeable to
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foreign DNA, proteins or small molecules. Electroporation
is used particularly for suspension cultures as all cells are
essentially transfected simultaneously (Heiser, 2000). For
transforming D. papillatum, we have opted for electropora-
tion, which is an established technique in kinetoplastids,
the sister group of diplonemids (e.g., Adl et al.,, 2012), spe-
cifically in the medically important Trypanosoma and
Leishmania (Beverley and Clayton, 1993).

The technical challenge of electroporating marine organ-
isms is that salts in the medium cause electrical discharge
(arcing), which reduces the viability of the organism (Potter
and Heller, 2003). In the case of Parabodo caudatus
(Gomaa et al., 2017), electroporation succeeded because
this microeukaryote lives in both freshwater and marine
environments and is, therefore, only moderate sensitive to
low salt concentrations. Fortunately, D. papillatum is also
tolerant to brackish water, and thus endures short-term
exposure to the low-salt electroporation buffer.

Integration and expression of heterologous genes in the
Diplonema nucleus

For two transformed D. papillatum clones, we demonstrated
by PCR, DNA sequencing, and Southern blot analysis that
the transfection constructs are readily integrated into the
nuclear genome. However, the constructs integrated at
apparently random genomic positions, a common issue in
many genetic systems including mammalian and plant sys-
tems (Sargent et al, 1997; Gorbunova and Levy, 1999).
Ectopic integration may be due to the fact that the genome
of Diplonema is highly repetitive, or, alternatively, because
homologous recombination (HR) may be less efficient in
this organism than microhomology-mediated end-joining
(MMEJ) or the classical non-homologous end-joining
(NHEJ) DNA repair/recombination pathways (for a review
see Michael, 2010). Note that the genes known to be
involved in the corresponding machineries are present in
the D. papillatum genome (our unpubl. data).

Importantly, however, transfected heterologous genes
are nevertheless expressed in Diplonema. The protein tag
(mCherry) and resistance gene (puromycin®) used here
are transcribed, and the SL is correctly trans-spliced onto
the 5' end of the transcripts. For the puromycin® gene, we
were able to demonstrate translation into protein and
observe the expected resistant phenotype. In contrast,
translation of the mCherry transcript was neither observed
nor expected, because a stop codon and a 3' UTR were
absent, as it was designed to be fused to the a-tubulin
gene as an N-terminal tag. Due to the lack of a stop codon
and/or poly-(A) tail, the mRNA may have been degraded
by one of the quality control mechanisms of the eukaryotic
cell (Klauer and van Hoof, 2012).

Since the purpose of this construct was to create a
fused protein composed of N-terminally tagged a-tubulin
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with mCherry, the stop codon at the end of the mCherry
gene was intentionally removed. However, as this con-
struct was not integrated into a proper position, no
expression of mCherry could be observed.

An alternative approach to obtain resistant cell line emit-
ting red fluorescence would be to design a cassette
containing intact genes and corresponding UTRs to
replace an endogenous gene such as tubulin, or insert the
cassette into a particular position in the Diplonema
genome, f.e. in a transcriptionally silent region, a routinely
strategy in other organisms. While this approach would not
produce a labelled endogenous protein, it would allow the
expression of the mCherry protein. In our future work, we
will apply different strategies with the aim to achieve cor-
rect integration of the cassette.

Future prospects for D. papillatum as a genetic system

Taken together, these data show that D. papillatum has all
prerequisites for becoming a genetically tractable organ-
ism. Successful transformation provides first example of
heterologous gene expression in an euglenozoan protist
outside the kinetoplastids, and raises questions about how
widely these methods can be applied within the group, and
what other tools can now be used in model diplonemids.
Currently, only half a dozen diplonemids are available in
the ATCC collection and can be cultivated in the laboratory.
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 Hemistasia phaeocysticola
(Yabuki and Tame, 2015; Yabuki et al, 2016), which is
more closely related to the most abundant diplonemids.
However, this species is also much more challenging to
work with, as it prefers live diatoms as a food source,
reaches only low cell densities and so far could not be cry-
opreserved (our unpubl. data).

The availability of a methodology to transfect Diplonema
will also facilitate investigation of the machineries that drive
the unique post-transcriptional processes in their mitochon-
dria, such as U-appendage RNA editing and trans-splicing
of fragmented genes (for reviews see Valach et al,, 2016;
Faktorova et al., 2018). For example, fluorescence tagging
of terminal uridyl transferases or RNA ligases would identify
the respective enzyme that acts in mitochondria, and open
the venue for uncovering other components in the hypothet-
ical editosome or trans-spliceosome.

Future work may achieve targeted integration by further
extension of the 5 and 3" homologous regions of the con-
structs to more than 1500 bp, as shown in trypanosomes
(Barnes and McCulloch, 2007). Furthermore, it would be
worthwhile to explore the CRISPR/Cas9 strategy, which
was recently successfully implemented in kinetoplastids
(Lander et al., 2016; Beneke et al., 2017). In this strategy,
a circular plasmid that is in the transformed organism
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retained either as an episome or as a linearized plasmid,
ora PCR product containing homologous targeting regions
for genome integration can be used. For Diplonema, PCR
amplicons are of higher priority, as attempts to maintain cir-
cular plasmids as non-integrated episomes have failed
thus far. Last, but not least, we will also try to enhance the
efficiency of the homologous recombination pathway using
inhibitors of the non-homologous end joining pathway, as
recently described in Cryptococcus neoformans (Arras
et al., 2016). As a high quality genome and transcriptome
of D. papillatum shall soon be available, it would be benefi-
cial to have a transformation protocol in place. We
envisage its application in functional analysis of proteins
with potential ecological significance, such as those
involved in pathways that respond to environmental stress.

Experimental procedures
Strains, cultivation and growth curves

D. papillatum (ATCC 50162) was cultivated axenically at 27°C
in an artificial sea salt mixture 40 g/l (Sigma, S9883), 0.1% (w/
v) tryptone, 1% (v/v) fetal bovine serum and 100 pg/ml of
chloramphenicol. Cell density was measured manually by the
Neubauer cell chamber. Before measurement, cells had to be
fixed in 3.7% (v/v) formaldehyde in SSC to retain their shape
and to prevent them from moving prior to counting.

Determination of resistance to antibiotics using Alamar
Blue assay

The inhibition concentration where 99% of the cell population
is dead (IC99) was determined using the fluorescence viability
indicator Alamar blue (Resazurin sodium salt, Sigma, R7017)
as described in Gould et al. (2013). It is based on resazurin, a
non-toxic, permeable and weakly fluorescent dye used as a
redox indicator. Its reduced form or resorufin is pink and highly
fluorescent, with its fluorescence intensity being proportional
to the number of respiring (e.g., metabolically active) cells.
Cells were inoculated into the 96-well flat-bottomed microtiter
plate (Costar) at a concentration 1 x 10° cells/ml. Seven
drugs (hygromycin, puromycin, phleomycin, geneticin, blastici-
din, nourseothricin and tetracycline) were tested in triplicates
using serial dilutions at 27°C for 48 h; wells without the drug at
the end of each row were used as a control. Resazurin was
prepared at a concentration of 0.125 mg/ml in PBS and added
to the plate after 48 h of incubation with the drugs. The plate
was subsequently incubated for another 24 h and fluores-
cence was read at 585 nm using a Tecan Infinite M200. Data
were analyzed using Prism 5.0 software (GraphPad, San
Diego, CA) and IC99 values were derived from sigmoidal
dose-response curves with variable slopes.

Design and preparation of transformation cassette

Design of the puromycin® + mCherry cassette (Fig. 3A) was
performed using the UTRs from the D. papillatum genome to
drive the expression. The entirely modular cassette (2996 bp-
long) was designed for the N-terminal tagging and contained

the following fragments ordered in the 5'-3' direction, starting
with a Notl restriction site: 499 nt of the sequence just before
the beginning of a-tubulin gene DpTUBT including its 5'UTR,
puromycin N-acetyltransferase gene (puromycin®) with the
stop codon, 3' UTR of DpRPL11, 5' UTR of DpRPL14,a TY
tag and the mCherry CDS without the stop codon followed by
a linker, 510 nt of the 5 of the a-tubulin gene DpTUBT, fol-
lowed by a second Notl site. The cassette was synthesized by
Biomatik (http://www.biomatik.com), cloned into pBluescript Il
SK(+) vector and the sequence was submitted to GenBank
(Acc. No. MG490656).The vector was isolated using QlAprep
Spin Miniprep Kit (Qiagen, 27106) and either directly used for
electroporation or cut with Notl restriction enzyme, isolated
from the gel using QlAquick Gel Extraction Kit (Qiagen,
28706), and re-suspended in 10 ul of deionized distilled water
before electroporation.

Electroporation and obtaining of the transformants

A total of 5 X 107 cells (2 x 10° cells/ml) was harvested by
centrifugation at 1300 g for 10 min at 25°C and re-suspended
either in 100 pl cytomix buffer (van den Hoff et al., 1992) and
electroporated with the BTX machine (1600V, 25Q, 50 uF), or
in 100 pl of AMAXA buffer (81.8 pl of Human T-cell nucleofec-
tor solution + 18.2 ul of Supplement) for the electroporation by
Amaxa Nucleofector II.

Ten to 15 pg of DNA were mixed with electroporation buffer
and Diplonema cells before transferring into the electropora-
tion cuvette and electroporation. After the electroporation
pulse was applied to the cuvette, the mixture was immediatelly
transferred into 10 ml of Diplonema growth media. Subse-
quently, the cells were allowed to recover for about 8 h and the
transfectants were subjected to selection with increasing con-
centrations (12-40 pg/ml) of puromycin. While this wide range
makes the experiment more time consuming, it ensured strin-
gent selection of transformants. Clones A3 and A4
examinated in details were cultivated in 24 and 28 pg/ml of
puromycin, respectively.

Following an expansion of each clone to a volume of 20 ml
transformants had been cultured for up to 8 weeks prior to
testing by PCR, which proved that all of them indeed contain
integrated constructs. We were able to freeze-store the trans-
formants in 10% glycerol-containing medium at —80°C or in
liquid nitrogen for several months.

PCR using genomic DNA

Genomic DNA was isolated using Qiagen DNA isolation kit
(Qiagen, 69504). Primer pairs used for verification of the inte-
gration are shown in Fig. 3A, for primer sequences see
Supporting Information Table S1. PCR amplification was done
using OneTaq polymerase (NEB Biolabs, M0486L) and the fol-
lowing program: initial denaturation 94°C for 3 min,
denaturation at 94°C for 30 s, annealing at 58°C for 60 s,
extension at 68°C for 3 min and a final extension at 68°C for
10 min, for 30 cycles. To amplify mCherry and puromycin®, a
lower extension of 68°C for 1 min 30 s and a final extension of
68°C for 5 min were used. Cassette integration in the genome
of D. papillatum was confirmed by sequencing of the PCR
products (Eurofins Genomics).
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Southern blot hybridization

Southern blot analysis was performed as previously described
(Lai et al, 2008). Total DNA was isolated from wild type cells
and transformed clones, digested with selected restriction
enzymes and subjected to agarose gel electrophoresis. Samples
were blotted overnight to a Zeta-Probe membrane (Bio-rad) by
capillarity and subsequently cross-inked with UV light as
described (Vondruskova et al, 2005). The mCherry probe was
PCR amplified using mCherry_Fw and mCherry_Rv primers and
radiolabelled with [o—>*P]dATP using Radioactive DNA Labeling
kit (Thermo Scientific DecalLabel DNA Labelling Kit, #K0622)
and hybridization with the probe was performed overnight at
60°C according to the Zeta-Probe membrane manual. The
membrane was exposed to a Fuji Imaging phosphor screen
(28956475, BAS-MS 2025) and scanned in a Phosphoimager
(Amersham, GE Healthcare, Typhoon 9400) for signal detection.

RNA isolation and cDNA synthesis, RT-PCR and SL
RNA-PCR

Total RNA was isolated using TriReagent (MRC, TR118) and
pellet was re-suspended in 30 pl of RNAse-free water. cDNA
was prepared using QuantiTect Reverse Transcription Kit
(Qiagen, 205311) with random primers. PCR was performed
on cDNA with primers shown in Fig. 3A (for primer sequences,
see Supporting Information Table S1), and OneTaq polymer-
ase (NEB Biolabs, M0486L), with the following protocol: 30 s
at 94°C; 30 cycles of 30 s at 94°C, 30 s at 60°C and 1 min
30 s at 68°C, and a final extension for 5 min at 68°C. The
same reactions without reverse transcriptase (RT-) were used
as negative controls.

The cDNA was used as a template for nested PCR with the
following program: 30 s at 94°C; 30 cycles of 30 s at 94°C,
30 s at 58°C and 1 min 30 s at 68°C, followed by a final exten-
sion (5 min at 68°C). DpSL_Fw1 and DpSL_Fw2 primers
derived from the SL RNA gene were used in combination
with mCherry (SL_mCherry_Rv1; SL_mCherry_Rv2) or puro-
mycinR specific primers  (SL_Puro_Rv1; SL_Puro_Rv2;
Supporting Information Table S1). The position of primers and
expected size of PCR products is shown in Fig. 5. An ampli-
con containing the SL and N-terminus of puromycin® or
mCherry was obtained and verified by sequencing (Eurofins
Genomics; Supporting Information Fig. S2).

Western blot

Cell lysates were prepared in 2X SDS sample buffer using 1
X 107 cells per lane and separated on a 12% (v/v) SDS-
PAGE gel and proteins were subsequently transferred onto
the PVDF membrane by electroblotting. Membranes were
blocked overnight with 5% (w/v) non-fat milk prepared in PBS
0.5% (v/v) Tween 20 and probed with the primary monoclonal
mouse anti-Puromycin antibody (1:500) (Merck, MABE343)
overnight at 4°C. The membrane was subsequently incubated
with the secondary anti-mouse polyclonal antibody conjugated
with horseradish peroxidase (1:1000) (Sigma) and visualized
using Clarity western ECL substrate (Bio-Rad).

For the detection of puromycin N-acetyltransferase (pac
gene product), cell lysates were prepared in NuPAGE LDS
sample buffer (Invitrogen) using 1 X 107 cells per lane

Transformation of a diplonemid flagellate 9

separated on Bolt 4%—12% Bis-Tris polyacrylamide gels (Invi-
trogen) and transferred to a Amersham Hybond P PVDF
membrane (GE Healthcare), blocked overnight with 5% (w/v)
non-fat milk prepared in PBS 0.5% (v/v) Tween-20 and subse-
quently hybridized with the primary monoclonal rabbit anti-
Puromycin N-acetyltransferase antibody (1:500) (Thermo-
Fisher Scientific) and subsequently with secondary anti-rabbit
polyclonal antibody coupled to horseradish peroxidase
(1:1000). Monoclonal anti-a-Tubulin antibody produced in
mouse (1:1000) (Sigma, T9026) was used as a loading
control.
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Table S1. List of primers used.

Fig. S1. PCR amplicons (from Fig. 3B) obtained with pri-
mers that amplify the puromycin® region (A) or mCherry
region (B) of clones A3 and A4 were verified by sequenc-
ing. Beginning parts of the amplicon sequences are aligned
with the reference sequence.
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Fig. S2. SL-PCR amplicons (from Fig. 4C) were verified by
sequencing. Part of the amplicon sequences obtained with
primers that amplify the puromycin™ region (A) or mCherry
region (B) are aligned to the reference sequence.

Fig. S3. Western blot analysis of wild type (WT) D. papilla-
tum and transformants A3 and A4 after 24 h incubation in a
medium containing 20 pg/ml puromycin. Trypanosoma bru-
cei SMOX P9 procyclic stage cells (SmOx) expressing the
puromycin® gene were used as a positive control. Monoclo-
nal mouse anti-Puromycin antibodies (1:1000) and second-
ary ant-mouse antibodies coupled to horseradish
peroxidase (1:1000) were used for visualization employing
the ECL kit.

Fig. S4. Confirmation that the electroporated construct is
integrated in the D. papillatum genome. (A) Scheme of the
puromycin® (puro®) + mCherry cassette (2995 bp Notl frag-
ment) including restriction sites, positions of the primers
and expected sizes of the amplicons. The whole gels with
PCR of total DNA of D. papillatum wild type (WT), selected
transformants (A3 and A4; underlined) and some other
obtained transformants (A2, A5, B4, D2, B2, C2) using spe-
cific primers for amplification of puromycin™ (B), mCherry
(C) or puromycin® + mCherry (D). Negative control PCR
(NC) was performed without template DNA.

Fig. S5. Validation of proper transcription and post-
transcriptional 5" end-processing of the transcripts produced
from heterologous genes in D. papillatum. (A) The whole
gels of RT-PCR shown in Fig. 4B. RNA from D. papillatum
wild type (WT) and selected transformants (A3 and A4;
underlined) and some other obtained transformants (C3,
B3, B4, A5) was used as a template for RT-PCR. Expected
sizes of the RT-PCR products are indicated. Reactions with
reverse transcriptase added and negative controls without
reverse transcriptase are indicated by (+) and (-). (B) The
amplification of the 5' region from the puromycin® (puro®)
transcript and the mCherry transcript respectively. Nested
SL RT-PCR using total RNA from the transformants A3 and
A4 as templates, and two sets of primers that anneal to the
conserved SL sequence of D. papillatum (forward primers)
and to the 5’ end of the transcripts (reverse primers), see
Fig. 4A. The whole gels of both SL RT-PCR reaction are
shown here together with the sizes of expected product.
Fig. S6. Whole gels of western blot analysis (shown in Fig.
5) of D. papillatum wild type (WT) and transformants A3
and A4 that express the puromycin® gene (puromycin N-
acetyltransferase). Monoclonal rabbit anti-Puromycin N-ace-
tyltransferase antibodies (1:500) and secondary anti-rabbit
antibodies coupled to horseradish peroxidase (1:1,000). 29-
13, T. brucei procyclic-stage cell line 29-13, which does not
express the puromycin™ gene, is used as a negative con-
trol. SMOX, T. brucei cell line SMOX P9, which does
express the puromycin® gene, is used as a positive control.
Anti-a-tubulin antibodies were used as a loading control.
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Chapter 6
Mitochondrial RNA Editing and Processing i
in Diplonemid Protists

Drahomira Faktorova, Matus Valach, Binnypreet Kaur, Gertraud Burger,
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; Skodové-Sverdkova
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
etal. 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 non-selective 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 (Luke$ 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 (Vlcek et al. 201 1; 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—6 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/XBP1 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-t0-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-I +U -U
cob 3 34
cox1 6
cox2 8 4
cox3 1 547 41
nad1 16
nad4 2 22 7
nadb
rnl 26
rns 8 30 15
atp6 447 28
nad7 1 553 89
nad8 259 46
y1 4 7 4
y2 29 2 1
y3 44 6 1
y4 40
y5 50 18
y6 6
nad2 (murf1)
nad3 (cr5) 210 13
nad4L (cr3) 148 13
nad9 345 20
psi12 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
coxI-m8. In contrast, poly-A libraries contain only about 0.4% of mis-joined cox!-
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.
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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
etal. (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 Pdidbo
(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).

110



162 D. Faktorova et al.

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
a3 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 cox!, 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. Tt 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
et al. 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; Dobdkova 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 111
(ubiquinone-cytochrome ¢ oxidoreductase; gene cob), complex IV (cytochrome
¢ 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 gRNAsS, 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
(Dobakova 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;
Dobdkova 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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ABSTRACT

Diplonemids are highly abundant heterotrophic ma-
rine protists. Previous studies showed that their
strikingly bloated mitochondrial genome is unique
because of systematic gene fragmentation and mani-
fold RNA editing. Here we report a comparative study
of mitochondrial genome architecture, gene struc-
ture and RNA editing of six recently isolated, phy-
logenetically diverse diplonemid species. Mitochon-
drial gene fragmentation and modes of RNA edit-
ing, which include cytidine-to-uridine (C-to-U) and
adenosine-to-inosine (A-to-l) substitutions and 3' uri-
dine additions (U-appendage), are conserved across
diplonemids. Yet as we show here, all these features
have been pushed to their extremes in the Hemistasi-
idae lineage. For example, Namystynia karyoxenos
has its genes fragmented into more than twice as
many modules than other diplonemids, with mod-
ules as short as four nucleotides. Furthermore, we
detected in this group multiple A-appendage and
guanosine-to-adenosine (G-to-A) substitution edit-
ing events not observed before in diplonemids and
found very rarely elsewhere. With >1,000 sites, C-to-
U and A-to-l editing in Namystynia is nearly 10 times
more frequent than in other diplonemids. The editing
density of 12% in coding regions makes Namysty-
nia’s the most extensively edited transcriptome de-
scribed so far. Diplonemid mitochondrial genome ar-
chitecture, gene structure and post-transcriptional
processes display such high complexity that they
challenge all other currently known systems.

INTRODUCTION

Diplonemids are heterotrophic marine flagellates belong-
ing to the phylum Euglenozoa, which also includes the
well-studied parasitic kinetoplastids and free-living eu-
glenids (1,2) (Figure 1A). Diplonemids have been largely
overlooked due to technical limitations, because the SSU
rRNA V4 region, typically amplified in the metabarcoding
approach, has expanded beyond typical lengths in diplone-
mids. In a recent survey, which targeted the more con-
served V9 region, they have been detected in virtually ev-
ery sample of seawater (3) and are currently ranked among
the most diverse and abundant eukaryotic groups in the
world’s oceans (4-7). The ecological role of diplonemids
in marine environments has only recently begun being
appreciated (6,8,9).

We know close to nothing about the lifestyle of diplone-
mids (10). Their varied morphology and the recent find-
ing of various bacterial endosymbionts in their cells (11—
13) indicate that they have a versatile modus vivendi, likely
enabling them to occupy widely different niches within the
oceanic ecosystem. According to the 18S rRNA V9 region-
based phylogenies, diplonemids fall in four major lineages:
(i) ‘classical” diplonemids (Diplonemidae) including both
benthic and planktonic species of the genera Diplonema,
Rhynchopus, Lacrimia, Flectonema and Sulcionema; (ii)
hemistasiids (Hemistasiidae), a small planktonic clade com-
posed of the genera Hemistasia, Artemidia and Namystynia;
(iii) an extremely diverse clade of deep-sea pelagic diplone-
mids (or DSPD I, recently named Eupelagonemidae); and
(iv) a second but relatively small clade of deep-sea pelagic
diplonemids (DSPD II) (2,11,12,13,14).

The most conspicuous features of diplonemids are their
unique and complex mitochondrial genome architecture
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Figure 1. Phylogenetic position of diplonemids and their mitochondrial
DNA structure and gene expression. (A) Recent classification of eukary-
otes (based on (1)) highlighting the position of diplonemids. (B) The var-
ious steps of mitochondrial gene expression in diplonemids. The model
gene consists of three pieces, also referred to as modules, each encoded in
a unique region (cassette) on a different chromosome. Modules, together
with surrounding regions, are transcribed separately from a promoter lo-
cated in the constant region (25). Primary transcripts are end-processed, re-
moving 5’ and 3’ non-coding regions from the primary transcripts. Certain
module transcripts undergo substitution RNA editing and/or appendage
RNA editing (nucleotide additions at the module’s 3" end). The module
transcript that will constitute the transcript’s 3’ end is poly-adenylated
(mRNAs and mtLSU rRNA) or poly-uridylated (mtSSU rRNA) (16,19).
Finally, modules are joined together (frans-spliced) yielding mature RNA
(mRNA or rRNA). Note that all post-transcriptional processes (gray
background) occur in parallel in the diplonemid mitochondrion (19); thus,
the arrows do not imply strict sequentiality.

and gene expression (Figure 1B), studied in depth in
the type species Diplonema papillatum (reviewed in (15
17)). For example, the amount of mitochondrial DNA
(mtDNA), estimated at 250 Mbp, is so far the highest
recorded for an organelle (18). Further, its mtDNA is com-
posed of >80 covalently closed non-catenated 6 and 7 kbp-
long circular chromosomes. Except for a short unique re-
gion called the ‘cassette’, chromosomes consist mostly of
repetitive sequence termed ‘constant region’, which is es-
sentially identical across chromosomes of a given size class
(Figure 1B). It is the unique cassette that typically encloses
a single gene fragment, also called module, the size of which
ranges from 40 to 540 bp. Chromosomes including cas-
settes are transcribed separately, then the non-coding por-
tions are removed leaving behind module-only transcripts
that are subsequently joined to their cognate neighboring
modules derived from other circles (16,19). In this way, ma-
ture transcripts (mMRNAs and rRNAs) are assembled via
massive trans-splicing, the mechanism of which remains
unknown.

Trans-splicing in diplonemid mitochondria differs from
that observed in organelles and in the nucleus of nematodes
and other eukaryotes including diplonemids (20-22), be-
cause the former process is apparently catalyzed by neither
spliceosomes nor Group I or Group II splicing machiner-
ies (16,19,23-26). With the exception of the mitochondrial
small subunit ribosomal RNA (mtSSU rRNA), all D. papil-
latum genes undergo this assembly process, making the ex-
tent of trans-splicing unprecedented.

Moreover, in addition to gene fragmentation compen-
sated by trans-splicing, D. papillatum mitochondrial tran-
scripts are subject to extensive RNA editing of two funda-
mentally different types: post-transcriptional uridine addi-
tion (U-appendage) at 3" ends of certain modules (unique
to diplonemids), and deaminations of adenosines to inosine
(A-to-I) and cytidines to uridines (C-to-U) at numerous po-
sitions within coding regions (16,27).

Studies of three other diplonemid species (D. ambulator,
Flectonema neradi and Rhynchopus euleeides) showed lit-
tle deviation from the features observed in the type species
(27,28), except that across these taxa, the size of mitochon-
drial chromosomes ranges from 2 to 12 kbp (27,28). How-
ever, it was reported recently that gene fragmentation, as
well as U-additions and A and C substitutions in tran-
scripts are much more frequent in Hemistasia phaeocys-
ticola, the single hemistasiid species examined until now
(27,29). While D. papillatum has at most 11 modules per
gene (16), the genes of H. phaeocysticola are fragmented
twice as much (29).

Does the single examined hemistasiid species represent
an exceptional case, or can fragmentation and RNA edit-
ing of mitochondrial transcripts reach even higher levels of
complexity? To address this question, we examined species
that have recently become available in culture, with their
morphology, ultrastructure and life cycles described (11—
13). Here, we present the most extensive comparative study
of diplonemid mtDNA performed thus far. We show that
the degree of mitochondrial RNA editing and gene frag-
mentation can reach unprecedented complexity, highlight-
ing several questions about the role and evolution of these
remarkable features.
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MATERIALS AND METHODS
Strains, culture conditions and nucleic acids extraction

The six diplonemid species used in this study (Supplemen-
tary Table S1) were recently isolated from marine water
collected in aquaria, lagoons and sandy beaches of Japan
(11-13). The species were axenically cultivated in a medium
containing 3.6% sea salts (Sigma-Aldrich, S9883), supple-
mented with 1% (v/v) heat-inactivated horse serum (Sigma-
Aldrich, H0146) and 0.025 g/l LB broth powder (Sigma,
1.3522). The medium was filter-sterilized using a 0.22-wm
filter.

Total DNA from exponentially growing cultures was iso-
lated using MasterPure Complete DNA and RNA Purifi-
cation Kit (Lucigen, MC85200) specially designed for the
isolation of DNA from marine organisms. RNA was ex-
tracted from whole cells using TriReagent (MRC, TR118)
to prevent the loss of small RNAs corresponding to process-
ing and trans-splicing intermediates. Residual DNA was re-
moved by DNase treatment followed by extraction with a
homemade Trizol substitute (30).

Reverse transcription, RT-PCR, 5’ and 3’ RACE, and poly-A
tail site mapping

Reverse transcription was performed with First Strand
cDNA Synthesis Kit for subsequent PCR (Roche) or with
SuperScript IV Reverse Transcriptase (Thermo). Comple-
mentary DNA was amplified with Q5 High-Fidelity DNA
Polymerase (New England Biolabs). PCR products were
purified using the QIAquick Gel Extraction kit (Qiagen),
Wizard SV Gel and PCR Clean-Up system (Promega)
or Monarch DNA Gel Extraction Kit (New England
BioLabs). Mapping of 3" polyadenylation sites was per-
formed using an oligo-dT primer and a gene-specific primer.
To determine the 5 and 3’ ends of modules (5 and 3’
RACE), the RNA adapter-oligonucleotide dp124 and the
5 RACE Adapter (from FirstChoice RLM-RACE Kit, In-
vitrogen) was ligated to the RNA using T4 RNA ligase |
(New England Biolabs) and EcRtcB RNA ligase (New Eng-
land Biolabs), respectively. Detailed protocols are available
at https://www.protocols.io/researchers/matus-valach. RT-
PCR was performed using specific primers, and amplicons
were sequenced at the IRIC Genomics Core Facility (Mon-
treal, Canada) or at Eurofins Genomics (Ebersberg, Ger-
many). Primer and adaptor sequences are listed in Supple-
mentary Table S2.

Genome and transcriptome sequencing and assembly

Both library preparation and sequencing of genomes and
transcriptomes were outsourced to the Genome Quebec In-
novation Centre (Montreal, Canada). Single DNA-Seq and
RNA-Seq library per species were produced due to limited
material availability. [llumina genomic paired-end libraries
were constructed from total DNA and sequenced in a sin-
gle Illumina MiSeq lane. DNA reads were assembled us-
ing SPAdes v3.11.1 (31) and alternatively, the Tadpole as-
sembler (part of the BBTools suite; https://jgi.doe.gov/data-
and-tools/bbtools/).
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To avoid the huge variety of trans-splicing and RNA
editing intermediates present in diplonemid mitochondria
(16,19), which complicate analysis and interpretation, we
opted for the enrichment of mature mitochondrial tran-
scripts, i.e. the polyadenylated (poly-A) RNA fraction,
which was isolated from total RNA to construct strand-
specific RNA-Seq libraries with an average insert size of
~200 nt. Libraries were sequenced on an Illumina HiSeq
platform. For de novo assembly, Trinity v2.2.0 software was
used with default parameters (32). Read counts and lengths
for both DNA and RNA sequencing are listed in Supple-
mentary Table S1. The raw sequencing data are available
at NCBI (https://www.ncbi.nlm.nih.gov/) as BioProject PR-
INA525750.

Two of the examined species (D. japonicum and N. kary-
oxenos) contain endosymbiotic bacteria (12,13). For the
purpose of this study focusing on mitochondrial sequences,
it was not necessary to estimate relative abundance of bac-
terial sequences in the datasets. However, we did perform
RNA-Seq read mapping to DNA contigs and found only
negligible differences between mapping rates to sequences
of endosymbiont-bearing and -lacking species, which sug-
gested that possessing an endosymbiont did not introduce
any significant bias to our strategy.

Identification of transcripts and annotation of genomic mod-
ules

Candidate contigs originating from the mitochondrial tran-
scriptome were identified by BLASTx searches (33) us-
ing protein sequences of previously identified mature mi-
tochondrial mRNAs from D. papillatum, D. ambulator, H.
phaeocysticola, F. neradi and R. euleeides as queries, and
the transcriptome assemblies of the new diplonemids as
queried databases. Genomic modules for each species were
annotated based on BLASTn searches using predicted tran-
script sequences as queries. To validate module assignments,
modules were aligned with the respective transcript using
the built-in aligner of the Geneious 10.1.3 software (34)
and visually inspected. To infer protein-coding ORFs, the
nucleotide sequences were conceptually translated using
NCBI’s genetic code Table 4 (TGA = Trp). Identified mod-
ules are cataloged in Supplementary Table S3.

Completion of mitochondrial transcripts

RNA-Seq reads were mapped to reference sequences with
Bowtie2 (35). Especially in the case of nad genes, termi-
nal modules were missing. They were recovered by map-
ping RNA-Seq reads onto partial transcript contigs, and
subsequently by extending the sequences via RT-PCR up to
the polyA tail using oligo-dT and gene-specific primers (see
above). To screen the contigs across the investigated species
for the highly divergent nad genes (the previously designated
y genes (36), we employed HMMER 3.1b2, a most sensitive
method based on profile hidden Markov models (37).

Chromosome classification

The module-containing contigs were first extended by read
mapping using the mapper software implemented in the
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Geneious 10.1.3 package (34) and then compared with each
other by BLASTn. Cassettes were identified by the same
criteria as described previously (27). Briefly, cassettes are
unique sequences surrounding modules, and are flanked by
the constant regions of a chromosome, which we define as
sequences with >90% identity over >100 bp adjacent to
cassettes (Figure 1B). Contigs bearing the same cassette-
flanking regions were assigned to the same chromosome
class. For multiple sequence alignments, we used MAFFT
v7.388 (38). Chromosome classes were ordered from the
highest to the lowest member count and named A, B etc.
To calculate mean read coverage of cassettes or modules,
DNA-Seq reads were first mapped onto mitochondrial con-
tigs by the Geneious 10.1.3 software. Aligning reads were
merged with BBMerge (rem k = 62 extend2 = 50 ecct) and
deduplicated with Dedupe (k = 31 ac = f) from BBTools.
The resulting reads were mapped with Bowtie2 onto the
reference sequence, and mean coverage was calculated us-
ing the Pileup tool from BBTools. For N. karyoxenos mi-
tochondrial chromosome sequences, which are highly poly-
morphic, DNA-Seq reads were mapped with the Geneious
10.1.3 software without subsequent Bowtie2 mapping. The
final list of identified chromosomes has been compiled in
Supplementary Table S4.

In silico identification of RNA editing and DNA polymorphic
sites

RNA editing clusters and longer insertions were identified
by comparing the genomic contigs and mature transcript se-
quences by BLASTn. To distinguish between RNA editing
sites and genomic polymorphisms, RNA-Seq and DNA-
Seq reads were mapped onto mitochondrial transcripts and
genomic contigs, respectively, with the built-in aligner of
the Geneious 10.1.3 software. DNA polymorphic sites were
identified as those exhibiting two (or sometimes more) nu-
cleotides in the mapped reads, while in the case of RNA
editing sites, the consensus nucleotide in genomic reads dif-
fered from that in RNA-Seq reads. A genomic position with
>10% reads displaying difference from the reference was
considered a polymorphic site. For RNA editing, a position
was annotated as an editing site if at least 50% reads carried
a base change. Note that a vast majority of sites was edited
to >90%. RNA editing and DNA polymorphic sites of each
transcript are detailed in Supplementary Table S5.

Phylogenomic analysis

We used all 15 assigned mitochondrially encoded
protein  sequences (Atp6, Cob, Coxl/2/3 and
Nad1/2/3/4/4L/5/6/7/8/9) from 11 diplonemids and
the corresponding homologs from other discobans, namely
Trypanosoma brucei, Bodo saltans and Perkinsela sp. (Kine-
toplastida); Euglena gracilis (Euglenida), Acrasis kona,
Naegleria gruberi and Stachyamoeba lipophora (Heterolo-
bosea); Tsukubamonas globosa (Tsukubamonadida); and
Andalucia godoyi, Reclinomonas americana (ATCC 50394)
and Ophirina amphinema (Jakobida). Sequences were
downloaded from the NCBI GenBank Protein database
except those of B. saltans. We retrieved the latter through
tblastn searches (using 7' brucei mitochondrial proteins

as queries) from transcripts that we assembled by Trinity
v2.2.0 using RNA-Seq data deposited in the NBCI Biopro-
ject PRJEB3146. Multiple sequence alignments (MSAs)
of proteins were generated with MAFFT v7.38 (38) using
the E-INS-i algorithm and default parameters. Protein
alignments were stripped of hyper-variable sites (20% gap
threshold) with trimAl v1.4.22 (39). Subsequently, protein
sequences were concatenated for each species, with the final
MSA containing 22 taxa and 5,063 positions. Phylogenetic
inferences were performed by a Bayesian approach using
posterior probabilities as support values (PhyloBayes v4.1
(40), MrBayes v3.2.6 (41)) and by maximum likelihood
with bootstrapping (IQ-TREE v1.6.10 (42) and RAXML
v8.2.11 (43)). Bayesian methods were executed in two
independent chains and the first 25% cycles were discarded
as burn-in. For Phylobayes, we chose the substitution
model CAT-GTR and site rate variation modeled as a
Dirichlet process (ratecat option); the chains were stopped
after they converged (i.e. maxdiff below 0.1 at ~750 cycles
corresponding to ~25,000 generations). For MrBayes,
we chose the GTR model with six discrete categories of
gamma rate variation and 200,000 MCMC generations.
For ML computations, we chose the substitution matrix
LG for amino acid frequencies, which was determined as
the best model by Model Finder (44). For IQ-TREE, we
used default parameters with the option to calculate 1,000
ultrafast bootstrap replicates. For RAxML, additional
parameters were: 50 categories for rate heterogeneity
(CAT option), the algorithm ‘rapid bootstrap analysis’
and 100 distinct alternative runs on distinct starting trees
for bootstrap support values. To evaluate the reliability
of the inferred tree, we further analyzed the gene- and
site-concordance factors (gCF and sCF, respectively) for
each branch, as implemented in IQ-TREE v1.7 (45), with
default parameters and the option to merge models across
loci.

RESULTS
Gene repertoire

We examined mitochondrion-encoded genes from four
Diplonemidae species (Diplonema  japonicum  strain
YPF1604, Rhynchopus humris YPF1608, Lacrimia lanifica
YPF1601 and Sulcionema specki YPF1618) and two
Hemistasiidae species (Artemidia motanka YPF1610 and
Namystynia karyoxenos YPF1621). In all six species,
we identified the same set of genes described earlier in
four Diplonemidae species (27), namely genes encoding
ATP synthase subunit 6 (atp6), cytochrome b (cob), three
cytochrome ¢ oxidase subunits (coxI, cox2 and cox3), 10
NADH dehydrogenase subunits (nadl, nad2 [previously
y3], nad3 [y1], nad4, nad4L [y6], nads, nad6 [yS5), nad7, nad§
and nad9 [y2] (36), as well as small and large subunit mi-
toribosomal RNAs (rns and rnl) (Figure 2; Supplementary
Tables S3 and S4). In the two hemistasiids, we failed to
detect nad6 [y5], but this was presumably due to the gene’s
high divergence and not to its genuine absence. Moreover,
Lacrimia, Sulcionema and Namystynia also encoded y4,
a gene first discovered in D. papillatum; in R. humris, we
found a candidate corresponding to module 2 from D.
papillatum (y4-m2), but not ml. With homologs of the
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Figure 2. Mitochondrial gene fragmentation and RNA editing sites. Modular structure of mitochondrial genes and modules undergoing RNA editing and
trans-splicing in the six species studied here. For symbols, see inset.
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latter gene at hand, we revisited data from a previous study
(27), which enabled us to detect the two y4 modules in R.
euleeides, unrecognized previously because of extensive
overlaps with cox3-ml and nad5-mll in this species. In
Lacrimia, we found an additional gene, named y7 (single
module), which potentially codes for a protein of 67 amino
acid residues. No tRNAs were found; as in other eugleno-
zoan species, they are apparently not mitochondrially
encoded, but reside on nuclear DNA and are imported to
the mitochondria.

The inferred mitochondrion-encoded proteins of all
species analyzed here and those studied previously (27) dis-
played an exceptionally low level of sequence conservation,
which made detection of most genes challenging. Cox1 was
the most conserved protein across the diplonemids (32.7%
identity across 11 species), while Nad3 with a mere 2.5% se-
quence identity was on the other end of the spectrum (Sup-
plementary Figure S1).

Module numbers and sizes

The four Diplonemidae species investigated here build their
17-19 identified mitochondrial genes from essentially the
same number of modules as does the type species D. papil-
latum. The sole exception is Sulcionema rns, which is en-
coded by two modules instead of one in all other ‘classi-
cal’ diplonemids. In the two Hemistasiidae species, the total
number of modules is doubled (Table | and Figure 2), while
module sizes are halved (Figure 3). In fact, a given module
observed in Diplonemidae is typically split into two to four
modules in Hemistasiidae, since gene breakpoints are typi-
cally conserved across diplonemids (for sequences that can
be confidently aligned, occasional shifts are less than 6 bp).

About 4% of modules in hemistasiids are shorter than 20
bp—even as short as 3 bp—and referred to in the following
as mini-modules (Figure 4A and Supplementary Figure S2).
It should be noted that mini-modules cannot be unambigu-
ously distinguished from appendage RNA editing (see also
below) by inspection of DNA-RNA sequence differences
alone. Still, two lines of evidence support mini-modules.
First, we confirmed by 3' RACE and subsequent sequencing
of Artemidia cox3 the existence of an mRNA frans-splicing
intermediate containing the putative cox3-m9 mini-module.
The 3' RACE RT-PCR sampled two amplicon populations:
a minor one with 5 Us appended to the 3’ terminus of the
upstream module § and a major one with the triplet CAG,
corresponding to the mini-module 9, joined to the afore-
mentioned U-tract (Figure 4B). The triplet thus appeared
to have been added as a whole, i.e. trans-spliced, rather than
as a succession of unrecognized editing events. However,
to completely rule out the latter alternative, a more exten-
sive sampling of 3'-end RNA processing and editing inter-
mediates by RNA-Seq would be necessary. Second, in the
available RNA-Seq data, we detected RNA processing and
trans-splicing intermediates, which contained in addition to
the diminutive module its flanking sequence, thus indicat-
ing where in the genome it resided. This way, we could trace
back the genomic source of four and eight such gene pieces
in RNA-Seq reads of Artemidia and Namystynia, respec-
tively. (Note, however, that for six additional short segments
of 2-6 nt in five transcripts of Namystynia this was not pos-

sible and the corresponding regions have been marked as
unresolved [Figure 2F].) For the putative cox3-m9 mini-
module, we could detect two RNA-Seq reads containing
the CAG triplet joined upstream to the cognate cox3-m§
(with the appended U-tract) and downstream to cox/-m21
(Figure 4C). This indicated that cox3-m9 and cox/-m21 of
Artemidia were actually juxtaposed on the same chromo-
some U01. The observation of the intermediates contain-
ing mini-modules with their flanking sequences led us to
hypothesize a possible assembly scenario for mini-modules,
where a larger precursor acts as a mini-module carrier (Fig-
ure 4D).

Classes of mitochondrial chromosomes

Knowing the module sequences from transcriptome data
allowed us to identify the corresponding regions in ge-
nomic contigs, while the repetitive sequences adjacent to the
unique module-flanking regions allowed us to delimit cas-
settes (see Figure 1). Further, cassette-flanking repetitive se-
quences were presumed to be part of the constant regions
of chromosomes, according to the classification scheme
of mitochondrial chromosomes in D. papillatum (16), and
thus allowed categorization of chromosomes into multiple
classes (Table 1; see ‘Materials and Methods’ section for de-
tails). In this way, 4 classes were established in Sulcionema,
5in D. japonicum and R. humris, 8 in Lacrimia and 17 in
Artemidia.

For Namystynia chromosomes, in contrast to the other
species, we could not employ the criterium of recurring
cassette-flanking sequences (representing the constant re-
gions), because sequences around modules frequently con-
sisted of unequally spaced tandem and dispersed repeated
homooligomeric motifs that could not be unambiguously
aligned. However, numerous chromosomes shared mo-
tif 1 (5-GGGCCAAAAA-3') upstream and motif 2 (5'-
TTTTGGGCC-3) downstream of the cassettes. Conse-
quently, all chromosomes bearing these motifs were clas-
sified as class X, which is much more diverse than the
classes from the other diplonemids. Finally, in every species,
a handful of chromosomes did not fit into a defined class
and therefore were grouped into the category ‘unclassified’.
Total counts of classified and unclassified chromosomes for
each species are summarized in Table | and Supplementary
Table S4.

Since the sequence repeats prevented the assembly of
whole chromosomes from the available short reads (ex-
cept for two cases in Sulcionema; see below), chromo-
some sizes remain unknown. Nevertheless, the assembled
genomic contigs indicate that the overall chromosome ar-
chitecture conformed to that previously observed in other
diplonemids (24,27,28), namely cassette sizes varied from
~0.2 to ~2 kbp with median length ~330 (£50) bp. Two
types of deviations were observed. First, the median size
of D. japonicum cassettes was ~1 kbp; as we detail below,
this was due to the unusually high number of modules per
cassette. Second, Sulcionema and Artemidia chromosomes
contained cassettes with sizes well above the 2 kbp mark
(from 3.2 to 12.3 kbp). Based on the complete assembly
of three Sulcionema class D chromosomes (Supplementary
Table S4), we calculated that these long cassettes covered

132



[bp]

Nucleic Acids Research, 2020 7

600

500

o T
S i
3
- &
o o
8 &
& &
S 0
§ §
& S
3 N
&
Median
module 1645 1695 167 165 157 165 165 165 75 835 74
size [bp]
Number 80 8 8 8 8 79 8 165 52 170
of modules

Figure 3. Average gene module size in diplonemids. The average module sizes of mitochondrial genes from all diplonemids for which data are available.
Modules in Hemistasiidae species (right) are about half the size compared to those from the Diplonemidae clade (left). Four diplonemid species and H.
phaeocysticola (light hues) were studied previously. Asterisk for H. phaeocysticola, the structure of only four genes is known (cob, cox1, cox2 and nad7).

Table 1. Mitochondrial chromosomes in studied diplonemids

Chromosomes classes

Unclassified chromosomes

No. of No. of No. of No. of
No. of empty mono- multi- No. of chromosomes  Total
No. of mono-module chromo- module module chromo- with multiple chromosome
classes I No. of multi-modul, somes chromo- chromo- somes with ~ modules (No. count (No.
Group Species (types) (types) chromosomes (types) (types) somes somes one module  of modules) of modules)
Diplonemidae D, japonicum 5(A-E) 4(C,D) 20(A,B.E) 3 3 7 23(73%) 30(80%)
R humris SA-E)  9(A-F) 5(A.B.D) 2(4) 6 1 65 6(16) 73 (81)
L. lanifica 8(A-H) 71(A-H) 4(A.B.D) 7(B.C.E) 4 - 75 4(8) 86(83)
S. specki 4(A-D) 38(A) 9(A-D) 16(A) 1 1 39 10 (44%) 65(83%)
Hemistasiidae A motanka 17(A-Q) 107(A-K.M-Q)  15(A,B.E-G,J.LLN,P) nd. 2 2 128 18(37%) 146 (165°)
N. karyoxenos 19X) 137(X) 5(X) n.d. 20 1 157 6(13) 163 (170)

n.d., not determined.

4atp6-m1 on two different chromosomes (counted once).

Brad2-m2 on two different chromosomes (counted once).

nad3-m5 on three, and nad4-m3 and nad4-m5 on two different chromosomes (counted once).
dChromosomes assigned to a class based on different criteria than in other species.

83-90% of the circles, the complete opposite of the situa-
tion in other analyzed diplonemid chromosomes, where a
cassette represents only 5-10% of the chromosome length
(24,27,28).

Module content and arrangement

Diplonema papillatum has 81 distinct mitochondrial chro-
mosomes, 76 of which carry a single cassette that in turn
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contains a single module (mono-module/mono-cassette or-
ganization). The remaining chromosomes contain one cas-
sette each that encloses two modules (three instances; multi-
module/mono-cassette organization) or cassettes without
any identified module (two instances). In the other diplone-
mids examined previously and here, additional arrange-
ments coexist, notably three or more (up to 11) mod-
ules per cassette and also two cassettes per chromosome
(multi-module/multi-cassette organization) (27). In these
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Figure 4. Mini-modules and new RNA editing types. (A) Example of the putative 3 bp-long mini-module cox3-m9 from Artemidia. The upper map shows
the 3 RACE approach and the location of the mini-module in the transcript. (B) Sequence chromatogram of a 3 RACE amplicon including cox3-m9.
Note the mixed chromatogram peaks downstream of the T-tract indicating a mixture of RT-PCR products with or without the CAG triplet, causing a 3-nt
phase shift. (C) The cox3-m9 mini-module is encoded adjacent to cox/-m21 in the chromosome U01. The mini-module-encoding locus was inferred from
the shown RNA-Seq reads that cover cox3-m8 with its appended U-tract, followed by the CAG triplet flanked by the cox/-m21 sequence. The non-coding
region of the chromosome is set in italics. (D) Hypothetical scenario of the RNA processing pathway of the adjacent cox3-m9 and cox/-m21 modules and
trans-splicing to their cognate partners. In this model, the larger precursor acts as a mini-module ‘carrier’. The yellow box indicates the RNA intermediate
identified in panel (C). The intermediates in black frames illustrate the expected, cognate modules up- and downstream of cox3-m9 and cox/-m21.
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Figure 5. Overlapping gene module arrangements. Scheme of representa-
tive cassettes with overlapping modules detected in the six diplonemids
studied here. Note that S. specki does not contain embedded modules and
that N. karyoxenos lacks partially overlapping modules. Constant regions
of chromosomes (indicated by chromosome IDs E01, U01, etc.; see also
Supplementary Table S4) are depicted as black rectangles. Modules are
represented by dark- and light-gray filled arrows. The arrow tip indicates
the direction of module transcription. >>, modules encoded on the same
strand; <>, 5'-ends of modules encoded on opposite strands overlap; > <,
3'-ends of modules encoded on opposite strands overlap.

latter instances, modules are either separated, overlapping
or nested.

The six species analyzed here differed considerably in
their total number of distinct chromosomes, ranging from
30in D. japonicum to 163 in Namystynia (Table | and Sup-
plementary Table S4). These differences were not only due
to a different number of modules in a given species, but also
to the fact that some chromosomes encoded multiple mod-
ules. For example, D. japonicum contained 23 multi-module
chromosomes, the highest number in this category among
all species analyzed (27), but only 7 mono-module chromo-
somes (Table 1). In contrast, among the 86 chromosomes of
Lacrimia, only four contained multiple modules. The high-
est number of modules detected in a single chromosome
was 11 in Sulcionema; this species also contained by far the
largest number of apparently module-less cassettes (all 16
from its A class chromosomes; Supplementary Table S4).

About 60% of multi-module chromosomes of the
diplonemids examined here contained partially overlapping
or nested modules (Supplementary Table S6), an arrange-
ment also noted before in other classical diplonemids (27).
Overlaps were only conserved among closely related species
(nad5-m10 + nad5-m3, nad6-m2 + nad4L-m2 and nad9-m2
+ nad6-m3 in D. ambulator and D. japonicum; nad9-m3 +
nad9-m4 in R. euleeides and R. humris), and most overlap-
ping modules were encoded on the same strand. No embed-
ded modules were detected in Sulcionema (similarly to D.
papillatum), whereas in Namystynia, all overlapping mod-
ules were completely nested (Figure 5 and Supplementary
Table S6).
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Conserved types of mitochondrial RNA editing and their dis-
tribution

In all species studied here, we identified mitochondrial tran-
scripts that underwent multiple events of C-to-U and A-
to-1 substitution editing and U-appendage editing (Figures
2 and 6; Supplementary Table S5). These types of editing
had also been described previously in four Diplonemidae
species and H. phaeocysticola (16,27). In the type species,
the presence of inosines in transcripts has been demon-
strated experimentally indicating that post-transcriptional
A-to-G DNA-RNA differences arose by deamination, a
process that most certainly applies to C-to-U changes as
well (16). Substitution editing sites occurred in clusters in
similar gene regions across species, although individual sites
did not necessarily coincide. Earlier reported substitution
editing clusters (e.g. nad2-m4, nad3-m2, nad4-ml, nad6-ml,
nad7-m3 and mS, nad9-m1 and rns) were present in the
species studied here as well, although with some exceptions,
such as the complete absence of substitution editing sites in
nad3, nad7 and nad9 of Lacrimia (Figure 2). We also iden-
tified new sites of C-to-U and A-to-I substitutions and U
appendage. These included one and two new C-to-U edit-
ing sites in Lacrimia cob-m5 and cox3-ml, respectively. Fur-
ther, Sulcionema possessed a novel A-to-I substitution site
in cox3-m3, and in R. humris, we discovered two new editing
sites at the junction of m1 and m2 of cox3 (Supplementary
Table S5).

All the above editing types were much more frequent in
the hemistasiids and affected every single transcript (Fig-
ures 2 and 6; Supplementary Table S5). In addition to the
editing clusters documented previously (16,27), we identi-
fied several novel instances, mostly located at the ends of
modules (which complicated the recognition of the corre-
sponding modules). Although more numerous, substitution
editing sites in Artemidia (493 A-to-I and 620 C-to-U sites
in >100 editing clusters) were amassed in half the number
of clusters compared to Namystynia (458 A-to-I and 588
C-to-U sites in >210 editing clusters; Supplementary Ta-
ble S5). Interestingly, certain editing sites in Namystynia
coincided with one of the >300 genomic polymorphisms
(mostly single-nucleotide polymorphisms, SNPs) dispersed
across modules (Supplementary Table S5 and Supplemen-
tary Figure 3A).

Novel types of RNA editing

By inspecting DNA-RNA differences, we detected two new
types of editing not documented before in diplonemids.
First, the two hemistasiids carried G-to-A substitutions
(Figure 7A; Supplementary Figure S3A,B), notably 14 un-
ambiguous sites in six different transcripts of Namystynia
and one such site in nads of Artemidia (Figures 2 and 6; Sup-
plementary Table S5); a second site may exist in Artemidia
nadl; however, the corresponding A in RNA could have also
originated by A-appendage (see below).

The second new type of editing was detected in Sul-
cionema and Namystynia. The nad4 transcript of the for-
mer contained between m4 and mS5 not only a non-encoded
U but also an additional A (Figure 2), which we con-
firmed by 3' RACE (Supplementary Figure S3C). Such A-
appendage editing appeared far more frequent in Namysty-
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nia, in which we spotted one to four such sites in eight
different transcripts, summing up to a total of 17 edit-
ing positions and 41 post-transcriptionally added As (Fig-
ure 2 and Supplementary Table S5). The A-appendage
site of Sulcionema nad4 also occurred in the same tran-
script of Namystynia (m13/m14 junction). Curiously, at all
sites except the one in nad4L, A-appendage in Namysty-
nia coincided with U-appendage, occasionally in an inter-
spersed fashion, as for example between nad4-ml and m2
(§-UUAAUUUUUUUUU-3").

In Namystynia, we also observed six cases of apparent
G-additions between modules, and again intermixed with
other post-transcriptionally added nucleotides, for example
5-GAUUU-3 between nad-m12 and m13 (Supplementary
Table S5). The Gs could have arisen in two ways, by (i)
genuine G-appendage editing or (i) A-appendage followed
by A-to-I deamination. While editing by rare G-insertions
had been observed in an amoebozoan and a heterolobosean
(46,47), we considered the second alternative more likely be-
cause it would not imply an additional machinery required
to specifically add G residues. Further, RNA-Seq read map-
ping to the junction of nad5-m12 and nad5-m13, where such
a G-addition was noted, revealed a minor population of
RNA-Seq reads that displayed 3’ terminal A-tracts, which
we interpret as not-yet edited intermediates (Figure 7B). It
will be interesting to validate this hypothesis by biochemical
assays once Namystynia becomes more amenable to exper-
imental work.

Phylogenetic relationships among diplonemids

In molecular phylogenies based on 18S rRNA (11,12,14)
(Figure 6), the genera Diplonema, Rhynchopus, Lacrimia,
Flectonema and Sulcionema formed Diplonemidae, which
are also referred to as ‘classical” diplonemids, to the exclu-
sion of Hemistasiidae, Eupelagonemidae (formerly DSPD
1(48)), and the lineage currently described by its acronym
‘DSPD IT. To build a more robust phylogeny, we used here
the concatenated protein sequences inferred from 15 differ-
ent mitochondrial transcripts, identified in this and previ-
ous studies. The resulting tree (Figure 6, right tree; Sup-
plementary Figure S4A) resolved the relationships between
diplonemids with high confidence but differs in topology
from the nuclear 18S rRNA-based trees including the same
species (Figure 6, left tree). First, in the mitochondrial phy-
logeny, Lacrimia grouped together with Diplonema, while
it is placed at the base of the Diplonema + Rhynchopus
clade in the 18S rRNA trees. Second, Namystynia, and not
Artemidia, was the sister taxon of Hemistasia. Finally, the
most significant deviation was the position of Sulcionema,
as it branched together with Diplonemidae in the nuclear
trees, but with Hemistasiidae in the mitochondrial tree.

To examine possible reasons for this incongruence, we
calculated gene- and site-concordance factors for each
branch in the tree (45) (Supplementary Figure S4B). Com-
pared to the concatenated dataset, single-locus phyloge-
nies showed comparably low support for the positions of
Lacrimia and D. papillatum; however, the majority of in-
formative sites in the concatenated dataset supported the
tree topology. The conflicting positions within Hemistasi-
idae were mainly due to the limited data currently avail-
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able for H. phaeocysticola (i.e. four proteins instead of 15).
More importantly, most single-protein phylogenies placed
Sulcionema prior to the divergence of hemistasiids, i.e. the
topology shown here (Supplementary Figure S4A), but the
site-wise support for this topology was almost identical with
that of the two other mutually exclusive topologies, in which
Sulcionema formed a sister group to either all diplonemids
or the Diplonemidae clade. Further taxon sampling of basal
diplonemids should allow to resolve the described inconsis-
tencies.

DISCUSSION

In the past, most studies were performed on the type species
D. papillatum which, incidentally, has recently become ge-
netically tractable (49). Together with three other classical
diplonemids that had formerly been examined at the molec-
ular level (11-14), these species represent a tiny and ecolog-
ically restricted fraction of the highly diverse group (4,14).
Here, we have considerably expanded the knowledge about
the diplonemid mitochondrial genomes by examining six
recently isolated species from both the Diplonemidae and
Hemistasiidae clades, thus covering a substantial part of
diplonemid diversity (11-13).

Diplonemids are record holders in mitochondrial genome con-
tent and organization

It is worth noting that these protists, which were neglected
until recently, carry the largest amount of mtDNA docu-
mented in an organelle, which in D. papillatum even ex-
ceeds that of nuclear DNA (18). In comparison to hu-
man mtDNA, which typically constitutes only about 1%
of total cellular DNA and consists of a single, circular-
mapping 16.5 kbp molecule encoding complete protein-
coding genes (13 in human versus 16 in diplonemids),
mtDNA in diplonemids is unprecedented in its magnitude,
while its gene expression mode adds a supplementary layer
of complexity. Most of the diplonemid mtDNA is non-
coding, with the extensive constant regions apparently car-
rying only the origin of replication and transcription initia-
tion signals. The baroque organization of the mitochondrial
genome and transcriptome in diplonemids is partially met
by the well-studied case of sister trypanosomatids, which
tells us that sustaining this extravagancy must require an
enormously complex cellular machinery. Moreover, observ-
ing such unusual features in the free-living diplonemids
challenges the common view that extreme oddities are syn-
onymous with a parasitic lifestyle.

The enigmatic y4 gene

All diplonemids analyzed in this and previous studies (27)
encode the same set of mitochondrial genes (Figure 6). The
only gene with patchy distribution, encountered in half of
the species, is y4 encoding a hypothetical protein, which is
poorly conserved at the sequence level and for which no ho-
molog was found outside diplonemids. The Y4 protein of D.
papillatum was recently detected by mass spectrometry in a
respirasome supercomplex and, therefore, might represent
a novel diplonemid-specific subunit of one of the respira-
tory chain complexes (36). Alternatively, Y4 might specify a
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highly derived mitochondrion-encoded mitoribosomal pro-
tein. For example, the kinetoplastid RPSI2 (encoding the
mitoribosomal uS12m) and M URFS are renowned for their
extreme sequence divergence, and the latter has been uncov-
ered as RPS3 (uS3m) only by structure determination of the
Trypanosoma brucei mitoribosome (50). No homologs en-
coding uS12m and uS3m were detected in the D. papillatum
nuclear genome (our unpublished observations), which sug-
gests that Y4 may be an extremely divergent mitoribosomal
protein. Structure determination of the Diplonema respira-
some and mitoribosome will be the ultimate test of these
hypotheses.

Mitochondrial gene fragmentation at new heights in hemis-
tasiids

An earlier study of four genes indicated high fragmentation
in Hemistasia mtDNA (29). Our more systematic investi-
gation of complete mitochondrial transcriptomes from two
other hemistasiids generalized this finding, uncovering pu-
tative mini-modules as short as 3 bp. The vast majority of
mini-modules is embedded in another module, which indi-
cates that increasing gene fragmentation facilitates double
use of coding sequence for distinct genes. Importantly, reuse
can be even multiple: in Namystynia, coxI-m15 and coxI-
m6 are both embedded in cox/-m13, while in Artemidia,
nad2-ml and nad5-m20 extensively overlap with nadS-m13,
with a 9-bp region contributing to all three gene pieces (Fig-
ure 5 and Supplementary Table S6).

Ultra-short (1-30 nt) coding sequences are found in
nuclear and mitochondrial genomes of numerous or-
ganisms (51-53). These micro-exons are joined to their
neighbors—by the spliceosome or the Group I or Group
1T splicing machineries—via cis-splicing, thus relying on a
physical connection between exons for proper joining. The
hemistasiid case suggests that mini-module joining might
proceed through an intermediate where a larger precursor
acts as a “carrier” of the mini-module (Figure 4C and D), en-
suring the correct frans-splicing of a sequence that alone is
presumably too short to ensure specificity. The actual mech-
anism of module transcript match-making still remains an
intriguing puzzle.

RNA editing at an unprecedented level

Among diplonemids, the largest number of mitochondrial
editing sites was counted in Namystynia, notably over 1,000
A-to-Iand C-to-U substitutions, 14 G-to-A changes, and 94
U+A-tracts that sum up to >600 nt added to modules (Sup-
plementary Table S5). As in previously studied diplonemids
(16), RNA editing had an overall restorative effect on cod-
ing sequences, allowing production of functional proteins
from a priori defective gene pieces.

The myxomycete Physarum polycephalum, several di-
noflagellates, and the lycophytes Isoetes engelmannii and
Selaginella uncinata, are renowned for extensive organel-
lar editing with 1,333 sites in P. polycephalum mitochon-
dria, 1,782 in I engelmannii mitochondria and 3,415 in S.
uncinata plastids (47,54-56). When comparing the num-
ber of edits per number of residues in a given transcrip-
tome, the editing is most pervasive in Isoetes (6.7%), several

dinoflagellates (5.4-6.5%), followed by Selaginella (4.3%)
and Physarum (3.5%). Diplonemidae rank lower (1.9-2.5%;
Supplementary Table S7), yet Hemistasiidae surpass all pre-
vious records. With an editing density of 12.2%, Namystynia
has the most extensively edited transcriptome documented
so far (Supplementary Table S7).

Physarum polycephalum is also one of the few species
known to employ more than one mode of mitochondrial
RNA editing: co-transcriptional nucleotide insertions and
occasional deletions (57), and post-transcriptional C-to-U
substitutions (47,58), while diplonemids feature substitu-
tion (C-to-U, A-to-I and G-to-A) as well as U- and A-
appendage editing.

New types of RNA editing

In hemistasiids, we detected two types of editing novel for
diplonemid mitochondria, which involve G-to-A substitu-
tions and A-appendage to internal modules. G-to-A editing
has been only rarely reported in mitochondria, e.g. in di-
noflagellates such as Hematodinium (59), while such events
are extremely uncommon in the nucleus (60,61). Attest-
ing to the importance of this type of editing in hemistasi-
ids, the G-to-A substitution site in nad5-m6 of Artemidia is
also conserved in Namystynia. The editing event contributes
to the replacement of a Ser by an Asp codon that corre-
sponds to the function-critical residue at position 179 in
mammalian Nad5, an amino acid involved in the proton
relay of complex I (62).

The molecular mechanism of G-to-A editing remains a
matter of speculation; while C and U interconversion can
proceed by transamination (U-to-C) and deamination (C-
to-U)—since the two bases differ only in the absence or
presence of an amino group—G and A differ in two groups,
and no single chemical reaction is known to interconvert
these two bases.

More concrete notions exist about A-appendage editing,
which is a crucial step in the maturation of the dinoflag-
ellate cox3 transcript (63,64). The reaction is presumably
catalyzed by the poly(A) polymerase that otherwise adds
poly-A tails to mitochondrial transcripts. The correspond-
ing enzymes have been characterized in mammals and try-
panosomes (65). In the latter, the 3 tails are actually a
mix of A+U residues, generated in two steps. Prior to edit-
ing, which in trypanosomes involves U-insertions and U-
deletions (66-68), a 20-25 residue-long 3’ A-tail is added.
Once editing is completed, this tail is elongated to a 200-300
nt-long A+U heteropolymer, earmarking the transcript for
translation and allowing its association with the mitochon-
drial ribosome (69). Both short and long tails are synthe-
sized by the kinetoplast poly(A) polymerase 1 (70), which
forms a complex with two pentatricopeptide proteins called
kinetoplast polyadenylation/uridylation factors (KPAFs) 1
and 2 (71). RNA-editing terminal uridylyl transferase 1,
which forms a complex with 3’ exonuclease (72), is involved
in the formation of long mRNA 3’ tails (73,74), and possi-
bly also in uridylation of rRNAs and gRNAs.

We expect a similar protein complex to operate in
diplonemid mitochondria. However, in diplonemids, the
addition of As—frequently together with Us—takes place
in two fundamentally different contexts: not only at the
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3" end of terminal modules, thus generating mRNA tails,
but also of internal modules, as we documented here for
Namystynia (Figures 2 and 7A; Supplementary Table S5).
It will be interesting to examine in diplonemids whether a
single protein complex is responsible for generating both A-
tails and A-appendages or whether distinct specialized com-
plexes have evolved for the two purposes.

Mitochondrial genes of Sulcionema—primitively simple or
reduced upon divergence?

The mitochondrial system of Sulcionema appears in several
aspects less complex than that of the other diplonemids.
Furthermore, this species has the shortest branch in both
mitochondrial (Figure 6A and Supplementary Figure 4A)
and nuclear phylogenies (11). Some of these features might
have been reduced upon divergence, while others might be
primitive.

Of particular interest is the absence of the post-
transcriptionally added Us between modules m4 and m5 of
Sulcionema coxI (Supplementary Figure S5). Besides being
the first editing site identified in a diplonemid (23), this U-
appendage had apparently an important evolutionary im-
pact on the Coxl protein structure. In all species except
diplonemids, the protein region corresponding to junction
m4/m5 (loop 1) is positively charged and, in the folded
protein, interacts with a downstream loop 2 composed of
small and hydrophobic residues. The inverse situation ap-
plies to all diplonemids that feature cox! U-appendage edit-
ing. Here, the U-tract added at the m4/m5 junction and its
environs specify a hydrophobic patch, whereas the down-
stream loop contains a polar Arg residue (28). Interestingly,
the Sulcionema Cox|1 protein has exactly the same hydropa-
thy pattern in loops 1 and 2 as the other diplonemids, only
the Us at the m4/m5 junction are genome-encoded as part
of m4. More extensive taxon sampling will be necessary
to untangle the order of the two evolutionary events, loop
1/loop 2-polarity switching and U-appendage editing.

Other less complex features in Sulcionema include the
lack of nested modules (Supplementary Table S6) and the
low RNA editing frequency (Supplementary Table S7) com-
pared to the other diplonemids. Furthermore, the range of
copy numbers across its module-bearing chromosomes is
only ~13 (~30 when including its 16 module-less chromo-
somes), but 50-150 in the other Diplonemidae, and even
~600 in the hemistasiid Artemidia (up to ~300 of its B class
chromosomes alone) (Supplementary Table S4) (27). It was
noted that unequal copy numbers of chromosomes in mul-
tipartite genomes may cause chromosome loss during ran-
dom mtDNA segregation to daughter cells (75). One solu-
tion to this problem is to over-amplify mtDNA, which in D.
papillatum represents >50% of total cellular DNA (18,75).
It would thus be interesting to see whether the more even
chromosome copy number distribution in Sulcionema cor-
relates with a lower mtDNA to nuclear DNA ratio.

Gene fragmentation and complexity in the most diverse
diplonemids

Given the very high estimate of diplonemid species in the
ocean (5,7), it can be safely predicted that species with even
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more complex mitochondrial genomes and transcriptomes
will eventually be discovered, especially among hemistasi-
ids and eupelagonemids. For example, when reanalyzing
the published genome sequences from 10 single-cell eu-
pelagonemids (4), we detected in the data from ‘cell 13
three potential mitochondrial modules encoding highly
conserved regions of cox/ and nad7. One candidate module
corresponds exactly to the hemistasiid nad7-m2, the second
to the upstream half of the hemistasiid nad7-m3, and the
third is a homolog of cox/-m11 from Hemistasia (Supple-
mentary Figure S5). This indicates that the mitochondrial
genomes of Eupelagonemidae species are similar to those
of the Hemistasiidae clade with respect to module sizes and
RNA editing (Figure 2 and Table I; Supplementary Table
S5).

CONCLUSIONS AND OUTLOOK

Since diplonemids are a highly successful group as to their
geographic distribution and habitat diversity, their extrav-
agantly complex mitochondrial system has apparently lit-
tle if any impact on their fitness. We see in it an excellent
example of constructive neutral evolution (76-79), which
postulates that a stepwise increase in the complexity of a
given cellular machinery can occur with no associated se-
lective consequence. Regardless of whether the flexible gene
module structure allows sequence reuse for unrelated genes
and/or de novo generation of ‘improved’ gene pieces, the va-
riety of splicing and editing events makes the mitochondrial
genome of diplonemids a laboratory for new inventions. In-
deed, in a diplonemid cell, it takes ‘the whole village” to
decode the handful of mitochondrial genes. Our next chal-
lenge is to identify the individual players involved in decod-
ing and to establish how the complex gene expression is co-
ordinated.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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