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ABSTRACT

Endosymbiotic gain and transfer of plastids is a widespread evolutionary phenomenon
and a major driving force of eukaryotic evolution. The integration of a new organelle is
accompanied by changes in its structure, gene content, molecular mechanisms for biogenesis
and transport, and re-wiring of the host and organelle metabolic pathways. To understand
the course and underlying mechanisms of plastid evolution, it is important to study these

processes in variety of secondary algae and notice their differences and similarities.

Euglenophytes gained their plastids from green eukaryotic algae after a long history
of heterotrophic lifestyle. In my thesis, I participated in analyses of newly generated
sequence datasets: transcriptomes of FEuglena gracilis and Euglena longa and mass
spectrometry-determined proteome of E. gracilis plastid with especial regard to the potential
novelties associated with plastid gain and incorporation. In the resulting publications we
particularly focus on plastid protein import machinery and targeting signals and report
extremely reduced TIC and completely absent TOC in euglenophyte plastid. Using
the proteomic dataset, we predict potential novel plastid protein translocases recruited from
ER/Golgi and re-analyze plastid signal domains, characterizing previously overlooked
features. Protein inventory of E. gracilis plastid suggests complex, in some cases redundant
metabolic capacity. Chlorophyll recycling is one of the sources of phytol for reactions not
connected to MEP/DOXP pathway. Plastid contribution to amino acid metabolism is very
low, if any. We screen the proteome for proteins of other than green algal phylogenetic
affiliation and report substantial contribution from “chromists” as well as several cases

of LGT from bacteria, including an acquisition of additional SUF pathway.

In summary, the work presented in this thesis provides a solid contribution to plastid
proteomics, resource for both basic and applied Euglena research and potential foundation

for various follow-up studies.



ABSTRAKT

Vznik plastidi endosymbidzou a jejich horizontalni Sifeni je Siroce rozsifeny evoluéni jev
a jedna z vyznamnych hnacich sil evoluce eukaryot. Integrace nové organely je doprovazena
zménami v jeji struktufe, genovém obsahu, biogenezi a importu proteinti a propojenim jejich
metabolickych drah s drahami hostitele. Studium téchto procestt v raznych skupinach
sekundarnich fas a srovnavani mezi nimi je dilezité pro porozuméni obecnym principim

evoluce plastida.

Krasnoocka (Euglenophyta) ziskala své plastidy od zelenych fas po pomérné dlouhém obdobi
heterotrofie. V této praci jsem se podilela na analyze nové vygenerovanych sekvenénich
dataset: transkriptoml Euglena gracilis a Euglena longa a plastidového proteomu E. gracilis
determinovaného pomoci hmotnostni spektrometrie, a to s ohledem na potencialni inovace
souvisejici se ziskanim a integraci plastidu. Ve vyslednych publikacich jsme se zaméfili
zvlasté na slozeni a evoluci systému pro targeting a import jaderné¢ kodovanych proteinti
do plastidu a zjistili, Ze plastidy krasnoocek obsahuji extrémné redukovany TIC a zcela
postradaji TOC komplex. Na zéklad¢ plastidového proteomu jsme identifikovali nékolik
novych potencidlnich translokdz odvozenych od proteintt endomembranového systému
a popsali nékteré¢ dfive nepovSimnuté vlastnosti N-terminalnich targetovacich signalt
proteinli importovanych do plastidu. Proteom plastidu E. gracilis vypovida o komplexnim,
v nékterych ptipadech redundantnim, metabolismu této organely. Recyklace chlorofylu je
jednim ze zdrojii fytolu pro reakce nenapojené na plastidovou MEP/DOXP drdhu. Podil
plastidu na metabolismu aminokyselin je velmi nizky, pokud vibec néjaky. Plastidovy
proteom jsme rovnéz podrobili systematické fylogenetické analyze a zjistili vyznamné
mnozstvi proteinti pivodem z ,,chromist™ a také nékolik ptipadii lateralniho genového prenosu

z bakterii, v€etné¢ druhé SUF drahy pro syntézu Zelezosirnych center.

Tato prace piedstavuje vyznamny piispévek k plastidové proteomice, zdroj pro zakladni

1 aplikovany vyzkum krasnoocek a potencialni zaklad pro razné typy navazujicich studii.



1 INTRODUCTION
1.1 Euglenophyta

1.1.1 Evolutionary position and general characteristics

Euglenids, together with kinetoplastids, diplonemids, and symbiontids, form the phylum
Euglenozoa within Discoba, a subgroup of the paraphyletic supergroup Excavata. General
characteristics of euglenids shared with other euglenozoans include microtubular corset
or pellicle, apical pocket associated with cilliar apparatus comprised of two kinetosomes
bearing heteromorphic flagella equipped with paraxonemal rods, and three distinctive
microtubular roots, and a single mitochondrion which is often large and reticular and usually
has discoidal cristae (Cavalier-Smith 1981; Simpson 1997; Cavalier-Smith 2016;
Adl et al. 2019). Euglenids have a pellicle composed of proteinaceous strips which enables
them to move in a typical slime-like fashion termed metaboly (Triemer & Farmer 1991;
Leander et al. 2001). They use beta-glucan paramylon as a storage polysaccharide
(Barras & Stone 1968) and are quite diverse in regard to nutritional strategies which include
eukaryovory, bacteriovory, osmotrophy, and phototrophy (Triemer & Farmer 1991;
Leander ef al. 2001). The latter is the case of euglenophytes, a monophyletic clade
of euglenids which harbour from one to few dozen of triple membrane-bound green plastids
(Leedale 1967; Gibbs 1981). The early-branching euglenophyte Rapaza viridis is
an obligatory mixotroph (Yamaguchi et al. 2012) which might have substituted these
plastids by kleptoplastids from its prey (Karnkowska & Yubuki, personal communication),
while several independent lineages such as Euglena longa lost the photosynthetic capacity,
retain colourless plastids and are secondarily osmotrophic (Gockel & Hachtel 2000;

Marin et al. 2003).

1.1.2 Morphology and cell structure

Euglenophyte cells are generally large (up to 200 pm), often elongated and capable of some
degree of metaboly. The cell plasticity positively correlates with the higher number of pellicle
strips and their helical arrangement, while euglenophytes with less flexible or completely
rigid cells tend to have fewer strips which are parallel to the cell axis. Some metabolizing

euglenophytes have a mineralized extracellular lorica (genera Trachelomonas



and Strombomonas). Dynamic metaboly is believed to be the ancestral state and its reduction
or loss is evolutionarily derived (Leander et al. 2007; Karnkowska et al. 2015). The more
standard and conserved mode of locomotion is swimming using anterior flagellum during
which the cell rotates around its longitudinal axis and characteristically sways to the sides.
The flagellum contains a paraxonemal rod and is relatively thick. Most euglenophytes have
only one emergent flagellum but the ancestral state observed in many primarily heterotrophic
euglenids and conserved in the basal paraphylum Eutreptiales are two heteromorphic ones
(Leander et al. 2001). Euglenophytes possess a typical eyespot formed by carotenoid-rich
granula (hence the name from Greek eu- (“good”) + gléené (“eye™)). It is associated with
the paraflagellar pocket and kinetosomes and mediates positive and negative phototaxis,
possibly using alternating illumination and shading by the flagellum resulting from cell
rotation during swimming to sense the direction of light (James et al. 1992;
Iseki et al. 2002). Some representatives of euglenophytes are sessile with mucilaginous

stalks (genus Colacium) (Karnkowska et al. 2015).

Euglenophytes synthesize paramylon which is stored freely in the cytoplasm in form
of grains which can be either monomorphic (all of the same shape and size, ancestral)
or dimorphic (two types of grains are present, derived) (Monfils et al. 2011). Additionally,
paramylon can form caps (one or two) on plastid pyrenoids. Type and distribution
of paramylon in the «cell is wused as morphological diagnostic character

(Karnkowska et al. 2015).

Euglenophyte plastids can be positioned either axially or parietally in the cell and take
multifarious sizes and shapes ranging from simply spherical or oval to variously flattened
or concave, extensively lobed, or of ribbon-like appearance, which are also considered
as morphological diagnostic characters typical for certain groups, genera, or species. Other
characters include pyrenoids, dense regions and sites of carbon fixation, which are generally
present and visible, and the presence/absence and topology of the aforementioned paramylon
cap (Leedale 1967; Ciugulea & Triemer 2010; Karnkowska et al. 2015). The ultrastructure
of euglenid plastids, their thylakoids, and enveloping membranes will be discussed in detail

and compared to that of other algae in chapter 2.2.2.
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1.1.3 Diversity, distribution and ecological significance

Due to their ubiquity in fresh waters, relatively large size, distinctive appearance, and easy
collection and cultivation, euglenophytes were among the first protists to be observed
and described (Harris 1695; Ehrenberg 1830) and the study of their diversity has a long
tradition. To this day, almost one thousand species of euglenophytes in 14 genera have been
described (Guiry & Guiry 2017), with disproportionally large number of species assigned
to the type genus Euglena, which is, at this point, almost undeniably paraphyletic or even
polyphyletic (Karnkowska et al. 2015; Zakry$ et al. 2017). A deep, albeit somewhat
artificial division splits euglenophytes to Eutreptiales nad Euglenales, with the former being
a paraphylum at the base and the latter being a crown monophylum, and with Rapaza
as a separate lineage sister to both. Eutreptiales (genera Eutreptia and Eutreptiella)
and Rapaza exhibit several traits which are not shared with any known member of Euglenales
and are considered ancestral: they have two emergent flagella and they are marine. Euglenales
can be further subdivided into Phacaceae which lack pyrenoids and developed dimorphic
paramylon (genera Phacus, Lepocinclis, and Discoplastis) and Euglenaceae which encompass
the rest of the diversity (genera FEuglena, Monomorphina, Cryptoglena, Euglenaria,

Trachelomonas, Strombomonas, and Colacium).

Due to their metabolic plasticity and ability to readily switch to heterotrophy if more
convenient organic energy source becomes available, and even survive in anaerobic
conditions, euglenophytes inhabit a wide variety of environments, including heavily polluted
waters and sediments (Mahapatra et al. 2013). It is worth notice that vast majority
of the described euglenophyte diversity is freshwater, even though the closest known extant
relatives of both the plastid and the plastid acceptor ancestors are marine
(Turmel et al. 2009; Breglia et al. 2013), suggesting (although not proving, as discussed
in Jackson et al. 2018) that the group originated in the sea. This general absence
of euglenophytes in oceans appears to be genuine, albeit peculiar, rather than a result
of sampling bias as environmental sequencing efforts repeatedly fail to capture novel
or more diversified euglenophyte signals in marine samples (unpublished data;

Karnkowska et al., personal communication).

11



1.1.4 Euglena gracilis as a model euglenophyte

Euglenophytes have a very versatile metabolism and are able to synthesize numerous
compounds usable in pharmaceutics, such as vitamins A, E and C and other antioxidants,
including the aforementioned paramylon which was reported to have remedial effects
on certain health conditions in animal models in several studies (Sugiyama et al. 2009;
Watanabe et al. 2013; Nakashima et al. 2017; Russo et al. 2017). They are also in focus
of biotechnological research for their potential utilisation in biofuel industry and wastewater
treatment through their production of wax esters under heterotrophic and anaerobic conditions
(Mahapatra et al. 2013; Krajcovi¢ et al. 2015; Nakazawa et al. 2015; Ogawa et al. 2015).
Biochemical capacities of euglenophytes were studied extensively in various strains
of Euglena gracilis which have been cultivated and used in experiments for over a century.
However, unlike for example the green alga Chlamydomonas or the diatom Phaeodactylum,
neither E. gracilis nor any other euglenophyte has become a classical routinely transformed

and phenotypized model organism so far.

1.1.4.1 Genome and gene expression

One of the main reasons for this is the size and complexity of E. gracilis genome and its
molecular genetic mechanisms in general. Although two largely complete transcriptomes
of E. gracilis (O’Neill et al. 2015; Yoshida et al. 2016) and several lower-quality or draft
ones from other representatives of euglenids (Keeling et al. 2014; Hrda et al., unpublished
data; Lax et al., unpublished data) have been sequenced, their genomic DNA still resists
sequencing. The nuclear genome of E. gracilis was estimated to be up to 2 Gbp in size
and very rich in non-coding DNA including extensive repetitive regions which notably
hamper genome assembly efforts (Ebenezer et al. 2017), especially in combination with the
presence of multiple types of introns with non-canonical borders (Milanowski et al. 2016;
Guminska et al. 2018) and pseudogenes which make gene prediction problematic.
Moreover, gene expression regulation which involves substantial cis- and trans-splicing
of transcripts in E. gracilis (Tessier et al. 1991; Hastings 2005; Yoshida et al. 2016)
and seems to take place at a post-transcriptional rather than transcriptional level

(Yoshida et al. 2016) is not fully understood and potentially complex and unique.
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1.1.4.2 Genetic tools

Genetic transformation of E. gracilis has been attempted for a long time using various
methods. For the introduction and expression of exogenous gene results were achieved
by biolistic (Doetsch et al. 2001; Ogawa et al. 2015) and recently Agrobacterium-
mediated plasmid delivery (Khatiwada et al. 2019). It is also possible to achieve transient
gene silencing in E. gracilis by introduction of dsRNA, taking advantage of its internal
anti-viral RNA  interference  machinery  (Iseki et al. 2002; Héder et al. 2009;
Nakazawa et al. 2015; Nasir et al. 2018; Novak Vanclova et al.; unpublished data).
However, none of these methods is robust enough to be used routinely and widely
at the present day, so the potential of E. gracilis as a euglenid model for studies connecting

sequence to function remains mostly unexploited.

1.2 Plastids

1.2.1 The origin of plastids

Plastids are present in many groups of eukaryotes, most of which could be termed algae.
Although algae are an artificial, polyphyletic taxon, all their plastids trace back to a single
evolutionary event: the integration of a cyanobacterium by a common ancestor
of Archaeplastida. The existing plastids were then either inherited vertically or spread

horizontally to other lineages.

1.2.1.1 Primary endosymbiosis and related phenomena

The evolutionary event which gave rise to primary plastids present in green algae and plants,
rhodophytes, and glaucophytes took place approximately 1.5 billion years ago
(Yoon et al. 2004; Parfrey et al. 2011). The freshwater B-cyanobacterium Gloeomargarita
was identified as the extant lineage most closely related to the primary plastid ancestor,
suggesting that plastids originated in freshwater environment (Ponce-Toledo et al. 2017,

de Vries & Archibald 2017).

However, the Gloeomargarita-like cyanobacterial endosymbiont might have not been

the only prokaryotic organism implicated in plastid genesis, as this was presumably
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a long-term process of balancing the symbiotic relationship involving multiple trials
and errors. According to the “shopping bag” model, laterally transferred genes left behind
by previous endosymbionts could have played a significant role in the definitive plastid
establishment (Larkum et al. 2007). Additionally, a noteworthy number of plastidial genes
phylogenetically affiliated to Chlamydiae was noticed and it was hypothesised that
an organisms of this group was also an important player in plastid genesis
(Huang & Gogarten 2007; Moustafa et al. 2008), either as a pre-requisite, suppressing
the host cell defense against the newly-arrived cyanobacterial endosymbiont
since Chlamydiae are well-adapted to intracellular parasitism (Ball et al 2013),
or as a long-term co-inhabitant and partner in the endosymbiotic relationship which would
in this case have initially taken place as a “ménage a trois* - between three and not just two
organisms (Facchinelli et al. 2013; Cenci et al. 2016). However, other researchers argue
that there was no evolutionary need for such affair and the presence of chlamydial genes can
be simply explained as a selectively neutral result of intracellular lifestyle of these bacteria

(Domman et al. 2015).

The only known case of an independent primary endosymbiosis involves the cercozoan
amoeba Paulinella which harbours a chromatophore, plastid-like organelle acquired only
some 60 million years ago, much later than the plastid of Archaeplastida, and more closely
related to o-cyanobacteria Symechococcus and  Cyanobium  (Marin et al. 2005;
Yoon et al. 2009; Kim & Park 2016). This peculiar organism allows us to study the early
stages of plastid-like organelle evolution and perhaps apply these findings to better
understand the origin of classical plastids. For instance, recent studies suggest that there was
an extensive lateral influx of genes from various prokaryotes to Paulinella that might have
been crucial for the establishment of chromatophore as a fully integrated organelle dependent

on the host nucleus (Nowack et al. 2016).

1.2.1.2 Secondary and higher endosymbioses

Secondary or higher endosymbioses are instances of horizontal plastid transfer between two
eukaryotes. They are unquestionably more common in the course of eukaryotic evolution than
primary endosymbioses and helped to spread plastids and photosynthetic lifestyle to various
groups of organisms throughout most of the eukaryotic supergroups: cryptophytes (Cryptista,

currently placed as sister lineage to Archaeplastida), chlorarachniophytes (Rhizaria in TSAR
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clade), ochrophytes (Stramenopila in TSAR clade), apicomplexans, chromerids
and dinoflagellates (Alveolata in TSAR clade), haptophytes (Haptista, currently placed
as sister to TSAR), and euglenophytes (Excavata). Apart from euglenophytes, only
chlorarachniophytes and the dinoflagellate genus Lepidodinium possess green plastids, in this
cases derived from ulvophytes and pedinophytes, respectively (Jackson et al. 2018), that can
be safely interpreted as secondary based on their phylogenetic signal and, in case
of chlorarachniophytes, a presence of nucleomorph, a highly reduced nucleus of the plastid

donor, in the periplastidial compartment (Gilson et al. 2006; Takahashi et al. 2007).
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Figure 1: Distribution and possible relationships between known plastids. This model assumes
a common origin of all “chromist” plastids and suggests cryptophytes as the original hosts

of rhodophyte endosymbiont. The course of most of the following tertiary or higher
endosymbiotic events is uncertain (dashed lines).
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The relationships between complex red plastids are more complicated and less resolved. It
was originally hypothesized that all red secondary algae share a common ancestor that gained
its plastid from rhodophytes, and form the group Chromalveolata (Cavalier-Smith 1999).
However, the current consensus on pan-eukaryotic tree topology renders such scenario
impossible (Baurain et al. 2010; Burki et al. 2016; Adl et al. 2019). The serial
hypothesis postulates that plastids of these organisms arose once from rhodophytes and then
spread through tertiary, quarternary, or even higher endosymbiotic events (Baurain
et al. 2010; Dorrell and Smith 2011; Stiller et al. 2014; Archibald 2015;
Dorrell & Howe 2015; Burki 2017). The order and timing of these transfers are still
debated and will require more robust phylogenetic evidence to resolve. However, it is likely
that plastids of cryptophytes are truly secondary as they also contain a nucleomorph, in this
case identifiable as a remnant of rhodophyte nucleus (Douglas et al. 2001; Moore and
Archibald 2009). The distribution and relationships between existing plastids are summarized

in Figure 1.

1.2.1.3 The origin of euglenid plastids

Euglenophytes harbour green plastids which arose through secondary endosymbiosis
(Gibbs 1978). A presence of genes phylogenetically affiliated to plants or cyanobacteria
in kinetoplastids led some researchers to hypothesize that plastids were present
in the common ancestor of much broader subset of euglenozoans and secondarily lost in
most of them (Hannaert et al. 2003; Leander 2004; Bodyl et al. 2010). Current consensus
is, however, that the plastid acquisition took place at the basis of euglenophytes (before the
split of Rapaza), approximately 500 million years ago (Jackson et al. 2018).
The prasinophyte alga Pyramimonas parkeae was determined as the closest known relative

of the plastid donor (Turmel et al. 2009).

However, it might have not been the only algal organism that lived in close association
or even endosymbiotic relationship with ancestors of euglenophytes, as suggested
by the presence of non-negligible amount of genes, often of photosynthetic or otherwise
plastid-related function, putatively gained through lateral gene transfer (LGT) from
“chromists” (Maruyama et al. 2011; Markunas & Triemer 2016; Ponce-Toledo et al. 2018).
This phenomenon can be observed in chlorarachniophytes as well (Ponce-Toledo

et al. 2018) and it was proposed that the influx of various plastid-related genes from algal
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prey and/or transient symbionts (or kleptoplastids derived from either of these) could have
served as a prerequisite for the final establishment of a fully integrated organelle which would
be greatly facilitated by an inventory of plastidial genes already present in the host nucleus,
rolling out a figurative “red carpet” for the new endosymbiont (Nowack et al. 2016;

Ponce-Toledo et al. 2019).

1.2.2 Plastid membranes and general structure

Plastid structure relates to their photosynthetic function and endosymbiotic origin. The former
implies the presence of thylakoids, the sites of light harvesting, electron transport chain,
and ATP synthesis dependent on a chemiosmotic potential between plastid stroma
and thylakoid lumen. Thylakoids are usually stacked in grana or similar structures, greatly
increasing the surface area on which photosynthesis can take place. The endosymbiotic past
of plastids resulted in them being surrounded by multiple envelope membranes that are
traceable to their respective prokaryotic or eukaryotic donor organisms or organelles since

membranes do not arise de novo and instead spread epigenetically (Cavalier-Smith 2000).

1.2.2.1 Primary plastids

Primary plastids of Archaeplastida are surrounded by two membranes, both clearly derived
from the double cytoplasmic membrane of their cyanobacterial ancestor as suggested by their
distinctive lipid and protein composition. Galactolipids monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG), glycolipid sulfoquinovosyldiacylglycerol
(SQDG) and phosphatidylglycerol (PG) are the typical constituents of plastid membranes
and are implicated in photosynthetic functions and their regulation (Boudiere et al. 2014).
The plastids of glaucophytes exhibit additional structural features linking them
to cyanobacteria: they retain a peptidoglycan wall and carboxysomes (Raven 2003).
Thylakoids of primary plastids can be either single and free-floating as in rhodophytes
and glaucophytes, or stacked in grana (layered discs) connected by lamellae as in most green
algae and plants. Pyrenoids, the sites of carbon-fixation, RuBisCO concentration, and starch
production, are generally present in rhodophytes and green algae, but absent in multicellular
plants. In the plastids of some green algae, storage starch granules can be present, as well as

intra-plastidial eyespots comprising of carotenoid granules, rhodopsins, and other proteins.
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1.2.2.2 Complex plastids

Secondary and higher plastids are (with one recently described exception) surrounded
by more than two membranes which results from their more complex evolutionary journey
that lead through one or multiple eukaryotic hosts. The most common number of envelope
membranes is four with the innermost two being homologous to the original
cyanobacteria-derived membranes of primary plastids, the second outermost one descended
from cytoplasmic membrane of the previous eukaryotic host (as demonstrated
by the localization of nucleomorph in the groups that possess this residual nucleus
(Douglas et al. 2001; Gilson et al. 2006)), and the outermost being directly derived from
and in some cases (e.g. diatoms, haptophytes, and cryptophytes) physically connected
to the endomembrane system of the current host organism, forming chloroplast endoplasmic
reticulum, CER (Sheiner & Striepen 2013; Flori et al. 2016). In some organisms with
complex plastids, namely euglenids and peridinin-containing dinoflagellates, one of these
membranes was lost (most likely one of the eukaryote-derived ones). Yet, there is one
possible exception: the recently described stramenopile lineage Chrysoparadoxa which only
retains two plastid membranes and appears to have lost one of the cyanobacterial-like ones
(Wetherbee et al. 2018). On the other hand, plastids of some dinoflagellates underwent
even more complex evolutionary history and can have up to five membranes (Dorrell
& Howe 2015; Matsuo & Inagaki 2018). Thylakoids of secondary plastids do not usually
form high-stacked grana but rather elongated and thinner lamellae, in some cases arranged as
a girdle lamella (characteristic for some diatoms). Pyrenoids are conserved in all the major
secondary plastid lineages in some form. The structurally simplified non-photosynthetic
plastids, such as the apicoplast of Apicomplexa that do not harvest light and assimilate
carbon, represent the obvious exception from the abovementioned and contain neither

thylakoids nor pyrenoid.

1.2.2.3 Euglenid plastids

Euglenids are one of the groups with only three plastid envelope membranes (Gibbs 1978).
It is presumed that the innermost two membranes of cyanobacterial origin are conserved
while the third one is either symbiont plasma membrane- or host phagosome-derived, but it is
ultimately unclear which membrane was lost and no solid evidence on this matter was brought
to this day. The outermost plastid membrane is not continuous with the endomembrane

system but substantial vesicle traffic was observed between plastid and Golgi, which led some
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researchers to hypothesize that the outermost plastid membrane is connected to ER and Golgi
functionally albeit not physically and could be a de facto part of the secretory pathway
(Sulli & Schwartzbach 1996; Enomoto et al. 1997). Plastids are often seen in close
proximity of the mitochondrion suggesting there might be a metabolite or vesicle exchange
or even instances of physical connection between the two organelles. Thylakoids of euglenid
plastids are stacked in long lamellae, usually in threes. The pyrenoids can be naked, fitted
with one or two paramylon caps or cluster of paramylon grains in the center, or absent.
The latter is the case of the family Phacaceae and the genus Euglenaformis and a result
of secondary loss (Karnkowska et al. 2015). The plastids of photosynthetic euglenids are
also very variable in shape, size, and amount per cell, some of these characteristics can be
used as taxonomical markers for identifying particular genera or species (Leedale 1967;
Karnkowska et al. 2015). Neither the storage paramylon grains nor the eyespot are part

of the plastid in euglenids, unlike primary algae.

1.2.3 Plastid genomes and genetic housekeeping

Genomes of semiautonomous organelles, mitochondria and plastids, are clearly traceable
to their respective prokaryotic ancestors, although they underwent a massive reduction in size
and code mere units of percent of their original gene content. They usually assemble as single
circular molecules reminiscent of bacterial nucleoids, although there are exceptions. These are
more common in mitochondrial genomes, with some being very particular and well known —
for example the generally fragmented and in some cases linear mtDNA of Euglenozoa with
the most extreme deviation represented by the enormous and heavily encrypted kinetoplast
of Kinetoplastida (Flegontov et al. 2011). However, it was proposed that the circular nature
of plastidial genomes is not so universal and stringent either, and that the actual physical
arrangement of cpDNA may be more complex and fluid (Bendich 2004). Organellar genomes
have low CG content, they are compact, contain group I and II introns (many of which are
self-splicing), and have identifiable replication origin (although their replication can be also
initiated by recombination). The size of mitochondrial genomes is much more varied than

the size of plastidial ones (Barbrook et al. 2010).

1.2.3.1 Primary plastids

Genomes of primary plastids of green algae and plants are usually between 100 and 200 kbp

in size and code between 90 and 130 genes, while their counterparts in rhodophytes
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and glaucophytes are generally larger (136 and 150-200 kbp, respectively) and code more,
often over 200 genes (Stirewalt et al. 1995; Sato et al. 1999; Maul et al. 2002;
Hagopian et al. 2004; Green 2011). The smallest genome of photosynthetic primary
plastid of 72 kbp and 86 genes belongs to the picoeukaryote Ostreococcus tauri
(Robbens et al. 2007), only plastids of some secondarily non-photosynthetic green algae
and plants were able to shrink their genome even further (Knauf & Hachtel 2002;
de Koning & Keeling 2006; Naumann et al. 2013; Schelkunov et al. 2015) or even
completely lose it (Molina et al. 2014; Smith & Lee 2014). The almost universal feature
of plastid genomes is the inverted repeat region that separates long and short single-copy
regions and typically contains genes for three rRNAs and two tRNAs. Plastids code their own
RNA polymerase (PEP) which cooperates with sigma factors in transcription regulation.
In land plants, plastidial transcription is divided between PEP and its nuclear-encoded
viral-like counterpart (NEP) which also transcribes PEP itself (Hajdukiewicz et al. 1997),
while in algae only PEP is present and the nucleus influences plastidial expression through
other genes, such as nuclear-encoded sigma factors. Some plastidial transcripts require
splicing, polyadenylation, or other modifications mediated by nuclear-encoded enzymes for
correcttranslation (Herrin & Nickelsen 2004; Barbrook et al. 2010). Both transcriptional

and post-transcriptional regulation responds mainly to light and redox conditions.

Genome of the chromatophore of Paulinella is much larger than those of classical primary
plastids, 1.02 Mbp in size and coding 867 genes. This, however, represents a mere quarter
of the genome of its cyanobacterial predecessor with most of transcription regulation
and DNA repair machinery missing which clearly demonstrates its dependence on host

nucleus (Nowack et al. 2008).

1.2.3.2 Complex plastids

Genomes of complex plastids are generally structured in the same way that those of their
respective primary algal ancestors while being smaller and coding less genes, but their
reduction is wusually not excessive. In red plastids of photosynthetic cryptophytes
and stramenopiles, genome size ranges between 115 and 135 kbp while coding
for 150-180 genes (Kowallik et al. 1995; Douglas & Penny 1999; Khan et al. 2007;
Oudot-Le Secq et al. 2007; Zhang et al. 2015). In the haptophyte Emiliania huxleyi it is
slightly smaller with 105 kbp and 143 genes (Puerta et al. 2005) and in the chromerids
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Chromera velia and Vitrella brassicaformis it is 121 and 84 kpb, respectively. Interestingly,
the cpDNA of Chromera is linear (Obornik & Lukes 2015). The genomes of secondarily
non-photosynthetic apicoplasts of the apicomplexan parasites are the obvious outliers in both
size (up to 35 kbp) and gene content (30-45) (Wilson et al. 1996; Cai et al. 2003;
Imura et al. 2014), while plastids of dinoflagellates represent their own chapter. Some
dinoflagellate plastids are the result of recent high-tier serial endosymbioses and their
genomes have relatively ordinary ‘“chromist” characteristics (Gabrielsen et al. 2011)
but genomes of the ancestral plastids conserved in peridinin-containing dinoflagellates are
very unique: highly reduced (coding less than 20 genes) and structured as multiple minicircles
coding from one to few genes each (Zhang et al. 1999; Howe et al. 2008). Genomes
of the green secondary plastids of chlorarachniophytes are only around 70 kbp in size
and code around 95 genes (Rogers et al. 2007; Tanifuji et al. 2014; Suzuki et al. 2016).
However, their smaller size in comparison to genomes of most red secondary plastids is
congruent with the aforementioned general difference in genome sizes and gene content

between their primary ancestors.

Most secondary plastid genomes do not contain any introns. The cpDNA of Rhodomonas
salina (and possibly some other cryptophytes) contain two introns (Khan et al. 2007), while
a small number of both group I and II introns is generally conserved in cpDNAs
of chlorarachniophytes (Suzuki et al. 2016). Euglenophyte cpDNAs (discussed below)

represent a remarkable exception in this regard.

Editing of plastidial transcripts occurs in dinoflagellates. This process is controlled
by nuclear-encoded proteins, it is of host origin and functions even in relatively recently
established plastids gained from other secondary algal groups which do not perform any

plastidial transcript editing (Zauner et al. 2004; Gabrielsen et al. 2011).

1.2.3.3 Euglenid plastids

To this day, 17 euglenid plastid genomes have been sequenced. Most of these assembled
as circular molecules, with a few exceptions which are most likely caused by incompleteness
of the data in the repetitive regions. The gene content is quite conserved in these (around 90,
with the exception of non-photosynthetic E. longa with 57), but their sizes vary
to a significant degree: while the plastid genomes of early-branching Eutreptiales are around

66 kbp, those of some of the “crown” lineages including E. gracilis are more than twice
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as large, over 140 kbp, and have very low CG content (Hallick et al. 1993; Gockel &
Hachtel 2000; Hrda et al. 2012; Wiegert et al. 2012). This is the result of a massive
proliferation of introns: while the plastid genome of Pyramimonas parkeae only contains one
intron (Turmel et al. 2009), two members of Eutreptiales, Eutreptiella and Eutreptia, have
8 and 27, respectively, and the number steadily grows in other lineages with the maximum of
145 in E. gracilis. The introns are also very diverse, including not only the classical
organellar types I and II, but also euglenid-specific type III and numerous instances of
twintrons — introns nested inside other introns which are spliced subsequently (Copertino &

Hallick 1993; Doetsch 2000; Sheveleva & Hallick 2004).

The inverted repeat regions present in the plastid genome of Pyramimonas parkeae
and typical for primary plastids are absent from Euglenaceae but conserved in Eutreptiella
and some Phacaceae (Hrda et al. 2012; Karnkowska et al. 2018). Euglenophyte plastid
genomes contain a VNTR (variable number of tandem repeats) region and 15 gene clusters
which are themselves conserved but occur in different order and orientation throughout

euglenophytes (Dabbagh & Preisfeld 2016).

While the trans-splicing of nuclear transcripts is widespread in euglenids, no such

phenomenon was reported in plastids.

1.2.4 Plastid biogenesis

To control its semi-autonomous organelle, the host organism has to be able to supply it with
proteins coded in its nucleus, being it the ones laterally transferred from the endosymbiont
or host-originated and newly recruited for organellar function. This requires a) a targeting
signal on the nascent protein and b) molecular machinery that can recognize said signal
and transfer the protein to its destination. In the case of mitochondria and primary plastids
which are direct descendants of prokaryotic cells, the host organism took advantage
of the existing bacterial secretion system which was substantially modified by new
eukaryote-specific structural, functional, and regulatory subunits. In the case of secondary
and higher plastids, the protein importing machinery had to undergo some changes with
each transfer of the organelle to the new host and each additional membrane it gained

in the process.
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1.2.4.1 Primary plastids
Targeting signals

The signal for import to plastid is an N-terminal extension on a newly synthesized protein
termed transit peptide (TP) which is eventually removed by processing peptidase during
the protein maturation in plastid stroma. The average length of TP is approximately 50 amino
acids but it can be up to three times as long or, on the other hand, as short as 13 amino acids.
It is not conserved at sequence level, except for the cleavage site, but in turn exhibits certain
overall biochemical properties stemming from its amino acid composition: enrichment
in hydroxylated residues (mainly serine and threonine) and alanine and very low content
of acidic/negatively changed residues (Gavel & von Heijne 1990; Bruce 2000;
Li & Teng 2013). It contains semi-conserved physicochemical motifs termed FGLK which
presumably mediate its interactions with different parts of the importing machinery
(Holbrook et al. 2016). However, some plastidial proteins possess neither N- nor C-terminal
TP and are transported to their destination based on an alternative, possibly internal signal

(Miras et al. 2002).

TOC and TIC complexes

Most plastidial proteins are imported by translocase complexes TOC and TIC (translocon
of outer and inner chloroplast membrane, respectively). These complexes are partially
derived from components of the bacterial secretion system. This is particularly conspicuous
in the case of its subunits Toc75 and OEP80 belonging to highly conserved family
of bacterial outer membrane [-barrel proteins (Omp85/BamA) which also includes
mitochondrial Tob55/SAMS50 (Gentle et al. 2005; Sommer et al. 2011). Other subunits,
on the other hand, represent eukaryotic innovations and have no homologs in bacteria
and mitochondria (Shi & Theg 2013; Day & Theg 2018). A minor portion of plastidial
proteins reach their destination by alternative mechanisms: tail- or signal-anchored membrane
proteins are inserted to the outermost membrane, either directly from cytosol or through ER
vesicles (Lee et al. 2013), other proteins do not possess TP and pass the membranes by yet
unknown route (Miras et al. 2002; Nada & Soll 2004). Mistargeted proteins that remain
in cytosol are recognized by Hsp75-4 based on a motif in their TP and flagged
for proteasomal degradation by E3 ubiquitin ligase (Lee et al. 2009).
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Plastidial proteins are imported post-translationally and in unfolded state. Cytosolic
chaperones Hsp90 and Hsp70 (in cooperation with 14-3-3 protein of unknown identity)
mediate their transfer to the TOC complex and prevent them from misfolding. Toc64,
a subunit with TPR domain, and possibly also OEP61 are believed to interact with these
chaperones and pass the transported preproteins further onto the TOC complex. Alternatively,
some preproteins pass directly from the cytosol without the help of chaperones. The core
of the TOC complex comprises of two subunits mediating TP recognition and preprotein
binding, GTPases Toc34 and Tocl159 (both of eukaryotic origin) and the channel subunit
Toc75 (belonging to the aforementioned Omp85 family) which also contains
an intermembrane space-facing triple POTRA domain with TP-binding interface
(May & Soll 2000; Shi & Theg 2013; Paila et al. 2015; Schwenkert et al. 2018).
A recently identified kinase KOC1 associated with Tocl59 appears to be an essential part
of the machinery as well (Zufferey et al. 2017). Additionally, isoforms of the main subunits
(e.g. Tocl32, Tocl20, or Toc90) are differentially expressed in some systems and serve
a regulatory purpose (Demarsy et al. 2014). Toc75 forms a channel with 14-26A
in diameter and can safely accommodate an unfolded protein chain (Hinnah et al. 2002).
However, certain proteins can pass through the channel in a folded state as well which could
be related to a structurally flexible subdomain of Toc75 and/or it forming a homo-oligomer

in order to transport larger substrates (Clark & Theg 1997; Paila et al. 2015).

The organization and functionality of the TIC complex is more complex and somewhat
controversial to this day. Tic20, Tic40, and Ticl10 were long considered the core
of the complex, with Tic20 (containing four transmembrane helices) forming a channel,
Tic40 mediating interaction with stromal chaperones, and Ticl10 (containing two
transmembrane helices and stroma-facing extension) performing and connecting both of these
functions and representing the main subunit (Kouranov et al. 1998; Heins et al. 2002).
However, the isolation of 1 MDa TIC subcomplex showed that the situation is
not as straightforward (Kikuchi et al. 2009; Kikuchi et al. 2013). The 1 MDa complex
comprised of Tic20 plus a completely different set of interacting subunits: Tic56, Tic100,
and Tic214 (relatively recently discovered protein product of a long-enigmatic plastidial ORF
Ycfl; de Vries et al. 2015), and also Tic21 which is structurally and functionally similar
to Tic20 but appeared to be only partially involved in the complex (Kikuchi et al. 2009).
However, other co-purification experiments showed that Tic56 is also only loosely associated

with the 1 MDa complex and non-essential (Kd&hler et al. 2015), and the significance
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of Tic214 was challenged as well, arguing that it is not by any means ubiquitous in plants
and therefore cannot carry out a central function (Bolter & Soll 2017). On the other hand,
some studies argue that Ticll0, despite being able to form cation-selective channel
in heterologous experimental system (Heins et al. 2002), cannot serve as such in native
conditions because of its stromal-facing extension, that there is no solid evidence of it
interacting with Tic20, and that its main and possibly only function is indeed to serve
as a scaffold for the assembly of stromal chaperones complex (Inaba et al. 2003;
Tsai et al. 2013; Nakai 2018), together with Tic40. Meanwhile, Tic22 interacts with
chaperones binding to Toc64 in the intermembrane space and indirectly connects TIC
to TOC. The remaining subunits Tic32, Tic55, and Tic62 are all redox-sensing enzymes that
are not directly implicated in the protein import but rather regulate the function

and assembly of other subunits of the translocon complex.

Stromal chaperones include Hsp93, ClpC, and plastidial homologs of Hsp90 and Hsp70
docking on the stromal extension of TIC. They fold and subsequently pull in the preprotein
chain, representing the main ATP-dependent motor of the import process which is relatively
costly, consuming 650 ATP molecules on average per protein imported (Shi & Theg 2013;
Paila et al. 2015). Concurrently, TP is cleaved by stromal processing peptidase (SPP), this
step is likely essential (Trosch & Jarvis 2011).

Intraplastial protein sorting

Proteins destined to thylakoid lumen or membrane are further sorted based on additional
signals. Proteins with thylakoid lumen-targeting domains (LTD) that are N-terminal
(following immediately after the TP) are translocated by either Sec or TAT (twin-arginine
translocase) systems which are analogous to their prokaryotic counterparts. Their LTDs are
then cleaved by respective peptidases in the lumen. Proteins that are to be inserted into
thylakoid membrane, mostly parts of the photosynthetic electron transport chain
and light-harvesting complexes, have internal signals, SP-like region, or distinctive
overall properties that ensures their insertion which takes part either “spontaneously”,
in an energetically neutral way taking advantage of pH gradient and without the aid of any
known transporters, or using plastidial signal recognition particle (cpSRP), its interaction

partner FtsY, and a thylakoid membrane insertase Alb3 (Jarvis & Robinson 2004).
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1.2.4.2 Complex plastids

In complex plastids, a need for significant innovation in protein import is implicit
in the presence of one or more additional envelope membranes. These membranes are
of eukaryotic origin, derived from cytoplasmatic membranes or endomembrane system
to which they are physically connected in some cases (i.e. cryptophytes, haptophytes,
and stramenopiles), forming a chloroplast endoplasmic reticulum (CER). In these cases,
the plastid lies within the ER lumen and represents its de facto subcompartment, so it is
not at all surprising that the protein import across the outermost membrane uses the same
mechanism as transport of secreted proteins to ER Iumen. The protein import starts
as a co-translational process employing an N-terminal signal peptide (SP) recognized
by cytosolic signal-recognition particle (SRP) as soon as it protrudes from a ribosome
on which it is synthesized. The whole ribosome is then docked on ER by an interaction
of SRP with its receptor and the nascent protein chain is imported through a coupled
protein channel (Keenan et al. 2001). Signal peptidase localized in ER lumen then removes
the SP at its cleavage site, revealing next part of the N-terminal domain which destines
the preprotein to plastid and distinguishes it from regular SP-bearing proteins designated
for secretion. The N-terminal targeting signal of complex plastids is therefore at least
bipartite, consisting of SP followed by plastidial TP. This general mechanism
and the involved signals and translocases are the same in other complex plastids that are not
directly connected to the host ER as their outermost membrane is still evolutionarily
and functionally continuous with it. It functions as a part of the secretory system
and the plastidial proteins imported to the ER lumen reach it via vesicles, either directly
from ER (in apicomplexans and chlorarachniophytes; Tonkin et al. 2006;
Bolte et al. 2009; Hirakawa et al. 2012) or through Golgi cisterns (in peridinin
dinoflagellates and euglenophytes; Inagaki et al. 2000; Nassoury et al. 2003; Slavikova
et al. 2005). The conservation of this mechanisms is not surprising among complex plastids
of the red lineage as they are all most likely ultimately traceable to a common ancestor
(see chapter 2.2.1.2), however, it is notable that this initial stage of plastid protein import
across the outermost membrane is the same in the two groups with independently acquired
green complex plastids and therefore represents an evolutionarily convergent result of general
constraints in the molecular and cellular tools available to a cell in the process of integrating

an algal endosymbiont.
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Protein import across the second eukaryote-derived envelope membrane, if present, is also
notably conserved in the representatives of red plastid lineage. Cryptophytes, haptophytes,
stramenopiles, chromerids, and apicomplexans all recruited a set of components
of the ER-associated degradation pathway (ERAD) transporting ubiquitin-tagged proteins
for degradation in cytosol (Meusser et al. 2005) originated by paralog duplication which
presumably took place as deep in the evolution as in their last common ancestor
(Sommer et al. 2007; Hempel et al. 2009; Felsner et al. 2011; Gould et al. 2015). This
plastidial version of the ERAD pathway is termed symbiont-specific ERAD-like machinery
(SELMA) and includes ubiquitylation enzymes Hrdl (ubiquitin-ligase, E3), Ubal
(ubiquitin-activating protein, E1) and Ubc4 (ubiquitin-conjugating protein, E2), AAA-ATPase
Cdc48 and its cofactor Ufd1 which bind the tagged protein and mediate its expulsion through
a channel formed by Derl-1 and Derl-2 (Hempel et al. 2010; Felsner et al. 2011;
Stork et al. 2012). Additional subunits, so far identified in diatoms, include a second copy
of Cdc48, its interaction partner PUB, and a rhomboid protease Rhom3 (Lau et al. 2016).
Translocation by SELMA is dependent on the recognition of a sequence motif at the boundary
between SP and TP consisting of a phenylalanine residue surrounded by several hydrophobic
ones (most common consensus is ASAFAP) which is more or less conserved throughout
algae with red complex plastids (Kilian & Kroth 2005; Gruber et al. 2007;
Hempel et al. 2010), and N-terminal lysine residues, probably as sites for ubiquitylation

(Lau et al. 2015).

The inner two membranes of complex plastids are presumably homologous to the ones
of primary plastids. As a result, systems derived from TOC and TIC complexes are expected
to function on these membranes, and the available genomic and transcriptomic data partially
confirm this. At least the central TIC subunits, Tic110, Tic20 and/or Tic22 were identified
in a representative of almost every group with secondary plastids with almost full set
in cryptophytes and chlorarachniophytes, coded partially in nuclear and partially
in nucleomorph genomes (Douglas et al. 2001; McFadden & van Dooren 2004;
Gilson et al. 2006; Hirakawa et al. 2012; Hehenberger et al. 2014). On the other hand,
nucleomorph-encoded Toc75 of chlorarachniophytes and nucleus-encoded Toc34
of apicomplexans were the only known components of TOC of complex plastids for some
time before the discovery of plastidial Omp85-like protein which is widespread in complex
algae and, as a member of the same highly conserved protein family, might represent

a homolog and/or functional analog of Toc75 or SAMS0 (Bullmann et al. 2010).
27



In summary, the core channel-forming subunits of TOC and TIC are generally present
in complex plastids, but other components of these translocase complexes are often absent
and/or divergent and not readily identified by standard homology detection in transcriptomic
or genomic studies. It is also worth notice that the most complete sets of TIC subunits are
present in representatives of the two groups of complex algae with nucleomorphs, suggesting
that the reduction and/or modification of the translocase complex might be greater the further
down the series of endosymbioses it travelled. At the same time, a TP exhibiting only
moderate deviations from the canonical plant-like properties formula is retained as a part
of a multipartite signal domain of complex plastid proteins, suggesting an analogous
TP-recognizing mechanism which, however, might employ alternative receptor
as the canonical Toc34 was detected in apicomplexans only (Waller & McFadden 2005)

and Toc159 was not identified in any complex plastid so far.

Intraplastidial sorting is generally conserved in complex plastids, with the bacterial-like
thylakoid transporters detectable in the genomic and transcriptomic data, and the spontaneous
insertion pathway working canonically and even heterologously across different groups

of algae (Broughton et al. 2006; Gould et al. 2007).

1.2.4.3 Euglenid plastids

Protein import mechanism of euglenophyte plastids is one of the less investigated ones but
it generally follows the formula common to other complex plastids. The third, outermost
plastid membrane is not directly connected to ER or Golgi but frequent vesicular trafficking
between these compartments can be observed under electron microscopy (Sulli et al. 1999;
Inagaki et al. 2000) and was demonstrated by in vitro Golgi-to-plastid import experiments
(Slavikova et al. 2005). The mechanism of vesicle recognition and docking is unknown,
however, the experimental in vitro import from Golgi to isolated plastids was unaffected
by N-ethylmaleimid treatment, suggesting N-ethylmaleimid-sensitive fusion proteins (NSF)

and, by extension, SNARE proteins are not involved (Slavikova et al. 2005).

Nuclear-coded plastid proteins have bipartite or tripartite signal sequence comprising
of canonical SP, plant-like TP, and in roughly half of the preproteins described as “class 17,
a second hydrophobic domain termed stop-transfer signal (STS) (Durnford & Gray 2006).
The STS is believed to form a transmembrane domain which docks the preprotein in transport

vesicle membrane while preproteins without STS (“class II””) are transported in soluble form
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in vesicle lumen (Sulli et al. 1999; Durnford and Gray 2006). Interestingly, analogous
plastid preprotein classes, one with additional hydrophobic domain, are observed in peridinin
dinoflagellates (Patron et al. 2005). Considering these two groups of algae are the only ones
sharing the plastid layout with just three, not four (or more) envelope membranes, this might
point at some as of yet unknown underlying mechanism resulting in such evolutionary

convergence.

Translocation across the two innermost membranes which are presumably homologous
to the cyanobacterial-like ones of primary plastids is believed to be carried out by a system
homologous to TOC and TIC, possibly reduced or modified to some degree as observed
in other complex plastids. This is also suggested by the relatively canonical plant-like
properties of TP of euglenophyte plastid preproteins and its ability to mediate a delivery
of a Euglena gracilis protein into isolated pea plastids (Slavikova et al. 2005). However,
no molecular or sequence evidence for any Toc, Tic, or other canonical plastid envelope

or thylakoid transporter was brought so far.

Figure 2 represents a graphical comparison of protein import machineries and summary

of the previous chapters.
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Figure 2: Comparison of protein import machineries of primary and complex plastids. In plants and primary algae, plastidial proteins are synthesized on free ribosomes and imported across two
membranes via TOC and TIC complexes based on transit peptide (TP, blue). In complex plastids, additional membranes and signals are involved. Plastidial proteins possess signal peptide
(SP, red) and are imported co-translationally into ER lumen. In groups with chloroplast ER (CER) this is equivalent to transport across the outermost plastid membrane, while in other groups,
proteins must travel in vesicles (either directly or through Golgi) that fuse with the outermost membrane. In most “chromists”, SELMA (translocase complex derived from ERAD pathway)
mediates protein import across the second outermost membrane, while TOC and TIC are generally conserved in some, usually reduced, form on the innermost two membranes. However,
the nature of vesicle-docking and translocases of some of the membranes in some groups is unknown (grey boxes with “?”); (design of the illustration based on Bolte ez al. 2009).
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1.2.5 Metabolic functions of plastids

Plastid represents a significant innovation in metabolic capacities of a host organism.
Photosynthesis and carbon fixation bring an obvious switch to autotrophic or facultatively
mixotrophic mode of energy acquisition while other metabolic pathways embedded
in the organelle allow synthesis of novel compounds, innovative gearing of existing
processes to photosynthetic reactions and/or their advantageous compartmentalization. In this
chapter, canonical plastidial metabolism which was extensively studied in primary plastids
of plants will be briefly summarized and compared to the current findings regarding

the derived and younger complex plastids.

1.2.5.1 Primary plastids
Photosynthesis and carbon fixation

The defining feature of energy metabolism of plastids is their ability to utilize light
as a source of energy and reducing power. Light-harvesting complexes I and II (LHCI
and LHCII) are large apparatuses comprising of multiple protein subunits and photosynthetic
pigments embedded in the thylakoid membrane that are able to transfer electrons resulting
from light-induced charge separation on chlorophyll to carrier molecules, ferredoxin
and plastoquinone, respectively. The former passes the reducing power onto NADPH which
serves as a reduction equivalent in various reactions. The latter represents a first step
in photosynthetic electron transport chain employing cytochrome b6f complex
and plastocyanin and resulting in a formation of proton gradient between thylakoid lumen
and plastid stroma which is used to fuel ATP production by F-type ATP synthase complex
(Nevo et al. 2012).

Carbon for a synthesis of organic molecules is obtained by reductive pentose-phosphate
pathway (RPPP), also termed Calvin cycle. The central enzyme of this metabolic pathway is
RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxygenase comprising of large (RbcL,
plastid-coded) and small (RbcS, nuclear-coded) subunits, eight molecules each. This
bifunctional enzyme serves as a carboxylase in Calvin cycle, adding one CO, molecule
to a ribulose-1,5-bisphosphate (RuBP). This produces two molecules of 3-phosphoglycerate
which are then reduced to triose-phosphates glyceraldehyde-3-phosphate (G3P)
and dihydroxyacetone phosphate (DHAP), consuming NADPH and ATP. Five out of six

molecules of triose-phosphates are used for RuBP regeneration and remain in the cycle while
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the sixth molecule represents the net yield usable in subsequent reactions, including synthesis
of sugars and storage polysaccharides and isoprenoids. Calvin cycle is activated
by carbamoylation of RuBisCO under light conditions that affect the availability of reduced
ferredoxin and thioredoxin, Mg2+ ions, and pH (Raines 2003; Zakhartsev et al. 2016;
Tetlow et al. 2018).

Under certain conditions, RuBisCO carries out its alternative oxygenase function in a process
termed photorespiration, reducing the effectivity of photosynthesis as the 2-phosphoglycolate
resulting from RuBP oxygenation cannot continue in the cycle and is instead
metabolized by mitochondrial and peroxisomal metabolism evolving CO, and ammonia
by decarboxylation of glycine, and expending ATP and NADPH (Ogren 1984;
Zakhartsev et al. 2016; Tetlow et al. 2018).

Oxidative pentose phosphate pathway (OPPP) runs in the opposite direction than Calvin
cycle, intersects with several reactions of plastidial glycolysis and generates NADPH which is
especially important in non-photosynthetic plastids where this is the only source of the
reduced form of this cofactor. It also provides ribose for the nucleotide metabolism
and erythrose-4-phosphate which enters shikimate pathway (Kruger & von Schaewen 2003;
Tetlow et al. 2018).

Nitrogen and amino acid and metabolism

Nitrogen in the form of NO; is transported to plastids and converted to ammonia which
(as well as ammonia produced by photorespiration) can be assimilated into glutamine
and glutamate in glutamine synthase/glutamine oxoglutarate aminotransferase (GS/GOGAT)
cycle which represents an important metabolic regulation point and crossroads connecting
carbon and nitrogen metabolism. The transfer of an amido group from glutamine
to 2-oxoglutarate by GOGAT to form glutamate requires reduction equivalent in the form
of ferredoxin or alternatively, in the case of minor and possibly photosynthesis-independent
isoform of the enzyme, NADPH. The amido group from glutamate can be then
transferred to alpha-ketoacids by transaminase to form aliphatic amino acids (Ohyama

& Kumazawa 1980; Tetlow et al. 2018).

The biosynthesis of aromatic amino acids requires a specific precursor, chorismate produced
by shikimate pathway. The input molecules of shikimate pathway include
erythrose-4-phosphate (produced in OPPP) and phosphoenolpyruvate (PEP) that form
3-deoxy-D-arabino heptulosonate 7-phosphate (DAHP) by DAHP synthase in the first
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reaction of the pathway. This step, however, must be subjected to regulation by negative
feedback by downstream products of the same pathway and thioredoxin, as an uncontrolled
entry of erythrose-4-phosphate compromises plastidial pentose phosphate pathway
as a whole. Chorismate synthesized by shikimate pathway is then used for a synthesis
of phenylalanine and tyrosine (through arogenate) and tryptophan (through anthranilate).
In addition to this, it serves as a precursor of folate and vitamin K, indole, and some
phytohormones (such as auxin and salicylic acid) and secondary metabolites (such
as alkaloids) (Kanehisa & Goto 2000; Rippert et al. 2009; Maeda & Dudareva 2012;
Tetlow et al. 2018).

Biosynthesis of isoprenoids and related compounds

The precursor of isoprenoid compounds, isopentenyl pyrophosphate (IPP) can be synthesized
by two alternative pathways. Mevalonate pathway operates in cytosol and uses acetyl-CoA
as input molecule, while methylerythritol phosphate/deoxyxylulose phosphate (MEP/DOXP)
pathway is present in plastids and uses G3P (produced in Calvin cycle) and PEP to form
DOXP in the first step catalyzed by DOXP synthase. Most photosynthetic organisms have lost
the cytosolic pathway and rely solely on plastidial MEP/DOXP pathway; this is one
of the reasons for plastid retainment and essentiality in secondarily non-photosynthetic algae

and plants (Kanehisa & Goto 2000; Janouskovec et al. 2015; Tetlow et al. 2018).

IPP is a precursor of isoprene and can be converted to geranyl pyrophosphate (GPP)
and geranylgeranyl pyrophosphate (GGPP) from which various steroids and mono-
and diterpenes, such as the phytohormone gibberellin, are synthesized. GGPP is
also a precursor of carotenoids. Phytoene synthesized from GGPP is converted
to all-trans-lycopene by desaturation carried out by a single enzyme in most prokaryotes
but four enzymes in cyanobacteria and plastids. The resulting isomer of lycopene serves
as a central molecule from which other types of carotenoids derive through isomerization
and cyclization. Phytohormones abscisate and strigolacton are also derived from carotenoids
(Armstrong & Hearst 1996; Kanehisa & Goto 2000). Carotenoids are important
as anti-oxidative and photo-protective agents and play a central role in xantophyll cycle
which de-epoxydises violaxanthin to zeaxanthin through the intermediate of antheraxanthin
which plays major role in non-photochemical quenching (NPQ) to partially dissipate the light
energy and reduce damage by ROS and inhibition of photosynthesis by excess light
(Latowski et al. 2011).
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Phytyl pyrophosphate synthesized from GGPP is an important molecule in synthesis of phytol
compounds such as tocopherols and tocotrienols (vitamin E) and the photosynthetic cofactor

phylloquinone (vitamin K;). It also constitutes side chains of chlorophyll.
Lipid metabolism

Plastids are the main site of fatty acid synthesis. This pathway uses acetyl-CoA (synthesized
in situ from glucose-6-phosphate since it cannot be transported across membrane) which is
then carboxylated to malonyl-CoA by acetyl-CoA carboxylase (ACC) and passed onto type II
fatty acid synthase (FAS) complex which comprises of multiple subunits (as opposed
to a single protein of type I FAS) that adds two carbon acyl molecule to the existing chain
in every cycle at the expense of two reducing equivalents (NADPH produced
by photosynthesis or OPPP). The resulting saturated fatty acids, primarily in the form
of oleoyl and palmitoyl residues bound to acyl-carrier protein (ACP) can be exported
and modified in ER or stay in plastid and enter prokaryotic-type metabolic machinery
to produce plastid-specific lipids crucial for the function of photosynthetic
membranes of thylakoids. These are galactolipids monogalactosyl diacylglycerol (MGDG)
and digalactosyl diacylglycerol (DGDG), sulfolipid sulfoquinovosyl diacylglycerols
(SQDG), and phospholipid phosphatidylglycerol (PG) (Kanehisa & Goto 2000; Wang
& Benning 2012; Boudiere et al. 2014; Tetlow et al. 2018).

Tetrapyrrole synthesis

Plastids synthesize chlorophylls, sirohaem, and phytochromobilin, each through a distinct
pathway branching from a common backbone of tetrapyrrole synthesis which starts with
5-aminolevulinate. This compound can be synthesized either via Shemin pathway from
succinyl-CoA and glycine or via three-step C5 pathway from glutamate, the latter is
characteristic for cyanobacteria and plastid-bearing organisms. Chlorophyll biosynthetic
branch starts with the chelation of protoporphyrin IX by Mg*" ion by multiunit enzyme
magnesium chelatase. The resulting molecule is then methylated and oxidated
to protochlorophyllide, which is then converted to chlorophyllide by protochlorophyllide
oxidoreductase (POR) which is strictly light-dependent in plants while most algae have
a second isoform through which they are able to carry out this reaction in dark. Chlorophyll
synthases then conclude the process by addition of a phytol side chain. Sirohaem biosynthesis
branches at earlier intermediate, uroporphyrinogen III which is methylated, oxidized

to sirohydrochlorin and then chelated by Fe®" ion. Phytochromobilin is synthesized in some
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plastids in the haem branch of the tetrapyrrole pathway from biliverdin. The subcellular
localization of the synthesis of haem (and subsequently cytochromes) is unclear in plants
and algae. It might be divided between plastid and mitochondrion or dual-localized
(Von Wettstein et al. 1995; Kanehisa & Goto 2000; Tanaka & Tanaka 2007; Heyes
& Neil Hunter 2009).

Iron-sulfur cluster assembly

Plastids harbour their own machinery for the assembly of iron-sulfur (FeS) clusters, pyrite-
like cofactors essential for the function of redox enzymes, SUF pathway inherited from
cyanobacteria. In essence, sulfur is released from cysteine by cysteine desulfurase (SufS)
and sulfur transferase (SufE) and transferred onto a protein scaffold (SufBCD) to form
a disulfidic bond with an iron molecule (the source of this iron is not clear). Eventually, one
of the FeS cluster types (most commonly 2Fe2S, 3Fe4S, or 4Fe4S) is formed, depending
on the amino acyl residues involved, and transferred onto a client protein by a specific carrier

protein (Pilon et al. 2006; Lu 2018).
Starch metabolism

Most plants and algae use starch as a long-term energy reserve. Starch is synthesized
in plastids and comprises of two types of polymers of glucose residues, the unbranched
amylose connected by alpha 1,4 glycosidic bonds, and amylopectin branched through alpha
1,6 bonds. The glucans are insoluble, form a complex intertwined structure, and can be stored
in various cell compartments. ADP-glucose, produced by ADP-glucose pyrophosphorylase
from intermediate products of gluconeogenesis, is the precursor of starch synthesis. Multiple
starch synthases connect the ADP-glucose units by 1,4 linkages, with different isoforms
specializing on different chain lengths, while starch-branching enzymes create the 1,6
branching points in amylopectin chains. The breakdown of starch involves debranching
enzymes and endoamylases which break the glycosidic bonds via hydrolysis yielding oligo-,
di- and monosaccharides, or starch phosphorylases cleaving off one glucose-1-phosphate

at a time via phosphorolysis (Zeeman et al. 2010; Tetlow et al. 2018).

1.2.5.2 Complex plastids

Notable differences in the metabolic pathways of complex plastids in comparison to that
of canonical primary plastids will be summarized in the following chapter and visualized

in Figure 3.
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Photosynthetic apparatus and pigments

Photosynthetic complexes are generally quite conserved throughout complex plastid-bearing
algae, differing in the combination of light-harvesting pigments stemming from their
respective red or green origin with ‘“chromists” lacking chlorophyll b but possessing
chlorophyll ¢, and/or c;. Remarkably, biliproteins phycocyanin or phycoerythrin containing
open-chain tetrapyrolle chromophores and typical for rhodophytes are conserved
in photosystems of cryptophytes (Hill & Rowan 1989; Wedemayer et al. 1996). As a result,
light-harvesting complexes of these algae have a distinct, robust structure. Ochrophytes
possess an inventory of unique PSI and PSII subunits which are conserved throughout this
group but not shared with any other algae (Dorrell et al. 2017). Photosynthetic apparatus
of chlorarachniophytes is also unique as PSI is dramatically reduced and lacking typical
antennae-forming subunits which might be in turn substituted by PsbY which is surprisingly
abundant in plastids (Hopkins et al. 2012; A.D. Neilson et al. 2017). PSIL, on the other

hand, remains canonical.

Xantophyll cycle typical for green plastid lineage is present in some red complex plastids,
probably representing a lateral acquisition providing advantage in harsher light conditions
in comparison to the ancestral rhodophyte-like state. Chrysophytes, xantophytes,
and eustigmatophytes possess a canonical pathway cycling between violaxanthin
and zeaxanthin, while diatoms (and possibly bolidophytes, dictyochophytes,
and pelagophytes) have a distinctive carotenoid diadinoxanthin which is de-epoxidised
to diatoxanthin. This system is partially shared with peridinin dinoflagellates which also use
diadinoxanthin but convert it to a different de-epoxydised carotenoid termed dinoxanthin
(Cao et al. 2013; Dorrell & Bowler 2017). Another interesting adaptation of ochrophytes
not shared with typical red algae is the presence of plastocyanin, otherwise restricted to green
plastid lineage. This is likely a response to iron-poor environment since plastocyanin
using Cu®” ion as cofactor can functionally substitute iron-dependent cytochrome c6

(Peers & Price 2006).
Carbon and nitrogen metabolism

There are some unique modifications to carbon metabolism in some complex algae.
In dinoflagellates and chromerids, an unusual type II RuBisCO is present. This is

a prokaryotic-like enzyme forming homodimers instead of heterodimers like the canonical
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type I, and it is likely a result of lateral gene transfer from bacteria (Morse et al. 1995;

Janouskovec et al. 2010).

In ochrophytes, plastidial glycolysis is missing hexokinase, its phosphofruktokinase is
not ATP- but pyrophosphate-dependent, and the whole pathway appears to be specifically
adapted to function in dark (Kim ef al. 2016). Carbon fixation probably uses a modified C4
pathway which is wired to some mitochondrial enzymes and subjected to atypical regulation
(Kroth et al. 2008; Haimovich-Dayan et al. 2013; Kustka er al. 2014). Additionally,
CO, needs to be biophysically concentrated as it would otherwise readily diffuse
to environment. This might be mediated by a set of carbonic anhydrases

(Kroth et al. 2008).

In haptophytes, a unique chemical environment is a direct result of the calcification these
organisms carry out. Haptophytes can use both CO, and HCOj3™ as carbon source, the latter
in fact dominates in some representatives (Rost et al. 2003). Active carbon concentration is
probably mediated by specialized translocases and might be relatively wasteful
(Tsuji & Yoshida 2017). It was theorized that CO, evolving during calcification may be
directly taken up by the carbon fixation pathway but it is not very likely due to the spatial
separation of the processes (Bach et al. 2013).

In ochrophytes, a remarkably close association and metabolic flux between plastids
and mitochondria is present. The mitochondrial urea cycle likely functions as a sink
for excess nitrogen produced in plastid photorespiration (Allen et al. 2011). Ornithin cycle
putatively present in plastid, might represent the second half of this shuttle
(Bailleul et al. 2015; Levering et al. 2016). Mitochondrion also takes up the excess
reducing potential in the form of NADPH in exchange for ATP. This unique metabolic
wiring greatly improves the efficiency of photosynthesis and reduces photo-damage

(Bailleul et al. 2015).
Tetrapyrrole pathway

Plastidial ~ tetrapyrrole  pathway is canonical in  ochrophytes, cryptophytes,
and chlorarachniophytes. In the latter case, there are two parallel versions present, likely
resulting from the relatively recent plastid acquisition: ‘“heterotrophic” one localized
in mitochondria and wusing 5-aminolevulinate synthesized by Shemin pathway,
and a plastidial one wusing S5-aminolevulinate from glycine (Hopkins et al 2012;

Cihlat et al. 2016). In cryptophytes, the plastidial pathway is present and the mitochondrial
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one is lost except for ferrochelatase, the final enzyme leading to haem. As a result,
all tetrapyrrole synthesis starts in plastid and only bifurcates between plastid
and mitochondrion before the last reaction (Cihlat et al. 2016). On the other hand,
in apicomplexans and chromerids, there is a single pathway of chimeric origin
and complicated spatial division of the respective steps. It starts in mitochondrion, using
5-aminolevulinate from Shemin pathway, but continues in cytosol and plastid. As a result,
chromerids are the only known organisms using Shemin pathway-derived precursor
for chlorophyll synthesis. The haem branch of the pathway, on the other hand, terminates
back in the mitochondrion (Koreny et al. 2011; van Dooren et al. 2012).

Isoprenoid synthesis

MEP/DOXP pathway is generally conserved and canonical in complex plastids. It might be
the last essential function of non-photosynthetic apicoplast. Since there is no core carbon
metabolism in this organelle, the precursors for IPP synthesis must be imported

(Guggisberg et al. 2014).
Amino acid metabolism

While ochrophyte plastids are capable of synthesizing a wide variety of amino acids including
aromatic ones, other complex plastids are more reduced in this regard. A moderate inventory
of amino acid biosynthetic enzymes is present in plastids of chlorarachniophytes
and dinoflagellates, with shikimate pathway missing, and only a few are retained
in cryptophytes, haptophytes, and chromerids, with apicoplast of apicomplexans synthesizing
no amino acids whatsoever (Guedes et al. 2011; Hopkins et al. 2012;

Dorrell et al. 2017).
Iron-sulfur cluster assembly

SUF pathway 1is conserved in complex plastids, including the highly reduced
non-photosynthetic apicoplast where Suf subunits are even among the very few genes coded
in its genome. Interestingly, a second FeS cluster assembly pathway, CIA, canonically
localized to cytosol, is present and active in the periplastidial compartment of cryptophytes

and possibly also chlorarachniophytes (Hjorth et al. 2005; Grosche et al. 2018).
Storage molecules

As a storage compound, most complex algae use starch or a very similar glucan. Interestingly,

in cryptophytes, it is synthesized from UDP-glucose units instead of ADP-glucose
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(Haferkamp et al. 2006; Beardall & Raven 2012). Haptophytes and ochrophytes use
a beta-glucan chrysolaminarin. In addition to this, ochrophytes also use neutral lipids
for energy storage (Beardall & Raven 2012). Haptophytes, on the other hand, rely
on triacylglycerol (TAG) and alkenones (Tsuji et al. 2009; Tsuji et al. 2015). In addition
to this, their small molecule sugar content is heavily skewed towards mannitol in comparison

to sucrose (Obata et al. 2013).
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Figure 3: A graphical summary of metabolic capacities of plastids of different groups of primary and secondary algae

as presented in chapters 1.2.5.2 and 1.2.5.3. Each dot represents either specific reaction/enzyme or metabolite, or a whole
metabolic pathway or functional complex, blue means full or partial conservation, purple marks some degree of novelty

or deviation from the canonical version, light blue-gray means presumed or proven absence, and white/colourless denotes
uncertainty or missing data.

1.2.5.3 Euglenid plastids

The photosynthetic apparatus of euglenophytes is interesting from the genetic point of view,
as its LHC subunits are very diverse and synthesized from large mRNAs in form
of polyproteins which are cleaved to their mature size after import to plastid
(Koziol & Durnford 2008). Similarly, the nuclear-coded RbcS is also synthesized
as polyprotein comprising of eight wunits and maturated in the organelle
(Tessier et al. 1995). These arrangements could have originated via uneven crossing-over
and might be important for expression regulation. Energy metabolism of euglenophytes is
quite adaptable, allowing these organisms to thrive in photoautotrophic, mixotrophic,
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and heterotrophic conditions and even under anaerobiosis. In mixotrophic and heterotrophic
conditions, the cells rely on OPPP which is likely cytosolic (Bégin-Heick 1973). Glycolytic
enzymes, including both hexokinase and glucokinase, are present in Euglena gracilis,
and some of these putatively Ilocalize to plastids (Belsky & Schultz 1962;
Hasan et al. 2019). Interestingly, both RbcS and RbcL are retained in the secondarily
non-photosynthetic Euglena longa. The sequences of both proteins are very divergent,

however, and their function is unclear (Zahonova et al. 2016).

As a main storage molecule, euglenids use paramylon, an unbranched glucan with
beta 1,3 glycosidic bonds. Its synthesis seems to be associated with plastids
in plastid-bearing euglenids, but its origin in not algal or plastidial as it is present
throughout all euglenids, including primarily heterotrophic ones, and not elsewhere
(Calvayrac et al. 1981; Santek er al. 2009; Tanaka et al. 2017; Hasan et al. 2019).
Additionally, euglenids are able to produce wax esters under anaerobic conditions,
but this biosynthesis is completely plastid-independent (Inui et al. 1982; Teerawanichpan
& Qiu 2010).

Euglenophytes harbour two sets of tetrapyrrole pathway — one following 5-aminolevulinate
synthesis by Shemin pathway, presumably in mitochondrion and/or cytosol, second using
S-aminolevulinate from C5 pathway and probably localized in plastid, providing both haem

and chlorophyll (Kofeny & Obornik 2011).

Additionally, both mevalonate and MEP/DOXP pathways for IPP synthesis are present
in euglenophytes, again most likely spatially distributed between mitochondrion and plastid.
Interestingly, it was proven biochemically that the IPP synthesized in plastidial MEP/DOXP
pathway is used for carotenoid synthesis in plastid but does not contribute to phytol and sterol
metabolism in the same compartment. Instead, the IPP produced in mitochondrion is used.
Why and how are these two isolated pools of IPP maintained in Euglena is unclear
(Kim et al. 2004). Euglena synthesizes a variety of carotenoids, with antheraxanthin being

the most abundant one (Krinsky & Goldsmith 1960).
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1.3 Plastid proteomics

1.3.1 General methods in proteomics

Protein mass spectrometry (MS) allows a high-throughput identification of proteins
in a biological sample (reviewed in Walther & Mann 2010). Identity (mass and subsequently
amino acid sequence) of analyzed molecules is inferred from their m/z (mass-to-charge)
values measured by a mass spectrometer from their trajectory and/or speed in electro-
magnetic field. For this, the molecules need to be ionized and in a gas phase which is often
achieved using electrospray ionization method (Fenn et al. 1989). Characterization
of protein molecules based on their mass becomes problematic in longer chains of similar
amino acid frequency and length as their m/z values can overlap. Because of this, bottom-up
proteomic methods are widely used, based on enzymatic digestion (usually by trypsin)
of analyzed proteins to short peptides and their retrograde in silico mapping to full sequences.
Alternative, top-down approach is only applied scarcely, in cases that allow it
(McLafferty et al. 2007). For even higher resolution, a second level of MS detection is
employed by further fragmentation of the peptide by a collision with gas molecules (collision-
induced dissociation, CID) and MS analysis of the resulting fragments. This approach is
termed tandem mass spectrometry (MS/MS or MS?) and it is potentially able to perform de

novo protein sequencing.

However, this is not enough to prevent mass spectra overlaps in case of rich protein mixtures
(e.g. whole organelles or even cell lysates), so the complexity of these samples must be
reduced even before the enzymatic digestion. This is achieved by separation on 1D or 2D gel
or liquid chromatography. The most common setup of current machines is the liquid
chromatography column being directly connected to the electrospray ionizer and mass
spectrometer (LC-MS) with the analyzed molecules passing continuously through the system.
It is also possible to include additional steps for enrichment of specific peptides

(e.g. transmembrane or containing specific post-translational modifications).

There are several methods to determine m/z of the peptides. In a quadrupole mass filter, only
particles of certain m/z are able to reach a detector, depending on the current setting.
In a TOF (time-of-flight) analyzer, the speed of the peptides is detected and used
for m/z inferrence (Ens & Standing 2005). An ion trap allows capturing and manipulation

with a particular type of molecules. In orbital ion trap (orbitrap), the captured molecules are
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orbiting around an electrode with a certain frequency which can be measured very accurately

and used for the calculation of m/z (Makarov 2000).

The determined peptide masses and, by extension, sequences need to be mapped
to a reference protein database using an identity detecting software. The most common
include Mascot (Perkins et al. 1999), SEQUEST (Eng et al. 1994), and X! Tandem
(Craig & Beavis 2004). Another identity detecting program, Andromeda, exists as a part
of MaxQuant package for quantitative proteomics (Cox & Mann 2008).

There are multiple methods of relative quantification in proteomics. For very precise
quantification, labelling is required. The most common methods include SILAC (stable
isotope labelling with amino acids in cell mixture) where the cells are pre-cultivated
in a medium containing isotope-labelled amino acids (Ong et al. 2002), iTRAQ (stable
isotope-containing tags), and ICAT (isotope-coded affinity tag) which are both added later
in the workflow and represent physical tags added onto the peptides as unique identifiers
(Ross et al. 2004). The LOPIT method which allows high-throughput analysis of multiple
cell fractions and precise determination of protein localization uses isotope-tagging combined
with protein correlation profiling (PCP) based on known markers for different cell

compartments (Dunkley et al. 2004; Drissi et al. 2013).

Label-free quantification (LFQ) methods represent a less precise but generally respected,
cheaper, and more universal alternative. The mass spectra of a certain peptide can be
compared across multiple samples through spectral counting or AUC (area-under-curve), both
of these methods require recalculation and normalization (potentially taking to account
various variables such as sample size, probability of detection, or peptide length)

and validation by statistics (Old et al. 2005; Neilson et al. 2011).

1.3.2 Plastid proteomes

Most of the plastid proteomic studies carried out to this day focused on higher plants,
with the proteomic databases of chloroplasts or other types of plastids generated
for Arabidopsis thaliana (thale cress), maize, rice, potato, tobacco, bell pepper and Medicago
truncatula  (barrel medic) (Schubert et al. 2002; Watson et al. 2003; Kleffmann
et al. 2004; van Wijk 2004; Baginsky et al. 2004; Siddique et al. 2006; Brautigam
et al. 2008; Stensballe et al. 2008; Daher et al. 2010; Wienkoop et al. 2010; Huang
et al. 2013; J. Lee et al. 2013). Plant proteome database (PPDB) integrates proteomic
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resources for A. thaliana and maize and is one of the most comprehensive and widely used
databases regarding plant plastid proteomes (Sun et al. 2009). In general, up to around
3000 proteins localize to the organelle in plants, however, only a fraction of these is
expected to be constitutively expressed in all types of tissues, life stages and growth
conditions. In unicellular algae, the situation is less complicated as these variables boil down

to strain and cultivation conditions.

However, not many whole plastid proteomes of unicellular algae were generated to this day,
even less so outside the Archaeplastida group. The chloroplast proteome of Chlamydomonas
reinhardtii determined by Terashima et al. (2011) comprises of 966 proteins and is
generally very similar to that of plants. However, it revealed some differences in central
carbon metabolism, with second half of glycolysis localized outside plastid,
and pyruvate-ferredoxin oxidoreductase (PFOR) and several other iron-dependent enzymes
of bacterial-like fermentative metabolism present, unlike in plants. There were also slight
differences in PSII and LHC subunit composition (Terashima et al. 2011). Proteome
of the cyanelle of glaucophyte Cyanophora paradoxa brough by Facchinelli et al. (2013)
comprised of 510 proteins and also exhibited similar differences in photosystem organization
and carbon metabolism, as well as several other unique and presumably ancestral features

(Facchinelli et al. 2013).

In the case of complex plastids, the as of yet only mass spectrometry-determined proteomic
datasets are available for the highly reduced non-photosynthetic apicoplast of Plasmodium
falciparum (Boucher et al. 2018) and for the chlorarachniophyte Bigelowiella natans
(Hopkins et al. 2012). The former consists of 346 proteins while the latter includes
302 proteins only and might be incomplete; especially proteins of periplastidial compartment
might be absent due to their low abundance. Nevertheless, it provides a basis for many claims
regarding the metabolic capacities of chlorarachniophyte plastid, some of which were
presented in chapter 2.2.5.2, and an important contribution to plastid proteomics which is still

lacking in the realm of unicellular algae.
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2 AIMS

1. To annotate plastid proteome of E. gracilis and estimate its metabolic potential.

2. To reconstruct protein import pathway of euglenophyte plastids using transcriptomic

data of E. gracilis and E. longa and proteomic data of E. gracilis.

3. To analyze -characteristics of euglenophyte plastid-targeting domains based

on the proteomic dataset determined by mass spectrometry.
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4 SUMMARY

Determination of plastid proteomic datasets, both mass spectrometry-based and predicted
in silico from transcriptomic or genomic data, is important for the understanding
of biogenesis, maintenance, metabolic capacity, and evolutionary history of these organelles.
The latter is especially convoluted and intriguing in the case of complex plastids derived from
secondary or higher-tier endosymbiotic events that are very common throughout eukaryotes
and represent one of the major driving forces behind their diversification and evolutionary
success. Euglenophytes and their plastids were characterized well morphologically
and biochemically, but the lack of reliable genetic transformation system and genomic data

makes further analysis, especially investigation of protein functions, difficult.

In this thesis, we summarized the state of knowledge regarding euglenophyte plastids
(Vanclova et al. 2017) and analyzed newly generated transcriptomic and proteomic datasets
(Zéhonova et al. 2018; Ebenezer et al. 2019; Novak Vanclova et al. 2019), providing
new resources usable in various fields of Euglena research, from evolutionary biology
investigating the origin and spread of plastids, to applied sciences looking to harvest

biotechnological potential of this organism.

The E. gracilis draft genome reported in Ebenezer er al. 2019 is 300-500 Mbp in size,
in accord with previous estimates (Ebenezer ef al. 2017). It is highly fragmented
and incomplete, but its partial assembly suggests extreme expansion in non-coding sequence
(>99%). The E. gracilis transcriptome is over 38 Mbp in size with CEGMA score of 87.9%

and thus represents a comprehensive and largely complete dataset.

Some protein families, especially those related to cell signalling, underwent massive paralog
duplication in £E. gracilis. Less extensive duplications were noticed in some
of the ER/Golgi-related proteins which might be related to plastid integration. Differential
transcriptomics and proteomics revealed remarkably low correlation between light vs. dark
up- or down-regulation of particular genes at transcriptional and translational level,

with majority of the regulation taking place post-transcriptionally.

The transcriptome was used for in silico prediction of plastid proteome based on N-terminal
signal domain composition and topology, yielding around 1,900 plastid candidate proteins
reported in Ebenezer et al. 2019. This was later followed by determination based

on liquid chromatography tandem mass-spectrometry (LC-MS/MS) of the isolated plastid
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and mitochondrial fractions using the translated transcriptomic database as a reference.
The relative label-free quantification (LFQ) of the proteins captured in at least two
of the three technical replicates and in either of the fractions was used for calculation
of CP/MT ratio reflecting the credibility of plastidial or mitochondrial localization

of the particular protein to avoid cross-contaminations.

The resulting plastid proteomic dataset is reported in Novak Vanclovad et al. 2019
and contains 1,345 protein groups, 43% of which could not be assigned a clear functional
annotation or lacked homologs in other organisms whatsoever, suggesting a considerable
potential for functional novelty and/or plasticity. A metabolic map of E. gracilis plastid
reconstructed from the proteome provides additional evidence for some enzymatic processes
described or proposed previously based on biochemical evidence, but also contains a number
of novelties. Our data supports the existence of two distinct pools of IPP from plastidial
MEP/DOXP and non-plastidial mevalonate pathways in Euglena and reveals a potential
source of some of the phytol used for tocopherol, tocotrienol, and phylloquinone synthesis:
recycling from chlorophyll mediated by VTES, VTE6, and CLD1 (Lin et al. 2016). We
recovered a full tetrapyrrole and chlorophyll synthesis pathway, including the C5 pathway
for 5-aminolevulinate synthesis from glutamate, as well as carotenoid synthesis and part
of xantophyll cycle. Enzymes of glutathion cycle and several reactions in polyamine
metabolism are present but there is only very little enzymes and no complete pathway
for amino acid synthesis. Shikimate pathway is also missing from the plastid proteome
and transcriptome evidence suggests its localization in cytosol. This very low contribution
of the plastid to amino acid metabolism is remarkable, albeit not completely exotic given
the relatively common reductions in this part of metabolism putatively occurring in other
complex plastids (see chapter 2.2.5.2). We also identified a second plastid-localized set
of SUF proteins which differ from the standard plastidial ones in their generally shorter
and less-conserved N-terminal domains and, more importantly, in phylogenetic origin as they
are affiliated to Chlamydiae and likely represent a horizontal acquisition. This second SUF is
conserved in other euglenophytes, suggesting it is not a transient state but an adaptive

and functionally and/or spatially specialized machinery.

We performed a systematic phylogenetic screening of the whole set of plastidial proteins
and provide a semi-quantitative evaluation of proportions of plastidial proteins evolutionarily
associated with other than green algae, most notably haptophytes and ochrophytes,

complementing the previously published studies on this matter (Markunas & Triemer 2016;
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Ponce-Toledo et al. 2018; Ponce-Toledo et al. 2019) and bringing further support for
the “shopping  bag”  (Larkum ef al. 2007) and  “red  carpet”  hypotheses
(Ponce-Toledo et al. 2019).

Transcriptome was also generated for Euglena longa, a close relative of E. gracilis which
in secondarily non-photosynthetic but still possesses a reduced plastid with 75 kbp genome
which is (in contrast to E. gracilis) essential for its survival. It is reported
in Zahonova et al. 2018, comprises of more than 65,000 transcripts, has BUSCO score
of 89.1% (Simdo et al. 2015), and provides important context to the conclusions based

on the analyses of E. gracilis and other phototrophic euglenophytes.

The plastid protein import pathway was thoroughly searched in the new transcriptomes
of E. gracilis and E. longa as well as available datasets from FEutreptiella gymnastica
NIES-381 and E. gymnastica-like strain CCMP1597, revealing surprisingly reduced set
of transporters. While the machineries mediating protein import to thylakoids were generally
conserved in the three phototrophs and absent in E. longa which is believed (although this
remains to be demonstrated by microscopy) to lack thylakoids, the expected translocases
of plastid envelope, namely TOC and TIC components, were largely absent in all organisms.
Only a homolog of Tic32 and a protein similar (although not equivalent) to Tic62 were
present in all four, and Tic21 and a chlorophyll biogenesis protein related to Tic55 were
conserved in phototrophs and absent from E. longa. No TOC subunit or other known
chloroplast outer membrane protein was recovered in either of the transcriptomes,
suggesting this is a genuine feature of euglenophyte plastid and not false negative
result stemming from dataset incompleteness. The E. gracilis plastid proteome presented
in Novak Vanclova et al. 2019 provides mass spectrometry-based back-up for these
findings by recovering three isoforms of Tic2l (and the Tic55-related protein)
as a high-credibility plastid proteins, but no evidence for Tic32 being involved in plastidial
function. In addition to this, we propose several plastid-localized but originally ER-
or Golgi-derived proteins, namely plastidial isoforms of Rab5 GTPase and SNARE protein
GOSRI1, as newly recruited components of plastid protein import pathway, potentially
operating at the outermost membrane and involved in vesicle docking. The proteome also
contains two rthomboid pseudoproteases similar to derlins which we speculate might serve an
analogous purpose in euglenophyte plastids as their bona fide derlin counterparts in SELMA
of ‘“chromist” plastids, possibly substituting the missing TOC and even hinting

at the eukaryotic origin of two, not just one envelope membrane of euglenophyte plastids.
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We also took advantage of the mass-spectrometry determined set of nuclear-coded
plastid-targeted E. gracilis proteins with high CP/MT ratio and complete N-termini
and revisited their targeting domains in search of features which might have been overlooked
previously due to the reliance on in silico predictions by algorithms trained on plant transit
peptides or based on homology with plant plastid proteins. By using custom script
for determination of hydrophobic regions and statistical analysis of amino acid composition
of the expected TP region we indeed report TP characteristics not described elsewhere, most
remarkably a substantial enrichment in proline which might affect its secondary and tertiary
structure significantly, and a surprisingly large proportion of plastid-targeted proteins lacking
the typical bipartite domain whatsoever. Both of this is in accord with the significant

rearrangements in protein import pathway in euglenophyte plastid.

In summary, we bring protein-level support for conclusions of previous studies as well
as numerous novel findings based on a new comprehensive set of E. gracilis plastid proteins
determined by mass spectrometry and also in silico predictions from new high-quality
transcriptomes of E. gracilis and E. longa. The plastid proteome of E. gracilis represents only
second such dataset from an organism with photosynthetic complex plastid (the first being
chlorarachniophyte B. natans, Hopkins et al. 2012) and one of the few full plastid
proteomes of unicellular algae (Terashima ef al. 2011; Facchinelli et al. 2013). Based
on these data, we report some metabolic peculiarities of the euglenophyte plastid, including
very low contribution to amino acid metabolism and additional SUF system of chlamydial
origin. We describe an extensive reduction in plastid import machinery of the inner two
plastid membranes, propose candidate translocases of the outer, host-derived membrane, and

re-evaluate the characteristics of plastid-targeting signal domains.
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Abstract

Euglenophytes obtained their plastids from a primary green alga related to extant genus
Pyramimonas. The relatively recent establishment of this new organelle is an intriguing
evolutionary phenomenon worth studying and comparing with other secondary plas-
tids with a regard to their similarities and differences. A remarkably fast evolution driven
by rapid intron gain and diversification is observed in euglenid plastid genomes which
often tend to swell in size and rearrange while keeping the gene content stable.
As a result of the secondary endosymbiosis, the plastid is wrapped in an additional
membrane which makes any protein, metabolite, or ion transporting routes more
complicated. In the case of protein import, secretory pathway-derived, signal
peptide-dependent mechanism involving the endoplasmic reticulum, Golgi, and vesic-
ular transport were recruited. The plastid endosymbiosis also served as a source of
various oddities concerning metabolic pathways as the new organelle contained some
of the enzymes and pathways already present in the host. Thus, several cases of division
of labour and specialization can be observed, as well as simple redundancies which
might be in fact just transitory and will eventually disappear in the future course of
evolution. Endosymbiotic and lateral gene transfers were quite common in the
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ancestors of euglenophytes, especially in the case of plastid proteins many of which
were demonstrated to have originated not only from the green-algal endosymbiont
but also from a spectrum of nongreen lineages. The circumstances of the nongreen-
algal gene gains are unclear. Another evolutionary phenomenon occurring in
euglenophytes is the secondary loss of plastid or its photosynthetic capacity. This pro-
cess gave rise to a number of distinct species which no longer possess the ability to
photosynthesize. Interestingly, this “bleaching” process can be induced in the labora-
tory, enabling to study the process of plastid loss in vitro.

1. INTRODUCTION: WHAT ARE THE EUGLENOPHYTES
AND WHY TO CARE ABOUT THEM

Euglenids are a group of flagellate protists belonging to the phylum
Euglenozoa (Excavata), along with kinetoplastids—a group made famous
by its important pathogenic members such as trypanosomes—diplonemids,
and symbiontids (also termed Postgaardea) (Adl et al., 2012; Cavalier-Smith,
2016). Euglenids are a highly diversified taxon in regard to their nutritional
strategies. The ancestral mode of nutrition was probably bacteriovory which
was replaced by eukaryovory in a large portion of the diversity; this shift is
believed to have taken place once in the evolution. One lineage of
eukaryovores then lost the phagotrophic ability and became osmotrophic.
This lineage is currently termed primary osmotrophs (Leander, 2004;
Leander, Esson, & Breglia, 2007; Leander, Triemer, & Farmer, 2001). How-
ever, some researchers propose an alternative hypothesis according to which
eukaryovory was the ancestral nutritional strategy common not only to
euglenids but also to kinetoplastids, diplonemids, and symbiontids, and all
other feeding modes are derived from it (Cavalier-Smith, 2016). One line-
age within eukaryovorous euglenids gained a green secondary plastid in pre-
sumably one endosymbiotic event. All these photoautotrophs form one
robust phylogenetic clade termed the Euglenophyta. The term
“euglenophytes” thus refers to phototrophic (or secondarily osmotrophic)
euglenids that harbour (or once harboured) a plastid, while the term
“euglenids” addresses the whole group of organisms of various nutritional
strategies. The euglenophytes were one of the first protists to be discovered
and described. The first documented observation of an euglenophyte, pre-
sumably the genus Euglena, and description of its typical slime-like mode of
movement, metaboly, was carried out by John Harris at the end of the 17th
century (Harris, 1695) and the first species of euglenophytes were described
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in the beginning of the 19th century by Ehrenberg (1830). Several isolated
lineages within euglenophytes lost the photosynthetic pigments, switching
to osmotrophic mode of nutrition independently of the earlier mentioned
primary osmotrophs; these organisms are termed secondary osmotrophs
and retain a colourless plastid despite not using it for photosynthesis. Addi-
tionally, one obligatory—mixotrophic species, Rapaza viridis, has a photosyn-
thetically active green plastid but at the same time requires green-algal
(Tetraselmis) prey to survive and it is the only euglenid which combines pho-
toautotrophy with phagotrophy. It is suspected to represent a link between
the eukaryovorous euglenids and the phototrophic euglenophytes. This is
also suggested by its phylogenetic position as sister lineage to all other
euglenophytes (Fig. 1; Yamaguchi, Yubuki, & Leander, 2012). However,
it 1s still unclear whether the R. viridis plastid is stable or transient and if it
is related to the plastids of other euglenophytes. The closest known non-
photosynthetic sister of euglenophytes is the eukaryovorous genus Teloprocta
(former Heteronema) scaphurum (Cavalier-Smith, 2016; Lax & Simpson,
2013).

Euglenophytes have been intensively studied for a long time thanks to
their relatively large size, distinctive and aesthetically pleasing appearance,
and easy collection and cultivation, and so approximately 950 species of
euglenophytes have been described to this day (Guiry & Guiry, 2017).
The inner taxonomy of euglenophytes is currently relatively clearly resolved
(Fig. 1; Karnkowska et al., 2015; Kim, Linton, & Shin, 2015; Kim & Shin,
2008; Linton et al., 2010; Triemer et al., 2006; Zakrys, Milanowski, &
Karnkowska, 2017). The group splits into two orders: Eutreptiales and
Euglenales. The Eutreptiales exhibit a number of features which are consid-
ered ancestral, such as the adaptation to marine environment and presence of
two emergent flagella, and contain two genera: Eutreptia and Eutreptiella.
The Euglenales are more diverse, they have only one emergent flagellum,
and they are thought to be almost exclusively freshwater dwelling. The
Eutreptiales are probably paraphyletic, with the Euglenales being their inner
group (Cavalier-Smith, 2016). The Euglenales are further split into two dis-
tinctive families, Euglenaceae and Phacaceae. The Euglenaceae include
eight genera: Euglena, Euglenaria, Euglenaformis, Cryptoglena, Monomorphina,
Colacium, Trachelomonas, and Strombomonas. This group is highly diverse in
regard to the shape, number, and position of the plastids, and also overall
morphology of the cell which may exhibit various shapes—some
members, i.e., genera Trachelomonas and Strombomonas, are even surrounded
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Fig. 1 Simplified phylogenetic tree of the 14 euglenophyte genera (including Rapaza)
with examples of cell and plastid morphologies. One to five different illustrative species
are shown for each genus, depending on its relative intrageneric plastid morphological
diversity.
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by mineralized extracellular lorica—and types and degrees of motility—
some members have pellicles of low flexibility and prefer swimming using
flagellum to metaboly, while some species in the genus Colacium are
completely sessile. The Phacaceae include three genera: Phacus, Lepocinclis,
and Discoplastis, the first two of which have a rigid pellicle, which is flattened
or even helical in shape, and are not able to move using metaboly (Cavalier-
Smith, 2016; de M. Bicudo & Menezes, 2016).

Euglenophytes are currently studied for their possible utilization in bio-
technology and other applied sciences, especially as potential producers of
biofuels and also nutritional supplements due to their capacity to synthesize
various lipids and compounds with antioxidative properties such as tocoph-
erols and carotenoids (Krajcovic, Vesteg, & Schwartzbach, 2015; Ogawa
et al., 2015; Teerawanichpan & Qiu, 2010).

2. ORIGIN OF EUGLENOPHYTE PLASTIDS: EARLY OR
LATE, GREEN OR RED?

Before the age of molecular phylogenetics, euglenophytes were tradi-
tionally classified as a subgroup or sister of green algae due to their plastid
morphology and pigment content, especially the combination of chloro-
phylls @ and b, which is otherwise unique to green plants and algae and
chlorarachniophytes, and the chlorophylls a- and b-containing plastids were
correctly assumed to have arisen only once in the evolution. However, it
was suspected for a long time that something is amiss here because most
of the nonplastid morphology, physiology, and biochemistry of these organ-
1sms were strikingly dissimilar to green algae. With the (re)invention of the
endosymbiotic theory by Lynn Margulis in 1967 (Sagan, 1993) and its gen-
eral acceptance, a completely new paradigm opened for evolutionary biol-
ogy and taxonomy trying to resolve unclear phenomena and phylogenetic
relationships such as this one. A decade later, the secondary endosymbiotic
origin of the euglenophyte plastid was proposed by Gibbs (1978, 1981) and
euglenids were placed along with kinetoplastids into a new phylum
Euglenozoa by Cavalier-Smith (1981). The first sequenced genes from
the model euglenid Euglena gracilis (Douglas & Turner, 1991; Morden &
Golden, 1991), followed shortly by the complete sequencing of its plastid
genome (Hallick et al., 1993), brought a molecular evidence for this claim.
In 2009, a wider analysis of phylogenetic relationship within green algae
with a focus on prasinophytes and also including sequences from secondary
plastids was performed by Turmel, Gagnon, O’Kelly, Otis, and Lemieux
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(2009) which resulted in pinpointing the origin of the euglenid plastid to the
Pyramimonadales clade in the prasinophytes with the genus Pyramimonas as
the most suspect source. Following studies on other euglenid plastid
genomes (Bennett & Triemer, 2015; Bennett, Wiegert, & Triemer, 2014;
Dabbagh & Preisfeld, 2016; Hrda, Fousek, Szabova, Hampl, & Vlcek,
2012; Pombert, James, Janouskovec, & Keeling, 2012; Wiegert,
Bennett, & Triemer, 2012, 2013) confirmed Pyramimonas parkeae as the clos-
est living relative of euglenophyte plastids.

The relative position of the plastid acquisition in the euglenid lineage was
disputed in the past (Bodyl, Mackiewicz, & Milanowski, 2010; Hannaert
et al., 2003) and even though it is currently considered resolved and placed
at the root of the extant euglenophytes the evolutionary history of euglenids
seems more complex and traces of an interesting story about lateral gains and
secondary losses of genes—and possibly endosymbionts or even organelles—
can be read from the available sequence data of euglenids and their not-so-
distant relatives kinetoplastids.

Kinetoplastids, a group known mainly for their parasitic members of con-
siderable epidemiological significance of the genera Trypanosoma and Leish-
mania, have been shown to contain genes related to cyanobacteria or green
plastids. Moreover, some of these genes are homologues of enzymes of the
Calvin cycle which have been supposedly recruited for glycolysis-related
functions in the glycosome (Hannaert et al., 2003) (i.e. peroxisome-derived
organelle invented specifically by kinetoplastids and diplonemids; Morales
et al., 2016; Rybicka, 1996). In reaction to this fact plus other occurrences
of cyanobacterial-like genes in heterotrophic protists, a plastid-early hypoth-
esis was formulated. This hypothesis placed the primary plastid acquisition
much earlier in the evolution and suggested that all bikonts except the
Archaeplastida underwent its secondary loss (Andersson & Roger, 2002;
Maruyama, Matsuzaki, Misawa, & Nozaki, 2009). The less controversial the-
ories focused on Euglenozoa suggested that the current secondary plastid of
euglenophytes could have originated before the split of kinetoplastids and
other euglenozoans and become lost in all lineages but euglenophytes
(Bodyt et al., 2010; Hannaert et al., 2003) resulting in the presence of
“green” genes dispersed throughout the whole group. The possibility of a
cryptic, euglenophyte-unrelated plastid gain and loss within the kinetoplastid
lineage, was also considered (Bodyt et al., 2010; Leander, 2004; Martin &
Borst, 2003). The alternative hypothesis to all the previously mentioned sug-
gests a mere lateral gene transfer from cyanobacteria or primary or secondary
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plastid-containing eukaryote based solely on the “you are what you eat”
notion (Doolittle, 1998) without a requirement for a previously existing sta-
ble relationship between the host and the endosymbiont/organelle (Bodyt
et al., 2010; Leander, 2004; Maruyama et al., 2009).

The mosaicism in the evolutionary origins of euglenophyte genes pro-
vokes similar questions and similar approaches to their resolving.
Euglenophytes contain undisputable amount of laterally transferred genes
originating from rhodophytes or secondary algae containing red-algal plas-
tids (e.g. haptophytes or stramenopiles), i.e. genes gained from other sources
than the ancestor of the current plastid related to Pyramimonas. Most of these
genes play a role in the typical plastid metabolic pathways and processes. The
examples of these “nongreen” genes include several enzymes of the Calvin
cycle (fructose bisphosphatase, glyceraldehyde 3-phosphate dehydrogenase,
phosphoribulokinase, ribose 5-phosphate isomerase, and triosephosphate
isomerase), several enzymes of the tetrapyrrole biosynthesis (glutamate
1-semialdehyde 2,1-aminotransferase, uroporphyrinogen decarboxylase,
coproporphyrinogen oxidase, and protoporphyrinogen oxidase), glycolytic
enzyme glucokinase, and tocopherol biosynthesis enzyme homogentisate
phytyltransterase (Lakey & Triemer, 2016; Markunas & Triemer, 2016;
Maruyama, Suzaki, Weber, Archibald, & Nozaki, 2011). Whether similar
plastid-related genes, green or nongreen, are present in heterotrophic
euglenids, and to what extent, is currently unknown.

Where do these genes come from? The least controversial explanation is
simple lateral gene transfer from eukaryotic prey, congruent with the “you
are what you eat” hypothesis (Doolittle, 1998). Many eukaryovorous
euglenids prey on algae, often in a rather generalist way. This nutritional
strategy represents a clear prerequisite for the plastid acquisition as well as
a logical source of the lateral gene transfer from various phototrophs. But
how come that the transferred genes were retained by the euglenid predator
despite having photosynthetic or other plastidal function and being virtually
useless to a heterotrophic organism? The answer could be that the said
euglenid predator was not a pure heterotroph but rather a mixotroph which
already possessed the plastid or Pyramimonas-related endosymbiont not yet
tully transformed into a true organelle, much like the contemporary species
R. viridis (Yamaguchi et al., 2012). Genes obtained from the algal prey could
have been immediately recruited for a function in a preexisting plastid-
localized process, allowing the reductive evolution of the plastid/endosym-
biont genome and its further integration into the host. This evolutionary
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process was recently suggested as a major driving force of the
organellogenesis of the chromatophore of Paulinella chromatophora
(Nowack et al., 2016) (a rhizarian amoeba with a plastid-like organelle,
chromatophore, acquired via second independent primary endosymbiosis;
Marin, Nowack, & Melkonian, 2005).

Alternative hypotheses count with the possibility of euglenophyte pre-
decessors harbouring other endosymbiont(s) or transient or even stable
plastid(s) in their evolutionary past which were lost and replaced with the
plastid from Pyramimonas-related alga. This model is based on the
“shopping bag” hypothesis and reflects the current state of knowledge
regarding the transient relationships, repeated gains and losses, and overall
plastid fluidity observed in dinoflagellates (Bodyt et al., 2010; Howe,
Barbrook, Nisbet, Lockhart, & Larkum, 2008; Larkum, Lockhart, &
Howe, 2007; O’Neill, Trick, Henrissat, & Field, 2015). If this hypothesis
was correct, at least one “red” endosymbiont or preplastid was present in
the ancestor of euglenophytes at some point. It is even possible that some
of these plastid-like symbioses or similar ecological relationships could have
taken place long time before the acquisition of the extant green plastid,
explaining the presence of genes of algal origin in heterotrophic euglenids
(Bodyt etal., 2010; Leander, 2004; Maruyama et al., 2011) and making some
of the implications of the plastid-early hypothesis true. The plastid-related
genes it had left in the nuclear genome of the euglenid could have facilitated
the acquisition of a brand new plastid and its “enslavement” by reductive
genome evolution, quite opposite to the Paulinella-like model proposed ear-
lier. Another imaginable scenario is the coexistence of red and green endo-
symbionts/preplastids in a single cell for a certain period of time during
which the host had time to gain genes from both before ultimately
“deciding” to let the red one go and keep the green one.

These hypotheses are not mutually exclusive and the truth can well lie
somewhere between these proposed models—or somewhere else entirely.

3. PLASTID MORPHOLOGY: DISPLAY OF DIVERSITY

Not much can be said about the morphology of euglenophyte plastids
in general because their shapes, sizes, numbers, positions, and other charac-
teristics vary greatly among different genera and even species or strains
(Ciugulea & Triemer, 2010; Leedale, 1967).
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The most basic universal characteristic is perhaps that the euglenophyte
plastids are enveloped by three membranes which reflect its secondary endo-
symbiotic origin and evolutionary history: the inner two membranes are
generally believed to be homologous with the two membranes of primary
plastid (i.e. originating in the two envelope membranes of cyanobacteria),
the additional one is of an eukaryotic ancestry, derived either from the
euglenid endomembrane system or from the cytoplasmic membrane of
the green-algal ancestor of the plastid (Gibbs, 1978; Lefort-Tran, 1981).
The same number of plastid membranes is described in dinoflagellates with
peridinin-containing plastid, while four membranes are generally more
common occurrence in secondary plastids. The outermost membrane of
euglenophyte plastid is not spatially continuous with the ER as in the case
of some other organisms with secondary plastids such as cryptophytes,
haptophytes, and heterokonts (Bolte et al., 2009; Maier, Zauner, &
Hempel, 2015). However, substantial communication via vesicles was
observed to take place between the endomembrane system and plastid,
and it was proposed that its outermost membrane might in fact act as a part
of the secretory system (Sulli & Schwartzbach, 1995, 1996). This would be
crucial for the targeting of ER ~synthesized proteins and other molecules into
the plastid.

Euglenophyte plastids are very variable in terms of shape: they can be
spherical, oval, partially flattened, disc-shaped, watch-glass-shaped, bicon-
cave or biconvex, with various numbers of lobes and prominences, or even
ribbon- or star-shaped (Leedale, 1967). A certain plastid shape is usually spe-
cific to a certain monophyletic or paraphyletic group of euglenophytes. The
amount of plastids per cell ranges from several to several dozens and it is also
usually species-specific but in this case a certain range is conserved rather
than a concrete number: in the model species E. gracilis, for example, the
number of plastids varies from 6 to 12 (Leedale, 1967). This variability might
be linked to the fact that plastid replication can take place either synchro-
nously with the cell division or independently of it.

Euglenophyte plastids have well-developed thylakoids (also termed discs
in older literature) which are organized in elongated stacks (also termed
lamellae or bands) of varying number of layers (usually three) instead of grana
(1.e. relatively high cylindrical stacks of thylakoids present in plant plastids)
(Ben-Shaul, Schift, & Epstein, 1966; Gibbs, 1970; Gibor & Granick, 1962).

Many euglenophyte plastids contain visible pyrenoids (i.e. dense regions
where most of the carbon fixation enzymes are localized): these may be
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either naked or covered by a watch glass-shaped paramylon cap, either from
one side (haplopyrenoids) or from both sides (diplopyrenoids). Under trans-
mission electron microscopy, the pyrenoids appear as conspicuously del-
imited regions of dense granulation (Gibbs, 1970). Pyrenoids are absent
in plastids of the family Phacaceae and also in some members of the
Euglenaceae (Gibbs, 1970; Leedale, 1967). The presence/absence and
appearance of pyrenoids can also change during the life of a single cell as
a result of changes in environmental factors—light intensity, length of the
light/dark cycle, starvation, nutritional value of the medium, and growth
phase of the culture.

Euglenophytes possess a single eyespot (stigma), light-sensing, granular,
red/orange-coloured, and carotenoid-containing organelle, which enables
positive or negative phototaxis. In contrast to green algae, where eyespots
exist within the plastids, the euglenophyte eyespot is located in the cyto-
plasm near the base of the flagellum (Benedetti & Checcucci, 1975; Iseki
et al., 2002; Osafune & Schiff, 1980b; Walne & Arnott, 1967). However,
it was probably derived from plastid as well (Walne & Arnott, 1967).

4. PLASTID GENOMES: SPED-UP EVOLUTION AND
INTRONS GONE HAYWIRE

To this date, 17 euglenophyte plastid genomes (cpDNAs) have been
published. The sampling covers most of the diversity of the Euglenaceae
family with 14 cpDNAs (6 from the genus Euglena and 8 from other genera),
one cpDNA of the Phacaceae family and two cpDNAs from the two genera
of the Eutreptiales (Bennet, Wiegert, & Triemer, 2012; Bennett & Triemer,
2015; Bennett et al., 2014; Dabbagh & Preisteld, 2016; Gockel & Hachtel,
2000; Hallick et al., 1993; Hrda et al., 2012; Kasiborski, Bennett, Linton, &
Lane, 2016; Pombert et al., 2012; Wiegert et al., 2012, 2013). Euglenophyte
cpDNAs generally take the form of a circular chromosome. Four genomes
are not complete and have not been circularized due to unknown number of
repetitive sequences (Kasiborski et al., 2016) or unknown number of the
ribosomal operons (Wiegert et al., 2012, 2013). Their basic characteristics
including the comparison with the cpDNA of P. parkeae (Turmel et al.,
2009) are summarized in Table 1.

The cpDNA of P. parkeae, the closest known relative of the
euglenophyte plastid, is 101,605bp long and contains 110 genes (Turmel
et al., 2009). These values were seemingly reduced during the secondary
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Table 1 Characteristics of the Plastid Genomes of 17 Euglenophytes and Pyramimonas
parkeae According to Sequences Deposited in GenBank
cp Genome  Number of Number of GC

Taxonomy  Species/Strain Size (bp) Genes Introns Content (%)
Euglena gracilis Z. 143,171 90 145 26.1
E. gracilis var. bacillaris 132,034 90 134 25.8
Euglena longa 73,345 57 60 22.4
Euglena viridis epitype 91,616 92 77 26.4
E. viridis SAG 1224-17d 76,156 92 77 26.2
Euglena mutabilis 86,975 92 76 26.7
Monomorphina 74,746 92 53 29.4
aenigmatica
Monomorphina parapyrum 80,147 93 80 28.0
Cryptoglena skujai 106,843 92 84 26.3
Euglenaria anabaena 88,487 93 82 28.0
Trachelomonas volvocina 85,392* 93 94 27.3
Strombomonas acuminata®™ 144,166 93 110 26.6
Colacium vesiculosum™ 128,892 92 130 26.1
Euglenaformis proxima 94,185 91 113 26.9
Phacus orbicularis® 65,992 90 66 27.2
Eutreptia viridis* 65,523 86 27 28.6
Eutreptiella gymnastica 67,623 87 8 34.3

l Pyramimonas parkeae 101,605 110 1 34.7

The “number of genes” indicates both protein and RNA coding but duplicates and ORFs were not included. The
genome sizes marked by asterisk denote incomplete genomes. The first three columns marked taxonomy symbolize
phylogenetic relationships between the organisms—merged rows represent defined clades; the Euglenales are coloured
in orange and additionally divided into the Euglenaceae (light orange) and the Phacaceae (light red), the Eutreptiales are
coloured in yellow and the prasinophytes are coloured in purple.

plastid establishment—22 genes (e.g. all genes of NADH-plastoquinone
oxidoreductase of plastidal respiratory chain) were lost or transferred into
the nucleus of the common ancestor of euglenophytes (Fig. 2). The highly
conserved core content of euglenophyte cpDNAs consists of 89 genes
(including rm5 not present in P. parkeae). These include 32 genes for pho-
tosynthetic proteins, 5 genes for transcription/translation proteins, 22 genes
for ribosomal proteins, 3 rRINAs, and 27 tRINAs. One to four of these genes
were not found in some lineages but their absence does not show any
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Fig. 2 Gene contents of the plastid genomes in 14 euglenophytes and Pyraminonas parkeae. Asterisks denote the genes missing in certain
plastid genomes. Schematic phylogenetic tree is drawn according to Bennett and Triemer (2015).
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phylogenetic pattern. Four genes were gained after the secondary endosym-
biosis: the Eureptiales have obtained y¢f13 (synonymous to the intron-
encoded maturase mat1), the Phacaceae possess three additional genes,
yf13, mat5 (found within the psbA gene of Lepocinclis spirogyroides—
GenBank record), and roaA (ribosomal operon-associated gene), and the
Euglenaceae possess mat2 in addition to the three aforementioned genes
(Fig. 2; Bennett & Triemer, 2015). The mat5 gene was lost in several inde-
pendent instances within the Euglenales (Bennett & Triemer, 2015;
Kasiborski et al., 2016). Unsurprisingly, genes for photosynthetic proteins
have been lost in Euglena longa whose plastid has no photosynthetic activity.
The gene contents are summarized in Fig. 2.

The plastid genome organization difters between P. parkeae, which con-
tains two inverted repeats with ribosomal operon and large and small single
copy region (Turmel et al., 2009), and most euglenophytes, which do not
have this quadripartite arrangement. The cpDNA of Eutreptiella gymnastica
represents a single exception as it contains two inverted repeats (one of them
discontinuous), each with rRINA operon (Hrda et al., 2012). The rRNA
operon in E. gracilis and E. longa is organized in three tandemly repeated cop-
ies (Gockel & Hachtel, 2000; Hallick et al., 1993). The replication origins of
euglenophyte cpDNAs are presumably located in the VNTR (variable
number of tandem repeats) region (Koller & Delius, 1982; Ravel-
Chapuis, Heizmann, & Nigon, 1982). Overall, the genes are arranged into
15 conserved gene clusters whose order and orientation have been exces-
sively rearranged and it is hard to trace and reconstruct the course of these
rearrangements (Dabbagh & Preisfeld, 2016).

The most noticeable trend in the euglenophyte plastid genome evolution
is undoubtedly the rapid intron gain. The numbers of recognized introns in
the genomes change over time as the annotations improve and so the num-
bers provided in Table 1 reflect the status of genome annotations published in
the GenBank database as of July 2017. Remarkably, the cpDNA of
Pyramimonas contains only a single intron like those of other prasinophyte
algae such as Ostreococcus tauri and Pycnococcus provasoli (Turmel et al.,
2009). The number of introns started to grow after the plastid acquisition
by the ancestral euglenid before the split of Eutreptiales and Euglenales:
cpDNAs of Eutreptiella and Eutreptia which represent the deepest splits from
other euglenophytes already contain 8 and 27 introns, respectively (Hrda
et al., 2012; Wiegert et al., 2012). An intron of psbC gene, which carries
an intron-encoded maturase y¢f13, is considered the ancestral intron because
it is the only homologous intron in euglenophyte cpDNAs (Bennett &
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Triemer, 2015; Pombert et al., 2012). The major intron gain and amplifica-
tion took place within the Euglenales lineage resulting in several species con-
taining over 100 introns in their cpDNAs, the most extreme case being the
model E. gracilis strain Z with at least 145 introns (Bennett & Triemer, 2015;
Bennett et al., 2014; Hallick et al., 1993; Wiegert et al., 2013). The intron
accumulation seems to be an ongoing process which is afoot at this very
moment and it could be potentially very interesting to review some of the
“old” sequences and see if they changed during the long-term cultivation
by humans during a tiny part of the period of their sped-up evolution.
Not only are the euglenophyte plastid introns numerous, they are also
unique in their structure. Majority of them are classified as group II introns,
which are known from prokaryotes and mitochondria and plastids of
eukaryotes. They function as self-splicing ribozymes and contain six
stem-loop-forming domains and a conserved 5'-border motif (GUGYG).
Group II introns are mobile elements and their mobility is mediated by
maturases (Bonen & Vogel, 2001; Sheveleva & Hallick, 2004). The
euglenophyte plastid group Il introns are often significantly shorter (the aver-
age length of euglenophyte group II intron is 463 nt—approximately 100 nt
shorter than the average group II intron of liverwort; Dabbagh & Preisfeld,
2016) with some of the conserved domains being missing and/or divergent
beyond recognition. In addition to group II introns, euglenophyte plastid
genomes contain group III introns which are exclusive to these organisms.
They seem to be extremely derived form of group II introns which is
much shorter (of average length around 100nt) and lacks almost all core
structures retaining only one modified conserved domain on 3’-end and a
degenerate 5'-border motif (the consensus is NUNNG) (Bonen & Vogel,
2001; Doetsch, 2000; Doetsch, Favreau, Kuscuoglu, Thompson, &
Hallick, 2001; Jenkins, Hong, & Hallick, 1995; Thompson, Copertino,
Thompson, Favreau, & Hallick, 1995). To make matters even more compli-
cated, euglenophyte plastid genomes also contain a number of twintrons—
introns nested inside other introns (termed internal and external introns,
respectively) which are spliced subsequently. Twintrons come in different
types: group II, group III, and mixed or even complex ones where multiple
internal introns (Copertino, Christopher, & Hallick, 1991; Copertino &
Hallick, 1991, 1993) or even additional introns inside an internal intron
(Drager & Hallick, 1993) can be observed in one external intron. In several
cases, the recent conversion of a simple intron into a twintron is traceable on
certain insertion sites. For example, six loci containing a twintron in the
E. gracilis cpDNA contain only a single intron in Monomorphina aenigmatica.
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In most of these cases, the introns of M. aenigmatica are orthologous to the
external introns of their twintron counterparts in E. gracilis (Pombert
et al., 2012). This further supports the notion that intron and twintron prop-
agation in euglenophyte cpDNAs is a recent and probably still active process.

The relatively low GC content of the cpDNAs of euglenophytes is also
linked to the intron accumulation since euglenid plastid introns are generally
AT-rich and tend to bias the overall GC content of the whole genome. This
is especially apparent in the case of E. longa whose cpDINA has the lowest
number of genes while still being rich in introns, as a result its GC content
is extremely low (22.4%) (Gockel & Hachtel, 2000).

5. PLASTID BIOGENESIS AND HOUSEKEEPING: HOW TO
MAKE IT AND HOW TO CONTROL IT

The crucial part of organellogenesis is the ability of the host cell to take
control over the replication and biogenesis of the formerly independent
endosymbiotic hostage. The development of plastids of euglenophytes
was studied in detail in the model species E. gracilis and the following sub-
chapter will be based mainly on the findings regarding this particular
organism.

Euglena plastids develop from proplastids which are nascent or dark-
induced regressed stages with low or no photosynthetic activity, small num-
ber of thylakoids, and low amount of photosynthetic pigments stored mostly
in their precursor forms (protochlorophyll and protochlorophyllide).

The plastid development is triggered by light and influenced by other
environmental stimuli, especially availability of organic carbon sources
which act as catabolic repressors that modulate the metabolic mode of the
cell towards the more efficient one in the given situation. Glucose, ethanol,
and acetate were shown to inhibit chlorophyll synthesis, while malate and
succinate do not seem to function as catabolic repressors. Ethanol was also
shown to inhibit synthesis or activity of various other proteins of carbon fix-
ation pathway, light-harvesting antennae, and plastid housekeeping system
(Horrum & Schwartzbach, 1980; Monroy & Schwartzbach, 1984;
Schwartzbach, 2017). As a result, the cell performs the energetically expen-
sive switch to the autotrophic nutritional mode and develops mature plastids
only when carbon sources consumable by the relatively energetically cheap
glyoxylate pathway become unavailable.

The DNA replication in plastids can take place independently of the
nuclear DNA replication. However, the process of plastid greening and
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development is directed by the nucleus on the transcriptional and transla-
tional level. The proteosynthetic apparatus of the developing plastids
receives an external boost as its nucleus-encoded components (ribosomal
proteins and initiation and elongation factors) are upregulated by light, syn-
thesized in the cytoplasm, and transported into proplastids as well as other
nucleus-encoded plastid proteins (Bingham & Schift, 1979; Bingham &
Shift, 1979; Egan & Carell, 1972; Fox et al., 1980; Kraus & Spremulli,
1988). The amounts of rRINA, tRINA, and other nucleic acids which are
fairly low in inactive proplastids increase up to threefold after illumination
(Egan & Carell, 1972). The plastid genes are expressed constitutively regard-
less of light or dark conditions and the light increases the transcriptional
activity but does not change the composition and ratio of the expressed
genes (Geimer et al., 2009).

Protochlorophyll and protochlorophyllide are phototransformable mol-
ecules which are believed to act as photoreceptors on the thylakoid mem-
branes of the developing plastids (perhaps in cooperation with a yet
unspecified photoreceptor specialized to blue light sensing). These precur-
sors are converted to chlorophyll and play a role in the initiation of de novo
chlorophyll synthesis (Egan, Dorsky, & Schitt, 1975; Kirk, 1970; Stern,
Epstein, & Schift, 1964; Stern, Schift, & Epstein, 1964).

The proplastids start to grow in size and new thylakoids are formed by
the invagination of the innermost membrane and eventually start fusing and
stacking into lamellae (Ben-Shaul et al., 1966). Thylakoid formation and
chlorophyll synthesis are mutually dependent so the time dynamics of these
two processes are concurrent. This development starts soon after the induc-
tion by light but it progresses very slowly during the initial lag phase and sets
off rapidly after approximately 6 h. The length of the lag can be, however,
significantly modified by the adjustment of the light conditions, namely
preillumination. While the concentration of chlorophyll grows steadily,
the concentration of carotenoids remains more or less the same—the final
ratio between these two types of pigments is ca. 2.5:1 in the mature plastids
(Stern, Schiff, et al., 1964). The interconnected carbon fixation and oxygen
production start several hours after the plastid differentiation induction and
grow rapidly after approximately 10 h. Around this time, the plastids swell
quickly gaining roughly three times the original mass and thylakoid amount.
It was noticed that the number of initial proplastids in E. gracilis is usually
around 30 per cell while the final number of mature plastids is around 10.
The logical deduction is that the proplastids actually form aggregates of three
and fuse around this time off the differentiation causing a significant leap in
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the plastids size and metabolic capacity. The process of the plastid maturation
is completed in about 72 h (Ben-Shaul et al., 1966).

A vast majority of proteins which are synthesized and inserted into thy-
lakoids during this process are coded in the nucleus and translated on cyto-
plasmic ribosomes—the gene expression is almost completely under the
control of the host cell (Bingham & Shift, 1979), only a small number of
proteins are synthesized in the plastid (Schwartzbach & Schift, 1974). These
gene products are imported into plastids based on their rather complex-
targeting signals.

The plastid protein import mechanism is much more complicated in
euglenophytes in comparison to plants and is far from clearly resolved to this
date. A schematic of the protein transport into euglenophyte plastid is shown
in Fig. 3. Plastid-targeted precursor proteins (preproteins) coded in nucleus
generally have an N-terminal signal peptide which is very similar to the clas-
sical signal peptide of proteins destined to the secretory pathway. The signal
peptide is supposedly recognized by the signal recognition particle right after
its translation and protrusion from the cytoplasmic ribosome and the rest of
the translation takes place on the rough ER and the nascent preprotein is
cotranslationally imported into the ER lumen. Subsequently, the signal pep-
tide is cleaved by a signal peptidase in the ER revealing the following part of
the signal whose amino acid composition is similar to that of a canonical
plant chloroplast-targeting signal, the so-called transit peptide: it is rich in
serine, threonine, and alanine; depleted in aspartic and glutamic acid; and
has a slight positive charge as a result. The length of the transit peptides is
quite variable and ranges from 36 to 135 amino acid residues in E. gracilis
(Durnford & Gray, 2006). The origin of these transit peptides could be
related to cis- and frans-splicing of short introns which were identified in
some of these sequences (Vesteg et al., 2010). In euglenophytes, nucleus-
encoded plastid preproteins can be divided into two classes based on the
presence or absence of the third, highly hydrophobic domain which follows
immediately after the transit peptide (Durnford & Gray, 2006) and acts as a
stop-transfer transmembrane anchor. Preproteins are transported from the
ER to the Golgi apparatus and they are either packed into a transport vesicle
(class II) or anchored in its membrane (class I) with the transit peptide inside
and the rest of the protein protruding into the cytoplasm (Durnford & Gray,
2006; Sulli, Fang, Muchhal, & Schwartzbach, 1999; Sulli & Schwartzbach,
1996). Vesicles from Golgi fuse with the outermost plastid membrane by a
yet unknown mechanism. This process is resistant to N-ethylmaleimide that
interacts with the N-ethylmaleimide-sensitive factor (NSF) and inhibits
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Fig. 3 Schematic of the plastid protein import pathway in euglenophytes. Nuclear-
encoded plastid-targeted proteins are cotranslationally transported into the ER by
the same mechanism as proteins destined into the secretory pathway based on their
signal peptide (SP). They are either completely inserted into the ER lumen or remain
anchored in its membrane by a hydrophobic stop-transfer signal (STS). Their SPs are
cleaved by the signal peptidase (SiP) in the ER lumen. They pass through Golgi and
are loaded onto vesicles which then fuse with the outermost plastid membrane via
an unknown, SNARE-independent mechanism. Proteins destined to plastid stroma or
thylakoids pass the remaining two membranes via transit peptide (TP)-dependent pro-
cess which is probably facilitated by plant TIC- and TOC-like complexes. In plastid
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soluble NSF attachment protein receptor (SNARE)-dependent membrane
fusion. This suggests that SNAREs are not utilized in the vesicular transport
of plastid preproteins (Slavikova et al., 2005). After reaching the inter-
membrane space between the outermost and the middle plastid membrane,
the transit peptide is apparently recognized by a yet unknown receptor and
the preprotein is pulled through the inner two membranes, most probably
by a system homologous to the TOC/TIC (translocons at the outer/inner
envelope membrane of chloroplasts) machinery which is present in primary
plastids of plants (Shi & Theg, 2013) and generally conserved (albeit reduced
in the number of subunits) among other secondary plastids (Maier et al.,
2015; Sheiner & Striepen, 2013). The transit peptides of euglenid plastid
proteins were repeatedly demonstrated to function in heterologous system
and successfully direct the protein into plant plastid both in vitro and
in vivo (Inagaki, Fujita, Hase, & Yamamoto, 2000; Shashidhara, Limsli,
Shackletonii, Robinsonii, & Smith, 1992; Slavikova et al., 2005). These
results suggest the presence of a TOC/TIC-like machinery in euglenophyte
plastids. However, no direct proof of existence of these protein complexes in
euglenophytes was brought to this date.

The transit peptide is presumably cleaved by stromal processing peptidase
and the protein assumes its native conformation with the help of putative
translocase-associated and stromal chaperones (Maier et al., 2015; Shi &
Theg, 2013). Proteins destined to the thylakoid membrane or lumen are
supposedly further sorted based on their additional signals (IN-terminal,
C-terminal, or internal) and inserted into thylakoids by specialized import
pathways known from primary plastids such as the Sec-dependent pathway
or the twin-arginine translocation pathway (Jarvis & Robinson, 2004).

The transcription of genes encoded in the plastid genome was observed
to take place constitutively with practically all genes including several
unknown ORFs and pseudogenes being expressed and present as mRNAs
in the plastid, albeit in very low concentration. The transcripts sometimes
form very large and relatively stable polycistronic units which are subse-
quently subjected to extensive posttranscriptional modifications. The plastid

stroma, the TPs are cleaved by the stromal processing peptidase (SPP) and the proteins
are sorted into their final localization (stroma, thylakoid membrane, or thylakoid lumen)
and folded to their mature conformation. Proteins destined to thylakoid lumen are
transported based on their lumen-targeting domains (LTD) which are then cleaved
by the thylakoid-processing peptidase (TPP). Proteins of the plastid envelope are
inserted into their target membrane via an unknown mechanism or spontaneously.
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gene expression does not react to environmental stimuli in terms of quality
but rather on quantitative level. Moreover, some genes seem to have very
short turnover and to be expressed only to be degraded very quickly. In sum-
mary, regulation of the gene expression in euglenophyte plastid might be
taking place predominantly on the level of posttranscriptional RINA
processing and/or translation rather than transcription (Geimer et al.,
2009; Thompson et al., 1995). A small portion of plastid transcripts was
shown to have polyadenylated 3’-ends in E. gracilis. The low ratios of
polyadenylated vs nonpolyadenylated RNAs (only 1/350 to 1/100,000)
suggest that the polyadenylation serves as a signal for exonucleolytic degra-
dation as it does in the case of primary plastids (Zahonova et al., 2014).

6. PLASTID METABOLISM: A FACTORY WITH
REDUNDANT PRODUCTION LINES

In this chapter, findings on biosynthetic pathways in euglenophyte
plastid will be briefly summarized with focus on their potentially unique
characteristics and differences from other groups which are interesting from
evolutionary point of view. Almost all studies cited in this section were per-
formed on the model euglenophyte E. gracilis, and generalizations based on
them should be taken with a grain of salt.

Photosynthetic apparatus of the E. gracilis plastid is comparable to that of
green algae and plants in regard to the function and architecture. Photosyn-
thesis is a subject of tight regulation by light (Yoshida et al., 2016) and it
reacts negatively to both extremes in light conditions as the photosynthetic
activity is inhibited or even completely compromised by both darkness
and the excessive illumination by visible or UV light (Richter, Helbling,
Streb, & Hader, 2007). Additionally, the photosynthetic capacity of E.
gracilis is affected by salinity (Gonzalez-Moreno, Gomez-Barrera, Perales,
& Moreno-Sanchez, 1997) and other ion concentrations (Ferroni,
Baldisserotto, Fasulo, Pagnoni, & Pancaldi, 2004; Krajcovic et al., 2015).

E. gracilis synthesizes chlorophylls a and b via the standard plastid-localized
pathway from aminolevulinic acid. There are several spectroscopically distin-
guishable precursor forms of chlorophylls (i.e. protochlorophyll, proto-
chlorophyllide, and phytyl-protochlorophyllide), and developing plastids
especially contain these precursors to a great extent, and their ratio, dynamics,
and interconversions are believed to play a major role in regulation of
biosynthesis of chlorophyll and possibly other compounds (Kirk, 1970).
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For example, protochlorophyllide has been shown to inhibit further steps in
chlorophyll biosynthesis until its light-induced conversion (Schwartzbach,
Schiff, & Goldstein, 1975).

Aminolevulinic acid can be synthesized in two ways: through the C5
pathway from glutamate or through the C4 (Shemin) pathway from glycine
and succinyl-CoA; most organisms utilize only one of these pathways. In
E. gracilis, aminolevulinic acid was proven to be synthesized via the C5
pathway and for some time the organism was thought to lack the C4 path-
way (Gomez-Silva, Timko, & Schiff, 1985). However, the situation was
recently shown to be more complex as two pathways for the synthesis
of aminolevulinic acid followed by the synthesis of haem have been
predicted in Euglena. One pathway is predicted to be partially localized
in either the cytosol or mitochondrion to produce haem for mitochondria.
This pathway utilizes aminolevulinic acid synthesized in the C4 pathway.
Another pathway is localized in the plastid to produce chlorophyll and it
utilizes aminolevulinic acid synthesized in the C5 pathway (Kofeny &
Obornik, 2011).

Carotenoid synthesis seems to be linked to chlorophyll production and it
was even hypothesized that one could be synthesized from another due to
the observed reciprocal proportion of these two types of pigments
(Wolken & Mellon, 1956). The regulation of biosynthesis of carotenoids
and chlorophyll indeed seems to be tuned and subjected to reciprocal feed-
back but the exact mechanism of it remains unclear. Major E. gracilis carot-
enoids are antheraxanthin (more than 80%), P-carotene (11%), and
neoxanthin (7%), which represent 99% of total carotenoids. Minor caroten-
oids include cryptoxanthin, y-carotene, {-carotene, echinenone, hydro-
xyechinenone, and its derivate canthaxanthin (also termed euglenanone
in older literature as it was believed to be unique to euglenids)
(Krinsky & Goldsmith, 1960). The first metabolite in carotenoid synthesis
pathway is geranylgeranyl diphosphate (GGPP) which is synthesized in
putatively plastidal methylerythritol phosphate/deoxyxylulose phosphate
(MEP/DOXP) pathway—as opposed to the GGPP synthesized in mito-
chondrial mevalonate pathway which is used for the synthesis of phytols
and sterols in E. gracilis. Therefore, there are two distinct GGPP pools in
E. gracilis and carotenoids and phytols are synthesized by independent path-
ways (Kim, Filtz, & Proteau, 2004).

A variety of terpenoids are synthesized in the E. gracilis plastid: plastoqui-
none, o-tocopherol, a-tocopherolquinone, phytylquinone, nonaprenyl,
octaprenyl, nonaprenyl toluquinone, octaprenyl toluquinone, and phytyl
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pyrophosphate (Griffiths, Threlfall, & Goodwin, 1967; Thomas &
Threlfall, 1974). Their production is not directly linked to photosynthesis
but it is light dependent; terpenoid formation is mostly inhibited in dark-
grown cultures as opposed to ubiquinone which is synthesized in mito-
chondrion and whose production level does not correlate with different
light conditions (Griftiths et al., 1967). Polyprenylation/phytylation or
nonoxidative decarboxylation of homogentisate were proposed as a
mechanism of this reaction (Thomas & Threlfall, 1974). Tocopherols
(compounds collectively termed as vitamin E) are present in all E. gracilis
cell fractions including plastids where 97% of their bulk is represented
by a-tocopherol which is thought to be synthesized in situ from other
tocopherols which are transported from outside the plastid (Shigeoka,
Onishi, Nakano, & Kitaoka, 1986). This compound functions as a
protective agent against reactive oxygen species and its synthesis modula-
tion by various substrates and conditions was studied in the view of poten-
tial biotechnological or pharmaceutical application (Fujita, Aoyagi,
Ogbonna, & Tanaka, 2008; Fujita, Ogbonna, Tanaka, & Aoyagi, 2009).
Ascorbic acid (vitamin C) is also an important antioxidative protectant.
Remarkably, in E. gracilis it is synthesized by the alternative terminal
enzyme, L-galactonolactone dehydrogenase, instead of L-gulonolactone
oxidase which was lost multiple times and then replaced by an alternative
enzyme in multiple phototrophic lineages (Wheeler, Ishikawa, Pornsaksit,
& Smirnoft, 2015).

E. gracilis also synthesizes galactolipids (monogalactosyl and digalactosyl
diglycerides) and sulpholipids (mainly sulphoquinovosyl diglyceride) in its
plastid (Davies, Mercer, & Goodwin, 1966; Rosenberg & Gouaux, 1967;
Rosenberg, Gouaux, & Milch, 1966). Production of these lipids is linked
to the plastid development and thylakoid membrane amplification and is
modulated by light conditions—much higher amounts of these compounds
can be found in photosynthetically active cells in comparison to dark-grown
or bleached ones (Matson, Fei, & Chang, 1970). Interestingly and in contrast
to plants, monogalactosyl and digalactosyl diglycerides are probably synthe-
sized by two different enzymes in E. gracilis (Blee & Schantz, 1978). Addi-
tionally, the conversion from monogalactosyl to digalactosyl diglycerides is
not possible, and the ratio of these galactolipids is significantly skewed
towards digalactosyl diglycerides which are synthesized preferentially
(Matson et al., 1970). These lipids are essential for the thylakoid assembly
and growth, and some have been shown to be miscible with chlorophyll
and phytol, major nonprotein components of the thylakoid membranes
(Liljenberg & Selstam, 1980).
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The major storage compound of euglenids is paramylon, a starch-like
polysaccharide, which forms granules of various morphologies in the cytosol
and can take up to 90% of the dry cell weight. The paramylon consists of an
unbranched, water-insoluble p-1,3-glucan which is rather unusual since
most eukaryotes generally synthesize o-glucans (or branched p-1,4- or
B-1,6-glucans in case of fungi and some grains) (Barras & Stone, 1968;
Barsanti, Vismara, Passarelli, & Gualtieri, 2001; Dwyer & Smillie, 1971;
Monfils, Triemer, & Bellairs, 2011; gzmtek, Felski, Friehs, Lotz, &
Flaschel, 2010). The paramylon biogenesis occurs in all euglenids including
nonphotosynthetic species suggesting that it is not evolutionarily related to
plastid acquisition. In heterotrophic euglenids, the paramylon is synthesized
in mitochondrial prominences and mitochondrion-derived vesicles by the
gluconeogenesis pathway (Calvayrac & Briand, 1978). In photosynthetic
euglenophytes, the paramylon can be synthesized by both the original mito-
chondrial pathway and during carbon fixation in pyrenoids of plastids. The
close association of plastid and mitochondrion and the eccentrical flow of
vesicles derived presumably from both organelles have been observed during
the paramylon biogenesis (Calvayrac, Laval-Martin, Briand, & Farineau,
1981). This functional connection of the two organelles is remarkable
and can be a potential source of unusual molecular phenomena regarding
exchange of metabolites and possibly other compounds. The other major
storage compounds of euglenids are wax esters which are not synthesized
in plastid (Inui, Miyatake, Nakano, & Kitaoka, 1982; Koritala, 1989;
Schneider & Betz, 1985) but whose production is linked to the production
of paramylon, since interconversions between these two storage molecules
occur regularly and their balance shifts in reaction to light and oxygen avail-
ability: in aerobic conditions, the cell preferentially accumulates paramylon;
in anaerobic conditions, the wax ester accumulation is more significant
(Barras & Stone, 1968; Inui et al., 1982). Both of these compounds are
potentially usable in biotechnology, agriculture, nutrition, and even cancer
prevention (Karaca et al., 2014; Krajcovic et al., 2015; Kuda, Enomoto, &
Yano, 2009; Rodriguez-Zavala, Ortiz-Cruz, Mendoza-Hernandez, &
Moreno-Sanchez, 2010; Sugiyama et al., 2009; Watanabe et al., 2013).

7. SECONDARY OSMOTROPHY AND PLASTID
BLEACHING: PLASTIDS THAT FORGOT HOW TO
PLASTID

Secondarily osmotrophic euglenids represent euglenophytes which
have lost their photosynthetic pigments and the ability to perform
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photosynthesis. There are at least five species of euglenophytes that have lost
the photosynthesis independently (Marin, 2004; Marin, Palm, Klingberg, &
Melkonian, 2003). It is a matter of a debate whether some of these
euglenophytes such as Euglena quartana (previously Khawkinea quartana) or
Phacus ocellatus (previously Hyalophacus ocellatus) have lost the plastid com-
partments completely or whether they still contain residual plastids with
genomes (Marin, 2004). However, the best-studied secondary osmotroph
is E. longa, a close relative of photosynthetic E. gracilis (Mullner, Angeler,
Samuel, Linton, & Triemer, 2001), which contains a plastid with a genome
(Gockel & Hachtel, 2000).

The circular 73kb plastid genome of E. longa is about half the size of a
plastid genome of E. gracilis and it carries 57 protein-coding genes (Gockel &
Hachtel, 2000)—housekeeping genes responsible for transcription and
translation (rrn, rpl, tps, rpo, and tuf genes), tRINA genes, and several ORFs
and genes with unknown function (orf and y¢f genes). Transcripts and pro-
teins of various genes, including Rubisco large subunit gene (rbcL), have
been found suggesting that the E. longa plastid possesses functional transcrip-
tion and translation machinery (Gockel & Hachtel, 2000; Sheveleva &
Hallick, 2004; Zahonova et al., 2016). It was recently shown that an intact
plastid genome is essential for E. longa growth (Hadariova, Vesteg, Bircak,
Schwartzbach, & Krajcovic, 2017) but it remains a mystery which gene(s)
is/are indispensable for its survival (Gockel & Hachtel, 2000; Hadariova
etal., 2017). The photosynthesis-related genes (photosystems I and II, cyto-
chrome b6f complex, ATP-synthase) have disappeared from the E. longa
plastid genome with the exception of rbcL (Gockel & Hachtel, 2000). Both
thcL and nucleus-encoded RbcS genes are translated but their abundance in
cells is very low. Protein sequences of E. longa rbcL and RbcS are highly diver-
gent compared to their homologues in the photosynthetic relatives,
suggesting that the Rubisco enzyme of E. longa probably has an unusual
function, if any (Zahonova et al., 2016). Some other nonphotosynthetic
organisms retain rbcL genes in their plastid genomes and it 1s hypothesized
that these RbcL proteins may either act as oxygenases, be involved in glycine
and serine biosynthesis, be required for an alternative lipid biosynthesis path-
way (Schwender, Goffman, Ohlrogge, & Shachar-Hill, 2004), or perform
another unidentified function (Sanchez-Puerta, Lippmeier, Apt, &
Delwiche, 2007; Wolfe & dePamphilis, 1998; Zahonova et al., 2016).

E. longa lacks the eyespot and the paraflagellar swelling, but apart from
that, the cell is indistinguishable from bleached mutants of E. gracilis under
light microscopy, and thus it was formerly viewed as a naturally bleached
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form of E. gracilis (Bodyt, 1996). Bleaching of E. gracilis is an irreversible pro-
cess inducible by antibiotics, UV light, high pressure, heat, mutagens, or car-
cinogens (Krajcovi¢, Ebringer, & Schwartzbach, 2001). In E. gracilis, various
morphological and ultrastructural changes can be observed during
bleaching. During the switching from autotrophy to heterotrophy, the
plastids and plastid DNA are degraded and the colour of the culture
changes from green to white (or slightly orange or pink depending on
the presence of carotenoids). The bleaching level depends on several
factors—pH, content of phosphate in the medium, or the age of the cul-
ture. It is possible to reach 100% plastid bleaching in some cases (Cook,
Harris, & Nachtwey, 1974; Krajcovic, Ebringer, & Polényi, 1989). Spon-
taneous bleaching in E. gracilis was observed as early as in 1912 by Ternetz
and streptomycin was the first defined agent for controlled bleaching of all
cells in a population. In 1961, Ebringer widened a list of bleaching agents
by adding erythromycin and some other macrolide antibiotics (Krajcovic
et al., 2001).

There are various types of antibacterial drugs with different modes of
action. Some of them act as inhibitors of bacterial DNA synthesis (e.g. mito-
mycin or anthramycin) while the ones with aminohexose molecular struc-
ture function as inhibitors of bacterial as well as plastidal protein synthesis
(e.g. kanamycin, pactamycin, or neomycin). Their irreversible effect on
E. gracilis was observed in the past (Ebringer, 1972). Perhaps the most eftec-
tive eliminators of E. gracilis plastids are quinolone antibiotics (inhibitors of
bacterial DNA gyrase), especially their new derivatives—fluoroquinolones
(Krajcovic et al., 1989). Various ultrastructural and plastid DNA changes
occur when different bleaching agents are used (Krajcovic et al., 2001).

For example, the quinolones, but also nitrosoguanidine and
furylfuramide, reduce the number of thylakoids and destroy plastids
(Polonyi, Ebringer, Krajcovic, & Kapeller, 1990). The plastid DNA degra-
dation has been observed in all bleached E. gracilis cultures. Conkling,
Thomas, and Ortiz (1993) noticed a gradual loss of cpDNA and the study
of Krajcovic et al. (1999) has demonstrated a structural rearrangement of
cpDNA in E. gracilis cells bleached by elevated temperature. Recently, it
was shown that the plastid gene rpl16 invariably persists in E. gracilis strain
Z bleached in the long-term by ofloxacin (DNA gyrase inhibitor) or strep-
tomycin (bacterial protein synthesis inhibitor) (Hadariova et al., 2017),
which suggested that this gene was retained presumably due to its position
on the cpDNA being close to the replication origin (Hadariova et al., 2017).
A different gene, 16S rRINA, has been retained in E. gracilis FACHBA47 strain
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treated with the same antibiotics (Wang, Shi, & Xu, 2004). It has been
reported that plastid transcripts are reduced after treating by various
bleaching agents—UV light, temperature, and antibiotics (Geimer
et al., 2009).

In the past decades, several stable white mutants derived from E. gracilis
have been characterized (Polonyi, Ebringer, Dobias, & Krajcovi¢, 1998;
Schift, Lyman, & Russell, 1971). W;BUL mutant was induced with UV
irradiation of E. gracilis var. bacillaris strain (Schiff et al., 1971). It contains
plastid remnants (Heizmann, Salvador, & Nigon, 1976; Osafune & Schift,
1980a; Osafune, Schift, & Hase, 1987; Parthier & Neumann, 1977) and a
specific type of sulpholipid in its thylakoid membranes (Saidha & Schiff,
1989). The treatment of E. gracilis var. bacillaris with streptomycin produced
another mutant strain, W;,BSmL. In contrast to W;3;BUL, W;,BSmL con-
tains neither the eyespot (Osafune & Schift, 1980b), carotenoids (Fong &
Schift, 1979), and sulpholipids (Saidha & Schiff, 1989), nor the plastid res-
idues (Osafune & Schift, 1983). The W,,,ZOfIL mutant was derived from
E. gracilis strain Z by treatment with an ofloxacin derivative (Polonyi
et al., 1998). The common features of IV, ZOfIL and W;BUL mutants
include the presence of the eyespot and carotenoids. The giant mitochondria
were described in W, ZOfIL in the past (Polonyi et al., 1998) but current
microscopic observations suggest that 17, ZOfIL. mutant does not possess
mitochondria of such form anymore (personal experiences). The level of
the plastid genome degradation, i.e., plastid genes presence/absence of
the nonphotosynthetic mutants of E. gracilis, is still unknown but they prob-
ably lack most of the, if not all, plastid genes (unpublished data).

The bleaching of E. gracilis induced by fluoroquinolone ofloxacin has
been shown to be useful in the investigation of potential antimutagens such
as flavonoids (Krizkova, Nagy, Polonyi, & Ebringer, 1998) and antioxidants
as ascorbic acid, sodium selenite, and many others (Ebringer et al., 1996;
Kogan et al., 2004; Krizkova, Dumékové, éandula, Sasinkova, &
Krajcovic, 2001; Krizkova, Mucaji, Nagy, & Krajcovi¢, 2004; Krizkova
et al., 2006). Ciprofloxacin, besides the eftective bleaching of E. gracilis, also
causes a suppression of the rudimentary plastid (apicoplast) genome replica-
tion in a parasite Toxoplasma gondii (Roos & Fichera, 1997). Various other
quinolones have been demonstrated as useful inhibitors of a malaria-causing
apicomplexan Plasmodium falciparum (Mahmoudi et al., 2003). Thus,
E. gracilis plastid bleaching may also have practical implications. The research
of the plastid genome degradation in bleached E. gracilis may represent a suit-
able tool for the development of new drugs harmless to humans and
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successful in fighting apicomplexan parasites that cause millions of fatal dis-
ease cases in the third-world countries annually (Krajcovic et al., 2001).

8. CONCLUSIONS

Euglenophytes are a group of phototrophic protists which have been
discovered as early as at the end of 17th century. During the last century,
their biochemistry and ultrastructure were inspected to a great detail. How-
ever, there are still many missing pieces in the puzzle of their molecular biol-
ogy, genetics, and phylogenetics as some of the methods crucial for these
disciplines became widely available only recently and others are still quite
limited because of the missing genomic data and insufficient means for
genetic transformation. These hurdles are, however, very much worth over-
coming because photosynthetic euglenids are potentially very useful models
for both applied and basic research. From the applied point of view, they
represent easily and environment-friendly cultivated microalgae capable
of synthesizing various compounds usable in the production of biofuels
and other lipid-based technological materials as well as nutritional and phar-
maceutical products. From the basic point of view, they are one of the key
groups to understand secondary endosymbioses, establishment and reduc-
tion of organelles and evolutionary processes taking part therein. Findings
concerning euglenid molecular biology, genetics, and genomics can help
to illuminate the evolution of excavates and, by extension, of eukaryotes
as whole.
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Euglenophytes are a familiar algal group with green alga-derived secondary plastids, but the
. knowledge of euglenophyte plastid function and evolution is still highly incomplete. With this in mind
: we sequenced and analysed the transcriptome of the non-photosynthetic species Euglena longa.
: The transcriptomic data confirmed the absence of genes for the photosynthetic machinery, but
: provided candidate plastid-localised proteins bearing N-terminal bipartite topogenic signals (BTSs)
of the characteristic euglenophyte type. Further comparative analyses including transcriptome
assemblies available for photosynthetic euglenophytes enabled us to unveil salient aspects of the
. basic euglenophyte plastid infrastructure, such as plastidial targeting of several proteins as C-terminal
: translational fusions with other BTS-bearing proteins or replacement of the conventional eubacteria-
. derived plastidial ribosomal protein L24 by homologs of archaeo-eukaryotic origin. Strikingly,
no homologs of any key component of the TOC/TIC system and the plastid division apparatus are
discernible in euglenophytes, and the machinery for intraplastidial protein targeting has been simplified
. by the loss of the cpSRP/cpFtsY system and the SEC2 translocon. Lastly, euglenophytes proved
: to encode a plastid-targeted homolog of the termination factor Rho horizontally acquired from a
: Lambdaproteobacteria-related donor. Our study thus further documents a substantial remodelling of
. the euglenophyte plastid compared to its green algal progenitor.

Euglenophytes, exemplified by the highly studied mixotrophic alga Euglena gracilis, are a group of flagellated algae
constituting one of the many lineages of the phylum Euglenozoa'. Euglenophytes and other euglenozoans share
many unusual features, such as regulation of gene primarily at the post-transcriptional level?=®. Furthermore,
: euglenozoans employ trans-splicing to process mRNA molecules, whereby the 5'-end of pre-mRNA is replaced
: by the 5'-end of the specialised spliced leader (SL) RNA, resulting in the presence of an invariant SL sequence
: (ACTTTCTGAGTGTCTATTTTTTTTCG in E. gracilis) at the 5'-end of mature mRNAs®”.
Despite their interesting biology, euglenophytes have not yet been properly studied by genome-wide
approaches. A few studies employed transcriptome sequencing of E. gracilis to investigate particular aspects of
© its gene repertoire and selected functional pathways®-1%. Two independent transcriptome assemblies are availa-
. ble in the GenBank database, and a nuclear genome draft has been announced, although not yet made public at
: the time of writing of this paper®. In addition, transcriptome assemblies of two different isolates of the marine
. euglenophyte genus Eutreptiella (E. gymnastica NIES-381 and E. gymnastica-like CCMP1597) were sequenced as
. part of the MMETSP project!’, but no specific analyses of this data resource have been reported. Hence, further
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studies are clearly needed to improve our understanding of the molecular underpinnings of the euglenophyte life
and evolution.

The defining feature of euglenophytes is a complex three-membrane-bounded plastid derived from a green
alga belonging to Pyramimonadales"!>-14. As in other plastid-bearing eukaryotes, only a minority of plastid pro-
teins are encoded by the plastid genome; the nucleus-encoded majority then need to cross the three membranes
of the euglenophyte plastid envelope to reach the site of their function. The mechanism of protein targeting to the
plastid has been partially characterized in E. gracilis'®. The proteins co-translationally enter the endoplasmic retic-
ulum (ER) and are transported further by vesicular trafficking, passing the Golgi apparatus en route to the plastid.
The E. gracilis plastid-targeted proteins bear a discernible presequence, an N-terminal bipartite topogenic signal
(BTS), which comes in two main variants'®. Both include an N-terminal signal peptide mediating the import into
the ER, followed by a plastid transit peptide that is exposed upon signal peptide cleavage and mediates the import
across the two inner chloroplast membranes. In Class I presequences, the transit peptide is followed by a trans-
membrane domain (TMD) that anchors the transported protein in the membrane during its subcellular reloca-
tion, whereas far less frequent Class IT presequences lack the anchoring TMD. The signal peptide itself typically
has physicochemical properties of a TMD, resulting in a characteristic double-TMD motif in the Class I prese-
quences of euglenophyte plastid proteins'®. The characteristic structure of the E. gracilis plastid-targeting BTSs
has facilitated in silico identification of candidates for plastid-targeted proteins in euglenophytes'*~'°. However,
the proteome of neither euglenophyte plastid has yet been reconstructed in full.

Although most euglenophytes are photosynthetic, several lineages independently lost photosynthesis and
became secondarily heterotrophic®. The fate of their plastid is generally unknown, except for Euglena longa
(originally described as Astasia longa), where a non-photosynthetic plastid has been preserved, as evident from
the presence of a plastid genome sequenced a long time ago®'. We have recently demonstrated that an intact
plastid genome is essential for the E. longa survival, in contrast to the photosynthetic E. gracilis**. The E. longa
plastid genome size (75 kbp) is approximately half of that of E. gracilis, with the difference attributed primarily
to the absence of photosynthesis-related genes. The only exception is the rbcL gene encoding the large subunit
of the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO LSU) retained in the E. longa plas-
tid genome?"**. However, the plastid organelle itself remains elusive. Double-membrane bodies similar to those
present in dark-grown E. gracilis were observed in E. longa and interpreted as plastids*, but this identification is
uncertain given that euglenophyte plastids studied in detail possess three bounding membranes'. Likewise, the
physiological role of the E. longa plastid remains unknown.

It is conceivable that a lot could be learned about the E. longa plastid by analysing its nuclear genome sequence.
However, the genome sequencing project initiated by others for E. gracilis revealed that the genome of this species
is huge and difficult to assemble®. As a close relative?®?, E. longa most likely shares general genomic features with
E. gracilis, making genome sequencing impractical. Hence, to build a resource for exploration of the plastid func-
tion and other aspects of the E. longa biology, we sequenced and assembled the transcriptome of this species. The
sequencing data were obtained from cultures grown at two different light regimes (in the dark and in the light)
to improve the coverage of differentially expressed genes and to maximize the chance we detect possible traces of
genes encoding the photosynthesis-related machinery. Data extracted from the sequenced E. longa transcriptome
proved instrumental in characterizing the function of the RuBisCO enzyme in this species?® and enabled iden-
tification of a novel Euglenozoa-specific form of the Rheb GTPase?, but publication of the whole transcriptome
assembly has been pending.

Here we describe the general characteristics of the transcriptome and demonstrate its utility for unravel-
ling the biology of the E. longa plastid. We provide the first insights into the basic infrastructure of the plastid
and compare it to the molecular machinery of plastid biogenesis in photosynthetic euglenophytes. Our results
demonstrate not only E. longa-specific simplification related to the loss of photosynthesis, but also a surprising
reduction of the plastid biogenesis machinery in euglenophytes in general. Finally, we report on a case of an
expansion of the euglenophyte plastid functions by acquisition of a plastid-targeted homolog of the bacterial
transcription termination factor Rho, which is an unprecedented feature among all plastid-bearing eukaryotes
studied to date. We believe that the E. longa transcriptome, now made available to the whole scientific community,
will become an important resource for further research of various aspects of euglenophyte biology.

Results and Discussion

The transcriptome of Euglena longa: not allmRNAs bear the 5’ end trans-spliced leader sequence.
Our transcriptomic assembly of E. longa resulted in 65,563 transcript models, a number somewhat smaller than
the numbers reported in recent transcriptomic studies for E. gracilis (113,152, ref.!; 72,506, refs*®). Since the use
of different sequence assembly algorithms certainly contributes to the difference in contig numbers, we carried
out a BUSCO search for conserved unique eukaryote orthologs to assess the quality of our data. 89.1% of BUSCO
genes were found to be complete in our dataset, and further 4.3% of orthologs to be present as fragments. These
characteristics are similar to those of E. gracilis transcriptomic data (Supplementary Fig. S1; refs®!?) and suggest
that our assembly covers the majority of genes in the E. longa genome.

Inspection of the assembled transcripts revealed that the SL sequence employed by E. longa is the same as the
one in E. gracilis, although it was often truncated. In total, 31,783 E. longa transcript models (48.5%) possessed at
least a part of the SL sequence (TTTTTCG) within 35bp from either end (accounting for transcripts that are by
chance assembled in the reverse complement orientation with respect to the template mRNA molecule), indicat-
ing 5'-end completeness of the contained coding sequences. The percentage of transcripts with the SL sequence in
E. gracilis was comparable (54%; ref.!?), even though SL absence was so far directly experimentally demonstrated
only for the mRNA of a single E. gracilis gene, the one encoding the nucleolar protein fibrillarin*. Since in silico
prediction of protein subcellular localisation requires full-length protein sequences, it was critical to understand
whether the high proportion of SL sequence-lacking transcripts implies a high fraction of truncated sequences.
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Figure 1. Presence/absence of the spliced leader (SL) in selected transcripts in E. longa. (A) PCR (with cDNA
as the template) with an SL-specific forward primer was done to assay whether the lack of SL in exemplar
assembled contigs (listed in Supplementary Table S2) mirrors real SL absence in the respective transcripts.
Lanes X show PCR products with gene-specific primers (positive control), lanes S show products with SL
forward and gene-specific reverse primers. Lane L is a 100-bp size ladder with sizes shown for selected bands.
Assayed transcripts: FNR, ferredoxin-NADP+ reductase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
(positive control for the SL-specific primer); GPD, glycerol-phosphate dehydrogenase; PRX, peroxiredoxin;
PGK, phosphoglycerate kinase; RAN, RAN GTPase; RPOD, RNA polymerase sigma factor. An unedited full
version of the electrophoretic gel is provided as Supplementary Fig. S8. (B) Mapping of raw sequence reads to
the 5'-end of the RAN GTPase transcript from E. longa confirms the absence of the SL sequence. Untrimmed
[lumina primer sequences at the 5'-end of several reads are highlighted by black background. The coding
sequence is shown by the black horizontal line with the amino acid sequence shown above the Contig652
nucleotide sequence. The apparent discontinuity in the read coverage (around the position 110 of the contig)
is only seeming and stems from cropping the read mapping figure (to make the scheme smaller). The coverage
plot is shown for comparison.

Therefore, we chose candidate transcripts that lack the SL sequence in our transcriptome assembly (listed in
Supplementary Table S1) and tested the presence of the SL sequence at the 5'-end of the respective mRNAs using
PCR (with cDNA as the template). Several transcripts failed to be amplified when using the SL-specific forward
primer (Fig. 1A, lane S), but were amplified when gene-specific forward primers were used (Fig. 1A, lane X),
indicating that they truly lack the SL sequence.

To further test the notion that some E. longa mRNAs may not undergo trans-splicing, we chose the highly
expressed and conserved gene for the GTPase RAN (implicated in nucleocytoplasmic transport; ref.?®) and
attempted to extend the SL sequence-lacking 5’-end of the respective transcript contig by using all available
RNA-seq reads. While the read coverage of the 5’-end is high, no extension to recruit the SL sequence to the end
is possible (Fig. 1B). Hence, the maturation of the mRNA 5’-end by SL trans-splicing is not universal to all genes
in euglenophytes. However, not all SL-sequence lacking contigs in the transcriptome assembly necessarily attest
to the lack of trans-splicing, as some of them are truly truncated and others may represent un-spliced variants of
normally trans-spliced mRNAs. Indeed, we found examples of both cases (Supplementary Fig. S2). The genome
sequence of E. gracilis that should soon become available will enable to carry out a systematic analysis of the
occurrence of SL trans-splicing across the transcriptome.

No traces of the photosynthetic machinery in the transcriptome of Euglena longa. Although
polyA-selection was employed during the RNA-seq library preparation, we detected in our assembly transcripts
of some genes of the plastid genome (Supplementary Fig. S3; Supplementary Table S2). This may mean that
some plastid mRNAs are polyadenylated in E. longa, as demonstrated for E. gracilis®®, but inefficient removal
of non-polyadenylated RNA molecules cannot be ruled out as an alternative explanation. Comparison of the
transcript sequences with the plastid genome sequence?®! revealed that the second intron in the rps2 gene has an
incorrectly delimited 3’-border in the current genome annotation, rendering the coding sequence shorter by one
amino acid. No signs of plastid mRNA editing were observed in E. longa.
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The E. longa plastid genome lacks many of the genes found in plastid genomes of other euglenophytes
(Supplementary Fig. S3). Except for the rps18 gene encoding the ribosomal protein S18, all missing genes code for
components of the photosynthetic machinery, i.e. photosystems I and II, the cytochrome b,f complex, membrane
ATP synthase, and the enzyme Mg-protoporphyrin IX chelatase involved in chlorophyll synthesis. We searched
the E. Jonga transcriptome assembly to investigate possible transfer of these genes into the nuclear genome, but
we did not find any of them, suggesting that no endosymbiotic gene transfer occurred in the E. longa lineage after
its separation from the E. gracilis lineage. We likewise failed to find homologs of other conserved components of
the main photosynthetic complexes encoded by the nuclear genome in E. gracilis or other photosynthetic eugle-
nophytes (Supplementary Table S2). We assume that if the photosynthesis-related genes were present in the E.
longa nuclear genome, we would detect transcripts of at least some of them, since one of the sequenced cultures
was grown in the light. This corroborates that photosynthesis is truly missing in E. longa.

The apparent loss of the gene for the plastid ribosomal protein S18, otherwise broadly conserved in photo-
synthetic eukaryotes®, raises the question how the plastid ribosome small subunit is affected by the absence of
this protein. However, rps18 is missing from some other colourless plastid genomes, such as those of apicompl-
exans, the chlorophytes Helicosporidium sp., Prototheca stagnora, and Polytoma uvella, and the diatom Nitzschia
sp. NIES-3581%1-%, Apicomplexans were reported to lack even a nucleus-encoded apicoplast-targeted version of
S$18 (while keeping a mitochondrion-targeted version®*), and we likewise could not find a plastid-targeted S18
protein in the available nuclear genome data from Helicosporidium, suggesting that S18 is not absolutely essential
for translation in the plastid.

Probing for nucleus-encoded plastid proteins in E. longa: aminoacyl-tRNA synthetases and
ribosomal proteins. Several E. longa proteins predicted to be targeted to its plastid were previously reported,
including the small RuBisCO subunit (RBCS), RuBisCO activase, the chaperonins GroEL/GroES, and the assem-
bly factor RAF (see also Supplementary Table S3), but their targeting sequences were not investigated in detail®.
To get a broader representative set of nucleus-encoded proteins likely imported into the E. longa plastid, we
searched the transcriptome assembly for proteins from two functional categories expected to be present in the
E. longa plastid: (1) aminoacyl-tRNA synthetases needed for charging tRNAs specified by the plastid genome;
and (2) ribosomal proteins not encoded by the plastid genome. The same search was done for E. gracilis to fur-
ther assess the representativeness of the E. longa transcriptome assembly with special regard to nuclear genes
encoding plastidial proteins. Plastidial aminoacyl-tRNA synthetases and ribosomal proteins were discriminated
from homologs functioning in other compartments (the cytosol and the mitochondrion) by virtue of their closer
sequence similarity to plastidial homologs in other eukaryotes and/or by the presence of an N-terminal extension
bearing general characteristics of BT'Ss as previously defined in E. gracilis.

We found the same set of these two protein categories in both species, although in several cases the respec-
tive sequence was 5'-truncated in one or the other species (Supplementary Tables S4 and S5). Some of these
incomplete sequences could be extended by manual iterative recruitment of sequencing reads to the 5'-end of the
transcript (often up to the SL sequence), providing the missing part of the coding sequence and consequently the
BTS in the encoded protein. Although sequences of some putative plastid-targeted proteins remained truncated
even when using this approach, their plastid localisation can be assumed based on the premise that the missing
N-terminal region of the protein has similar features as its ortholog from the other Euglena species. With this
premise, plastidial aminoacyl-tRNA synthetases cognate to all twenty amino acids exist in both Euglena species,
two of them being included in one fusion protein (see below). The presence of a plastidial version of GIn-tRNA
synthetase in Euglena spp. is noteworthy, because plastids of different plant and algal groups lack this enzyme and
instead rely on an alternative two-step process of GIn-tRNA synthesis inherited from the cyanobacterial progen-
itor of the plastid and mediated by Glu-tRNA synthetase and Glu-tRNA amidotransferase’*. However, putative
plastid-targeted glutaminyl-tRNA synthetases were recently found in diatoms and the cryptophyte Guillardia
theta”’, so plastids may be more diverse in their mechanism of Gln-tRNA synthesis than previously thought. The
euglenophyte plastid-targeted Gln-tRNA synthetase is evidently not directly related to the enzymes from other
algae and was likely gained by horizontal gene transfer (HGT) from a bacterium, but the exact donor group can-
not be resolved by phylogenetic analyses of presently available sequences (data not shown).

An even more interesting picture emerged from the analysis of plastidial ribosomal proteins. The set of riboso-
mal proteins with apparent plastid-targeting presequences identified in the transcriptome data complemented the
set encoded by the plastid genomes, such that all subunits of the plastid ribosome known from other algal groups
(see ref.**) are conserved in both Euglena species, with two exceptions. The first is the lack of S18 in E. longa dis-
cussed in the previous section, and the second is the absence of the expected eubacteria-like L24. Both Euglena
species each instead encode two other proteins of the same ortholog family (called uL24 according to the latest
unified nomenclature of ribosomal proteins®®) that exhibit N-terminal extensions fitting the structure of the BTS
(Supplementary Table S5). The two Eutreptiella species each possess only one such protein, which however rep-
resent two different paralogs that originated before the euglenophyte radiation (with possible subsequent differ-
ential loss in the Eutreptiella lineage; Fig. 2). These two paralogs share a common ancestor apparently belonging
to the archaeo-eukaryotic ulL.24 family branch, often called L26. A phylogenetic analysis did not suggest a more
specific scenario, as the position of the paralog pair outside the eukaryotic and archaeal clades in the tree (Fig. 2)
is most likely due to their rapid divergence erasing the phylogenetic signal in these short proteins.

It is tempting to speculate that the plastid-targeted L26-related proteins functionally compensate for the
absence of the eubacteria-like L24 in the euglenophyte plastidial ribosome, despite considerable sequence diver-
gence between the eubacterial and archaeo-eukaryotic homologs. Such a replacement of an organellar riboso-
mal protein by a homolog from a different phylogenetic domain may seem unlikely, but is apparently possible.
At least two similar cases have been documented, both featuring a novel paralog of the eukaryote-type cyto-
solic ribosomal protein replacing the homologous eubacteria-like counterpart of the organellar ribosome: the
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Figure 2. Phylogenetic analysis of the uL24 family of ribosomal proteins. The tree shows the phylogenetic
position of the presumably plastid-localised L26-related proteins in euglenophytes. Bootstrap support values are
given when >80.

eubacteria-type S8 protein in angiosperm mitochondria replaced by the eukaryotic protein S15A* and the ances-
tral eubacterial L23 replaced by the eukaryotic homolog in the plastid of spinach (but perhaps also in other
plants*®*!). The euglenophyte plastidial L26-related proteins thus may be another such case. Why Euglena spp.
exhibit two different plastid-targeted L26-related proteins is unclear, but it is possible that one paralog is not a part
of the ribosome itself and performs another role. Indeed, the cytosolic L26 has a ribosome-independent function
as a regulator of translation of the p53 family proteins in mammals*>**.

Protein import into the euglenophyte plastids: targeting sequences and translational fusions.
The collection of the high-confidence candidates for E. longa proteins targeted to the plastid established in our
previous study?® and by the analyses described above enabled us to evaluate the general characteristics of the
plastid-targeting presequences in this species. The analysis revealed that the N-terminal extensions of these pro-
teins exhibit the same characteristics as the BTS defined in E. gracilis (see above). Specifically, we could find prese-
quences of both class I and class II (Supplementary Fig. S4), with the relative abundance of class I being lower
(40 class I presequences vs. 15 class II presequences) than in E. gracilis (89% according to ref.'; Supplementary
Tables S3-S5). The difference might reflect a preference of photosynthesis-related proteins to utilise Class I prese-
quences, but this needs to be confirmed by a broader analysis of plastid-targeted proteins in euglenophytes. The
class I presequences typically exhibited the pattern of two predicted TMDs separated by a hydrophilic amino acid
stretch (corresponding to the plastid transit peptide) according to the 60 & 8 rule'®, and the N-terminal signal
peptide was predicted in most proteins by all tools employed. This suggests that both Euglena species share a
similar route of plastid protein import and, presumably, that the E. longa plastid envelope also consists of three
membranes.

We previously documented that the RBCS transcript in E. longa encodes a polyprotein comprising a single
targeting presequence followed by several monomers of the mature RBCS separated by a conserved decapeptide
linker?. A similar organization is found also in the E. gracilis RBCS and is characteristic of a handful of other
photosynthesis-related proteins in E. gracilis**~*” and the dinoflagellate Prorocentrum minimum*®. In E. gracilis,
individual RBCS units are processed by proteolytic cleavage upon the import of the polyprotein into the plastid*,
while RBCS polymer processing was not detected in E. longa®. Interestingly, we now observed that the translation
elongation factor EF-Ts is encoded in a similar fashion in both E. longa and E. gracilis, with a plastid-targeting
presequence followed by two EF-Ts monomers separated by a linker (Fig. 3).

Moreover, we found four E. longa plastid proteins that apparently reach the organelle as translational fusions
with other proteins endowed with an N-terminal targeting presequence. Specifically, we observed ribosomal
proteins L10 and L17 fused to the C-terminus of ribosomal proteins L15 and L28, respectively, methionyl-tRNA
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Figure 3. Domain structure of fusion proteins in E. longa and E. gracilis. Regions corresponding to separate
mature proteins presumably released by processing of the fusion protein are shown as boxes in blue and red
(if different) or in green (if the fusion comprises a repeat of the same monomer). The two purple domains at
the N-terminus are transmembrane domains (TMDs) as predicted by TMHMM, the first TMD is a part of the
signal peptide, the second domain is the anchoring TMD that follows the chloroplast transit peptide (Class

I targeting presequence). Contig IDs from the presented transcriptome are given for E. longa models (EL),
accessions are listed for their E. gracilis orthologs (EG); GEFR and GDJR accessions are from TSA records
GEFR00000000.1 (ref.8) and GDJR00000000.1 (ref.!), respectively.

synthetase fused to the C-terminus of tyrosyl-tRNA synthetase, and a putative dicarboxylate carrier fused to the
C-terminus of superoxide dismutase (Fig. 3). All of these fusion proteins have a similar structure, comprised of
the N-terminal BT'S followed by protein monomers separated by a short peptide linker. Hence, unlike the RBCS
and EF-Ts multimers, these transcripts encode two different proteins. All these fusions are encountered also in
E. gracilis (Fig. 3) and are thus unlikely to be assembly artefacts. The list of proteins delivered to euglenophyte
plastids as translational fusions will probably grow with a more in-depth analysis. For example, while investigat-
ing the family of FTSH proteases (see the next section), we found out that one of the predicted plastid-targeted
paralogs shared by E. gracilis and both Eutreptiella species (yet absent from E. longa) has a C-terminal exten-
sion corresponding to the uncharacterized plastid protein Ycf45 (in some algae encoded by the plastid genome)
(Fig. 3). Whether the fused proteins are processed in the plastid by cleavage or remain joined together needs to
be determined.

Euglenophyte and E. longa-specific simplifications of the basic plastid infrastructure. The
fact that euglenophyte presequences include a region with characteristics of the plastid transit peptide implies
the existence of a plastid import machinery homologous to the translocon of the outer/inner chloroplast mem-
brane (TOC/TIC) of other plastids'>. However, we failed to identify homologs of most of the TOC/TIC com-
ponents in the E. longa transcriptome even when using HMMER and profile HMMs for the respective protein
families (i.e. an approach substantially more sensitive than conventional BLAST). The only exceptions were
the proteins TIC32 and TIC62, which belong to a large family of short-chain dehydrogenases**°. TIC32 was
described as a calmodulin-binding, NADPH-dependent regulator of the plant TIC, operating in a redox- and
calcium-dependent manner™®. Proteins (with a putative plastid BTS) highly similar to the plant TIC32 are found
in E. longa as well as other euglenophytes (Fig. 4; Supplementary Table S3), and a phylogenetic analysis places
them closer to the plant TIC32 than to other related proteins (data not shown), suggesting their functional equiv-
alence. However, little is known about TIC32 and its TIC-independent function is conceivable. In contrast, even
the most similar euglenophyte homologs of the plant TIC62 do not cluster with them in a phylogenetic analysis
(data not shown), indicating that they should not be considered as candidates for TIC components.
Surprisingly, the transcriptomes of E. gracilis and Eutreptiella spp. proved to encode discernible homologs
of only two additional plastid translocon subunits, TIC21 and TIC55 (Fig. 4; Supplementary Table S3). TIC21
(three copies in E. gracilis and one in Eutreptiella spp.) is only loosely associated with the central translocon
subunits and is employed mainly for the import of photosynthesis-related proteins, whereas the import of sev-
eral non-photosynthetic housekeeping proteins was shown to be unimpaired in TIC21-depleted plant plastids®'.
TIC55 was recently shown to serve as phyllobilin hydroxylase in the chlorophyll breakdown pathway and its
role in plastid protein import was questioned>?. Regardless, neither of the euglenophyte TIC55-related proteins
is a bona fide TIC55 ortholog, as demonstrated by our phylogenetic analysis (Supplementary Fig. S5). Three
sequences correspond to chlorophyllide a oxygenase (CAO), an enzyme of chlorophyll b synthesis, whereas
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Figure 4. A hypothetical scheme of translocation of plastidial proteins in Euglena. The route of plastidial
proteins in the Euglena cell is schematically depicted, with a zoom-in on individual translocon complexes and
protein subunits found in the transcriptomic data analysed. Note that transport across the thylakoid membrane
presumably occurs only in the photosynthetic E. gracilis, as it is unknown whether the E. longa plastid has
thylakoids, too. This transport path is taken by proteins with an extended BTS including a third transmembrane
domain-like region (arrowhead). The colour code for peptide subdomains is shown in the lower left corner.
Note that receptor GTPases Toc34 and Toc159 represent in the figure broader families of paralogous proteins
including Toc33 and Toc120/Toc132, respectively. Proteins with similarity to Tic62 and Tic55 were found in
euglenophytes, but phylogenetic analyses suggest they are not bona fide orthologs (see main text). Proteins
Tic21, Tic55, and SecE are missing in E. longa, which is indicated by the half-shape. Proteins without discernible
homologs in euglenophytes are shown in grey with a dashed outline. OEM/MEM/IEM/TM: plastid outer,
middle, inner envelope membranes and thylakoid membrane; SRP/R: signal recognition particle (receptor)
complex; SP: signal peptidase; TOC/TIC: translocon of the outer/inner chloroplast membrane; SPP/TPP:
stromal/thylakoid processing peptidase; ATPS: ATP synthase.

the others represent different branches within a broader radiation of plant, algal and cyanobacterial proteins
including not only TIC55, but also PAO (pheophorbide a oxygenase) and PTC52 (a potential chlorophyllide a
oxygenase).

While the apparent absence of TIC21 and TIC55-related proteins in E. Jonga is obviously related to the loss of
photosynthesis, the lack of discernible homologs of the core TOC/TIC components in euglenophytes in general
is striking. It is possible that euglenophytes still possess a form of the TOC/TIC translocon, yet with its compo-
nents diverged beyond recognition by the bioinformatics tools employed by us. Another possibility is that the
original protein import machinery of the green algal progenitor of the euglenophyte plastid was replaced by a
novel apparatus that acquired the ability to sort proteins according to similar characteristics (i.e. the presence
of an N-terminal plastid transit peptide) as the conventional TOC/TIC translocon. This would not be without a
precedent. In algae with rhodophyte-derived four membrane-bound plastids, the N-terminal transit peptide-like
region not only enables import into the plastid stroma via the TOC/TIC translocon, but first serves as a sorting
signal (recognized by a hitherto uncharacterized receptor) for translocation of the preprotein across the second
outermost plastid membrane into the periplastid space mediated by a unique machinery called SELMA>.

After a protein has passed into the plastid, its presequence needs to be cleaved off by the stromal process-
ing peptidase, conserved in E. longa as well as other euglenophytes (Supplementary Table S3). Photosynthetic
plastids need to translocate specific proteins further into the lumen or the membrane of thylakoids. Several
different machineries mediating this step are known, including the Tat (twin-arginine translocase), SRP/Alb3
(Signal Recognition Particle/Albino3) system, and the SEC translocase®. Critical subunits of the Tat translocase
(TatA and TatC) and two different forms of the Alb3 protein can be readily identified in the transcriptome of E.
gracilis and Eutreptiella spp., whereas no such homologs can be found in the E. longa transcriptome assembly
(Fig. 4; Supplementary Table S3). This is consistent with the role of these proteins in translocating exclusively the
components of the photosynthetic machinery. In addition, the Tat translocase depends on the electric potential
across the thylakoid membrane®, and hence would be useless in plastids lacking a mechanism to generate it.
In non-photosynthetic plastids the transmembrane electrochemical proton gradient is maintained by the ATP
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Figure 5. Phylogenetic analysis of the SecA and SecY subunits of the SEC translocon. The maximum likelihood
tree of SecA and SecY proteins documents that the euglenophyte proteins are orthologs of the chlorophyte
SECAL1 and SECY1, respectively. Bootstrap support values are given when >80.

synthase at the expense of ATP. Indeed, Tat is missing from non-photosynthetic plastids that lost ATP synthase.
The absence of both Tat and ATP synthase in E. longa is thus fully consistent with these insights. More unexpected
is the absence of the chloroplast signal recognition particle (cpSRP) components (cpSRP54 and cpSRP43) and its
receptor (cpFtsY) in all euglenophytes (Fig. 4), since these proteins are conserved in photosynthetic plastids in

general (cpSRP54 and cpFtsY) or in plants and green algae (cpSRP43)°%%7

and are important for the delivery of

substrate proteins to the Alb3 insertase®*. How the absence of cpSRP/cpFtsY affects the function of the eugleno-

phyte Alb3 remains to be elucidated.

In contrast, the third plastid translocase, SEC, is conserved in both Euglena species as well as in Eutreptiella
spp. (Fig. 4; Supplementary Table S3). Two different plastid SEC systems were described in plants, one located
in thylakoid membranes and the other in the chloroplast inner envelope membrane (IEM)*®. We retrieved only
a single SecA and SecY subunit homolog in each Euglena species, and in E. gracilis we found a single homolog
of the third SEC subunit, SecE, whereas E. longa apparently lacks it (its absence was confirmed by searching raw
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RNA-seq reads). Our phylogenetic analyses revealed that the euglenophyte SecY and SecA proteins are related
to the plant and green algal components of the thylakoid-associated SEC1 system (Fig. 5); the phylogeny of the
short and poorly conserved SecE protein was not analysed. The apparent absence of the SEC2 complex in eugle-
nophytes is intriguing, but can be explained by at least three different scenarios: (1) the SEC1 complex is in fact
not exclusive for thylakoids and operates also in the IEM to facilitate insertion of some IEM proteins, whereas the
SEC2-specific substrates have been lost from euglenophytes; (2) SEC1 operates also at the IEM and has taken over
some of the SEC2 substrates; (3) there is no SEC machinery at the IEM.

Studies in plant plastids have so far identified only three putative SEC2 substrates, the TIC complex components
TIC40 and TIC110 (both apparently missing from euglenophytes) and the FTSH12 protein, one of the paralogs of
an expanded family of membrane-bound proteases®. We identified FTSH protease homologs in E. longa and the
three photosynthetic euglenophytes and performed a phylogenetic analysis by including the well-annotated FTSH
protease set from Arabidopsis thaliana (Supplementary Fig. S6). Like their A. thaliana homologs®, the euglenophyte
FTSH proteases are presumably mitochondrion- or plastid-targeted and their predicted localisation is highly con-
gruent with the phylogenetic relationships of the proteins. E. longa and E. gracilis proved to encode essentially the
same set of mitochondrial FTSH proteases (a difference being the existence of two highly similar variants of one
homolog in E. longa and both Eutreptiella species, possibly due to very recent gene duplications). In comparison,
E. longa possesses a reduced complement of plastid-localised FTSH proteases compared with the photosyn-
thetic euglenophytes (three versus six to nine), most likely due to the loss of paralogs specialised to act on
photosynthesis-related proteins. Interestingly, all euglenophyte plastid-localised FTSH proteases group with
A. thaliana homologs associated with the thylakoid membrane (FTSH 1, 2, 5, and 8)*, hence our in silico analysis
does not recover any obvious FTSH protease candidates to localise to the euglenophyte IEM. Crucially, the absence
of a euglenophyte ortholog of FTSH12 (Supplementary Fig. S6) is consistent with the lack of the SEC2 complex.

Nevertheless, it is still possible that some of the hitherto unidentified SEC2 substrates have been preserved
in euglenophytes, but their import was taken over by SEC1. Operation of the same SEC translocon in both the
thylakoids and the IEM was the primitive state in plastid evolution as documented by the arrangement in cyano-
bacteria® and glaucophytes®?. Furthermore, the presence of the SEC1 complex in E. longa also supports its local-
isation to the IEM, since this non-photosynthetic species is unlikely to have thylakoids (although this needs to be
proven by electron microscopy). The apparent lack of a plastidial SecE homolog in E. longa may reflect functional
simplification of the translocase associated with the loss of its predominant substrates (i.e. proteins of the photo-
synthetic machinery), although we cannot rule out the possibility that it was missed due to potentially incomplete
representation of E. longa genes in the transcriptome assembly. Finally, it is possible that no SEC machinery is
located in the IEM of the euglenophyte plastids and all proteins residing in this membrane (presumably a number
of metabolite transporters and components of the elusive protein import machinery) reach their destination via
the so-called stop-transfer pathway, i.e. lateral insertion into the IEM during import of the protein®*. Whereas
in most studied plastids this pathway is utilised by only a subset of IEM proteins, the apparently unusual protein
import apparatus in euglenophyte plastids (see above) might suggest that this mechanism serves as a general
route for the IEM proteins delivery.

We also used our transcriptome assembly to investigate whether E. longa has preserved the conventional plas-
tid division machinery, comprising proteins functioning outside (e.g. the dynamin family GTPase Arc5/DRP5B)
and inside (e.g. the tubulin homolog FtsZ and Min proteins) the plastid®®. None of these proteins could be iden-
tified in our data, and E. gracilis and Eutreptiella spp. also appear to lack them (Supplementary Table S3). The
absence of Arc5/DRP5B is not extraordinary, since this protein is also missing in the sequenced representatives of
glaucophytes, cryptophytes, chlorarachniophytes, and myzozoans®. The absence of FtsZ in E. longa would not be
particularly surprising either, since myzozoans with non-photosynthetic plastids (apicomplexans and Perkinsus
marinus) are devoid of it, too. However, the apparent lack of FtsZ in euglenophytes in general is noteworthy,
because all organisms with photosynthetic plastids studied to date do keep FtsZ, typically as multiple paralogs®.
Our analyses thus suggest that the original plastid division mechanism of the green algal donor was substantially
simplified or modified during the endosymbiotic integration of the euglenophyte secondary plastid.

A plastid-targeted Rho factor homolog in euglenophytes acquired by HGT from bacteria. The
plastid genomes of euglenophytes including E. longa encode four subunits of the RNA polymerase responsible for
its transcription, namely alpha (RpoA), beta (RpoB), beta’ (RpoC1), and beta” (RpoC2) (Supplementary Fig. S3).
The fifth putative subunit, i.e. the sigma factor (RpoD), is found in the transcriptome of E. longa, E. gracilis, and
both Eutreptiella species (Supplementary Table S3), completing the conventional cyanobacteria-derived RNA
polymerase holoenzyme conserved in plastids in general®. However, while surveying the E. longa transcriptome
for potential plastid-targeted proteins we unexpectedly encountered a homolog of the Rho factor, a highly con-
served and widespread component of eubacterial transcription machinery® that, to the best of our knowledge,
has never been reported from eukaryotes. This is evidently not due to a bacterial contamination. The respective
contig carries the characteristic SL sequence at its 5'-end (Supplementary Table S3), the encoded protein has an
N-terminal, BTS-like extension compared to the bacterial homologs (Supplementary Fig. S7), and closely related
homologs exist in E. gracilis and both Eutreptiella species (although the E. gymnastica-like CCMP1594 sequence
is truncated and the 5’-end could not be completed by iterative read mapping) (Fig. 6; Supplementary Table S3).
The Rho factor is a homohexameric ATP-driven RNA helicase that is critical for proper termination of tran-
scription of a sizeable proportion of genes in bacteria®. Despite being so important and prevalent, it has not been
retained in the endosymbiotic organelles of eukaryotes; the few eukaryotic hits retrieved by a blastp search against
the NCBI nr protein database are all contaminants from bacteria (Supplementary Table S6). In the case of the
plastid this seems to be due to an earlier Rho factor loss in Cyanobacteria, as documented by our searches that
failed to identify convincing Rho factor homologs in this bacterial phylum (the few hits all seem to be contami-
nants from other bacteria; Supplementary Table S6). Hence, the emergence of the Rho factor in the euglenophyte
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Figure 6. The phylogenetic position of the euglenophyte transcription-termination factor Rho among
bacterial homologs. The tree was inferred by using the maximum likelihood method. Bootstrap support values
are given when >80. For simplicity, various broader clades were collapsed and the taxonomic provenance

of the sequences included in them is indicated at the triangles. A full version of the tree is provided in the
Supplementary Data S1.

plastid is indeed striking. Our phylogenetic analysis indicates that the donor of the euglenophyte Rho factor
was related to the recently recognized bacterial phylum SAR324% (see also http://gtdb.ecogenomic.org/) (Fig. 6;
Supplementary Data S1). This bacterial lineage (also called Candidatus Lambdaproteobacteria) so far lacks
cultured representatives and all available genomic data are derived from metagenomes or single-cell genome
sequencing (e.g. refs®”~’!). The euglenophyte Rho factor thus represents an interesting example of a HGT-derived
eukaryotic gene whose actual bacterial source could be properly identified only owing to the recent substantial
improvement of the genome sampling of the bacterial phylogenetic diversity.

What might be the function of the Rho factor in the euglenophyte plastid? Sequence comparison of the eugle-
nophyte and bacterial Rho proteins reveals that the motifs critical for their function have not been affected by the
gene transfer into the eukaryotic lineage (Supplementary Fig. S7). Therefore, there is no reason to assume that the
function of the euglenophyte Rho factor is different from the bacterial prototype at the biochemical level and the
obvious null hypothesis is that the euglenophyte Rho factor is involved in transcription termination in the plastid.
The Rho factor in bacteria terminates transcription in only a specific subset of genes, but a common Rho-specific
termination signal was not found®. Hence, it cannot be decided at the moment which euglenophyte plastid genes
are the best candidates for being regulated by the Rho factor. Future biochemical experiments should enable us
to test whether the Rho factor is involved in transcription termination in euglenophyte plastids and if so, which
genes are its specific targets.
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Conclusions

We have sequenced and assembled the transcriptome of an interesting organism and a useful model for
studying plastid reduction accompanying the loss of photosynthesis — a widespread phenomenon among
non-photosynthetic plants, algae and protists’?. Our analyses suggest that our E. longa transcriptome assembly
provides a good representation of nucleus-encoded plastid-targeted proteins in general. We also confirmed that
the N-terminal plastid-targeting presequences in E. longa exhibit the same characteristic structure as in E. graci-
lis, which opens up a possibility of a systematic bioinformatic survey of the E. longa plastid proteome. Complete
reconstruction of the metabolic pathways localised in the non-photosynthetic plastid of E. longa will help to
understand its physiological role(s). Work on this task is in progress in our laboratories.

In this paper, we exploited the transcriptome assemblies of E. longa and its photosynthetic relatives to illumi-
nate the molecular machinery responsible for plastid biogenesis and division. As expected, we observed selective
loss of components linked to the loss of photosynthesis in E. longa, but strikingly, our results revealed that eugle-
nophytes as a whole have lost many components present in the green algal donors of their plastid and conserved
in plants and algae in general. Most notable is the elusive nature of the euglenophyte mechanisms of plastid
protein import and plastid division. We cannot formally rule out that some of the apparent absences of homologs
of common plastidial components are due to the character of the sequence data available for euglenophytes, i.e.
transcriptome assemblies rather than full genome sequences. However, the consistent pattern of these absences
(from all four species analysed or, in cases of components directly or indirectly related to photosynthesis, from
the non-photosynthetic species E. longa), makes this explanation unlikely and points to an unexpected degree of
simplification (or replacement) of the original plastid-associated molecular machineries during the integration
of the green alga-derived secondary plastid into the euglenophyte lineage.

On the other hand, the identification of the plastid-targeted Rho factor is a manifestation of the well docu-
mented significance of HGT from bacteria in the evolution of photosynthetic eukaryotes and their plastid’>”#, and
points to a functional enrichment of the euglenophyte plastid that is unprecedented among eukaryotes. Previous
phylogenetic analyses unveiled a mosaic nature of the euglenophyte plastid proteome, indicating that many pro-
teins, such as some enzymes of the Calvin cycle or the MEP pathway of isoprenoid biosynthesis, were gained by
HGT from various algal sources different from the donor of the plastid itself'®1*7>. Our results suggest that the
euglenophyte plastid proteome has an even more complex evolutionary origin, including a contribution from
bacteria. Our results thus emphasize the need to revive the interest in how the euglenophyte plastids have evolved
and function as cellular organelles.

Methods

Culture conditions, RNA isolation and mRNA extraction, cDNA synthesis, and PCR. Euglena
longa strain CCAP 1204-17a was cultivated statically in the dark or under constant illumination at 26 °C in
Cramer-Myers medium’® supplemented with ethanol (0.8% v/v). The cultures were not completely axenic,
but the contaminating bacteria were kept at as low level as possible. RNA was isolated using TRIzol® Reagent
(Invitrogen, Carlsbad, USA) and mRNA was then extracted using PolyATtract mRNA Isolation Systems III
(Promega, Madison, USA). cDNA synthesis was carried out with an oligo(dT) primer using Transcriptor First
Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). Sequences of all primers used in PCR experiments are
listed in Supplementary Table S1. PCR products were amplified from 30 ng of E. longa cDNA using MyTaq™ Red
DNA Polymerase (Bioline, London, UK). The presence of SL-sequence at the 5’-end of transcripts was tested
using the same PCR experimental design as described previously*>””. PCR conditions were as follows: 95°C for
1 min; 35 cycles of 95 °C for 15 sec, 50 °C for 15sec, 72°C for 1 min, and the final extension at 72 °C for 5 min.
The PCR products were purified (Gel/PCR DNA Fragments Extraction Kit, Geneaid Biotech, New Taipei City,
Taiwan) and their identity was verified by sequencing (Macrogen Europe, Amsterdam, Netherlands).

E. longa transcriptome sequencing and assembly. Library preparation and sequencing was per-
formed by GATC Biotech (Germany). Briefly, libraries were prepared from mRNA isolated from dark-grown
and light-grown E. longa using random-primed strand-specific cDNA synthesis and sequenced on an Illumina
HiSeq2000 platform. A total of 47,442,811 paired-end 80-bp reads were obtained. Contamination from Homo
sapiens and Capsicum annuum identified in a preliminary transcriptome assembly was removed by mapping
the reads to the genome sequences of the respective species using Deconseq 0.437%. The remaining reads were
adapter- and quality-trimmed by Trimmomatic 0.337°. The final read assembly was performed using the ABySS
software 1.52%° (k-mers 31-51), then fused with Trans-ABySS 1.48%!, Trinity 120140717 (k-mers 31 and 25), and
SOAPdenovo-Trans 1.04% (k-mers 31 and 33), followed by merging the contigs (>99% sequence identity over
150 nt) using CAP3 12/21/07%. The completeness of the assembly was assessed by a BUSCO search of conserved
eukaryotic orthologs using the transcript mode and eukaryotaV1 and eukaryotaV2 sets of orthologs®.

Sequence searches and phylogenetic analyses. Homologs of proteins of interest were searched in the
final transcriptome assembly using local tBLASTn®¢. The contigs representing candidate hits were translated in
all six frames and the corresponding protein model was selected. To possibly detect sequences not identified by
tBLASTn, we employed HMMER 3.1b2, a more sensitive method of homology detection based on profile hidden
Markov models¥’. Profile HMMs were built from seed alignments of the proteins families of interest obtained
from the Pfam database and used to search the transcriptome of E. longa and both available E. gracilis transcrip-
tomes (accession numbers GDJR00000000.1, ref.!°, and GEFR00000000.1, ref.®) translated in all six frames by
an in-house python script, and of both Eutreptiella species (reassemblies available at zenodo.org, https://doi.
org/10.5281/zenodo.257410). Searches for candidates for TOC/TIC machinery components in euglenophytes
were done in parallel by iterative HMMER searches to enable identification of even more distant homologs.
Specifically, alignments of full proteins from the RefSeq database and alignments of separate domains from the
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Conserved Domains Database®® (CDD) were used to construct the initial profile HMMs for searching transcrip-
tomes of several chlorophytes including Pyramimonas parkeae and Pyramimonas obovata (sequenced in frame
of the MMETSP project!!), which represent close relatives of the putative euglenophyte plastid donor"!>-14. The
identified chlorophyte homologs were re-aligned with sequences of the initial reference set using ClustalW®,
new profile HMMs were built and euglenophyte sequence data were searched with them. To further confirm the
absence of some genes in the transcriptome of E. longa, tBLASTn searches were carried out against the unassem-
bled raw reads using the respective protein sequences from E. gracilis as queries. Iterative searches of raw reads
were also used in attempts to extend termini of contigs that proved to have truncated coding sequences (taking
into account also linking information provided by pair-end reads).

Based on the analysis of high-confidence candidates for E. longa plastid-targeted proteins and the known
structure of plastidial BTSs in E. gracilis, the criteria for identifying a protein as plastid-targeted were set as
follows: (1) the signal peptide was predicted by the PrediSi*® or PredSL! programs; (2) one or two transmem-
brane domains at the N-terminus of the protein were predicted by the TMHMM program®? available online or
implemented in the Geneious 10.1.3 software®. The resulting set of sequences was further filtered by checking for
the presence of a plastid transit peptide, which was predicted by MultiLoc2** after in silico removal of the signal
peptide or the first transmembrane domain.

Phylogenetic analyses were carried out for selected proteins. Homologs were identified by BLAST searches
in the non-redundant protein sequence database at NCBI and protein models of selected organisms from JGI
(Joint Genome Institute, jgi.doe.gov), Ensembl (www.ensembl.org), and MMETSP (Marine Microbial Eukaryote
Transcriptome Sequencing Project!; original assemblies from marinemicroeukaryotes.org and reassemblies
currently available at zenodo.org, https://doi.org/10.5281/ZENODO.257410). Sequences were aligned using
the MAFFT 7 tool*® and poorly aligned positions were eliminated with the trimAL tool®. The alignments were
manually refined using AliView®” and ambiguously aligned positions were removed. For presentation purposes,
alignments were processed using the program CHROMA®®. Maximum likelihood (ML) trees were inferred from
the alignments using the best-fitting substitution model as determined by the IQ-TREE software®® and employing
the strategy of rapid bootstrapping followed by a “thorough” ML search with 1,000 bootstrap replicates. The list
of species, and the number of sequences and amino acid positions are present in Supplementary Tables S7-12
or each phylogenetic tree. The multiple sequence alignments used for phylogenetic analyses are available upon
request from the corresponding author.

Data Availability
The raw sequencing data and the final assembly of the E. longa transcriptome are available at NCBI (www.ncbi.
nlm.nih.gov) as BioProject PRINA471257.
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Abstract

Background: Photosynthetic euglenids are major contributors to fresh water ecosystems. Euglena gracilis in particular
has noted metabolic flexibility, reflected by an ability to thrive in a range of harsh environments. £. gracilis has been a
popular model organism and of considerable biotechnological interest, but the absence of a gene catalogue has

hampered both basic research and translational efforts.

Results: We report a detailed transcriptome and partial genome for E. gracilis Z1. The nuclear genome is estimated to be
around 500 Mb in size, and the transcriptome encodes over 36,000 proteins and the genome possesses less than 1%
coding sequence. Annotation of coding sequences indicates a highly sophisticated endomembrane system, RNA
processing mechanisms and nuclear genome contributions from several photosynthetic lineages. Multiple gene families,
including likely signal transduction components, have been massively expanded. Alterations in protein abundance are
controlled post-transcriptionally between light and dark conditions, surprisingly similar to trypanosomatids.

Conclusions: Our data provide evidence that a range of photosynthetic eukaryotes contributed to the Fuglena nuclear
genome, evidence in support of the ‘shopping bag’ hypothesis for plastid acquisition. We also suggest that euglenids
possess unigue regulatory mechanisms for achieving extreme adaptability, through mechanisms of paralog expansion

and gene acquisition.

Keywords: Fuglena gracilis, Transcriptome, Cellular evolution, Plastid, Horizontal gene transfer, Gene architecture, Splicing,

Secondary endosymbiosis, Excavata

Introduction

Euglena gracilis, a photosynthetic flagellate, was first de-
scribed by van Leeuwenhoek in 1684 [1]. There are over
250 known species in the genus Euglena, with around 20
predominantly cosmopolitan, including E. gracilis [2-5].
Euglena spp. are facultative mixotrophs in aquatic envi-
ronments [6] and many possess a green secondary
plastid derived by endosymbiosis of a chlorophyte algae
[7]. Amongst the many unusual features of euglenids are
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a proteinaceous cell surface pellicle [8] and an eyespot
[9-14]. Euglenids, together with kinetoplastids, diplone-
mids and symbiotids, form the Euglenozoa subgroup of
the Discoba phylum [15]. Kinetoplastids are best known
for the Trypanosoma and Leishmania lineages [15], im-
portant unicellular parasites, while diplonemids have
been little studied, yet represent one of the most abun-
dant and diverse eukaryotic lineages in the oceans [16].
E. gracilis is thus of importance due to evolutionary
history, divergent cellular architecture, complex metab-
olism and biology, together with considerable potential
for biotechnological exploitation [17]. However, the full
complexity of euglenid biology remains to be revealed,
and the absence of a complete genome sequence or an-
notated transcriptome has greatly hampered efforts to
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study E. gracilis or to develop genetic tools [17, 18]. Two
transcriptomes have been published, one derived from
cells grown in light and dark conditions plus rich versus
minimal media [17] and a second examining the impact
of anaerobic conditions on gene expression [19]. For the
most part, these studies focused on the biosynthetic
properties of E. gracilis and not cellular systems or as-
pects of protein family evolution. Most recently, a study
of low molecular weight RNA populations identified
over 200 snoRNAs [20].

Comparisons between euglenozoans such as the
free-living bodonids, early-branching trypanosomatids
(Paratrypanosoma confusum), and parasitic forms have
uncovered many genetic changes associated with parasit-
ism [21-24]. Both the cell surface and flagellum of eu-
glenoids are of significant importance to life cycle
development, interaction with the environment and, for
parasitic trypanosomes, pathogenesis and immune eva-
sion [25, 26]. The surface macromolecules of trypanoso-
matids are highly lineage-specific with roles in life cycle
progression [23, 27-31], but it remains to be determined
to what extent E. gracilis shares surface proteins or other
aspects of biology with the trypanosomatids or how cel-
lular features diverge. Such information is invaluable for
determining how parasitism arose in the kinetoplastids.

E. gracilis produces a wide range of secondary metabo-
lites, and many of which are of potential commercial
value [17]. Furthermore, E. gracilis is of considerable
promise for biofuel production [32-34], and extremely
resistant to conditions such as low pH and high metal
ion concentrations, fueling interest as possible sentinel
species or bioremediation agents [19, 35-37]. In parts of
Asia, E. gracilis is cultivated as an important food sup-
plement [38].

E. gracilis possesses a complex genome, with nuclear,
plastid and mitochondrial components, an overall archi-
tecture known for decades. The coding potential of the
mitochondrial genome is surprisingly small [39, 40],
while the plastid is of more conventional structure [41].
The plastid is the result of a secondary endosymbiotic
event, which is likely one of several such events occur-
ring across eukaryotes [42]. Uncertainties concerning
the origins of the plastid have remained, and not least of
which has been the presence of genes from both red and
green algae in the E. gracilis nuclear genome [19, 43].
Such a promiscuous origin for photosynthetic genes is
not restricted to the euglenids and has been proposed as
a general mechanism, colloquially the ‘shopping bag’
hypothesis, whereby multiple endosymbiotic events are
proposed and responsible for the range of genes
remaining in the nuclear genome, providing a record of
such events and collecting of genes, but where earlier
symbionts have been completely lost from the modern
host [44].
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The E. gracilis nuclear genome size has been estimated
as in the gigabyte range [45-48] and organization and
intron/exon boundaries of very few genes described
[49-54]. In the kinetoplastids, unusual transcriptional
mechanisms, involving the use of trans-splicing as a near
universal mechanism for maturation of protein-coding
transcripts and polycistronic transcription units, have
been well described. As E. gracilis supports multiple spli-
cing  pathways, including  conventional  and
non-conventional cis- [52, 53] and trans-splicing [55],
there is scope for highly complex mechanisms for con-
trolling expression, transcription and mRNA maturation
[56], but how these are related to kinetoplastids is
unclear.

We undertook a polyomic analysis of the Z1 strain of
E. gracilis to provide a platform for improved under-
standing of the evolution and functional capabilities of
euglenids. Using a combination of genome sequencing,
together with pre-existing [17] and new RNA-seq ana-
lysis, proteomics and expert annotation, we provide an
improved view of E. gracilis coding potential and gene
expression for greater understanding of the biology of
this organism.

Results and discussion

Genome sequencing of Euglena gracilis

We initiated sequencing of the E. gracilis genome using
Roche 454 technology. The early assemblies from these
data indicated a large genome in excess of 250 Mb and
that data coverage was low. We turned to the Illumina
platform and generated data from multiple-sized librar-
ies, as well as a full lane of 150 bp paired-end sequences.
These data were assembled as described in methods and
as previously [48] and latterly supplemented with PacBio
data generously donated by colleagues (Purification
Lopéz-Garcia, David Moreira and Peter Myler, with
thanks). The PacBio data however failed to improve the
assembly quality significantly, presumably due to low
coverage.

Our final draft genome assembly has 2,066,288 se-
quences with N5, of 955 (Table 1), indicating significant
fragmentation. The estimated size of the single-copy
proportion of the genome is 140-160 mb and the esti-
mated size of the whole haploid genome is 332—-500 mb.
This is consistent with several estimates from earlier
work (e.g. [57]), albeit based here on molecular sequence
data rather than estimates of total DNA content. Using
the core eukaryotic genes mapping approach (CEGMA)
[58], we estimate that the genome assembly, or at least
the coding sequence proportion, is ~20% complete.
Hence, this assembly could only support an initial ana-
lysis of genome structure and is unable to provide a full
or near full open reading frame catalog (Table 2). The
heterozygosity, size and frequency of low complexity
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Table 1 Statistics of genome assembly

Parameter

Number of sequences 2,066,288
Median sequence length 457
Mean sequence length 694

Max sequence length 166,587
Min sequence length 106

No. sequence > Tkbp 373610
No. sequence > 10kbp 1459

No. sequence > 100kbp 2

No. gaps 0

Bases in gaps 0

N50 955
Combined sequence length 1,435,499,417

Following the assembly process, over two million sequences were retained,
with a median sequence length of 457 bp

sequence hampered our ability to assemble this dataset
(see the “Materials and Methods” section for more de-
tails). The size and frequency of low-complexity se-
quence clearly precluded assembly of our dataset from
[lumina reads, and significantly, PacBio data had no sig-
nificant impact on assembly quality. Due to the large
proportion of low-complexity sequence, any estimate for
the size of the genome is very much an approximation.
Restricting analysis to contigs > 10 kb, where some fea-
tures of overall gene architecture could be inferred, we
identified several unusual aspects of genome structure
(Table 3, Fig. 1, Additional file 1: Figure S1). These con-
tigs encompassed about 22 Mb of sequence, but with

Table 2 CEGMA analysis of selected datasets
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Table 3 Characteristics of contigs assembled with length
exceeding 10 kb

Contigs Total contigs analysed > 10 kb 1459
Total nucs in contigs analysed 22 Mb
Contigs with CDS 53
Percent contigs with CDS 36
DS Number analysed 135
Average length 3790
Total length 481,369
Exons Number of exons analysed 421
Average Length 174.54
Median Length 112
Total Length 73482
Average per predicted CDS 3.85
Introns Total introns analysed 271
Average length 1027.14
Median length 598
Total length 278,354
Introns per predicted CDS 201
Number/percent conventional 218/80.1
Number/percent intermediate 30/11.1
Number/percent non-conventional 23/85
Percent nucleotides in CDS (exon) 0

The contigs were ranked by size and those exceeding 10 kbp extracted and
analyzed for length, coding sequence, exon structure and other features

Assembly Organism Gene status Prots %Completeness Total Average %Q0rtho
Genome E. gracilis Complete 22 887 37 1.68 54.55
Partial 50 20.16 89 1.78 56
T. brucei Complete 196 79.03 259 1.32 2449
Partial 205 82.66 282 138 2829
L. major Complete 194 7823 220 1.13 11.34
Partial 204 82.26 245 12 15.69
Transcriptome E. gracilis Complete 187 754 390 2.09 65.78
Partial 218 879 506 2.32 69.72
T. brucei Complete 190 7661 393 207 60
Partial 205 82.66 448 219 6341
L. major Complete 133 5363 275 207 64.66
Partial 194 78.23 405 2.1 64.43

Comparisons for CEGMA scores between E. gracilis, T. brucei and L. major as an estimate of ‘completeness’ based on 248 CEGs. Prots number of 248 ultra-
conserved CEGs present in genome, %Completeness percentage of 248 ultra-conserved CEGs present, Total total number of CEGs present including putative
orthologs, Average average number of orthologs per CEG, %Ortho percentage of detected CEGs that have more than 1 ortholog, Complete those predicted
proteins in the set of 248 CEGs that when aligned to the HMM for the KOG for that protein family, give an alignment length that is 70% of the protein length. i.e.
if CEGMA produces a 100 amino acid protein, and the alignment length to the HMM to which that protein should belong is 110, then we would say that the
protein is “complete” (91% aligned), Partial those predicted proteins in the 248 sets that are incomplete, but still exceeds a pre-computed minimum alignment

score. Keys are as described [58]
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Fig. 1 a-d £uglena gracilis exon structure. The predicted gene structure of several selected contigs is shown, including the mapped transcripts (red),
predicted splice sites and intergenic regions. Note that transcripts 524 and 326, (panel b) which encompass essentially the same portions of the genome,
demonstrate possible differential exon inclusion, indicating differential open reading frame organisation and possible alternate splicing. Black boxes
indicate exons, with predicted splice site dinucleotides indicated above. Transcripts are shown as arrows with the arrowhead indicating the predicted
direction of transcription. Protein product annotations are indicated in parentheses. Contig sizes are shown in kilobase; note that each contig is not drawn
to the same scale. Further examples of predicted contig gene organisation are given in Additional file 1: Figure S1

only 135 genes predicted based on Exonerate [59], this
suggests an extremely low gene density of < 1%, similar
to that in Homo sapiens. In those contigs that possess
predicted coding sequence, there was frequently more
than one open reading frame (ORF), suggesting gene
clusters present within large expanses of non-coding se-
quence (e.g. Contig11343926, Fig. 1c), but with the cav-
eat that we have sampled a very small proportion of
total ORFs (Table 3). It is also possible that some genes
were not predicted due to absence of expression under
the conditions we used for RNA-seq, though we con-
sider this likely a minor contribution as multiple cultur-
ing conditions were included within the final RNA-seq
dataset (see below). Most identified genes are predicted
to be cis-spliced and most introns are conventional, with

a smaller proportion of intermediate and non-
conventional splice sites (consistent with [57]). Some in-
trons appear very large compared to the coding se-
quence contained between them (Contig 1102348,
Transcript 588, Fig. 1d). Furthermore, some genes are
apparently unspliced (Fig. 1a; Contig 056576, Transcript
109) and there is evidence for alternate splicing (Fig. 1b;
Contig 1193787, Transcripts 326, 454 and 524). Evidence
for alternate spicing was described earlier [19], but it
was based on RNA-seq data without a genomic context,
unlike here. The near complete absence of cis-splicing
from bodonids and trypanosomatids clearly reflects loss
post-speciation of these lineages from euglenids and re-
moved a considerable mechanism for generation of
proteome diversity [60]. The biological basis for the
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extreme genome streamlining in the trypanosomatids
versus Euglena is unclear.

We also sequenced and assembled an E. gracilis tran-
scriptome using a combination of in-house generated se-
quence and publicly available data [17]. This strategy
had the advantage of focusing on coding sequence, as
well as including data from multiple environmental con-
ditions (see [17], which used dark, light conditions and
rich or minimal media and data from here that used dis-
tinct media and also light and dark conditions), to in-
crease the likelihood of capturing transcripts, and
represents a third analysis, albeit incorporating raw
reads from previous work [17].

Over 32,000 unique coding transcripts were predicted
by [17], which compares well with this new assembly
and which accounted for 14 Mb of sequence overall. Of
these transcripts, approximately 50% were annotatable
using UniRef, and over 12,000 were associated with a
GO term. In a second report, Yoshida et al. [19], assem-
bled 22Mb of coding sequence within 26,479 likely
unique components, with about 40% having assignable
function based on sequence similarity to Swiss-Prot.

The total number of coding sequence nucleotides in our
new assembly was >38 Mb, with a mean length of 869
bases and 36,526 unique coding sequences (Table 4). This
is a significant improvement over 391 bases reported by
[17], and comparable to [19], albeit with a significant in-
crease in total sequence assembled. Transcriptome cover-
age of ORFs was, as expected, significantly superior to the
genome, and CEGMA indicated 87.9% recovery (the Try-
panosoma brucei genome is 82.66%) (Tables 2 and 4).

We also compared the completeness of our transcrip-
tome with the two published transcriptomes of E. graci-
lis [17, 19]. We used TransDecoder (v2.0.1) [61] to
translate nucleotide transcripts to proteins and then ex-
cluded duplicated proteins with CD-HIT utility (v4.6)
with standard parameters [62]. The final comparison,

Table 4 Assembly statistics for the transcriptome
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made by BUSCO (v2.0.1) [63] with the eukaryotic data-
base, is shown as Additional file 1: Figure S12. Note that
all three studies report similar statistics, including con-
cordance in the cohort of BUSCOs not found; these may
have failed to be detected or genuinely be absent. Given
that 19 BUSCOs were not found in concatenated data
(i.e. all three assemblies), with between four to eight
missing BUSCOs specific to individual assemblies, it is
highly likely that these datasets are robust while also in-
dicating saturation in terms of achieving ‘completeness;
together with possible limitations with BUSCO for diver-
gent species such as E. gracilis.

Comparisons between genome and transcriptome
assembly sizes confirmed the very small coding com-
ponent, with genome contigs containing significantly
less than 1% coding sequence, despite the total num-
ber of E. gracilis ORFs (36526) being two to three
times greater than Bodo saltans (18963), T. brucei
(9068) or Naegleria gruberi (15727) [64—66]. This is
in full agreement with earlier estimates of genome
versus transcriptome size [17] as well as estimates of
the proportion of coding and total genomic sequence
discussed above. This is also similar to other large ge-
nomes and, specifically, Homo sapiens. Blast2GO and
InterProScan annotated over 19,000 sequences with
GO terms, a proportion similar to previous reports
(Additional file 1: Figure S2, [17, 19]).

In addition to the formal analysis and calculation of
the numbers of unique sequences, our annotation of the
transcriptome adds additional confidence that the data-
set is a good resource:

(i) Most expected metabolic pathways could be
reconstructed, with very few exceptions,

(ii) Major known differences between kinetoplastids
and Euglena were identified, supporting sampling to
a deep level,

Transcripts Coding sequence (CDS) Proteins

Number of sequences 72,509 Number of sequences 36,526 Number of proteins 36,526
Median sequence length 540 Median sequence length 765 Median protein length 254
Mean sequence length 869 Mean sequence length 1041 Mean protein length 346
Max sequence length 25,763 Max sequence length 25218 Max protein length 8406
Min sequence length 202 Min sequence length 297 Min protein length 98
No. sequence > 1kbp 19,765 No. sequence > 1kbp 13,991 No. proteins > Tkaa 1290
No. sequence > 10kbp 25 No. sequence > 10kbp 24 N50 471
No. sequence > 100kbp 0 N50 1413

No. gaps 0 Combined sequence length 38,030,668

Bases in gaps 0

N50 1242

Combined sequence length 63,050,794
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(iii) For most analyzed protein complexes, all subunits
or none were identified, indicating that partial
coverage of components is likely rare.

Overall, we conclude that the transcriptome is of suffi-
cient quality for robust annotation and prediction and
encompasses more than previous datasets.

Post-transcriptional control of protein expression

Trypanosomatids exploit post-transcriptional mechanisms
for control of protein abundance, where essentially all
genes are produced from polycistronic transcripts via
trans-splicing. To improve annotation and investigate
gene expression in E. gracilis, we conducted comparative
proteomic analysis between light and dark-adapted E. gra-
cilis but retained in the same media and temperature. Pre-
vious work suggested that control of protein abundance
may be post-transcriptional [67, 68], but analysis was lim-
ited and did not consider the entire proteome, while a sep-
arate study identified some changes to mRNA abundance
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under low oxygen tension [19]. Under these
well-controlled conditions, however, significant changes to
the proteome were expected. We confirmed by UV/VIS
spectroscopy and SDS-PAGE that photosynthetic pig-
ments were lost following dark adaptation and that ensu-
ing ultrastructural changes, i.e. loss of plastid contents,
were as expected (Additional file 1: Figure S3). Total pro-
tein extracts were separated by SDS-PAGE with 8661 dis-
tinct protein groups (representing peptides mapping to
distinct predicted ORFs, but which may not distinguish
closely related paralogs) identified. Ratios for 4681 protein
groups were quantified (Additional file 2: Table S1) in-
cluding 384 that were observed in only one state (232 in
light and 152 in dark). In parallel, we extracted RNA for
RNA-seq analysis; comparing transcript hits with protein
groups identified 4287 gene products with robust infor-
mation for both protein and RNA abundance.
Correlations between changes to transcript and protein
abundance were remarkably poor (Fig. 2, Additional file 1:
Figure S3, Additional file 2: Table S1), consistent with
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some much smaller earlier studies [67, 68] and broadly
with the more extensive study reported in [19]. BLAST
analysis revealed that those transcripts where differential
abundance did correlate with protein abundance are
encoded by the chloroplast genome, including several
photosystem I proteins, ie. P,y chlorophyll apoprotein
Aj, the large subunit of ribulose-1,5-bisphosphate carb-
oxylase/oxygenase (RuBisCO) and chloroplast encoded
EF-Tu. Nuclear elongation factors are not influenced by
switching growth conditions from dark to light [69], con-
sistent with our finding of no differential expression of nu-
clear EF-1a, while both the chloroplast EF-Tu protein and
corresponding transcript (EG_transcript_1495) are highly
upregulated by light. This absence of transcriptional con-
trol for proteome changes between these two conditions is
highly similar to that reported for the kinetoplastids, des-
pite the presence of widespread cis-splicing and a sparse
genome that likely precludes extensive polycistronic tran-
scription. It remains to be determined if this is a general
feature for E. gracilis or only for certain environmental
cues; a cohort of genes are strongly impacted at the RNA
level when comparing aerobic to anaerobic transcripts for
example, but in that instance none of these transcripts
were plastid-encoded nor was a protein analysis per-
formed [19].

Ancestry of Euglena gracilis genes

We used two different approaches to analyze the evolu-
tionary origin of genes predicted from the E. gracilis
transcriptome. Firstly, we used OrthoFinder [70] to iden-
tify E. gracilis ortholog gene families shared across eu-
karyotes and those restricted to specific taxonomic
groupings (Fig. 3a, Additional file 1: Figure S4). As ex-
pected, the largest proportion was represented by all su-
pergroups and dominated by core metabolic, structural
and informational processes, consistent with previous
work [19]. A second cohort is shared between E. gracilis
and other excavates. These classes are broadly within the
relative frequencies of previous analyses of excavate ge-
nomes [19, 71]. A third cohort represents nuclear trans-
fer of endosymbiotic genes from acquisition of the
plastid, and consequently, the genome is a complex mo-
saic as all eukaryotic genomes also harbour genes driven
from the mitochondrial endosymbiont. GO terms associ-
ated with orthogroups indicated increased frequency of
regulatory function genes in green/secondary plastid
orthogroups (Additional file 1: Figure S2). Previous tran-
scriptome  studies  reported the presence  of
pan-eukaryotic genes and cohorts shared with kineto-
plastids and plants [17, 19], but these were not analyzed
in detail, and specifically did not determine which plant
taxa were acting as potential gene donors. This is im-
portant in terms of understanding the origins of the Eu-
glena plastid and where earlier data suggested the
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presence of a diverse set of genes from at least green,
red and brown algae ([43, 72]). Particularly relevant here
is that plastid acquisition in euglenoids is relatively re-
cent [73].

To address this question, we employed a second ap-
proach, in which we performed exhaustive analysis to es-
tablish phylogenetic ancestry of individual proteins from
the predicted Euglena proteome by generating
single-protein phylogenies. Unlike the analyses of
orthogroup sharing, this second approach can be used
only for a subset of proteins with a sufficiently robust
phylogenetic signal, but also allows determination of the
gene ancestry; moreover, this is applicable for members
of complex gene families. From all predicted E. gracilis
proteins only 18,108 formed reliable alignment (> 75 po-
sitions) with more than two sequences from our custom
database, which comprised 207 taxa in total (Add-
itional file 3 Table S2) and was used for tree construc-
tion. In 4087 trees, E. gracilis formed a robust (bootstrap
support > = 75%) sister relationship with a taxonomically
homogeneous clade (Fig. 3b). Of these, 1816 (44%) were
related to one of the lineages of Excavata and 1420
(35%) were related specifically to kinetoplastids. This
major fraction represents mostly the vertically inherited
component of the genome. The largest non-vertical
component forms a group of 572 (14%) proteins related
to green plants and green algae, likely representing genes
acquired by endosymbiotic gene transfer from the Eu-
glena secondary chloroplast, but it should be noted that
the direction of transfer cannot be objectively deter-
mined. This category is followed by four groups related
to the algal groups: haptophytes, cryptophytes, ochro-
phytes and chlorarachniophytes. While many proteins
within the chlorarachniophyte group may represent
mis-assigned genes related to green algae, these rela-
tively large numbers related to the three brown-algal
groups (723 in total) suggests that these algae contrib-
uted considerably to the E. gracilis genome and that the
process of chloroplast endosymbiosis was complex (see
below). On the other hand, the number of proteins re-
lated to red algae and glaucophytes (50 and 53) is near
negligible. Proteins in groups shared with prokaryotes
(220) and non-photosynthetic eukaryotes, e.g. Metazoa
(149) and Amoebozoa (145), are most probably the re-
sult of horizontal gene transfers, differential gene losses
or artifacts caused by biased phylogenetic reconstruc-
tions or contaminations in the data sets used to con-
struct the custom database. The robust nature of our
analysis, being restricted to phylogenetically well-
resolved trees, provides an additional level of confidence
to the concept of multiple origins for LGT genes.

It was initially thought that plastid-possessing organ-
isms would overwhelmingly possess nuclear genes de-
rived by transfer from the endosymbiont corresponding
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to the plastid currently present, but this has been chal-
lenged [74, 75]. While contributions from multiple algal
lineages could be explained by incomplete phylogenetic
sampling, this is also consistent with the ‘shopping bag’
hypothesis, which proposes an extended process of tran-
sient endosymbiosis and gene acquisition by the host
prior to the present configuration [44, 75] and which is
likely a quite general phenomenon and occurs in many
lineages. Our analysis strongly supports the concept of
sequential endosymbiotic events.

Expansive paralog families

Several orthogroups consist of an expansive cohort of E.
gracilis sequences, and a selected few were analyzed phylo-
genetically and annotated for protein architectural/domain
features (Additional file 1: Figure S5, Additional file 4: Table
S3). Firstly, highly significant in terms of size and evolution-
ary history is a family of nucleotidylcyclase III (NCIII)-do-
main-containing proteins widely distributed across
eukaryotes. In African trypanosomes, adenylate cyclases are
mediators of immune modulation in the mammalian host
[71]. One nucleotidylcyclase subfamily is restricted to kine-
toplastids and organisms with secondary plastids and con-
tains photosensor adenylate cyclases [12] that possess one
or two BLUF domains (blue light sensor) with a double
NCIII domain (Fig. 4). These nucleotidylcyclases are phylo-
genetically similar to the NCIII-family of N. gruberi [66]. A
second subfamily is pan-eukaryotic and possesses one
NCIII domain and several frams-membrane domains, a
HAMP (histidine kinases, adenylate cyclases, methyl-
accepting proteins and phosphatases) domain as well as
cache 1 (calcium channel and chemotaxis receptor) do-
mains. These domains are associated with proteins in-
volved, as their name implies, in signal transduction,
particularly chemotaxis [76, 77]. Again, this subfamily is
closely related to NCIII-family genes from N. gruberi. The
third subfamily represents a kinetoplastid cluster with
trans-membrane proteins and frequently also HAMP and
cachel domains. This complexity indicates considerable
flexibility in nucleotidylcyclase evolution and that many
lineage-specific paralogs have arisen, with implications for
signal transduction, suggesting an extensive regulatory and
sensory capacity in E. gracilis.

A second example is a large protein kinase C-domain
containing a group of protein kinases, which also exhibit
extensive lineage-specific expansions in E. gracilis (sev-
eral orthogroups contained a very large number of E.
gracilis sequences, and a few selected were analysed
phylogenetically and annotated for architecture (Add-
itional file 1: Figure S5)). A third orthogroup possess a
signal receiver domain (REC) with clear lineage-specific
E. gracilis paralogs present (Additional file 1: Figure S5).
The E. gracilis members possess an H-ATPase domain,
which is distinct from the Per-Arnt-Sim (PAS) domain
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present in many orthologs from other lineages. The
presence of independently expanded signaling protein
families in E. gracilis suggests both highly complex and
divergent pathways. These very large families likely
partly explain the expanded coding potential in E. graci-
lis, as well as provide some indication of how sensing
and adaptation to diverse environments is achieved.

Conservation and divergence of systems between E.
gracilis and kinetoplastids

To better understand the evolution of Euglena and its
relationship to free living and parasitic relatives, we se-
lected multiple cellular systems for detailed annotation.
These were selected based on documented divergence
between kinetoplastids and other eukaryotic lineages
and encompass features of metabolism, the cytoskeleton,
the endomembrane system and others (Additional file 5:
Table S4). Additional annotations of systems not dis-
cussed here are available in Additional file 5: Table S4
and provided in Additional file 6: Supplementary
analysis.

A unique feature of energy metabolism in kinetoplastids
is compartmentalisation of several glycolytic enzymes
within peroxisome-derived glycosomes and the presence
of additional enzymes for metabolism of the glycolytic
intermediate phospho-enolpyruvate to succinate [78]. Gly-
cosomes have been recently reported in diplonemids, the
second major euglenozoan group, suggesting an origin
predating kinetoplastida [79]. Using 159 query protein se-
quences for experimentally supported glycosomal 7. bru-
cei proteins [80], we found candidate orthologs for the
majority, but based on the absence of detectable PTS-1 or
PTS-2 targeting signals, no evidence that enzymes linked
to carbohydrate metabolism are (glyco)peroxisomal. Of
the 159 queries, 49 are annotated as hypothetical or
trypanosomatid-specific and none had a detectable ortho-
log in E. gracilis (Additional file 5: Table S4). Collectively,
this suggests that peroxisomes in E. gracilis most likely
function in diverse aspects of lipid metabolism rather than
glycolysis or other aspects of carbohydrate metabolism
and distinct from kinetoplastids.

The surface membrane of E. gracilis is in close associ-
ation with a microtubule corset, and with some structural
similarity to the subpellicular array of trypanosomatids,
but with very unique architecture [81]. While the plasma
membrane composition of kinetoplastids is lineage-
specific, in terms of many major surface proteins and a
major contributor to host-parasite interactions [82], trans-
porters and some additional surface protein families are
more conserved. To compare with E. gracilis, we pre-
dicted membrane proteins using the signal peptide to-
gether with orthogroup clustering, which will encompass
both surface and endomembrane compartment constitu-
ents. Many genes have significant similarity to
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Fig. 4 Large paralog gene families are present in the Fuglena gracilis genome. Several orthogroups contain many E. gracilis paralogs. The phylogenetic
distribution of one large orthogroup, the nucleotidylcyclase Il domain-containing proteins, is shown. Lineage groupings are colour coded: gray, all
eukaryotes (and collapsed for clarity); red, N. gruberi; amber, B. saltans; and green, E. gracilis. Clades containing only Euglena sequences are boxed in
green. Each sequence has been assigned a domain composition (colour gradient black to teal to blue), number of predicted trans-membrane
domains (colour coded red to orange to black gradient). To obtain this phylogenetic tree, sequences with likely low coverage (less than 30% of the
length of the overall alignment) were removed during alignment to avoid conflicting homology or artefact generation. Domain compositions
identified are nucleotidylcyclase Ill, BLUF, NIT, P-loopNTPase, HAMP and Cache

kinetoplastids (1103), B. saltans (32) or non-kinetoplastida
(487) (Additional file 7: Table S5). About 698 proteins
with a signal peptide appear to be E. gracilis specific, and
most of these are a single copy (87.5%), while there are
clear large families that possess conserved features (see
above). Notably, we were unable to identify a rhodopsin
homolog, in contrast to several biochemical analyses sug-
gesting the presence of retinal, the rhodopsin cofactor,
which has been interpreted as evidence for a
rhodopsin-like light sensor. It remains possible that the
euglenid rhodopsin was not represented in the transcrip-
tome or is too divergent to detect [83].

In common with B. saltans, E. gracilis has a distinct
class of amastin, a major kinetoplastid surface protein
and which arose from a single ancestor shared with the
last euglenozoan common ancestor (Additional file 1:
Figure S6). E. gracilis also possesses enzymes for the syn-
thesis of lipophosphoglycan (LPG), a glycoconjugate first
described in Leishmania and implicated in defense and
disease mechanisms, together with the pathways for syn-
thesis of GPI protein anchors and free lipids. These data
suggest that LPG predates the evolution of parasitism
and that the ancestral role was possibly more general,
for example, a defense against proteases or predation, or
in cell-cell/cell-substrate interactions. Significantly, gp63,
a major surface protein present in the vast majority of
eukaryotes and also involved in Leishmania pathogen-
esis, is absent and represents a secondary loss following
separation from the kinetoplastid lineage.

The endomembrane system is responsible for biosyn-
thesis, degradation and targeting of proteins and lipids
and can be considered as a proxy for intracellular com-
plexity. Compartments and transport routes can be pre-
dicted with accuracy based on the presence of genes
encoding proteins mediating these routes. Using such an
analysis, it has been predicted that the complexity of
endomembrane compartments in trypanosomatids is de-
creased compared with free-living bodonids [23, 84]. E.
gracilis possesses a relatively complete set of
membrane-trafficking proteins, extending this trend fur-
ther (Additional file 1: Figure S7). Two key adaptin fam-
ily complexes involved in vesicle coat formation and
post-Golgi transport, AP5 and TSET, are absent from
kinetoplastids, and while AP5 is also absent from E. gra-
cilis, a near complete TSET is present. Significantly,

endosomal pathways are predicted as more complex
than kinetoplastids, with multiple Rab7 (late endosome/
lysosome) and Rabl1 (recycling endosome) paralogs, to-
gether with ER-associated paralogs for Rabl (early an-
terograde transport) and Rab32, respectively. Rab32 may
also be associated with the contractile vacuole, an endo-
lysosomal organelle responsible for osmoregulation in
many freshwater protists, but these aspects of E. gracilis
biology remain to be explored.

In kinetoplastids, an unusual cytoskeletal element, the
bilobe, plays a central role in Golgi, flagellar pocket col-
lar and flagellum attachment zone biogenesis [74]. All of
the structural proteins (MORN1, RRP1, BILBOI,
Centrin-2 and Centrin-4) were found [85-90] (Add-
itional file 5: Table S4). Therefore, the potential for the
synthesis of a bilobe-like structure in E. gracilis is sup-
ported, although clearly experimental evidence is needed
for the presence of such a structure, but which suggests
an origin predating the kinetoplastids.

The considerable size of the E. gracilis genome and
complex splicing patterns suggests the presence of sophis-
ticated mechanisms for organizing chromatin, mRNA
processing and transcription [53, 57]. Furthermore, the E.
gracilis nucleus has somewhat unusual heterochromatin
morphology, with electron-dense regions appearing as nu-
merous foci throughout the nucleoplasm (Additional file 1:
Figure S8). Nucleoskeletal proteins related to lamins,
NMCPs of plants or kinetoplastid-specific NUP-1/2 are all
absent from E. gracilis, suggesting that anchoring of chro-
matin to the nuclear envelope exploits a distinct mechan-
ism [91]. Further, while much of the nuclear pore complex
(NPC) is well conserved across most lineages, orthologs
for DBP5 and Glel, two proteins involved in mRNA ex-
port in mammalian, yeast and plant NPCs, but absent
from trypanosomes, are present. This is consistent with an
earlier proposal that the absence of DBP5/Glel is
connected to the loss of cis-splicing in kinetoplastids, but
indicates that this is not due to the presence of trans-
splicing per se as this is common to E. gracilis and the
kinetoplastids [92]. Finally, kinetochores, required for
engagement of chromosomes with the mitotic spindle, are
also highly divergent in trypanosomes (Additional file 1:
Figure S8) [93, 94]. Of the trypanosomatid kinetochore
proteins, only KKT19 and KKT10 are obviously present in
E. gracilis; as these are a kinase and phosphatase,
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respectively, they may not be bona fide kinetochore pro-
teins in E. gracilis. Further, very few canonical kinetochore
proteins were found, suggesting possible divergence from
both higher eukaryote and trypanosome configurations.
Overall, these observations suggest unique mechanisms
operate in the E. gracilis nucleus, which may reflect transi-
tions between conventional kinetochores, lamins and nu-
clear pores into the more radical configuration present in
kinetoplastids. Additional systems are discussed in supple-
mentary material (Additional file 6).

The Euglena mitochondrion

In kinetoplastids, unique mitochondrial genome struc-
tures are present [95]. Typically, kinetoplastid mitochon-
drial genomes comprise ~40 copies of a maxicircle
encoding several mitochondrial proteins and several
thousand minicircles encoding guide RNAs for editing
maxicircle transcripts [40, 95]. In trypanosomatids, this
structure is attached to the flagellum basal body via a
complex cytoskeletal element, the tri-partite attachment
complex (TAC) [95]. We find no evidence for RNA edit-
ing in E. gracilis, nor for the TAC, both of which are
consistent with the presence of a mitochondrial genome
composed of only short linear DNA molecules and a
conventional mitochondrial mRNA transcription system
[39]. Specifically, only 16 of 51 proteins involved in RNA
editing in T. brucei [96] had reciprocal best BLAST hits,
and only one predicted protein contained a mitochon-
drial targeting signal. No homologs to TAC proteins
were found (Additional file 5: Table S4).

The E. gracilis mitochondrial proteome is predicted to
exceed 1000 proteins and encompasses 16 functional
categories (Additional file 1: Figure S9A). The kineto-
plastid mitochondrion possesses a non-canonical outer
mitochondrial membrane translocase (A)TOM (archaic
translocase of the outer membrane). The major compo-
nent is (A)TOMA40, a conserved beta-barrel protein that
forms the conducting pore, but which is highly diverged
in kinetoplastids [97-99]. We identified homologs of
two specific receptor subunits of (A)TOM, namely
ATOM46 and ATOM69 [100], and two TOM40-like
proteins; both these latter are highly divergent and could
not be assigned unequivocally as TOM40 orthologs.

We also identified canonical subunits of respiratory
chain complexes I-V and 27 homologs of
kinetoplastid-specific proteins, together with the widely
represented alternative oxidase, consistent with earlier
work [101]. Moreover, an ortholog of T. brucei alterna-
tive type II NADH dehydrogenase (NDH2) was detected.
We found only 38 of 133 canonical and only three of 56
kinetoplastid-specific mitoribosomal proteins, which
suggests considerable divergence. Hence, the E. gracilis
mitochondrion has unique features, representing an
intermediate between the mitochondria familiar from
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yeast or mammals and the atypical organelle present in
kinetoplastids (Fig. 5).

The Euglena plastid

The Euglena chloroplast, as a secondary acquisition, rep-
resents a near unique configuration for studying funda-
mental aspects of organelle origins and evolution. The
predicted E. gracilis plastid proteome contains 1902 pro-
teins (Fig. 6, Additional file 1: Figure S9B; Additional file 8:
Table S6). Typical plastid metabolic pathways and en-
zymes are present, including 70 proteins involved in the
chloroplast electron transport chain and light harvesting
antennae. A few expected genes were absent, such as
glycolytic glucose-6-phosphate isomerase and carotenoid
synthesis 15-cis-phytoene desaturase; as both pathways
are known to be present, these likely arise from incom-
plete sequence data [41]. The Cs tetrapyrrole pathway was
completely reconstructed, while the C, pathway for ami-
nolevulinate synthesis is absent, consistent with previous
findings [102]. Enzymes connecting the cytosolic/mito-
chondrial mevalonate and plastid methyl-D-erythritol
pathway (MEP/DOXP) pathways of terpenoid synthesis
were not found, in accordance with separate plastid and
cytosolic pools of geranylgeranyl pyrophosphate. Caroten-
oid and non-plastid isoprenoid (e.g. sterols, dolichols) bio-
synthetic =~ pathways  appear  unconnected [103].
Significantly, over 50% of the predicted plastid proteome
represent proteins with no homology in the databases,
suggesting considerable novel metabolic potential.

Protein targeting to the E. gracilis plastid involves trafficking
via the Golgi complex. Since the plastid was newly established
in the euglenoid lineage, this implies that at least two novel
membrane-trafficking pathways should be present, one an-
terograde trans-Golgi to plastid and a retrograde pathway op-
erating in reverse. The relevant machinery for such pathways
could be produced via either gene transfer from the green
algal host or duplication of host membrane-trafficking ma-
chinery. We found no reliable evidence for contributions to
the endomembrane protein complement by endosymbiotic
gene transfer, but there are extensive gene duplications within
the endomembrane machinery. Specifically, additional para-
logs of key factors involved in post-Golgi to endosome trans-
port, eg. AP1 and Rabl4, are present, as are expansions in
retromer and syntaxinl6 that specifically serve to retrieve ma-
terial from endosomes to the trans-Golgi network. Overall, we
suggest both a period of kleptoplasty prior to stable establish-
ment of the secondary green plastid and a model whereby
novel transport pathways were established by gene duplica-
tion, as proposed by the organelle paralogy hypothesis [44].

Conclusions

We present here a detailed analysis of the
protein-coding complement of E. gracilis, together with
insights into genome organization. The genome is very
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large for a unicellular organism, consistent with many
earlier estimates and has exceptionally low coding con-
tent, similar to large metazoan genomes. BUSCO,
CEGMA and also annotation of many metabolic path-
ways, complexes and systems indicate that both our data
and that from previous work attained very high coverage
of the transcriptome. Significantly concatenation of all
three datasets resulted in essentially negligible improve-
ment to BUSCO scores, suggesting that the data ap-
proach a complete sampling.

We predict a highly divergent surface proteome with ex-
panded signal transduction capabilities likely present at
the plasma membrane. E. gracilis possesses machinery for
synthesis of lipophosphoglycan, suggesting the presence of
a defensive phosphoglycan sheath [104]. Significantly, we
find evidence for gradual loss of conventional

kinetochores, cis-splicing and complex RNA processing at
the NPC during Euglenozoa evolution. Unexpectedly,
there is little evidence for transcriptional control, highly
similar to kinetoplastids. Reliance on post-transcriptional
processes has been recognized as a feature of E. gracilis
[105] with mounting evidence that translational and de-
gradative processes are crucial determinants of protein
abundance and in agreement with this work [106]. An ex-
tensive endomembrane system indicates complex internal
organization and multiple endosomal routes representing
mechanisms for the sorting, uptake and digestion of ma-
terial from a range of sources. We also find evidence for
novel trafficking pathways between the endomembrane
system and the chloroplast; this, together with analysis of
the nuclear genome and likely origins of many genes, pro-
vides insights into the processes by which secondary
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plastids become enslaved, and is consistent with a pro-
tracted period of plastid acquisition.

Materials and methods

Cultivation

E. gracilis strain Z1 was provided by William Martin (Diis-
seldorf). Cells were cultivated at ambient temperature
under continuous illumination from a 60-W tungsten fila-
ment bulb at 20 cm from the culture vessel, in Hutner’s
media [107]. Cells were collected in exponential growth
phase at ~9 x 10° cells/ml, measured using a haemocyt-
ometer. For light and dark adaptation, cells were adapted
to Hutner heterotrophic medium [107] for 16 days prior
to the initiation of a light or dark growth period. Cultures
were subcultured and dark-adapted cultures transferred to
a light proof box adjacent to the light cultures. Subcultur-
ing was done under low light conditions periodically and
cultures maintained for up to 2 weeks prior to harvesting.
The impact of a prolonged period under dark conditions
was assessed by microscopy (Zeiss LSM 700 confocal

microscope; x40 Plan-Neofuar NA1.3 lens under phase
contrast, by UV/VIS spectroscopy using a Shimadzu
UV-2450, wavelength scan of 190-800nm and
SDS-PAGE).

Isolation of RNA and proteins for gene expression studies
Equivalent numbers (1 x 10” cells) of dark or light cul-
tured cells were harvested by centrifugation at 25°C,
1000g for 10 mins. RNA extraction was performed using
the Qiagen RNeasy Mini Kit (Cat. No. 74104). Genomic
DNA contamination was eliminated by performing
on-column DNase digestion. Extracted RNA was pre-
served at — 80°C for RNA sequencing. For proteomics,
cells were washed with PBS containing complete prote-
ase inhibitors (Roche), extracted with NuPAGE sample
buffer (3X), sonicated and lysates containing 1 x 10" cells
fractionated on a NuPAGE Bis-Tris 4-12% gradient
polyacrylamide gel (Thermo Scientific, Waltham, MA,
USA) under reducing conditions. The sample lane was
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divided into eight slices that were subjected to tryptic di-
gestion and reductive alkylation.

Proteomics analysis for gene expression studies

Liquid chromatography tandem mass spectrometry
(LC-MS?) was performed in house at the University of
Dundee, UK. Samples were analyzed on a Dionex UltiMate
3000 RSLCnano System (Thermo Scientific, Waltham,
MA, USA) coupled to an Orbitrap Q-exactive mass spec-
trometer (Thermo Scientific) at the University of Dundee
proteomics facility. Protein mass spectra were analyzed
using MaxQuant version 1.5 [108] searching the predicted
E. gracilis proteome from the de novo transcriptome as-
sembly reported here. Minimum peptide length was set at
six amino acids, isoleucine and leucine were considered in-
distinguishable and false discovery rates (FDR) of 0.01 were
calculated at the levels of peptides, proteins and modifica-
tion sites based on the number of hits against the reversed
sequence database. Ratios were calculated from label-free
quantification intensities using only peptides that could be
uniquely mapped to a given protein. If the identified pep-
tide sequence set of one protein contained the peptide set
of another protein, these two proteins were assigned to the
same protein group. P values were calculated applying ¢
test-based statistics using Perseus [109]. There were 8661
distinct protein groups identified by MaxQuant analysis.
For further analyses, data were reduced to 4297 protein
groups by rejecting those groups not identified at the pep-
tide level in each of the three replicates for one state. Add-
itionally, a cohort of 384 protein groups was extracted that
were observed in only one state (232 light and 152 dark).

Ultrastructure of E. gracilis cells in light and dark
conditions

Two populations of E. gracilis cells cultured in either
light or dark conditions were initially fixed using 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M so-
dium cacodylate buffer pH7.2. Both samples were
post-fixed for an hour in buffered 1% (w/v) OsO, and
embedded in molten agarose prior to incubating over-
night in 2% (w/v) uranyl acetate. Agarose pellets were
dehydrated through a graded acetone series and slowly
embedded in Low Viscosity resin (TAAB Ltd.) over
4 days. Following polymerization, 70—-90-nm-thin sec-
tions were cut by ultramicrotome, post-stained using 2%
(w/v) uranyl acetate and Reynolds lead citrate [110] and
imaged with a Hitachi H-7650 transmission electron
microscope. Image resolution varied between 20 and 0.3
nm per pixel, depending on the magnification.

Transcriptome analysis for gene expression studies

Extracted RNA was sequenced at the Beijing Genomics
Institute (https://www.bgi.com/global/). Analysis and
comparisons of the data were performed using standard
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pipelines. An estimated 62 M clean reads were generated
which were subject to quality filtering using Trimmo-
matic [111], to remove low-quality bases and read pairs
as well as contaminating adaptor sequences, prior to as-
sembly. Sequences were searched for all common Illu-
mina adaptors and settings for read processing by
Trimmomatic were LEADING:10 TRAILING:10 SLI-
DINGWINDOW:5:15 MINLEN:50. The trimmed filtered
reads were then used to quantify the de novo-assembled
transcriptome using Salmon [112] with the bias-
correction option operating. Expected counts were inte-
gerised before being subject to differential expression
testing using DESeq2 [113] using default parameters. In
the transcriptomics analysis, 66,542 distinct sequence
classes were detected and the data was reduced to
41,045 applying the same rejection criteria as the prote-
ome (minimum three replicates).

Nucleic acid isolation and purification for genomic and
transcriptomic studies

E. gracilis genomic DNA was isolated using the Qiagen
DNA purification system to obtain low and high molecu-
lar weight DNA for Illumina paired-end and mate-pair
read libraries (100-bp paired-end libraries with insert sizes
of 170 bp, 500 bp and 800 bp, and mate-pair libraries with
insert sizes of 2 kbp, 5 kbp and 40 kbp). For the shorter
length libraries (< 5 kbp), cells were harvested by centrifu-
gation for 10 mins at 1000 g and DNA extracted using the
Qiagen DNAeasy blood and tissue kit (Qiagen Inc.,
Cat.No. 69504). The cultured animal cell protocol was
modified and involved firstly, using 1 x 10" cells, and sec-
ondly, prior to adding Buffer AL, 200 ul of RNase A was
added to eliminate RNA contamination. Immediately after
the washing step with Buffer AW2, centrifugation was
performed for 1 min at 20,000¢ to eliminate traces of etha-
nol. To obtain high molecular weight DNA fragments for
the >40kb insert size library, the Qiagen Genomic-DNA
isolation kit (blood and cell culture DNA kit - Maxi, Cat.
No. 13362) was used. In this case, 1 x 10® cells were har-
vested. Prior to adding Buffer C1, samples were ground in
liquid nitrogen using a planetary ball mill (Retsch) [114] at
300 rpm for 3 min (the grinding was limited to two cycles
to minimize DNA shearing). Four wash steps were
performed to remove contaminants including traces of
RNA. To determine molecular weight, 400 ng of DNA
was loaded onto a 0.45% agarose gel in TAE buffer, stained
with Thermo Scientific 6X Orange Loading Dye, and
electrophoresed at 80V for 2 h. A NanoDrop spectropho-
tometer (DeNovix DS-114+) was used to determine
concentration and purity. Total RNA from E. gracilis was
isolated using the Qiagen RNeasy Mini kit (Cat. No.
74104), and the protocol for the purification of total RNA
from animal cells using spin technology was employed as
above.
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Library preparation and sequencing for genomic and
transcriptomic studies

Genome and transcriptome library preparation and se-
quencing were performed at the Beijing Genomic Insti-
tute, using Illumina Genome Analyzer HiSeq2000 and
MiSeq. In the former case, paired-end genomic sequence
of multiple read lengths (49 bp and 100 bp) correspond-
ing to eight insert size libraries (170 bp, 250 bp, 500 bp,
540 bp, 800 bp, 2 kbp, 5 kbp, and 40 kbp) were generated
with a combined length of ~ 57 Gbp. Additional PacBio
libraries were generated at the University of Seattle
(5.5 Gbp combined length) and Université Paris-Sud
(3.3 Gbp combined length), and the data were kind gifts.
A combined total of 305,447 PacBio circular consensus
reads (CCS) were generated with estimated average
length of 8870 bases and estimated coverage of ~ 1X.

Genome and transcriptome assembly

Multiple routes were explored for the generation of an
acceptable assembly [48]. The most successful strategy,
as assessed by core eukaryotic gene mapping analysis
(CEGMA) and the proportion of RNAseq reads that
mapped to the genome assembly [115, 116], utilised Pla-
tanus [117], SSPACE [118] and String Graph Assembler
(SGA) [119]. Here, the two MiSeq paired-end read li-
braries (150 bp paired-end and 300 bp paired-end librar-
ies) and 100bp (170 bp insert size) paired-end HiSeq
read libraries were used for the Platanus assembly. Each
of the paired-end read libraries was subject to overlap-
ping paired-end read joining using the ErrorCorrec-
tReads.pl algorithm of the ALLPATHS assembly package
[120]. This step in ALLPATHS reduces the complexity
of the input data by combining overlapping paired-end
reads into single larger reads and performs well on inde-
pendent benchmark tests of real and simulated data
[120]. No other steps in the ALLPATHS assembly algo-
rithm were used. These joined paired-end reads were
provided to Platanus as single-end reads. The 500 bp
and 800 bp insert size read libraries, which could not be
subject to read joining as their insert sizes were too
large, were included as single-end reads. This collective
set of reads was provided to Platanus, and the method
was run using its default parameters. The combined Illu-
mina read data provided an estimated 25x coverage of
the single-copy component of the genome by k-mer
spectrum analysis using ALLPATHS (Additional file 1:
Fig. S11). The resulting contigs from the Platanus [117]
assembly were subject to six rounds of scaffolding and
gap filling using the SSPACE [118] and SGA [119] algo-
rithms. SSPACE was run with the following settings —a
0.7 —m 30 —n 50 —o 20 using the 500 bp and 800 bp in-
sert size paired-end read libraries and the 2000 bp, 5000
bp and 40,000 bp insert size mate pair read libraries. Fol-
lowing each round of scaffolding, SGA was run on the
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scaffolds in gap filling mode (“-gapfill”’) using the same
combined input read library as Platanus above. This re-
sulted in a de novo assembly with an Nj, of 955 bp,
comprising 2,066,288 scaffolds (Table S1).

A k-mer spectrum for the genome was calculated from
the highest coverage read library (150 bp paired-end read
library). It generated a single peak at 8.8x coverage, cor-
responding to the homozygous single-copy portion of
the genome (Additional file 1: Figure S11A). Assuming a
Poisson distribution that would be observed if all regions
of the genome were single copy and homozygous, the
estimated genome size of the single-copy proportion of
genome is 487.2 Mb and the estimated size of the whole
genome 2.33 Gb. The discrepancy between the Poisson
model and the observed corresponds to multi-copy se-
quences, with a large proportion of low to medium copy
number sequences represented at high frequency. There
are more than 80,000 unique k-mers of length 31 that
appear more than 10,000 times. These high copy num-
ber repeat sequences are those we refer to in the results
and are most likely responsible for the difficulty with
progressing an assembly further than we have been able
to achieve.

To estimate the genome size and the proportion of the
genome that is comprised of repetitive unique sequence a
k-mer spectrum analysis was conducted (Additional file 1:
Figure S11A). The largest Illumina paired-end read library
(150-bp paired-end) was used for this analysis. Canonical
k-mers were counted using jellyfish (Marcais et al. Bio-
informatics 27(6): 764—770) at a range of different k-mer
sizes (19, 21, 27 and 31). The resulting k-mer count histo-
grams were analysed using GenomeScope [121]. Using
these methods the haploid genome size was estimated to
be between 330 mb and 500 mb (Additional file 1: Figure
S11A). The repetitive component of the genome was esti-
mated to be between 191 and 339 mb, and the unique
component of the genome was estimated to be 141 mb to
160 mb (Additional file 1: Figure S11A). Heterozygosity
was estimated to be between 2.2 and 2.6%.

The transcriptome assembly was generated by com-
bining multiple different read libraries into a single tran-
scriptome assembly. These included two 100bp
paired-end read libraries generated on an Illumina
HiSeq2500 (200 bp insert size) that were previously pub-
lished in [17]. Euglena transcriptome (PRJEB10085, 17)
and the six 100-bp paired-end read libraries (200 bp in-
sert size) were generated on an Illumina HiSeq2000 gen-
erated in this study (Additional file 2: Table S1,
PRJNA310762). These read libraries were combined to
give a total of 2.05 x 10® paired-end reads that were pro-
vided as input for transcriptome assembly. Illumina
adaptors and low-quality bases were trimmed from the
reads using Trimmomatic. Ribosomal RNA sequence
was removed using SortMeRNA [122] using default
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settings, before read error correction using BayesHam-
mer [123] with default settings. Reads were normalized
using khmer [124] with settings —C 20 -k 21 —M 8e9,
and overlapping paired-end reads joined using
ALLPATHS-LG [120] and all reads subject to de novo
assembly using SGA, minimum overlap size of 80 nucle-
otides, no mismatches. These filtered, normalized, and
joined reads were then mapped to this assembly using
Bowtie2 [125]. Reads that were absent from the assembly
were identified and placed with the assembled contigs
into a new input file. This file containing the unassem-
bled reads and assembled contigs was subject to assem-
bly using SGA with an overlap size of 70. This process
of identifying unmapped reads and reassembling with
SGA was repeated each time, decreasing the overlap size
by 10 nucleotides until a minimum overlap size of 40
was reached. This strategy was taken to minimize the
occurrence of assembly errors that are commonly ob-
tained when a default small k-mer size is used in de
Bruijn graph assembly. Contigs were then subject to
scaffolding using SSPACE and the full set of
non-ribosomal, corrected, normalized paired-end reads
using the settings —k 10, —a 0.7, —n 50, —o 20. Scaffolds
were subject to gap filling using the SGA gap filling
function. Finally, the assembled contigs were subject to
base-error correction using Pilon [126] with the default
settings. CEGMA [58] suggests ~88% completeness in
terms of representation of coding sequence.

Genome and transcriptome structural and functional
automatic annotation

In silico analysis such as open reading frame (ORF) de-
termination, gene predictions, gene ontology (GO) and
KEGG (biological pathways) and taxa distribution were
performed as part of an automatic functional annotation
previously described [127] with minor modifications. Six
frame translation and ORF determination of assembled
transcriptome sequences were predicted using TransDe-
coder prediction tool [61] and Gene MarkS-T [128], and
the longest ORF with coding characteristics, BLAST
homology, and PFAM domain information extracted
[129]. The predicted ORF was queried against the NCBI
non-redundant protein database using BLASTp hom-
ology searches, and the top hit for each protein with an
E value cutoff <1le ' retained. Using the Blast2GO
automatic functional annotation tool [130], the GO an-
notations of the best BLAST results with an E value cut-
off <1e ' were generated from the GO database. The
protein domain, biological pathway analyses, and top
species distributions were determined using InterPro,
BLAST, enzyme code and KEGG [131]. To greatly re-
duce run times, BLASTp and Interpro scans were proc-
essed locally prior to uploading to Blast2GO in .xml file
formats.
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Assembling sequence data, data mining and phylogenetic
inference

Homology searches for orthologs and paralogs of specific
biological annotations were performed against the pre-
dicted proteome for E. gracilis using BLASTp. Clustering
at 100% identity was performed for the predicted E. graci-
lis proteins using the Cluster Database at High Identity
(CD-HIT) [62] algorithm to remove gapped/incomplete
and redundant sequences. Sequences with significant
BLASTDp top hit search (E value = 1e™'°) were subjected to
both Reversed Position Specific BLAST RPS-BLAST and
InterProScan [132]. The annotated sequences with do-
main and/or protein signature matches were extracted
using a combination of custom UNIX commands and Bio-
Perl scripts and clustered to 99% identity using CD-HIT.
CD-HIT outputs a set of ‘non-redundant’ (nr) protein
representative sequences which were aligned to known
eukaryotic protein reference sequences using ClustalX2
[133] and MAFFT [134]. Poorly aligned positions or gaps
were removed using the gap deletion command prior to
alignment, and the final alignments processed locally for
phylogenetic inference with the PhyML Command Line
Interface (CLI) using default settings [135], RAxML [136],
FastTree [137] and MrBayes [138]. Annotations of the
trees were performed using TreeGraph2 [139] and Adobe
Ilustrator (Adobe Inc.).

Contigs > 10 kbp in the E. gracilis genome

For an initial insight into the architecture of the genome
contigs > 10 kbp were analyzed. These contigs were in-
terrogated using tBLASTn with the E. gracilis proteome
predicted from the transcriptome. Sequences with hits
were further interrogated using the Exonerate algorithm
[59] for insights into splicing mechanisms and coding
regions using the --protein2genome and --showquerygff
and --showtargetgff options. Sequences, and their re-
spective splicing coordinates in gff3, were uploaded to
the Artemis genome viewer [140] for visualization. Cod-
ing regions in gff formats were extracted and translated
using a combination of BEDtools getfasta [141] and the
EMBOSS getorf [142] tools.

Orthologous group clustering

To identify orthologous genes in E. gracilis shared across
eukaryotic taxa, we clustered the E. gracilis predicted
proteome with 30 selected eukaryotic taxa using Ortho-
Finder [70] with taxa distribution including kinetoplas-
tids, other members of the excavates, unikonts, bikonts,
green algae, land plants and red algae.

Phylogenetic analyses of ancestry of Euglena genes

All 36,526 predicted nucleus-encoded proteins were
searched (BLASTp 2.2.29) against a custom database
containing 207 organisms (Additional file 3: Table S2).
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Homologues with E value <1072 were retrieved. Since
an unrooted phylogenetic tree can be calculated only for
three or more organisms, all proteins with less than
three recovered homologues (16,636 proteins) were ex-
cluded. The remaining (19,890 proteins) were aligned
(MAFFT 7.273; default parameters) and trimmed (tri-
mAl 1.2 [143], default parameters). Alignments longer
than 74 amino acid residues and with all sequences de-
termined, i.e. there was no sequence containing only un-
determined characters, (18,108 alignments) were used
for tree reconstruction. The trees were calculated with
RAxML [136] (v8.1.17; 100 rapid bootstraps) in Meta-
centrum (The National Grid Infrastructure in the Czech
Republic). Custom scripts (Python 3.4) were used to sort
the trees into bins based on the taxonomic affiliation of
the clan in which E. gracilis branched. The tree was in-
cluded in a bin if a bipartition supported by bootstrap
75% and higher comprised of E. gracilis and members of
one defined taxonomic group only. In 34 cases, in which
E. gracilis was contained in two such bipartitions con-
taining taxa from different defined group, the tree was
assigned to the two respective bins.

Mitochondrial proteome prediction

The predicted proteins were subjected to Blast2GO
[130] and KEGG automatic annotation server (KAAS
[144]) automatic annotation, BLASTp searches against
the T. brucei, Homo sapiens, Saccharomyces cerevisiae
and Arabidopsis thaliana reference mitoproteomes and,
finally, targeting signal prediction using TargetP [145]. E.
gracilis protein was predicted as mitochondrial if (i) Tar-
getP mitochondrial score was higher than 0.9 (607 pro-
teins), or (ii) there was an ortholog in at least one
reference  mitoproteome, not  associated  with
non-mitochondrial functions (343 proteins), or (iii)
assigned mitochondrial by Blast2GO (with the exception
of the MTERF family) (62 proteins). The missing mem-
bers of the found mitochondrial pathways and modules
were identified by a manual search (81 proteins). To
streamline the final annotated output and to ensure re-
tention of only the most reliable predictions, we chose
the most confident annotation between Blast2GO,
BLASTp and KAAS for each protein. The final mito-
chondrial dataset includes 1093 proteins.

Plastid proteome prediction

The translated E. gracilis transcriptome (predicted prote-
ome) was subjected to signal prediction pipeline using a
combination of SignalP [146] and PrediSI [147] while
chloroplast transit peptide prediction was performed
using ChloroP [148]. The sequences which scored posi-
tive by either SignalP (2551 sequences) or PrediSI (4857
sequences) were cut at the predicted signal peptide
cleavage site. The sequences were then truncated to
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maximum length of 200 amino acid residues for faster
calculation and analyzed by ChloroP. The preliminary
dataset of E. gracilis plastid targeted proteins (1679 se-
quences) consisted of transcripts which scored positive
in SignalP + ChloroP (59 sequences), PrediSI + ChloroP
(1002 sequences) and SignalP + PrediSI + ChloroP (618
sequences) analysis. In the second step, model dataset of
920 sequences of Arabidopsis thaliana proteins localized
to the plastid envelope, stroma, thylakoid, grana and la-
mellae obtained from the public AT_CHLORO prote-
omic database [149] were searched by BLAST against
the whole translated E. gracilis transcriptome and the
identified orthologs were then combined with the results
of orthogroup clustering performed by OrthoFinder (see
above). Based on these searches, an additional 144 se-
quences representing orthologs of A. thaliana chloro-
plast proteins were added to the dataset of E.
gracilis-predicted plastid proteome regardless of their
targeting sequences. This enriched dataset of 1823 pro-
teins was annotated automatically using BLAST at
NCBI, KOBAS [150] and KAAS [144] independently. All
automatic annotations including KO and EC numbers
were then revised and edited or corrected manually and
used for metabolic map reconstruction. The missing en-
zymes and subunits of otherwise chloroplast pathways
and complexes were investigated and eventually added
manually to the set regardless of their targeting se-
quences during the manual annotation and pathway re-
construction. This approach resulted in inclusion of
another 79 sequences. The final set of predicted E. graci-
lis chloroplast proteins consisted of 1902 entries.

Additional files

Additional file 1: Figure S1. Organisation of open reading frames in
the E. gracilis genome. Figure S2. Functional analysis of £. gracilis coding
capacity by Gene Ontology. Figure S3. Dark adapted cells have altered
proteomes and transcriptomes. Figure S4. Orthogroup clusters in E.
gracilis and selected eukaryotes. Figure S5. Phylogeny of selected shared
large paralog families. Figure S6. Surface families of E. gracilis. Figure S7.
The E. gracilis endomembrane system. Figure S8. The E. gracilis nuclear
pore and kinetochore complexes. Figure S9. The predicted proteomes of
E. gracilis organelles. Figure $10. Metabolism in E. gracilis. Figure S11.
Additional assembly features. Figure S12. BUSCO comparisons between
the present work and prior transcriptomes. (PDF 10993 kb)

Additional file 2: Table S1. Raw data for proteomics and
transcriptomics of E. gracilis under adaptive conditions. Cells were grown
under dark or light conditions as described in methods and subjected to
protein or RNA extraction and analysed by mass spectrometry or RNAseq.
Each condition was analysed in triplicate (n = 3) and data for individual
samples together with the merged data are provided (Transcripts,
Proteome), together with BLAST annotation of altered transcripts
(additional tabs). (XLSX 19876 kb)

Additional file 3: Table S2. Analysis of phylogenetic relationships of £
gracilis proteins. The sheet contains three tables. First table summarizes
the taxon composition of the custom database used for the search of
homologues of E. gracilis proteins. Second table summarizes the number
of items in each step and the pipeline. The third table gives exact
numbers of trees that fell into defined taxonomic bins. (XLSX 16396 kb)
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Additional file 4: Table S3. Analysis of GO term frequency, domains
and large orthogroup architecture. Sheet 1: GO terms in orthogroups.
The sheet has two subtables. In one the GO terms represented above 5%
in each orthogroup are shown - all other GO terms with less than 5%
frequency have been omitted as the numbers of sequences included are
very small. The second shows the number of annotated and non-
annotated sequences of each taxonomic group selected. Yellow highlight
shows the GO terms of interest belonging to molecular process that are
analyzed in this study. Sheet 2: Conserved domains from NCBI database
(CDD) detected in those sequences with the GO terms of interest
highlighted in sheet 1. Output provided by CDD searches. For the
sequence identifiers, note that first field separated with “_", represents
the taxonomic group to which it belongs. Sheet 3: Incidence of
conserved domains detected in CDD searches and orthogroups. This
table summarizes the output of the CDD searches. Gray highlight
represents the conserved domains in parallel with the respective
orthogroup (OG number) of the sequences for which we provide
phylogenetic analyses. Sheet 4: Data for annotation of NCIII tree. Trans-
membrane domains and conserved domains. Sheet 5: Data for
annotation of REC tree. Trans-membrane domains and conserved
domains. (XLSX 127 kb)

Additional file 5: Table S4. Accessions of genes associated with
specific cellular functions. Each worksheet contains details of the
orthologs and their accession numbers for a specific subset of predicted
ORFs associated with an indicated cellular function, metabolic process or
organelle. The first two sheets show the overall predictions (all annotated
transcripts) and a summary graphic (Distributions). (XLSX 870 kb)

Additional file 6: Supplementary analyses. (DOCX 17 kb)

Additional file 7: Table S5. Surface/endomembrane proteome
predictions. Panel A: Predicted numbers of ORFs encoded in the E. gracilis
predicted proteome that contain a signal sequence (SS) together with
additional determinants for stable membrane attachment (i.e. a
glycosylphosphatidylinositol anchor (GPI) or trans-membrane domain
(TMD)). Panel B: Frequency distribution of predicted Euglena-specific
surface gene families, shown as number of families according to size. 608
(87.5%). Euglena-specific surface genes are predicted to be single-copy,
whereas five families are predicted to have more than seven members.
Panel C: PHYRE 2.0 summary results for an element of each multi-copy
family (n > 4) of E. gracilis, including family size, residues matching the
model and correspondent coverage of the sequence, percentage identity,
confidence of prediction, and description of top template model.

(XLXS 44 kb)

Additional file 8: Table S6. Predicted proteomes for the E. gracilis
plastid and the mitochondrion. Panels include summaries for each
organelle for numbers of genes in functional categories found,
annotations for transcripts predicted as mitochondrial or chloroplastic
and finally a reconstruction of major mitochondrial complexes and

pathways. (DOCX 141 kb)
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Summary

1. Euglena spp. are phototrophic flagellates with considerable ecological presence and
impact. E. gracilis harbours secondary green plastids, but an incompletely
characterized proteome precludes accurate understanding of both plastid function and
evolutionary history.

2. Using subcellular fractionation, an improved sequence database and mass
spectrometry we determined the composition, evolutionary relationships, and hence
predicted functions of the E. gracilis plastid proteome.

3. We confidently identified 1,345 distinct plastid protein groups and find that at least

100 proteins represent horizontal acquisitions from organisms other than green algae
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or prokaryotes. Metabolic reconstruction confirms previously studied/predicted
enzymes/pathways and provides evidence for multiple unusual features, including
uncoupling of carotenoid and phytol metabolism, a limited role in amino acid
metabolism, and dual sets of the SUF pathway for FeS cluster assembly, one of which
was acquired by lateral gene transfer from Chlamydiae. Plastid paralogs of trafficking-
associated proteins potentially mediating fusion of transport vesicles with the
outermost plastid membrane were identified, together with derlin-related proteins,
potential translocases across the middle membrane, and an extremely simplified TIC
complex.

4. The Euglena plastid as the product of many genomes combines novel and conserved

features of metabolism and transport.

Introduction

Euglenids are a diverse group of flagellates belonging to the phylum Euglenozoa and
have a significant role in the biosphere, as well as being an important model organism and of
biotechnological value (Leander ef al., 2017). Complex nutritional strategies and an ability to
adapt to various environments are major features of the euglenids (Leander ef al., 2001;
Leander, 2004). The biology of heterotrophic euglenids remains relatively unexplored, but the
ease of collection and cultivation of photosynthetic members has made them one of the most
widely studied protist groups, despite an absence of a reliable genetic manipulation system.
Recent advances in defining the transcriptome and proteome of Euglena gracilis promises to
improve understanding of the molecular mechanisms employed by this organism and its

relatives (Ebenezer et al., 2019).

Euglenophytes harbour green, triple membrane-bound plastids that evolved ~500 Mya
from an endosymbiont related to Pyramimonadales (Turmel et al., 2009; Jackson et al., 2018).
However, it is possible that other symbionts shared both environment and genes with
the ancestors of euglenophytes, as asignificant proportion of euglenophyte genes is
potentially derived from other algal groups (Maruyama et al. 2011; Markunas & Triemer
2016; Lakey & Triemer 2017; Ponce-Toledo et al. 2018, Ebenezer et al., 2019), possibly
originating during multiple rounds of endosymbiotic gene transfer (Larkum et al., 2007).
Higher-order endosymbiotic relationships are the result of complex events that can improve
our understanding of organellogenesis. Transfer of genes from endosymbiont to host and

establishment of new routes for targeting proteins to the organelle are essential
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for endosymbiont-to-organelle transformation. Protein targeting systems of secondary plastids
are notably similar in otherwise unrelated lineages (Durnford & Gray, 2006; Sommer et al.,
2007; Hempel et al., 2009; Spork et al., 2009; Minge et al., 2010; Felsner et al., 2011; Lau et
al., 2016), suggesting general mechanistic constraints rather than common descent. In brief,
components of the secretory pathway have been recruited for protein translocation across
the outermost plastid membrane: the process starts as co-translational and signal peptide-
dependent import into endoplasmic reticulum (ER) and continues via vesicular transport,
either directly or through the Golgi complex (Tonkin et al., 2006; Stiller et al., 2014; Maier et
al., 2015), while the major TIC/TOC complex translocases of primary plastids retain their
functions at the inner two membranes (van Dooren & Striepen 2013; Sheiner & Striepen
2013; Archibald 2015; Gould et al. 2015; Maier et al. 2015; Bolter & Soll 2016). In plastids
of “chromalveolates”, a duplicated version of the ER-associated protein degradation (ERAD)
pathway mediates transport across the second-outermost membranes (Spork et al., 2009;

Stork et al., 2012; Maier et al., 2015).

In euglenophytes, vesicular transport pathways between the ER, Golgi and plastids are
present (Sulli et al., 1999) and have been reconstituted in vitro and biochemically suggest the
involvement of GTPases but not SNARE proteins (Slavikova et al., 2005), however, the
molecular machinery is uncharacterized. A plant-like plastid targeting signal (transit peptide)
is essential for plastid import, implying the presence of a TIC/TOC-like pathway (Slavikova
et al., 2005). However, in silico analysis of the E. gracilis and Euglena longa transcriptomes
identified few TIC subunit homologs, with all TOC subunits failing to be identified even by
sensitive HMMER-based approach using multiple strategies for profile building (Zahonova
et al. 2018, Ebenezer et al., 2019), implying a highly divergent or alternative translocation

mechanism.

The ultrastructure, metabolism, plastid and mitochondrial genomes of E. gracilis have
been studied in great detail (Tessier et al., 1991; Hallick et al., 1993; Muchhal &
Schwartzbach, 1994; Jenkins et al., 1995; Doetsch et al., 2001; Geimer et al., 2009;
Mateasikova-Kovacova et al., 2012; Kuo et al., 2013; Dobakova et al., 2015; Watanabe et al.,
2017; Guminska et al., 2018) Moreover, three transcriptome datasets have been generated
recently (O’Neill ef al., 2015; Yoshida et al., 2016; Ebenezer et al., 2019), the latter coupled
with a draft genome and proteomics analysis of whole cell lysates. Features specific to
E. gracilis were uncovered by these studies, which also enabled predictions of plastid protein

composition (Zahonova et al., 2018; Ebenezer et al., 2019). However, such predictions rely
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on both complete understanding of targeting signals, as well as availability of full-length
sequence to encompass N-terminal (and possibly other) plastid targeting peptides. As neither
of these criteria is currently met, additional subcellular fractionation evidence is essential for
validating predictions and to define a robust proteome. Significantly, the sizes of plastid
proteomes vary greatly, from over 1,400 proteins in Arabidopsis thaliana to under 400 for the

Plasmodium falciparum apicoplast (Huang et al., 2013; Boucher et al., 2018).

Here we isolated E. gracilis plastids and analysed their composition using unbiased
mass spectrometry to identify over 1,300 protein groups. We validate many previous
predictions, but also uncovered novel metabolic pathways, illuminated targeting mechanisms
and identified many lateral gene transfer events that support the sequential endosymbiosis

model, or “shopping bag hypothesis”, for endosymbiotic evolution.

Materials and methods

Isolation of plastid fraction: Plastidial, mitochondrial and peroxisomal fractions of E. gracilis
were prepared by gradient ultracentrifugation based on protocols used previously (Davis &
Merrett, 1973; Dobdkova et al., 2015) and described in detail in the supplementary methods.
The resulting gradient and assessment of fraction quality are documented in the

supplementary figures S1.2-3.

Mass spectrometry-based identification and quantification of proteins: Plastid and
mitochondrial fractions were sonicated in NuPAGE LDS sample buffer (Thermo Scientific)
containing 2 mM dithiothreitol and separated on a NuPAGE Bis-Tris 4-12% gradient
polyacrylamide gel (Thermo Scientific) under reducing conditions. Each lane was divided
into eight slices that were excised, destained and subjected to tryptic digestion and reductive
alkylation. These fractions were subjected to liquid chromatography tandem mass
spectrometry (LC-MS/MS) on an UltiMate 3000 RSLCnano System (Thermo Scientific)
coupled to a Q-exactive mass spectrometer (Thermo Scientific) at the Fingerprints Facility of
the University of Dundee. Mass spectra were analysed using MaxQuant (version 1.5, Cox &
Mann, 2008), using the predicted translated transcriptome (GEFR00000000.1; Ebenezer et
al., 2019). Minimum peptide length was set to six amino acids, isoleucine and leucine were
considered indistinguishable and false discovery rates (FDR) of 0.01 were calculated at
the levels of peptides, proteins, and modification sites based on the number of hits against

a reversed sequence database. The mass spectrometry proteomics data have been deposited to
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the ProteomeXchange Consortium via PRIDE partner repository (Perez-Riverol et al., 2019)
with the dataset identifier PXD014767. Ratios were calculated from label-free quantification
(LFQ) intensities using only peptides uniquely mapped to a given protein. If the identified
peptide sequence set of one protein overlapped another protein, these two proteins were
assigned to the same protein group. P values were calculated applying t-test based statistics in
Perseus (Cox & Mann, 2008; Tyanova et al., 2016). 3,736 distinct protein groups were
identified and reduced to 2,544 protein groups by rejecting those groups not identified at
the peptide level in at least two of three replicates for one organellar fraction. This filtered set
includes a cohort of 774 protein groups that were observed in only one organellar fraction
(606 in the plastid fraction) and in order to form ratios, a constant small value (0.01) was

added to the average LFQ intensities of each fraction (to avoid division by zero).

The resulting CP/MT ratio reflects the enrichment of protein groups in the plastid
compared to the mitochondrial fraction and is the main indicator for confidence in plastid
localization of a given protein in this study. For clarity, CP/MT ratios were log;o transformed
and values >3 (CP/MT ratio > 1000) indicated as “3+” in all tables and figures, indicating
extremely high, or “infinite” enrichment. The purity of the plastid and mitochondrial fractions
was assessed based on distribution and relative abundance of marker proteins (Figs. S1 and
S2). LFQ analysis of the two organellar fractions and whole cell lysate detected 8,216 protein
groups and revealed moderate contamination of both mitochondrial and plastid fractions by
other cell compartments (Fig. S2.2 and Table S2.1). Comparison of the plastid and
mitochondrial fractions suggests a modest level of cross-contamination between these

organelles (Fig. S2.3).

As proteins encoded by the E. gracilis plastid genome (Hallick ef al., 1993) were
absent from the translated transcriptome, the MaxQuant LFQ analysis was repeated using the
plastid gene set and the resulting quantifications of an additional 32 plastid encoded proteins
included in the plastid candidate dataset (supplementary-dataset-1.xIsx; seqid prefix “NP”).
Additionally, we searched the translated transcriptome of Yoshida et al (2016;
GDJR00000000.1); non-redundant identifications are provided in a separate sheet in
supplementary-dataset-2.xIsx. While these proteins were not included in the final plastid

candidate dataset, we did consider some of them in the reconstructions presented.

Proteome parsing and annotation: Proteins enriched in the plastid fraction were sorted into

four categories based on log;(CP/MT ratio (0-1, 1-2, 2-3, and 3+), reflecting
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the robustness/discrimination of plastid targeting and association. All candidates were
annotated using BLAST (Altschul et al., 1997) against the NCBI non-redundant protein

database (https://www.ncbi.nlm.nih.gov/protein, 08/16 version), and assigned a KO number

by KAAS (http://www.genome.jp/tools/kaas/; Moriya et al., 2007). Annotations were

validated manually using UniProt (http://www.uniprot.org/) and OrthoFinder (Emms & Kelly,
2015) and corrected as necessary. Proteins with no, very few (less than five), or very low-
scoring (E-value > 1x10) homologs identifiable by BLAST were additionally probed using
HHpred against PDB, COG, ECOD, and Pfam databases
(https://toolkit.tuebingen.mpg.de/#/tools/hhpred; Soding et al., 2005) and assigned a tentative

annotation. Proteins with KO and/or EC numbers assigned, proteins of definite functions in
certain metabolic pathways or molecular complexes, as well as proteins with less precise but
clear predicted function were sorted manually into 18 custom-defined categories based on the
KEGG pathway classification (Table S4). 32 proteins were discarded from the preliminary
dataset of 1,377 candidates based on a clearly non-plastid function combined with low
enrichment (log;o CP/MT ratio in the 0-1 range; supplementary-dataset-1.xIsx), resulting in a

proteome of 1,345 protein groups (supplementary-dataset-1.x1sx).

Bipartite plastid targeting sequences were predicted using a combination of SignalP

(version 4.1, http://www.cbs.dtu.dk/services/SignalP/; Petersen et al., 2011) and PrediSI

(http://www.predisi.de/; Hiller et al., 2004) for prediction of signal peptides, with ChloroP

(http://www.cbs.dtu.dk/services/ChloroP/; Emanuelsson et al, 1999) for prediction

of chloroplast transit peptides after in silico removal of predicted signal peptides at their
putative cleavage sites. Proteins were then binned as having a full bipartite signal, signal

peptide only, transit peptide only or no plastid targeting signal sequence.

Major metabolic pathways were reconstructed using the KEGG Mapper web tool

(https://www.genome.jp/kegg/tool/map_pathway.html) combined with manual curation.

Minor pathways with few members present and/or most members with weak evidence for
plastid localization as judged by enrichment (log;o CP/MT ratio close to zero), as well as

pathways of known non-plastid localization were excluded.

Determination of the evolutionary origins of plastid proteome members.: Each putative plastid
protein group was used as query for BLAST searches against 208 transcriptome and genome
assemblies from eukaryotes, eubacteria and archaebacteria. Phylogenetic trees containing E.

gracilis and close homologs were constructed and sorted according to E. gracilis protein
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affiliation supported by bootstrap >= 75% using a semi-automatic pipeline. The description of
the bioinformatic pipeline, involving existing bioinformatic software (Stamatakis, 2006;
Capella-Gutierrez et al., 2009; Katoh & Standley, 2013) and custom scripts, and access to all

trees is given in supplementary material.

N-terminal signal sequence prediction: The hydrophobicity and amino acid composition
of the N-termini of plastid-targeted proteins were investigated as described in detail in
supplementary methods. Analysis was restricted to sequences likely not truncated at the N-
terminus, that are translated in the cytoplasm and imported into the plastid, i.e. meeting the
following criteria: robust plastid localization (log;y CP/MT >1.0) and/or predicted
photosynthetic function and encoded by complete transcripts containing the spliced leader
(ATTTTTTTTCG; Tessier et al., 1991). This cohort consisted of 375 sequences, and a second
sequence set of the same size but disregarding plastid localization, was randomly selected
from the transcriptome as a control. The differences in amino acid composition were analyzed

using y2 test (R-Core-Team, 2013).

Results

A plastid proteome for E. gracilis: The E. gracilis plastid proteome determined here
includes 1,345 proteins, 48 of which are encoded by the plastid genome (Hallick ef al., 1993);
774 (57.2%) could be functionally annotated while 571 (42.5%) have unknown or
hypothetical function and 109 of these (8%) have no identifiable homologs in the nr database
at NCBI (supplementary-dataset-1.x1sx). To assess the completeness of the current dataset we
found that 48/67 (72%) plastid encoded proteins were present. We also identified 74/83 (89%)
and 113/131 (86%) high-confidence plastid-targeted candidates from two earlier studies
(Durnford & Gray, 2006; Zahonova et al., 2018; supplementary-dataset-2.x1sx), indicating
concordance approaching 90%. By contrast, only 474/1902 (25%) proteins in silico predicted
as plastid-targeted from transcriptome data (Ebenezer et al.,, 2019) were detected by
proteomics, and 871 proteins identified by proteomics were absent from this in silico set,
suggesting that available prediction tools are inaccurate in the case of Euglena. This could
arise partially as a result of N-terminal sequence truncation but could also signify our
incomplete understanding of euglenid plastid-targeting signals. It is also relevant that the
plastids analysed here were from light grown cells only, and previous work has demonstrated

that significant changes to protein composition are not accompanied by transcript changes:
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some proteins are therefore likely absent from the present plastid material (Ebenezer et al.,
2019). It is also possible, that some plastidial proteins are expressed but their physiological

abundance or number of ionizable peptides they produce is too low.

Significantly, this new proteome is of similar size to the Arabidopsis thaliana plastid
proteome (1,462 protein groups; Huang et al., 2013) which has itself been determined using a
combination of in silico prediction and proteomic analysis, but is substantially larger than
proteomes of plastid or plastid-derived organelles from several unicellular organisms,
including Chlamydomonas reinhardtii (996; Terashima et al., 2011), Bigelowiella natans
(324; Hopkins et al., 2012) and the secondarily non-photosynthetic parasite Plasmodium
falciparum (345; Boucher et al., 2018).

Biosynthetic pathways embedded in the Euglena plastid: Current state of knowledge
regarding metabolic pathway localization in Euglena is largely based on biochemical
experiments and in silico prediction (recently reviewed in Inwongwan et al., 2019). In this
study, we rely on comprehensive proteomic dataset to reconstruct metabolic pathways
localized in E. gracilis plastid. The 774 functionally annotated proteins were sorted into 18
categories (Fig. 1), and a map of major metabolic pathways and complexes was reconstructed
(see Fig. 2 for overall schematic and Figs. S5.1-11 for detailed pathways), and while this
includes core conserved pathways, we also found features indicative of considerable novelty.
As expected, the photosynthetic apparatus is well represented. It should be noted that the
precise identification of light-harvesting proteins is not straightforward as these are encoded
and translated as polyproteins and are difficult to distinguish using standard proteomic
approach without a specific focus on these proteins (Koziol & Durnford, 2008). In accordance
with previous findings (Wildner & Hauska, 1974), no gene or protein for plastocyanin was
identified (white circle in e transport section of Fig. 2, Fig. S5.2), so electron transfer
between the cytochrome bef complex and the photosystem I relies solely on two isoforms of
cytochrome cg. Interestingly, E. gracilis also encodes a homolog of cytochrome c¢a (seqid
17930), previously only known from land plants and green algae (Howe et al., 2006).
Cytochrome cgs 1s thought to function as a redox-sensing regulator within the thylakoid
lumen and the structure of its N-terminus in E. gracilis is in accord with this localization, but
was not detected here due to low abundance and difficulty to detect even in plants (Howe et
al., 2006). Notable is also the presence of two homologs of the alpha subunit of the F-type

ATPase in the proteome, a canonical copy encoded by the plastid genome and a divergent
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copy (seqid 3018) encoded in the nucleus. Finally, the E. gracilis plastid contains two distinct
terminal oxidases (seqids 2887 and 18315), i.e. components of the chloro-respiration pathway
(Nawrocki et al., 2015). One represents the conventional enzyme (phylogenetically affiliated
with dinoflagellates), whereas the other falls among mitochondrial alternative oxidases (Fig.
S6). The latter is apparently not a contaminant as it is significantly enriched in the plastid
fraction and has a predicted plastid-targeting signal, while at least three different isoforms of
the mitochondrial alternative oxidase bearing mitochondrial transit peptides are also present

in E. gracilis.
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Fig. 1: Distribution of functional categories among 774 plastid proteins with predicted function (57.5% of
the whole proteome) and log;o CP/MT ratio distribution in each category, represented by shades of green (0-1
meaning 1-10x higher amount of the protein in plastid fraction compared to the mitochondrial one, 1-2 for 10-
100x%, 2-3 for 100-1000%; and >3 for more than 1000x or “infinite” value in case the protein was detected in
plastid fraction only; the full category names are listed in Materials and Methods, for detailed description with
examples see table S3).

The Calvin cycle is fully represented, but a route to glucose metabolism is missing due
to the lack of glucose-6-phosphate isomerase. This is probably related to the absence of starch

synthesis and a switch to the non-plastid -1,3-glucan paramylon polysaccharide (Barsanti et
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al.,2001). The key enzyme for paramylon synthesis, glucan synthase-like 2 (GSL2; Tanaka et
al., 2017), is absent from the plastid proteome, but its paralog, GSLI (seqid 4050), was
identified with high-confidence. Unfortunately, the substrate specificity and function of GSL1
are unknown. The nearly complete representation of the C5 pathway of tetrapyrrole synthesis,
using glutamate as the precursor of the key intermediate aminolevulinate, is in accord with

previous evidence (Gomez-Silva ef al., 1985; Koteny & Obornik, 2011).

The E. gracilis plastid is also a site for biosynthesis of fatty acids and glycerolipids,
the latter including the major plastid phospholipid phosphatidylglycerol and three glycolipids,
monogalactosyl- and digalactosyl-diacylglycerol (MGDG and DGDG) and sulfoquinovosyl-
diacylglycerol (SQDG) (Matson et al., 1970; Blee & Schantz, 1978; Shibata et al., 2018). We
reconstructed pathways for synthesizing these compounds, albeit with several enzymes only
predicted by the transcriptome. Interestingly, our data suggests that E. gracilis lacks a key
enzyme for SQDG synthesis, UDP-sulfoquinovose synthase (SQD1), which catalyses
formation of UDP-sulfoquinovose from UDP-glucose. However, sulfite, one of the SQDI
substrates, is readily incorporated into SQDG when incubated with isolated E. gracilis
plastids (Saidha & Schiff, 1989), suggesting the presence of an alternative pathway to UDP-
sulfoquinovose, a substrate of the conventional sulfoquinovosyltransferase (SQD?2)

catalyzying the ultimate step of SQDG formation (Fig. 2).

Most algal and plant plastids support production of various amino acids, some
of which (such as phenylalanine, tyrosine, and tryptophan) are produced exclusively in the
organelle, but the Euglena plastid lacks these pathways and its contribution to amino acid
metabolism is very low. Only an incomplete serine synthesis pathway was reconstructed, with
no identifiable plastid-targeted phosphoserine aminotransferase. In addition, only
phosphoserine phosphatase was identified in the proteome, whereas the plastid localization of
the enzyme catalysing the initial step of the pathway (phosphoglycerate dehydrogenase,
divided into two contigs, seqids 23072 and 17279) relies on in silico prediction. The E.
gracilis plastid proteome does contain an isoform of cysteine synthase A, but a plastidial
version of the enzyme that converts serine to O-acetylserine, the substrate of cysteine
synthase A, was not detected, suggesting that O-acetylserine needs to be imported into the
organelle. The plastid further harbours serine/glycine hydroxymethyltransferase (SHMT),
whose primary role likely is to provide a formyl group for synthesis of formylmethionyl-
tRNA for translation initiation in the plastid rather than to make glycine from serine (Fig.

S5.1). Direct BLAST search of the whole transcriptome confirmed that the enzymes of amino
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acid biosynthesis are indeed present (E. gracilis does not require supplementation by any
amino acid when grown autotrophically on minimal medium; Hall & Schoenborn, 1939), but
their localization is non-plastidial, in accord with the previous in silico prediction (Ebenezer
et al., 2019). Possible exceptions are shikimate kinase (seqid 11810) (Inwongwan et al.,
2019), which exhibits the typical plastidial targeting signal, and the following enzyme in the
shikimate pathway 5-enolpyruvylshikimate-3-phosphate synthase, which has been previously
shown to localise in the E. gracilis plastid (Reinbothe et al., 1994). However, the former was
not detected in the plastid fraction, and the latter is absent from the transcriptomes.
Regardless, synthesis of aromatic amino acids in E. gracilis may be fully secured by a

complete shikimate pathway in the cytosol.

In eukaryotes, two pathways are responsible for synthesis of isopentenyl
pyrophosphate (IPP), a precursor to steroids and terpenoids; the MV A pathway, localized to
the mitochondria/cytosol, and the MEP (DOXP) pathway, compartmentalized into the plastid
(Zhao et al., 2013). E. gracilis harbours both pathways, and there is experimental evidence for
a role for the MEP pathway in carotenoid synthesis (Kim ef al., 2004). Our data demonstrate a
plastid localization for the MEP pathway, and also identify the enzyme for the synthesis of the
carotenoid precursor geranylgeranyl pyrophosphate (GGPP) from IPP and most enzymes
required for synthesis of carotenoids previously reported present in Euglena (Krinsky &
Goldsmith, 1960): antheraxanthin, neoxanthin, B-, y- and (-carotene, retinol, lutein and
cryptoxanthin. Our proteomic and transcriptomic data, however, failed to provide evidence
for B-carotene ketolase synthesizing two carotenoids, echinenone and canthaxanthin, that have
been detected (Krinsky & Goldsmith, 1960), although some of these enzymes are represented

in the transcriptome (marked as grey circles in Fig. 2).
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Fig. 2: Overview of the E. gracilis plastid metabolism as reconstructed from mass spectrometry-based proteome.
Enzymes present in the plastid proteome in at least one isoform are marked as green circles, grey circles
represent enzymes which were identified on the RNA or DNA level (in this study or previously) but are absent
from the proteome; white circles represent genes completely absent in Euglena; circles marked by the letter P
represent genes coded in the plastid genome while the rest of the circles represent genes coded in the nucleus.
Circles with colored dots in the middle represent genes with at least one of their isoforms presumably gained via
lateral transfer from a donor group other than green algae and ‘“miscellaneous” algae: pale green for
chlorarachniophytes, brown for ochrophytes, dark orange for haptophytes, pale orange for cryptophytes, red for
rhodophytes, and a combination of the former in case of proteins of “mixed red” origin (see Fig. S4 for larger
and colorblind-friendly version). Multiple overlapping circles represent enzymes composed of multiple subunits
with different characteristics. Note that a single protein may be represented by multiple circles due to its role in
multiple pathways or reactions. A more detailed schematic including additional pathways and transcript
identifiers for each enzyme is available as Figs. S5.1-11.

Furthermore, the proteome suggests that IPP, made by the MEP pathway, is used for
the synthesis of plastoquinone (via solanesyl-PP), as is usual for plastids in general (Lohr et
al., 2012). In contrast, uniquely among plastid-bearing eukaryotes, the MEP pathway of
Euglena does not provide GGPP for synthesis of phytyl-PP, a precursor of tocopherols
(vitamin E), phylloquinone (vitamin K), and chlorophyll (Kim et al., 2004). Our analyses
support this earlier experimental finding and provide an insight into the alternative pathway.
Phytyl-PP is conventionally synthesised by ChIP, a GGPP reductase conserved between
eukaryotic and prokaryotic phototrophic organisms (Heyes & Neil Hunter, 2009). The
E. gracilis plastid proteome and transcriptome lack this enzyme, explaining why GGPP
synthesised by the MEP pathway cannot serve as a phytyl-PP precursor in this organism. An
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alternative route to phytyl-PP operates in higher plant chloroplasts, which recycles phytol
released during chlorophyll degradation and significantly contributes to tocopherol
biosynthesis (Vom Dorp et al., 2015). This pathway consists of VTES (phytol kinase, seqid
13197) and VTEG6 (phytyl phosphate kinase, seqid 14381), both of which are present in the
plastid proteome. The proteome also contains ahomolog of arecently characterized
chlorophyll dephytylase (CLDI1, seqid 12254; Fig. S5.5; Lin et al., 2016), which further
suggests that phytol is salvaged from degraded chlorophyll. This obviously cannot be the only
means of producing phytyl-PP, as the compound itself is required for chlorophyll synthesis.
Interestingly, the non-photosynthetic chlorophyll-lacking E. longa retains both VTES and
VTEG6 (GenBank accession numbers GGOE01004182.1 and GGOE01053790.1) and suggests
that phytol is a genuine intermediate for de novo phytyl-PP in Euglena. As direct phytol
synthesis has not been characterized in any organism, how and in which cellular compartment

phytol is produced in Euglena is thus unclear.

E. gracilis can produce tocopherol (vitamin E) (Watanabe et al., 2017) and homologs
of several enzymes for tocopherol synthesis have been described in the transcriptome (O’Neill
et al., 2015). There is some uncertainty concerning the subcellular localization of E. gracilis
tocopherol production (Watanabe ef al., 2017), which we now resolve by reconstructing the
full pathway, from the precursors homogentisate and phytyl-PP to o-tocopherol, by
identification of all four enzymes in the plastid (Fig. 2). Another terpenoid-quinone produced
by E. gracilis is the phylloquinone derivative 5'-monohydroxyphylloquinone (Ziegler et al.,
1989). In plants and green algae most steps of phylloquinone synthesis occur in the plastid,
except three reactions from o-succinylbenzoate to dihydroxynaphthoate, which are catalyzed
by peroxisomal enzymes (Emonds-Alt et al., 2017; Cenci et al., 2018). E. gracilis encodes a
homolog of the multifunctional protein PHYLLO catalyzing all four steps of the first part of
the pathway (seqid 121), but the protein is absent from the plastid proteome and lacks a
targeting presequence, consistent with biochemical evidence placing synthesis of o-
succinylbenzoate in the cytosol (Seeger & Bentley, 1991). The same study tentatively
associated the o-succinylbenzoate to dihydroxynaphthoate part of the pathway to the plastid
envelope rather than peroxisomes, but the respective enzymes must be unrelated or extremely
divergent to the canonical peroxisomal enzymes MenE, MenB, and Menl, as their homologs
were not detected in either the plastid proteome or transcriptome. Genome analyses indicate
the existence of an novel pathway of dihydroxynaphthoate synthesis in some algae (e.g.

glaucophytes) and cyanobacteria (Cenci ef al., 2018), so it is possible that E. gracilis converts
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o-succinylbenzoate to dihydroxynaphthoate by employing enzymes of this route. The final
part of the pathway, starting with phytylation of dihydroxynaphthoate, is predicted as plastid-
localized in E. gracilis (Fig. S5.5), although only one of the respective enzymes (MenA, seqid
7550) was identified in the proteome and the identity of the enzyme catalysing the

presumably final step (phylloquinone hydroxylation) is unknown.

Protein import and vesicle targeting to the Euglena plastid: A major plastid import pathway
is mediated by the TIC/TOC translocation complexes. Surprisingly, only two subunits were
identified in the transcriptome: Tic32 and three paralogs of Tic21 (Zahonova et al., 2018).
Proteomics confirmed the plastid localization for all Tic21 isoforms, but not Tic32 (Fig. 3).
Tic21 is structurally similar to Tic20, the main channel-forming subunit in canonical TIC, and
it was sporadically isolated in complex with Tic20 and other central subunits. This suggests
that Tic21 is non-essential in plant plastids (Teng et al., 2006; Kikuchi et al., 2009; Nakai,
2018), but its assuming main translocase function in a highly reduced complex is still
conceivable. Tic32, on the other hand, is a regulatory subunit with versatile enzymatic activity
(Balsera et al., 2010) that could readily serve a TIC-independent purpose or was simply not
detected.

Two proteins (seqids 13308 and 11030), representing a novel subgroup of rhomboid-
related pseudoproteases distantly related to derlins of the ERAD pathway were also found
(Fig. S11.1, supplementary alignment file derlins.txt). In chromalveolate plastids, the ERAD
machinery is partially duplicated and recruited for protein transport forming a system termed
SELMA, with two derlin family proteins (Derl-1 and Derl-2) presumably constituting the
protein-conducting channel (Maier ef al. 2015). The E. gracilis proteins, however, represent
distinct and more distantly related homologs of ERAD derlins. Although the phylogeny is
poorly supported it suggests that these proteins originated by duplication of a host gene,
because a third paralogue (seqid 22665, absent from plastid proteome) is present in the
transcriptomes of euglenids including heterotroph Rhabdomonas costata (Fig. S11.2,
derlins.txt). It is intriguing to speculate that the detected derlin-like proteins in E. gracilis

plastid gained a role similar to SELMA through convergent evolution.
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Fig. 3: Reconstruction of E. gracilis plastid protein import machinery: The N-terminal signal-peptide (SP, red)
bearing nuclear-encoded plastid-targeted protein (blue chain) is synthesized on the rough endoplasmic reticulum
(RER). If the N-terminus does not contain stop transfer signal (STS), it is co-translationally imported into the ER
lumen as indicated. Otherwise, the major part of the protein remains in the cytosol while being anchored in the
ER membrane. The SP is cleaved by signal peptidase in the ER lumen. The protein then passes through Golgi
and is loaded into/onto a vesicle which eventually fuses with the outermost plastid membrane. Plastidial
homologs of GOSR and Rab5 GTPase might mediate the fusion. The protein passes the middle membrane via
unknown mechanism dependent on transit peptide (TP, purple) but not TOC complex, possibly employing
derlin-like proteins (DerL). Then it passes the inner membrane via highly reduced TIC translocase, possibly
consisting of multiple isoforms of a single subunit. The protein is folded and has its transit peptide cleaved in the
plastid stroma and, in case additional signal is revealed, enter thylakoid membrane or lumen via TAT, SEC, or
SRP/Alb3 pathway. Each circle represents a putative subunit described in model plastids, green circles represent
proteins identified in the plastid proteome, different color shades code CP/MT ratio, the darkest shade depicting
the most credible evidence for plastid localization, grey circles represent subunits with transcript-level evidence
only. Finally, white circles represent subunits which are completely absent.

The delivery of some plastid-targeted proteins in euglenophytes involves fusion of
Golgi-derived vesicles with the outermost plastid membrane and requires GTP hydrolysis, but
is not N-ethylmaleimid-sensitive, suggesting the involvement of a Rab/ARF GTPase but not a
requirement for conventional SNARE-mediated fusion (Slavikova et al., 2005). Multiple

paralogs of some membrane trafficking components are present in E. gracilis, and we
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previously speculated that some of these may be involved in plastid transport (Ebenezer et al.,
2019). Interestingly, the plastid proteome contains homologs of coat complex subunits,
several Rab GTPases and SNARE proteins, some of which cannot be dismissed as
contaminants. For example, SNARE protein GOSR1 has two paralogs in E. gracilis, one of
which is detected in the plastid proteome with log;o CP/MT ratio > 3 (seqid 18194), and the
other (seqid 19152) was not detected; so the apparent insensitivity to NEM might potentially
be a technical issue or that GOSR1 functions in an NSF-independent manner. A second
notable candidate is Rab5, a conserved Rab GTPase associated with the endosomal system
(Langemeyer ef al., 2018), again with convincing log;o CP/MT ratio > 3. These two proteins
thus may play roles in targeting protein-transporting vesicles to the outermost plastid
membrane (Fig. 3), although the current state of understanding of this pathway is

rudimentary.

Evolutionary origins of plastid proteins: The semiautomatic phylogenetic pipeline recovered
among plastidial proteins 379 (28%) potential lateral gene transfer (LGT) candidates: 346 of
these (91%) are related to phototrophic eukaryotes (primary or secondary algae), 20 (5%) to
other eukaryotes, and 13 (3%) to prokaryotes (Fig. 4). Most algae-affiliated proteins are
related to green algae (95, 28%), as expected given the plastid ancestry. The number of genes
likely derived from rhodophytes, cryptophytes, and glaucophytes is very low (around 1-2%
each), arguably at the level of technical error. By contrast gene cohorts related to
chlorarachniophytes, ochrophytes, and haptophytes (6-7% each, 19% in total) are sufficient to
consider as genuine contributions to the E. gracilis plastid. Some genes were related to a clan
composed of several groups of phototrophs, and therefore assigned toone of several
“miscellaneous™ categories (Fig. 4). The distribution of the metabolic functions of proteins
affiliated to non-green algae has no clear pattern (Fig. 2). The comparison of these results to
the previously published findings on the same topic (Markunas & Triemer, 2016; Ponce-

Toledo et al., 2018) is available in supplementary-dataset-2.x1sx.

Additionally, 37 plastidial proteins were determined as affiliated to Discoba, i.e. pre-
existing proteins that might have been repurposed or duplicated and recruited for plastidial
function. These include mostly membrane transporters, vesicle-associated proteins and
chaperones (see supplementary-dataset-1.x1sx). Most of these have log;o CP/MT ratio close to
zero and might represent dual-localized proteins or contaminations from other cell fractions,

but the functions of the more credible candidates suggest that the host genome contributed to
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Fig. 4: Evolutionary affiliations of 416 nuclear-encoded plastid proteins presumably representing lateral gene
transfer into or from E. gracilis. Protein trees are available at http://www.protistologie.cz/hampllab/
data/Novak Vanclova_trees.zip.

Several of the 13 prokaryote-derived proteins encode significant and unexpected
functions. For example, four components (SufS, SufB, SufC and SufD) of the SUF system for
iron-sulfur (FeS) cluster assembly were found. In transcriptomic data, we also recovered the
fifth SUF pathway component, SufE, also of prokaryotic origin. Three of these proteins were
specifically related to Chlamydiae in which the SufBCDS genes form a single operon that
could have been laterally transferred as one unit from a single source. It is unknown whether
these genes cluster together as they were too fragmented in the E. gracilis genome assembly
(Ebenezer et al., 2019). In general, the SUF pathway endosymbiotically derived from
cyanobacteria is essential and universally present in plastids, supplying multiple core enzymes
with FeS clusters (Lu, 2018). The chlamydiae-like set of proteins represents a second path for
FeS cluster assembly alongside the ancestral plastidial cyanobacteria-related SUF system
homologues (Fig. 5, Table S7 and Fig. S8). This apparent redundancy does not represent
a transient state and/or result of neutral evolution because these two parallel SUF systems are
also present in E. longa and Eutreptiella spp. (Table S7, Fig. S8). The relative protein

abundance suggests that chlamydiae-like SUF proteins are generally more abundant than the
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cyanobacteria-like cohort, which suggests that the chlamydiae-like pathway is active and
contributes towards plastid FeS metabolism (Fig. 4). Co-occurrence of two SUF pathways in
euglenophyte plastids may indicate functional diversification, for example with one in the
stroma in common with other plastids (Lu, 2018), and the second restricted to one of the
intermembrane spaces, serving co-localized FeS proteins. This hypothesis of spatial
separation of the two SUF pathways is further supported by the fact that the chlamydiae-like
proteins unlike the other cohort, possess N-terminal extensions which are generally shorter
and do not conform to a typical plastid-targeting domain (supplementary alignments file
sufs.txt). Similarly, a parallel CIA pathway for FeS cluster assembly was described in
cryptophytes and proposed to function in the periplastidial compartment (PPC) which
contains a nucleomorph and represents the remnant endosymbiont cytoplasm (Grosche ef al.,

2018).

evolutionary origin

SufE @ @ zreen algae-related (EGT)
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predicted signal

sufs | ‘ _
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Fig. 5: Plastidal SUF pathway of E. gracilis. Multiple copies of each subunit are represented by circles colored
in shades of blue based on their average LFQ intensity per replicate which indirectly corresponds to the relative
protein abundance. Proteins captured in only one replicate are also included. The evolutionary origin of the
particular subunit copy is represented by the dot in the middle: green for green algae-related, i.e. gained along
with the plastid via endosymbiotic gene transfer (EGT), or magenta for chlamydial-like, i.e. gained via LGT.
The presence of predicted signal and transit peptides is also indicated.

A further novel aspect of FeS cluster assembly machinery in E. gracilis is the presence
of an ABC transporter (seqid 3116) in the plastid proteome, homologous to mitochondrial
Atm]1 protein required for the export of unspecified FeS cluster intermediates to the cytosol.

The presence of this transporter suggests that such intermediates are transported across a
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membrane, either into the plastid or between sub-compartments (supplementary-dataset-

1.xIsx).

While direct experimental data are necessary to understand the function of the second
FeS pathway, two additional chlamydial-like proteins were also found, both with orthologs in
E. longa and Eutreptiella. One, an isoform of ferredoxin (divided into two contigs, seqids
37420 and 61063 in our data, seqid 74687 in Yoshida et al. (2016), supplementary-dataset-
2.xlsx; Fig. S9), is itself a FeS protein, and may represent a client of the chlamydial-like SUF.
The second is the alpha subunit of NADPH-dependent sulfite reductase (CysJ). Significantly,
the beta subunit of this enzyme (Cysl) contains a Fe4S4 cluster (Smith & Stroupe, 2012) and
seems to be related to spirochaetes (Fig. S10). The plastid localization of sulfite reductase is
itself notable, as previous biochemical studies associated sulfate assimilation, including the
reaction catalyzed by sulfite reductase, with the mitochondrion in E. gracilis (Saidha et al.,
1988). The plastid localization of sulfite reduction is consistent with the presence of cysteine
synthase in this organelle, as this enzyme assimilates hydrogen sulfide produced in this

reaction.

N-terminal plastid-targeting sequences in E. gracilis: We took advantage of the confidently
identified plastid-targeted proteins to re-evaluate characteristics of E. gracilis plastid-targeting
sequences. N-terminal sequences of 375 preproteins with well-supported plastid localization
(logio CP/MT ratio > 1 or photosynthetic function) and non-truncated N-termini, verified by
the presence of the spliced leader, were analysed. The presence of one or two hydrophobic
domains was confirmed using the Kyte-Doolittle hydrophobicity score (Kyte & Doolittle,
1982) in positions 9-60 (putative signal peptide, SP) and 97-130 (putative stop-transfer signal,
STS) (Fig. 6). The sequences were sorted into previously defined classes (Durnford & Gray,
2006): 47% class I (SP and STS), 37% class II (SP only), with 16% exhibiting neither of these

[3

hydrophobic domains, referred to as “unclassified”. The proportion of “unclassified”
preproteins is relatively high and may suggest a significant cohort of plastid proteins with
non-conventional targeting signals. No significant correlation between predicted function or

preprotein classes was observed.
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Fig. 6: The two hydrophobic domains in the N-termini of 375 well-supported plastid-targeted proteins with
complete N-terminus as seen on the graph of average hydrophobicity score per position compared to the negative
control (375 randomly selected proteins of E. gracilis). The range of the SP was estimated as positions 9-60
(note, that the first and last six positions of the 160 aa long sequence are missing as a result of window-based
scoring; position 7 is the first position with score assigned), the range of the STS was estimated as positions 97-
130. The hydrophobic peak representing the STS is clearly less accentuated than the one representing SP
reflecting the fact that it is present in just a subset of plastid-targeted proteins termed class II pre-proteins.

The canonical euglenophyte plastid-targeting sequence includes a region directly
downstream of the SP that exhibits features of a plastid transit peptide (transit peptide-like
region, TPL) (Inagaki et al., 2000; Slavikova et al., 2005; Durnford & Gray, 2006), which is
surprising, given the apparent absence of a conventional TOC complex in these organisms. To
understand the TPL region we investigated its sequence characteristics more closely. The
putative TPL region were selected from the 375 plastid proteins, either based on the actual
positions of the hydrophobic domains or from TPL region (61-95) estimated from the overall
hydrophobicity profile of all studied N-termini. Amino acid compositions of these putative
TPLs differed significantly from their respective mature protein regions (Fig. 7). This
contrasts to the control sets of 375 randomly selected proteins, where the only significant
difference between TPL region and the rest of the protein was a relative enrichment in serine

(for full results for both sets and all classes of preproteins, see Tables S12 and bar plots S13).
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Fig. 7: Statistical comparison of the overall amino acid frequencies in the putative transit peptide region and
the putative mature chain of the same protein for the set of 375 proteins regardless of their classification for the
plastid protein sample in comparison to the negative control (shades of blue and orange, respectively, a). The
same comparison was also performed separately for the plastid proteins of class I, class II, and “unclassified”
(shades of red, orange, and yellow, respectively, b). The vertical axis represents normalized y* sum reflecting
whether the amino acid frequency is higher or lower than expected (positive or negative values) and the relative
degree of its enrichment or depletion. The medium coloured bars represent statistically significant results with p

<0.01, the dark coloured bars represent those with p < 10~

Discussion

The E. gracilis plastid proteome described here is similar in size to Arabidopsis
thaliana (Huang et al., 2013), but larger than C. reinhardtii (Terashima et al., 2011) and B.
natans (Hopkins et al., 2012) suggesting that its functional capacity might be higher than
other unicellular phototrophs, which could be connected to the metabolic versatility of
euglenophytes. More proteins lacking readily identifiable homologs are present, compared to
e.g. C.reinhardtii, and the proportion of proteins belonging to equivalent functional
categories clearly differs, suggesting divergence in the relative significance of functions

(Tab. 1). While the former is in part a result of experimental organism bias, this also indicates
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the importance of analysis of organelles from divergent lineages to gain both an accurate

understanding of function in the organism itself as well as across eukaryotic systems.

Tab. 1: Comparison of the proportions of proteins of selected functional categories in the four plastid proteomes;
the number in brackets under the respective organism names is the total number of identified plastid proteins.

E. gracilis A. thaliana C. reinhardtii B. natans

(1345) (1462) (996) (324)
Photosynthesis 6.4% 9.1% 11.9% 14.8%
Lipid metabolism 2.9% 4.7% 2.5% 2.2%
Amino acid metabolism 0.7% 5.6% 5.5% 2.2%
Secondary metabolism 2.4% 2.9% 2.7% 2.8%
Tetrapyrrole, cofactor and vitamin
metabolism 3.5% 5.3% 3.2% 3.4%
Signalling 3.1% 2.3% 2.6% 3.7%

The euglenid plastid originated from pyramimonadalean green alga (Turmel et al.,
2009; Jackson et al., 2018), but a proportion of plastid proteins show distinct phylogenetic
affinity. Being noted previously (Maruyama et al. 2011; Markunas & Triemer 2016; Lakey &
Triemer 2017; Ponce-Toledo et al. 2018), it was suggested that these genes were acquired
from “chromophyte” prey or symbiont by the common ancestor of eukaryovorous and/or
phototrophic euglenids. The present set of experimentally determined plastid proteins both
supports this hypothesis and allows semiquantitative evaluation of contributions from
phototrophic eukaryotes. Gene cohorts related to chlorarachniophytes, ochrophytes and
haptophytes account for over 60 E. gracilis plastid proteins (19% of the algal LGT
candidates). These genes could have originated (1) from the eukaryovorous ancestor of
euglenids, sensu the “you are what you eat” hypothesis (Doolittle, 1998), (2) from initial
stages of endosymbiont integration when the euglenid host was presumably obligatory
mixotrophic (much like Rapaza viridis; Yamaguchi et al., 2012), such transfers could have
compensated for the reductive evolution of the endosymbiont genome, as proposed for the
chromatophore of Paulinella (Marin et al., 2005; Nowack et al., 2016), (3) gene transfers
from a cryptic endosymbiont, kleptoplastid, or even true plastid putatively present in the
euglenophyte ancestor and replaced by the extant organelle, in the “shopping bag” (Larkum et
al., 2007) or “red carpet” (Ponce-Toledo ef al., 2019) sense and similar to the cases of serial
endosymbioses and overall plastid fluidity in dinoflagellates (Saldarriaga ef al., 2001; Yoon et
al., 2005; Takano et al., 2008; Matsumoto et al., 2011; Xia et al., 2013; Burki et al., 2014;
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Dorrell & Howe, 2015) or (4) horizontal transfers from euglenids to the other algal group.
This latter is a possible model for proteins affiliated to chlorarachniophytes given that

euglenids are estimated as > 200 MY younger than this group (Jackson et al. 2018).

The proportion of credible plastidial proteins affiliated to Discoba, likely representing
ancestral euglenozoan proteins newly recruited for plastidial function, is relatively low. The
set is noticeably biased towards proteins related to membrane and vesicular transport, which
however, given the methodological constrains of this study, can be interpreted either as the
result of the role of host endomembrane system in the transport of biomolecules, or
sometimes more obviously as a mere contamination of both analyzed fractions by other

subcellular compartments, namely ER, Golgi, and/or vesicles.

The presence of proteins of prokaryotic affiliation is noteworthy and unexpected.
Many point at the Chlamydiae as the donor group, the most notable example is a complete
second SUF pathway of FeS cluster assembly and hence potentially the result of a single
genetic event. A surprisingly high number of chlamydial-like proteins are present in primary
plastids of plants and algae (Moustafa et al., 2008; Becker et al., 2008), which led to the
“ménage a trois” hypothesis proposing that a chlamydial endosymbiont was directly
implicated in integration of a nascent plastid, and in some manner may have even been
essential to the process (Facchinelli ef al., 2013; Cenci ef al., 2016). Whether this could also

be the case for secondary plastid establishment remains an intriguing possibility.

While the E. gracilis plastid TPL region is not conserved at the sequence level, there is
a characteristic amino acid composition (Figure 7). In addition to previously described
positive net charge, enrichment of hydroxy residues and alanine common with TP of plant
plastid proteins (Bruce, 2000; Durnford & Gray, 2006; Patron & Waller, 2007; Felsner et al.,
2010; Li & Teng, 2013) there is a paucity of non-polar residues and the high proline content
that may confer distinctive secondary structure (MacArthur & Thornton, 1991). Interestingly,
proline residues in TP were recently proposed to be important for correct import of plastid
proteins with multiple transmembrane domains in plants (Lee ef al., 2018), but it is unclear
what the significance of general proline-richness in TPs, as observed here, could be. The
additional properties of the TPL are likely recognised by an as yet unknown receptor,
consistent with a major reorganization to translocation systems, i.e. a reduced TIC/TOC
complex and the presence of derlin-like proteins. The absence of unambiguously identifiable

additional components, such as Npl4 and Ubx, leaves it unclear if a translocon analogous to
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SELMA is functional in E. gracilis. Nevertheless, we believe it is a noteworthy candidate for
components of the unknown euglenophyte plastid protein import system, specifically as
translocases of the middle plastid membrane (Fig. 3), filling a gap in the protein import
machinery caused by the absence of TOC. These findings also hint at the possibility of the
middle membrane being derived from the host endomembrane system and not the outer
cyanobacterial-like membrane of the ancestral primary plastid. Most secondary plastids keep
all four membranes and it is not clear how probable or improbable the loss of one of the
cyanobacterial membranes is, however, the recently described structure of the plastid of the
stramenopile Chrysoparadoxa suggests that this membrane topology can indeed arise

(Wetherbee et al., 2018).

In summary, this is the first report of a proteome of a euglenid plastid, based on direct
organellar isolation and proteomics. Novel import systems, metabolic pathways and the
presence of significant transfers from prokaryotic genomes all contribute towards a complex

and divergent organelle which has a major impact on the biosphere.
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