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1 Introduction

1.1 Kinetoplastea

Kinetoplastids represent one of the putatively most ancestral eukaryotic lineages
(Cavalier-Smith, 2010). This widespread and extremely speciose group of eukaryotic
protists, sometimes called microeukaryotes, belongs to the Euglenozoa, supergroup
Excavata (Adl et al., 2012). Together with three sister groups Euglenida, Symbiontida and
Diplonemea, Kinetoplastid flagellates are characterized by specific features including
polycistronic transcription and trans-splicing of nuclear genes or a large mitochondrion with
discoidal cristae containing a prominent mitochondrial DNA termed kinetoplast, which gave

the group its name.

Phylogenetic analyses support division of the class Kinetoplastea into subclasses
Prokinetoplastina and Metakinetoplastina (Adl et al., 2012; d'Avila-Levy et al., 2015), with
the former clade containing only two known representatives: Ichthyobodo — an ectoparasite
of fish with two flagella and Perkinsela — an aflagellar endosymbiont of amoebozoans of the
genus Paramoeba parasitizing on gills of fish (Dykova et al., 2008; Young et al., 2014).
Perkinsela, which according to the Giemsa staining has more DNA in its mitochondrion than
in its nucleus, is located in the perinuclear region of the host and seems to behave like an
organelle, as it synchronizes its division with the division of the host (David et al., 2015;
Tanifuji et al., 2011).

All the remaining species belong to subclass Metakinetoplastina, which is further
subdivided into four clades — Eubodonida, Neobodonida, Parabodonida, and
Trypanosomatida. The first three groups are called bodonids and comprise species with
various life styles ranging from free-living, through commensalic to parasitic ones.
Phylogeny of this group is still not fully resolved, with free-living genera Bodo and Neobodo
being paraphyletic (Lukes et al., 2014). Parasitic life style has apparently evolved several
times within bodonids, and currently there are three known parasitic clades; snail-infecting
Cryptobia (Woo, 2003), economically important Azumiobodo, which causes severe damage
on cultured ascidians (Kumagai et al., 2013), and Trypanoplasma living in the fish blood
(Lukes et al., 1994). The last group — Trypanosomatida contains remarkably successful
obligatory parasites infecting a wide range of invertebrates, vertebrates and plants (see

below).



1.2 Trypanosomatida

Trypanosomatids are probably the most studied group of protists (Verner et al., 2015),
with species that are present both globally and endemically (Votypka et al., 2012b). In
addition to features common for most kinetoplastids (one large mitochondrion, RNA editing,
polycistronic transcription and trans-splicing of nuclear genes, compartmentalized
glycolysis, etc.), trypanosomatids possess additional features that are characteristic solely
for this group. These include: i/ fully developed subpellicular microtubular corset, which
reinforces the cell and at the same time restricts endo- and exocytosis to the flagellar pocket
(Hemphill et al., 1991; Vickerman, 2000), ii/ single beating flagellum that can be either free
or attached to the cell body, creating an undulating membrane (Vickerman, 2000), iii/
paraflagellar rod serving as a support for external part of the flagellum (Vickerman, 1962),
iv/ acidocalcisomes with high concentration of calcium for ion homeostasis regulation, and
v/ a compactly packed kinetoplast (k) DNA, which is a complex of interconnected circular

DNA molecules of two categories: maxicircles and minicircles (Liu et al., 2005).

In contrast to their paraphyletic sister group Bodonida, all members of the family
Trypanosomatidae are obligatory parasites and many of them are of high medical and
veterinary importance (Lukes et al., 2014; Simpson et al., 2006). Based on their life cycle,
we can distinguish one-host (monoxenous) parasites infecting various insect species, living
predominantly in their digestive tract and two-host (dixenous) parasites that added a second
host — either a plant or more commonly a vertebrate or invertebrate host (Kaufer et al., 2017,
Maslov et al., 2013); see below for details). Trypanosomatids are morphologically very
variable; currently eight morphotypes are recognized (epimastigote, trypomastigote,
promastigote, opisthomastigote, choanomastigote, amastigote, spheromastigote and
opisthomorph) (Fig. 1). These are defined by cell morphology, mutual positioning of the
kinetoplast, nucleus and flagellar pocket and presence/absence of the flagellum (d'Avila-
Levy et al., 2015; Wallace et al., 1983).
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Figure 1: Schematic representation of the main morphological forms present in
trypanosomatids. Dash should be replaced by the word "mastigote” (Adapted from d'Avila-Levy et
al., 2015).

1.2.1 Trypanosomatid systematics and phylogeny

Until the end of 19" century, trypanosomatid taxonomy was based on the presence
of a set of life cycle stages, disease manifestation and morphology using light microscopy
(Hoare and Wallace, 1966; Simpson et al., 2006). Later usage of electron microscopy
techniques did not yield any significant advancement for species recognition and
identification, but allowed detailed description of the flagellar pocket, cytoskeletal
organization and kinetoplast structure (De Souza, 1995; Gluenz et al., 2015; Wheeler et al.,
2016). Until the end of 20" century, only about a dozen trypanosomatid genera has been
described, mainly from medically important clades (Simpson et al., 2006). This is not
surprising considering that trypanosomatids have a predominantly clonal reproduction and
lack sufficient morphological differences among species. Moreover, even within a single
isolate, there is a continuum of morphotypes overlapping with those of other isolates
(Maslov et al., 2013). Thanks to major advancements in molecular biology, DNA sequencing
and phylogenetic approaches, our view of trypanosomatid phylogeny has improved,
however due to an uneven sampling, with focus on medically important species, our view

remains deeply biased.

Currently, several molecular markers have been extensively used. Probably the most
widely used and information-rich one with the highest number of representative sequences
in online databases is the nuclear small subunit (SSU, 18S) rRNA. Unfortunately, relying

solely on this marker has numerous limitations. This gene has gone through a massive



evolutionary change in the early kinetoplastids and, therefore, phylogenetic trees have
extremely long branches that connect kinetoplastids with other eukaryotes, yet at the same
time create short internal branches within this group (Maslov et al., 1996; Simpson et al.,
2006). To overcome this limit, other genetic loci must be used. The second most frequently
used marker is the glycosomal glyceraldehyde 3-phosphate dehydrogenase gene that appears
to be a good choice for building phylogenetic trees, particularly for these protists (Hollar et
al., 1998). In a limited number of cases the usage of other housekeeping genes, such as
nuclear large subunit (LSU, 28S) rRNA, RNA polymerase Il or heat-shock proteins hsp70
and hsp83 also proved to be helpful (Barratt et al., 2017; Kostygov et al., 2016; Pothirat et
al., 2014). Nowadays, it is obvious that a single gene-based phylogenetic analyses often
provide inaccurate tree topologies with poorly supported branches, because sequencing is
prone to errors and there are not enough informational positions in one gene. Therefore,
using concatenated phylogenetic matrices combining at least one rRNA gene, other nuclear
and mitochondrial-encoded genes are becoming standard tools required for comprehensive
analyses. Combination of these markers usually provides well-supported inter-specific
resolution but because of their relative sequence conservation, they fail to resolve terminal
branches of the phylogenetic trees that represent closely related species or strains of the same

species.

For this purpose, one can make advantage of the internal transcribed spacers (ITSs)
1 and 2 and kinetoplastid-specific splice leader (SL) RNA gene repeats (Maslov et al., 2013,
Votypka et al., 2014). ITS1 gene is located between 18S and 5.8S rRNA genes, while ITS2
can be found between 5.8S and 28S rRNA genes. These genes are easy to amplify because
of their relatively small size (cca 500 nucleotides [nt]) and highly conserved flanking
sequences. They are also useful for detection from very small amounts of DNA because they

are present in high copy number in the genomes.

The SL RNA marker combines three types of sequences: a highly conserved 39 nt
mini-exon, 50-60 nt moderately conserved intron and a highly variable intergenic sequence.
The latter is responsible for length variability of the SL repeats, which range from 0.2 kb to
1.0 kb in different trypanosomatids and are tandemly arranged as blocks of 100-200 copies
in their genomes. This combination of conserved and variable regions enabled development
of a PCR-based approach, wherein the conserved exon sequences served as a target for
universal primers designed to amplify an entire repeat unit, while the hypervariable
intergenic region was used as a molecular marker of high resolution (Campbell et al., 2000;
Teixeiraetal., 2011).



When combined with the traditional morphology-based system, these modern
phylogenetic techniques brought major changes into the classification of trypanosomatids,
in numerous cases leading to the redefinition of genera. New nucleotide sequence-based
system substituting species with typing units (TUs) was successfully tested and then
introduced (Kozminsky et al., 2015; Maslov et al., 2013; Westenberger et al., 2004). This
approach defines a “molecular species” with 90% sequence similarity threshold of the SL
RNA gene repeats, identifying individual TUs.

Combination of phylogenetic analyses based on concatenated datasets which are
supported by the SL analysis was tested on extensive field samples from Costa Rica and
Ecuador (Yurchenko et al., 2008), and is now routinely used for field surveys and species
descriptions (Barrat et al., 2017; Espinosa et a., 2016; Kozminsky et al., 2015; Schwarz et
al.,, 2015; Svobodova et al., 2007; Votypka et al., 2010). For example, studies of
trypanosomatid parasites of Neotropical Heteroptera conducted in South-West China,
central Europe, the Mediterranean and equatorial Africa revealed more than 90 TUs
representing new species according to the SL-based genotyping (Jirkt et al., 2012; Kostygov
et al., 2014; Votypka et al., 2012a; Votypka et al., 2010).

These modern techniques also proved that trypanosomatids really evolved from
bodonids (Simpson et al., 2006), disproved the “one host — one parasite” paradigm
(Podlipaev, 1990; Votypka et al., 2015), supported monophyly of the genus Trypanosoma
(Hamilton et al., 2004; Leonard et al., 2011) and brought attention to the monoxenous

species that were until present, overlooked because of their “insignificance”.

1.2.2 Trypanosomatid diversity

Until the 1990s, the collection of monoxenous species was very small, with only a
few new species being added to the organisms kept in culture already for decades. However,
the recent emergence of several new major clades or independent deep-branching lineages
within the monoxenous trypanosomatids triggered a new wave of interest and motivated
extensive sampling for these insect parasites around the world. Consequently, almost 400
insect trypanosomatids have been described to date, and this number is steadily increasing
(d'Avila-Levy et al., 2015; Kostygov et al., 2016; Kozminsky et al., 2015; Kraeva et al.,
2015; Podlipaev et al., 2004; Ty¢ et al., 2013; Votypka et al., 2014).
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Figure 2: Evolutionary tree of trypanosomatids based on molecular data. Number of
sequences representing species are shown. Red-green checkboard represents free-living and
parasitis bodonids species collapsed in one clade. Yellow color represents monoxenous species
and red color dixenous. Colored circles depict groups of invertebrate hosts. (Adapted with updates
from Lukes et al., 2014)

According to the latest trypanosomatid systematics, 22 major clades have been
identified (Fig. 2), which is double of those known just ten years ago (Kaufer et al., 2017;
Simpson et al., 2006). Although the relationships among them are not resolved with high
support and some genera are still being disputed (Kostygov and Yurchenko, in press), most
of the subdivisions are robust and well-supported. They divide the described species or TUs
into meaningful groups, which are reflected in their life styles, hosts, or molecular features
(Kaufer et al., 2017; Lukes et al., 2014; Maslov et al., 2013). Still, because of their medical
and economical importance, the best known and most studied members belong to the



dixenous genera Trypanosoma, Leishmania and Phytomonas. There are more than 140

described species with sequence data available in NCBI database.

The genus Trypanosoma is the most species-rich. Its members parasitize a wide range
of hosts encompassing mammals, fish, birds, amphibians and lizards (Podlipaev, 1990), and
are transmitted by vectors ranging from leeches (Hayes et al., 2014) to biting flies and bugs
(Franco et al., 2014; Stevens et al., 1999). In the case of tsetse flies, it was thought that these
transmit only Trypanosoma brucei, but modern high-throughput sequencing methods
revealed that they actually act as vectors for a wide range of trypanosomes (Votypka et al.,
2015). PCR-based analysis of their blood prey even allowed determining on which vertebrate
species a given tsetse fly was feeding (Calvignac-Spencer et al., 2013). Indeed, these data
may be also used to sample local vertebrate biodiversity, including very rarely seen

vertebrates (Calvignac-Spencer et al., 2013).

The most pathogenic and at the same time best studied T. brucei is further subdivided into
five sub-species, each inflicting different form of trypanosomiasis. T. brucei brucei causes
African trypanosomiasis, also called nagana (Roberts et al., 2013) is non-infectious to
humans because of its susceptibility to lysis by human apolipoprotein L1 (Pays and
Vanhollebeke, 2008), and hence infects wild African animals (antelopes, zebras and others)

and domestic animals (horses, goats, pigs and others).

T. brucei equiperdum and T. brucei evansi have partially (dyskinetoplastidy) or
totally (akinetoplastidy) lost their kinetoplast DNA (Lai et al., 2008). T. brucei equiperdum
infects horses and causes a deadly disease known as dourine. These trypanosomes can
mainly be found in the lymph and skin blisters, and are transmitted mechanically during
copulation. T. brucei equiperdum can be found outwith Africa, including areas of Asia and
Eastern Europe (Volf and Horak, 2007). T. brucei evansi infects camels and water buffaloes,
causes a serious disease called surra, which is transmitted both by bloodsucking insects and

during mating, and occurs worldwide (Lai et al., 2008).

The most medically important trypanosomes are T. brucei gambiense and T. brucei
rhodesiense. The former can be found in western and central parts of Africa and inflicts so-
called West African or chronic sleeping sickness in humans. This disease may take several
years to manifest but is eventually deadly if left untreated. T. brucei rhodesiense is most
common in southern and eastern savannah regions, infecting wild animals, livestock and
humans. In humans, it causes so-called East African or acute sleeping sickness, which is
deadly in several weeks if left untreated (Barrett et al., 2003; Volf and Horak, 2007). Human



African Trypanosomiasis caused by these parasites is endangering up to 61 million people,

with approximately 15,000 new cases every year (Kaufer et al., 2017).

These obligate parasites, except T. brucei equiperdum and T. brucei evansi, that exist
only in the bloodstream form and are transmitted mechanically (Brun et al., 1998), have two
hosts — an insect vector (tsetse fly Glossina species) and a mammalian host. Differences
between these hosts are substantial in every aspect, and to cope with switching between
them, during its life cycle trypanosome undergoes complex changes in morphology,
metabolism and surface proteins. The main stages are the bloodstream stage in mammalian
blood, the procyclic stage in the tsetse fly midgut, and the infectious metacyclic stage in the

tsetse fly salivary glands (Verner et al., 2015; Vickerman, 1985).

Another member of this genus is Trypanosoma cruzi that causes Chagas disease, an
illness endemic to Latin America with an estimated eight million people infected. This
parasite is transmitted by a blood-sucking reduviid bug of the Triatominae subfamily. 7. cruzi
1s primarily a zoonotic parasite with dogs, cats and wildlife serving as its reservoirs (Jackson
etal., 2014). Humans are incidental hosts. The infectious stages of 7. cruzi, called metacyclic
trypomastigotes, are located in the rectal cell wall of the bug and are transmitted by

defecation on skin of vertebrate host during blood feeding (Rassi et al., 2010).

Protists ranked into the genus Leishmania seriously affect millions of people in
tropical and subtropical regions of the world. These parasites are transmitted by females of
sandflies of the genera Phlebotomus and Lutzomyia during the blood meal, and are causative
agents of different kinds of leishmaniases (Alvar et al., 2012; Banuls et al., 2007). These
intracellular parasites cause three different forms of infections: cutaneous leishmaniasis
(caused by L. major, L. tropica, L. aethiopica and L. mexicana), mucocutaneous
leishmaniasis (caused by L. brasiliensis) and visceral form (caused by L. donovani and L.

infantum) (Ryan and Ray, 2003).

Representatives of the genus Phytomonas are parasites of a wide range of plants and
can be divided into three groups according to their occurrence in floem, latex ducts, fruit and
seeds. They are transmitted by phytophagous insects and are responsible for deadly diseases
of economically important crops, such as coffee, corn, coconut, cassava, tomatoes and

hartrot of oil palms (Camargo, 1999; Jaskowska et al., 2015).

Another dixenous genus is Paraleishmania that was recently re-erected and contains
two species formerly known as Leishmania hertigi and Porcisia deanei (Kostygov and

Yurchenko, in press). Both species were isolated from rodents in South America and their



vectors are currently unknown (Espinosa et al., 2016). Endotrypanum is the last known
dixenous trypanosomatid infecting erythrocytes of two-toed sloth (Mesnil and Brimont,
1908) with its vector never identified, but phlebotomine sand flies are suspected (Shaw,
1964). This genus is highly controversial and its identity has been debated for decades
(Cupolillo et al., 2000). All currently isolated strains that were presumed to belong to it lack
the originally described morphology and their ability to infect erythrocytes was never
proven. Therefore, it was proposed to consider this genus as nomen dubium until these issues

have been resolved (Kostygov and Yurchenko, in press).

Regarding the monoxenous species and their diversity, they are limited only by the
number of possible niches and the evolutionary time needed for diversification. Even if one
would assume that not every insect species is suitable for new niche establishment, as the
most diverse group of eukaryotes, insects represent an extremely speciose group of hosts.
Scientists have been able to identify almost one million of insect species and the total number
Is estimated over five million (Stork et al., 2015). From those known to us, only 2500 have
been examined for the presence of trypanosomatids, and even this small fraction
significantly extended our knowledge of trypanosomatids and unveiled the facts that most

of trypanosomatid diversity lays within the monoxenous species.

At the time of writing this thesis, 17 monoxenous clades have been recognized.
Angomonas, Kentomonas, Strigomonas and Novymonas are bacterial endosymbiont-bearing
clades with Novymonas hosting a bacterium not related to other trypanosomatid
endosymbionts. Moreover, it seems that the Novymonas symbiosis is a relatively recent
event as the host does not fully control the number of harbored bacteria (Kostygov et al.,
2016). The genera Crithidia, Herpetomonas and Leptomonas are polyphyletic according to
recent phylogenetic analyses (Votypka et al., 2015; Yurchenko et al., 2009). Indeed,
substantial differences among species belonging to the same clade or genus were already
noticed in the past, e.g. during comparison of enzymatic activities and DNA hybridization
surveys (Batistoti et al., 2001). As a matter of fact, Leptomonas and Crithidia have been
considered as the lumping genera for all species with unresolved phylogenetic position
(Batistoti et al., 2001; Yurchenko et al., 2008). Consequently, it is not surprising that several
species from the genus Crithidia were recently reassigned into the newly erected genus
Lotmaria, which brings together species parasitizing honey bees (Schwarz et al., 2015).
Several new genera have been established for species separated from the genus Leptomonas.
One of them is Leptomonas barvae, which together with numerous environmental samples

justified constitution of the genus Borovskyja (Kostygov and Yurchenko, in press). Another



genus was erected by reclassification of Leptomonas costaricensis, constituting the genus
Zelonia which also encompasses several newly identified species from Australia (Barratt et
al., 2017).

An interesting case of a taxonomy mix-up is represented by the genus Wallacemonas,
which was previously considered polyphyletic. The reason was that the type species was
actually a mixed culture of two morphologically very different species, one being true
Wallacemonas and the second one belonging to the genus Crithidia, which led to
contradictory results between taxonomy and molecular phylogeny analyses (Kostygov et al.,
2011; Kostygov et al., 2014). Species from the clade “Jaculum” and the genus
Blastocrithidia are difficult to cultivate, requiring complex cultivation media. The latter one
got its share of publicity when it was found it uses a non-canonical nuclear genetic code for
all three termination codons, where UGA has been reassigned to encode tryptophan, while
UAG and UAA (UAR) encode glutamate, with only UAA serving as a genuine stop
(Zahonova et al., 2016). It seems that some trypanosomatid species infect only certain group
of insects. For example, representatives of the genus Sergeia are confined to biting midges
(Svobodova et al., 2007); while fruit flies (Drosophila sp.) are being infected by species
from the Jaenimonas clade (Hamilton et al., 2015), and fleas harbor members of the genus
Blechomonas (Votypka et al., 2013). Last but not least, is the genus Paratrypanosoma,
which forms the most basal branch between free-living bodonids and parasitic

trypanosomatids (Flegontov et al., 2013) (described in more detail in chapter 3.2).

1.2.3 Evolution of parasitism in trypanosomatids

The scientific community has been struggling to unravel the evolution of
trypanosomatids, sometimes producing contradictory reports concerning their phylogenetic
relationships. Two mutually exclusive scenarios of the origin of dixenous (two-host)
trypanosomatids are being debated. The ‘vertebrate-first' suggests that the ancestral
flagellates first colonized the gut, only later the blood of early aquatic vertebrates, and were
subsequently introduced to the haematophagous insects during blood feeding (Minchin,
1908). The 'insect-first' hypothesis postulated that parasites of vertebrates descended from
those of insects, where they became established first (Léger, 1904). The struggle between
these evolutionary scenarios lasted for almost a century because until recently, the most basal
trypanosomatid branch was constituted by the genus Trypanosoma, supporting Minchin’s

vertebrate-first hypothesis. Thanks to intensive sampling covering a greater area and
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improved modern molecular phylogenomic methods, a new basal branching monoxenous
trypanosomatid named Paratrypanosoma confusum has been described. The available data
robustly verify its position at the transition between free-living bodonids and dixenous
Trypanosoma, thus ultimately proving Léger's hypothesis that all dixenous flagellates are
derived from their monoxenous predecessors from the insect hosts (Flegontov et al., 2013;
Lukes et al., 2014; Maslov et al., 2010). This course of events had additional support from
an unexpected fossil source. A phlebotomine fly trapped in amber and massively infected by
a flagellate highly reminiscent by shape of Leishmania was identified in Myanmar. The
parasite labeled Paleoleishmania, was accompanied in the insect’s intestinal tract by
nucleated red blood cells, likely originating from a dinosaur (Poinar, 2008).
Paleoleishmania, morphologically virtually indistinguishable from the extant Leishmania,
was dated to ~110 million years, indicating that the establishment of the dixenous life style
might be a fairly ancient event (Poinar, 2008; Poinar and Poinar, 2004). Modern molecular
dating analyses using multi-concatenated protein datasets built from dozens of available
trypanosomatid nuclear genomes place the origin of the genera Leishmania and
Trypanosoma at least 90-100 MYA (million year ago) (Fig. 3) (Harkins et al., 2016; Luke$
et al., 2014). This is quite plausible at least for the Trypanosoma species, where the
divergence between T. brucei and T. cruzi is believed to have occurred 100 MYA based on
the split between Africa and South America (Lukes et al., 2007; Stevens and Gibson, 1999).
Nonetheless, the phylogeographic data has to be treated with caution as was shown in the
case of alligators and crocodiles. These species split around 90 MYA, although
trypanosomes parasitizing them are still closely related, a finding more consistent with a
transoceanic dispersal of Crocodylus around 4-5 MYA (Fermino et al., 2013). Moreover, we
need exercise caution when using molecular dating, as calibration points in the form of

fossils are missing; the further we go into the past, the higher the uncertainty.
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Figure 3: Phylogenetic tree of kinetoplastids constructed using molecular clock model.
Concatenated dataset of 42 proteins for 18 kinetoplastid species and Naegleria serving as
an outgroup was used to estimate divergence times. Node represents mean divergence and
numbers 95% confidence intervals. Star denotes oldest known fossil of a kinetoplastid. X axis is
in absolute time scale in millions of years along with emergence of host groups invaded by
trypanosomatids. (Adapted from Lukes et al., 2014).

There are reports that monoxenous trypanosomatids occasionally explore the
potential of a novel niche. While being considered non-pathogenic for vertebrates,
monoxenous trypanosomatids were occasionally found infecting immunodeficient humans.
The capacity to invade vertebrate host is not restricted to one group, as there are several
unrelated isolates that possess this ability. For example, a close relative of Blechomonas
pulexsimulantis from the monoxenous genus normally infecting fleas was isolated from a
HIV-positive person in Brazil (Pacheco et al., 1998). Several other cases of HIVV-positive
individuals co-infected with a monoxenous trypanosomatid from various genera have been
reported over the years (Chicharro and Alvar, 2003). It seems that these patients may develop
skin lesions, splenomegaly and other symptoms typical for visceral or cutaneous

leishmaniasis (Barratt et al., 2010).

Not surprisingly, monoxenous trypanosomatids from the genus Leptomonas also have been
detected as co-infections in HIV-negative patients suffering from visceral leishmaniasis or
kala-azar caused by Leishmania donovani (Selvapandiyan et al., 2015; Singh et al., 2013;

Srivastava et al., 2010). The main monoxenous species recovered from these co-infections
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is Leptomonas seymouri (Singh et al., 2013) originally isolated from a “cotton stainer”
Dysdercus suturellus, a strictly phytophagous bug (Wallace, 1977). Humans are not the only
vertebrates which are being probed for a novel niche by monoxenous trypanosomatids, as
members of the genus Herpetomonas were also isolated from rats and stray dogs in Egypt
(Morsy et al., 1988; Podlipaev et al., 2004).

1.2.4 Trypanosomatid nuclear genomes

Trypanosomatids undoubtedly belong to the most successful parasites on Earth with
unique and dexterous life style and almost ingenious adaptations to the hostile environment
of the host. Because they cause devastating diseases, several Trypanosoma and Leishmania
species have been subjected to a great number of studies aiming to understand various
aspects of their molecular and cellular biology. Many fascinating features have ben found
over the last decades. One such finding is that trypanosomatids have virtually intron-less
genomes. The only exception is polyA polymerase and putative DEAD/H RNA-helicase,

which possess a cis-spliced intron (Mair et al., 2000; Preusser et al., 2014).

Trypanosomatids also perform polycistronic transcription, an extremely rare feature
in eukaryotes. Trypanosomatid genes are transcribed in the form of very long transcripts,
sometimes encompassing the entire length of a chromosome (Martinez-Calvillo et al., 2003;
Worthey et al., 2003). Transcription is initiated by polymerase Il, usually in bidirectional
fashion and the emerged transcripts are subsequently processed into monocistronic units.
Capped 5’-end of mRNA is generated by trans-splicing with the addition of a 39 nt-long
capped SL RNA, while polyadenylation of the 3’-end is coupled with trans-splicing of the
downstream unit (Clayton, 2016; LeBowitz et al., 1993). All necessary steps are performed
in the nucleus by the splicesome (Mayer and Floeter-Winter, 2005). Polycistronic
transcription means that trypanosomatids are unable to regulate expression of individual
genes, and the regulation is post-transcriptional. There are several possible methods to
regulate transcription in the nucleus prior to mature mRNAs reaching the cytosol. They
range from varying the nuclear gene copy number (Clayton, 2016), through competition
between mMRNA processing and RNA degradation machineries (Fadda et al., 2014), to
transcription unit length and gene order (Kelly et al., 2012).

The rapid development of high-throughput sequencing techniques allowed genome
and transcriptome sequencing of dozens of medically and economically important dixenous

parasites, producing high quality assemblies that can serve as a suitable reference. Genome
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sizes of sequenced trypanosomes range from 22 Mb in T. brucei gambiense, through 26 Mb
in T. brucei brucei (strain TREU927), to 47.5 Mb in T. vivax (Gibson, 2012; Greif et al.,
2013; Sistrom et al., 2014). The genomes of Leishmania species are more comparable in
size, ranging from 27 Mb in Leishmania enriettii to 33 Mb in L. infantum and L. major
(Peacock et al., 2007; Real et al., 2013). All other genomes for dixenous parasites belong to
the genus Phytomonas, namely Phytomonas sp. strains EM1 and HART with genome size
of 18.1 Mb and 17.8 Mb, respectively (Porcel et al., 2014). Quite recently a 17.7 Mb genome

of Phytomonas francai was announced (Butler et al., 2017).

Initial comparative genome analysis of T. brucei, T. cruzi and L. major, frequently
labeled as “Tritryps”, lead to several unexpected findings (El-Sayed et al., 2005). Haploid
genomes of Tritryps are divided into 11 to 36 chromosomes, which contain from 8100 to
12000 protein-coding genes (El-Sayed et al., 2005). Although these pathogens substantially
differ by their insect vectors, target tissues, immune evasion strategy and disease
pathogenesis, they share a conserved proteome core of almost 6200 genes. Moreover, 94%
of them belong to regions of conserved gene syntheny (El-Sayed et al., 2005). Currently,
about 50% of trypanosomatid genes have no known function (Jackson, 2015). Most of them
do not have homologues outside of Kinetoplastea, so a tedious functional analysis is the only
way to establish function, which has a potential in the development of new

chemotherapeutics, with the advantage of their likely use against all three parasites.

The fact that the Tritryp species are so dissimilar in their pathology and at the same
time share so many features on the genome level is even more striking when comparing
different species within a genus. For example, genome-wide comparative analyses of three
Leishmania species, namely L. major, L. infantum and L. braziliensis that are clinically,
biologically and epidemiologically diverse, identified ~50 genes with differential
distribution among them (Downing et al., 2011; Peacock et al., 2007). Another example is
genome sequencing of 16 L. donovani strains which are responsible for visceral
leishmaniasis in humans. These clinical isolates differ in their response to drug susceptibility
and were obtained from infected patients in Nepal. Besides the expected relative genetic
homogeneity, extensive variation in chromosome copy number between strains was found
(Downing et al., 2011). Comparative genomic analyses unveiled genes such as those that are

required by L. donovani to infect visceral organs (Peacock et al., 2007).

As it seems unlikely that any additional extensive and thorough genome analyzes of
the dixenous genera Leishmania and Trypanosoma will reveal specific genetic elements

responsible for successful parasite invasion of vertebrates, scientists are trying novel

14



approaches of deriving this information from the genomes of their sister groups, represented
by the monoxenous insect trypanosomatids. This is a recent approach, as these medically
and economically unimportant parasites were until few years ago represented by just a single
partially annotated draft genome of Crithidia fasciculata with N50 scaffold size of 920 kb
(the scaffold size above which 50% of the total length of the sequence assembly can be
found) that was deposited in TriTrypDB database for public use (Aslett et al., 2010). Thanks
to a number of recent studies, extensive sampling of insect trypanosomatids and constant
drop of price per sequenced nucleotide base pair, ten genome drafts and numerous
transcriptomes are now available for different lineages of monoxenous members of the
family Trypanosomatidae. These genome draft assemblies are from Lotmaria passim
(formerly known as Crithidia mellificae) a honey bee parasite with scaffold N50 = 32 kb
(Runckel et al., 2014), Leptomonas seymouri (N50 = 70.6 kb) found in coinfections with
Leishmania (Kraeva et al., 2015), Blechomonas ayalai (N50 = 94,8 kb) from flies and
Angomonas deanei (N50 = 2.5 kb) and Strigomonas culicis (N50 = 2.7 kb), both
endosymbiont-bearing species isolated from mosquitos and hemipterid insects (Motta et al.,
2013). Furthermore, contigs of Herpetomonas muscarum (N50 = 6.8kb) have been deposited
to GenBank (Alves et al., 2013).

The most notable example of a monoxenous genome is that of Leptomonas
pyrrhocoris with a draft of 30 Mb, which was assembled almost to the chromosomal level
and thus can serve as a benchmark for this group of trypanosomatids (Flegontov et al., 2016).
Another noteworthy example is the first genome draft of the free-living kinetoplastid Bodo
saltans with genome size of 40 Mb (Jackson et al., 2016). Except the transcriptome of
Neobodo designis produced in frame of the Marine Microbial Eukaryote Transcriptome
Sequencing Project (http://marinemicroeukaryotes.org), no other sequencing data are

available from free-living bodonids.

Lately, we have sequenced the genome of Paratrypanosoma confusum, which
constitutes the earliest branch between free-living bodonids and parasitic trypanosomatids.
Its genome size is 31.6 Mb, being in term of quality on par with the genome of L. pyrrhocoris
(discussed in more detail in chapter 3.2).
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1.25 RNA interference

A key approach to study gene function in trypanosomatids rests in employing RNA
interference. This machinery is responsible for maintaining genome stability by silencing
mobile elements and repeats (Patrick et al., 2008), has a role in heterochromatin formation
(Durand-Dubief et al., 2007), provides defense against invading viruses (Lye et al., 2010)
and regulates mRNA levels, thus gene expression by specific destruction of mMRNA
molecules. Most detailed information about the RNAIi pathway in protist parasites is
available from T. brucei, where it has two branches. One is located in the nucleus where it
Is initiated by a Dicer-like enzyme TbhDCL2, which digests long RNA duplexes (dSRNA)
into both 20-30 nt-long siRNA duplexes and 40-50 nt-long dsRNA intermediates that are
being provided to the second RNAI arm represented by ToDCL1 enzyme, which is located
in the cytoplasm. This enzyme further processes dsRNA into siRNA duplexes. The nuclear
part is believed to be mainly responsible for the down-regulation of retroposons and repeats
and thus maintaining genome stability, while the cytosolic one is considered to be a
secondary checkpoint against retroposons and repeats that escaped from the nucleus (Patrick
et al., 2009). Working together, these enzymes enable full RNAI response, each providing a
“program” for Argonaute AGO1. The siRNA duplexes are separated into single-stranded
siRNA by DnaQ family 3°-5"exonuclease ThRIF4 and possible ToDCL1 cofactor, TORIF5
(Barnes et al., 2012). AGOL1 loading with these single-stranded siRNA is done by the
Hsp90/70 chaperone system (lwasaki et al., 2010), and terminal 3" ribose is modified with
HEN1 methyltransferase, thus protecting it against nucleases. The whole complex forms the

RNA-induced silencing complex that seeks and cleaves homologous target RNA.

The discovery of a functional RNAI pathway in T. brucei (Ngo et al., 1998) and its
effectiveness and usefulness in functional studies provoked its search in other kinetoplastids.
It was later found to be functional in other African trypanosomes, Crithidia fasciculata,
Leishmania braziliensis, and Leishmania guyanensis, albeit with low efficiency (Lye et al.,
2010). Unfortunately, T. cruzi (DaRocha et al., 2004), Leishmania major, Leishmania
donovani (Robinson and Beverley, 2003), Leishmania infantum or Leptomonas seymouri

possess core components of the RNAI pathway

The finding of a highly efficient RNAI pathway in L. brasiliensis was surprising and
triggered speculations as to why the pathway was lost in the Old World leishmanias, but
retained in their New World kins. In one scenario, it was proposed that the forces leading to

the loss of RNAI pathway in protist parasites are dSRNA viruses termed LRV (Lye et al.,
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2010). It seems that it is beneficial for Leishmania species to harbor dsRNA viruses, as upon
release they are capable of modulating the vertebrate host immune system, thus increasing
the survival (Gupta and Deep, 2007) and pathogenicity (lves et al., 2011) of the flagellate.

Recent genome sequencing of bodonids and insect trypanosomatids revealed that the
RNAI pathway is present and probably functional in several other kinetoplastids, such as
Leptomonas pyrrhocoris (Flegontov et al., 2016), Bodo saltans, T. congolense, T. evansi, T.
grayi, T. vivax and in the most basal branching parasitic trypanosomatid Paratrypanosoma
confusum (Tab. 1). Moreover, P. confusum harbors dsRNA virus particles from the
Narnavirus family (D. Grybchuk, unpublished results). These finding are parsimonious with
a scenario, according to which RNAI machinery was lost only later in the evolution of

trypanosomatid parasites.

17



Table 1: Presence/absence of RNAI pathway core genes in 30 analyzed species. Presence is
marked with green color. Numbers represent number of gene copies in each species.

Gene name DCL1 | DCL2 | AGO1
B. ayalai

B. saltans

C. fasciculata

. braziliensis M2903

. braziliensis M2904

. donovani

. infantum

. major Friedlin

. mexicana

. tarentolae

. pyrrhocoris

. seymouri

N. designis

N. gruberi

P. confusum

Phytomonas sp. EM1
Perkinsela sp. CCAP-1560
Phytomonas sp. HART1
T. borreli

T. brucei Lister 427

T. brucei gambiense

T. brucei TREU927

T. congolense

T. cruzi Esmeraldo-like
T

T

T

T

T

[ i Y I Y i i Y i Y i

0
0
0
0
0
0
0
0

. cruzi Non-Esmeraldo
. cruzi Sylvio
. evansi
. grayi
. cruzi marinkellei
T. vivax

18



2 Research objectives

Investigation of the diversity and host specificity of trypanosomatids

Investigation of morphology and biology of monoxenous trypanosomatid P.
confusum

Genome and transcriptome sequencing of P. confusum

Genome assembly and annotation of P. confusum

Use comparative genomic approaches to shed light on trypanosomatid biology and

evolution

3 Summary of results and discussion

Highlights of the core findings of the presented thesis:

(i)

(i)

(iii)

(iv)

Tsetse flies (Glossina spp.) transmit several new, previously unknown
Trypanosoma species from the Trypanosoma simiae and Trypanosoma
congolense complexes. Trypanosoma sp. ‘Msubugwe’ that we have identified
forms an enigmatic group that possibly represents an evolutionary link between
the subgenera Trypanozoon and Nannomonas. High-throughput analysis of DNA
isolated from blood meal from tsetse flies proved that they mainly feed on wild

ruminants, humans and suids.

P. confusum is the earliest branching insect trypanosomatid constituting basal
branch on transition between free-living bodonids and parasitic trypanosomatids.

P. confusum is morphologically very flexible, creating in vitro three distinct life
stages that are common in monoxenous and dixenous trypanosomatids. This
finding provides evidence that the ancestral trypanosomatid was already
equipped with morphological flexibility that proved very suitable during the
evolution of parasitism. Moreover, P. confusum retains cytostome, a feature

known so far only in T. cruzi.

While P. confusum has already diverged from the common trypanosomatid
ancestor, it still possesses more ancestral features than other trypanosomatid

lineages except the stercorarian trypanosomes.
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3.1 Survey of new trypanosomes transmitted by tsetse fly

The primary goal of the first project of this thesis was to broaden our knowledge of
trypanosomes transmitted by tsetse and tabanid flies in Africa. Some trypanosomes are
serious human and livestock parasites with high medical and economic impact. The most
significant include five sub-species from the Trypanosoma brucei complex and
Trypanosoma congolense, Trypanosoma vivax and Trypanosoma simiae. Trypanosomes are
the most species-rich genus with a wide spectrum of infected hosts throughout the animal
kingdom, and even though new species are being described regularly (Adams et al., 2010;
Hamilton et al., 2008), it is evident that the majority of their real diversity remains hidden.
One of the methods how to elucidate this diversity is collecting and sampling possible
vectors. It is true that the presence of trypanosome DNA in bloodsucking flies cannot
definitely answer whether or not they are being transmitted to vertebrate hosts. Yet, their
presence in extracted blood meal from gut of flies strongly indicates which trypanosomes
infect these vertebrates (Muturi et al., 2011). Moreover, this approach may be also used as
sampling tool for vertebrate diversity in the region of bloodsucking fly capture (Calvignac-
Spencer et al., 2013). Therefore, we used the opportunity to collect samples in the wild
habitat of African great apes — the Dzanga-Sangha Protected Areas, Central African
Republic. To our knowledge, this was the first time instance of sampling tsetse and tabanid

flies in the primary forest inhabited by African great apes.

In total, 1033 individual DNA samples originating from engorged tsetse flies (G.
tabaniformis and G. f. fuscipes) were processed. Due to the low quantity of isolated DNA
from each sample, we identified trypanosome species using the nested PCR approach based
on the 18S rRNA gene. This approach identified eight trypanosome species falling into three
subgenera, namely six species from the subgenus Nannomonas, two species from the
subgenus Trypanozoon and one Megatrypanum species. The two newly identified members
of the subgenus Trypanozoon are particularly interesting, forming a group that may represent
a link between the subgenera Trypanozoon and Nannomonas.

To investigate the original vertebrate species of tsetse blood meals, we have used the
advantages of high-throughput analysis based on library sequencing (454 Roche) using
amplicons created from PCR-amplified mitochondrial cytochrome b (cytb) gene from all
1033 samples that proved as a good determining marker of sources of bloodmeal in tsetse
flies (Muturi et al., 2011). This highly sensitive approach confirmed feeding opportunism of

tsetse flies. The principal source of blood were mammals, such as forest buffaloes (Syncerus
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caffer nanus), humans, bongos and sitatungas (Tragelaphus spp.), wild hogs
(Potamochoerus porcus and Hylochoerus meinertzhageni) and duikers (Cephalophus spp.),
while sequences from unspecified rodent or forest elephants (Loxodonta cyclotis) were
identified scarcely. We were also able to show that tsetse flies occasionally feed on tortoises
(Testudinidae) and crocodiles (Osteolaemus tetraspis). Even when lowland gorillas
frequented the capturing sites of tsetse flies, it seems that they are not being targeted, as no

sequences from these mammals were found.

3.2 Paratrypanosoma confusum, a unique trypanosomatid

The second part of the thesis focuses on the morphology and biology of
P. confusum and its bioinformatic analysis, aiming to gain a greater understanding on its
fascinating features and possibly also on the evolution of trypanosomatids. P. confusum
represents the basal branch of obligatory parasitic trypanosomatids. After we had initially
isolated and verified its early-branching position (Flegontov et al., 2013), we decided to
investigate the interesting features of this species, because its phylogenetic position makes
it particularly informative for tracing the evolution of obligatory parasitism.

Using light and electron microscopy (EM) we successfully demonstrated that P.
confusum assumes strikingly different morphotypes. In the axenic culture, Paratrypanosoma
alternates between two morphologically distinct stages: a highly motile promastigote
equipped with a long flagellum (Fig. 4A), and a sedentary stage, somewhat similar to a
haptomonad of Leishmania, but completely lacking an exogenous flagellum (Figs. 4A-E).
When cultivated on semi-solid agar plates it creates a third stage, which resembles very much
the amastigote of Leishmania species (Fig. 4A). EM also revealed that Paratrypanosoma

possesses a cytostome, a structure known only from T. cruzi (Alcantara et al., 2014).
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Figure 4. Morphologies of Paratrypanosoma. A) Different morphologies by light microscopy of
Giemsa-stained cells (left) and SEM (right). Promastigote has a long flagellum with a prominent
bulge at its base (inset). The kinetoplast (K) and nucleus (N) are indicated. Neither haptomonad nor
amastigote have a long flagellum. B-E) SEM of haptomonads. B) Haptomonads attach
perpendicular to the surface in dense clusters. C) Haptomonad cluster detached from the surface by
propylene oxide showing the underside of the attachment pad. D) Haptomonads retain a bulge at
the tip of their short flagellum. E) Occasional long flagella are visible extending from the
haptomonad attachment pad. Scale bars: 5 um (A, B, C; except in A middle image - 10 um, and
inset -1 um); D) 1 um; E) 2 pm.
The haptomonad stage forms an extensive thin attachment plaque on various surfaces (Figs.
4B-E). These morphologies have been observed in monoxenous trypanosomatids, however,
it was almost impossible to study stages like the haptomonad in detail. It should be noted
that these morphologies are tractable in this flagellate. Following the interstagial
transformation by time-lapse video, antibodies recognizing proteins within the paraflagellar
rod and EM of samples treated with propylene-oxide (Beattie and Gull, 1997) revealed that
it initiates with the attachment of promastigote to the surface via a prominently extended
basis of its external flagellum, termed here the “bulge” (Figs. 4A, D). This is followed by
the shortening and disappearance of the external flagellum, likely by depolymerization, and
repositioning of the now firmly attached cell into an upright position (Fig. 4A, C and Fig.
5A, B). At this stage, the external part of the flagellum disappears, the bulge becomes

massively reshaped, as it transforms into a thin and amoeboid pad firmly attached to the
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surface (Fig. 4A). A colony of haptomonads may cover the whole area with their extensive
adhesive pads. Upon transformation into sessile haptomonads, the cells divide, producing
dissimilar daughter cells, which either remain attached and divide again, or they can recreate
the flagellum and thus regain motility (Figs. 5A, B). Similar observations with shortening of
the flagellum or production of different daughter cells have been observed for Leishmania

spp. and T. brucei, respectively (Wheeler et al., 2015; Wheeler et al., 2013).

Solid surface I—Attachmenl
plaque

Figure 5. Promastigote attachment and replication as a haptomonad. A) Still images from
time-lapse videos of promastigote and haptomonad interconversion. Attachment of a
promastigote to form a haptomonad and two successive divisions; first forming two
haptomonads, then two haptomonads and two promastigotes. Time (hours: minutes) for each
frame is shown in the top right, and a cartoon of cell arrangement is shown in the bottom left.
B) Cartoon of the attachment process. The promastigote freely swims and can attach to a surface
by the bulge. The flagellum shortens and the cell assumes an upright position with the bulge
expanding into a thin attachment pad. Division events can generate cells which either attach to
the surface or grow a long flagellum and leave the colony.

This indicates that the ancestral trypanosomatid was likely endowed with an extreme
morphological flexibility, which was amply used when it faced dramatically different
conditions after invading a wide variety of (in)vertebrate hosts. Hence, the capacity for
extensive interstagial transformations of Leishmania and Trypanosoma spp. during their life
cycles that involves both the mammalian and insect hosts seem to have existed already in
their single-host predecessor. Consequently, the wide array of trypanosomatid morphotypes
apparently did not originate within the context of dixenous parasitism, but represents yet

23



another character state that predated the two-host life style (Janouskovec and Keeling, 2016).
The ability to firmly but transiently attach to various surfaces with their dexterous flagellum
likely equipped them with means preventing their discharge from the host. This has already
been described in some monoxenous (e.g. Leptomonas spp.) and dixenous trypanosomatids
(e.g. Trypanosoma and Leishmania spp.) (Gadelha et al., 2005), as well as in bodonids
(Current, 1980).

As we were interested what is happening during this transformation on molecular
level, we have sequenced the Paratrypanosoma genome as a reference for transcriptome
analysis of different morphological stages. We obtained an assembly of N50 = 438 kb and
annotated 8668 protein coding genes, 66 tRNAs and 122 copies of rRNA genes. The genome
of Paratrypanosoma also encodes 8 of 9 meiosis-specific genes and 17 of 23 meiosis-
associated genes, including two homologs required for gamete membrane fusion and
karyogamy. According to BUSCO benchmarking (Simao et al., 2015), the quality of the
assembly is on par with other high-quality trypanosomatid assemblies, containing 72.3% of
core eukaryotic genes (for comparison, it is 74.9% in T. brucei, 73.6% in L. major and 72.6%
in L. pyrrhocoris). Evaluation of differentially expressed genes revealed 324 and 267
significantly (fold change > 2 and FDR-corrected p-value < 0.05) overexpressed genes in
promastigotes and haptomonads, respectively. For the latter, the most frequent and specific
gene onthology (GO) terms are associated with ribosome biogenesis (ribosome, structural
constituent of ribosome, translation, ribosome biogenesis and nucleolus), whereas for
promastigotes, these are intermediary metabolism (oxidation-reduction processes, glycolysis
and malate metabolic processes). These are not surprising results, when considering our
observations that haptomonads divide massively and promastigotes need plenty of energy
for the beating of the flagellum. However, only 48 and 124 differentially expressed gene in
promastigotes and haptomonads, respectively, have homologues with assigned function,
with the rest being hypothetical without either blast hits or functional annotations.

We have utilized comparative genomics to investigate if Paratrypanosoma displays
more ancestral features than other trypanosomatids. Using the OrthoFinder (Emms and
Kelly, 2015), we generated orthologous groups (OGs) of proteins for a set of
trypanosomatids, bodonids (free-living Bodo saltans and Neobodo designis, a parasite
Trypanoplasma borreli, and an endosymbiont Perkinsela sp.) and for Naegleria gruberi, a
heterolobosean (Fig. 6A). Next, we counted the number of ancestral OGs in each species,
i.e. those shared with any bodonid or Naegleria. Trypanosoma grayi, a parasite of crocodiles

that belongs to the clade of stercorarian trypanosomes, shows the highest number of ancestral
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OGs (6197), while Paratrypanosoma shows the second highest number (6066). Given that
both species have the shortest branches in a multigene tree (Fig. 6A), this result is not
unexpected. Thus, it is likely that these two species are the slowest-evolving

trypanosomatids in the analyzed dataset.
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Figure 6. Ancestral gene families in Paratrypanosoma and other trypanosomatids.
A) Phylogenetic tree based on a concatenated set of 98 proteins, constructed with maximum
likelihood and Bayesian approaches. For each species, the counts of orthologous groups shared
with at least one bodonid or Naegleria are color-coded (see a scale on the left). Support values for
tree nodes are shown in the format ‘bootstrap support / posterior probability’, and full support is
indicated with asterisks. Gains (in blue) and losses (in red) of OGs were mapped on the tree using
the Dollo parsimony algorithm. Few basal nodes are shown for clarity. B) Phyletic patterns
visualized for six clades: Paratrypanosoma, Phytomonas/Blechomonas, Leishmaniinae
(Leishmania, Leptomonas, Crithidia), stercorarian trypanosomes, salivarian trypanosomes, and
bodonids/Perkinsela/Naegleria. Counts of OGs unique for each clade and all possible intersections
of the six sets are shown in the bar plot using a log scale (see selected OG counts above the bars).
Counts of ancestral gene families shared by one or two trypanosomatid clades are highlighted in
dark-green and light-green, respectively.
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Tapping into the distribution of ancestral OGs throughout major groups (i/
Paratrypanosoma, ii/ salivarian (African trypanosomes) and iii/ stercorarian trypanosomes
(American trypanosomes), iv/ Leishmaniinae (Leishmania, Leptomonas, Crithidia), v/
Phytomonas/Blechomonas and vi/ bodonids/Perkinsela/Naegleria) revealed that
stercorarian trypanosomes and Paratrypanosoma have the highest numbers of ancestral OGs
unique to those clades, 123 and 112, respectively (Fig. 6B). When we investigated those
shared ancestral genes, and annotated their possible function, we found that even when most
of those genes have been annotated as hypothetical proteins, some do stand out. These are
genes of tryptophan and histidine catabolism, and arginine biosynthesis that are unique to
Paratrypanosoma or the stercorarian trypanosomes, and were lost in the other
trypanosomatids. The fifth largest protein family in T. cruzi, the dispersed gene family 1
(DFG1) (Lander et al.,, 2010) is unique to Paratrypanosoma and the stercorarian
trypanosomes. DFGL1 is a family of long membrane proteins of unknown function that
possess glycosylated extracellular domain stored in intracellular vesicles that are excreted
during the trypomastigote to amastigote transformation (Lacomble et al., 2009; Lander et
al., 2010).

Recent comparison of the B. saltans and trypanosomatid genomes revealed that
metabolic losses preceded parasitism (Jackson et al., 2016; Opperdoes et al., 2016), and no
further gene loss or streamlining of the genome occurred in the crown trypanosomatids
(Jackson et al., 2016). Our comparative analysis of OGs gains and losses confirm these
results and while P. confusum has already diverged from the common ancestor, together with
the stercorarian trypanosomes, it still retains numerous ancestral genes that have been lost
in all other lineages. Unfortunately, most of these genes have been annotated with only

hypothetical function, thus functional studies are required to determine their function.
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Abstract

The kinetoplastids are a widespread and important group of single-celled eukaryotes, many
of which are devastating parasites of animals, including humans. We have discovered a new
insect trypanosomatid in the gut of Culex pipiens mosquitoes. Glyceraldehyde-3-phosphate
dehydrogenase- and SSU rRNA-based phylogenetic analyses show this parasite to constitute
a distinct branch between the free-living Bodo saltans and the obligatory parasitic clades
represented by the genus Trypanosoma and other trypanosomatids. From draft genome
sequence data, we identified 114 protein genes shared among the new flagellate, 15
trypanosomatid species, B. saltans, and the heterolobosean Naegleria gruberi, as well as 129
protein genes shared with the basal kinetoplastid Perkinsela sp. Individual protein
phylogenies together with analyses of concatenated alignments show that the new species,
here named Paratrypanosoma confusum n. gen., n. sp., branches with very high support at
the base of the family Trypanosomatidae. P. confusum thus represents a long-sought-after
missing link between the ancestral free-living bodonids and the derived parasitic
trypanosomatids. Further analysis of the P. confusum genome should provide insight into
the emergence of parasitism in the medically important trypanosomatids.
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Summary

The kinetoplastids are a widespread and important group of
single-celled eukaryotes, many of which are devastating
parasites of animals, including humans [1-3]. We have
discovered a new insect trypanosomatid in the gut of Culex
pipiens mosquitoes. Glyceraldehyde-3-phosphate dehydro-
genase- and SSU rRNA-based phylogenetic analyses show
this parasite to constitute a distinct branch between the
free-living Bodo saltans and the obli ory parasitic
represented by the genus Trypanosoma and other trypano-
somatids. From draft genome sequence data, we identified
114 protein genes shared among the new flagellate, 15 trypa-
nosomatid species, B. saltans, and the heterolobosean
Naegleria gruberi, as well as 129 protein genes shared with
the basal kinetoplastid Perkinsela sp. Individual protein phy-
logenies together with analyses of concatenated alignments
show that the new species, here named Paratrypanosoma
confusum n. gen., n. sp., branches with very high support
at the base of the family Trypanosomatidae. P. confusum
thus represents a long-sought-after missing link between
the ancestral free-living bodonids and the derived parasitic
trypanosomatids. Further analysis of the P. confusum
genome should provide insight into the emergence of para-
sitism in the medically important trypanosomatids.

Results

Isolation and Morphological and Ultrastructural
Characterization

Out of 206 female mosquitoes (Culex pipiens) captured in
Prague in June 2000, 25 were found to contain flagellates in

9These authors contributed equally to this work
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their intestine. In most cases, these infections were confined
to the midgut and stomodeal valve, characteristic for avian try-
panosomes [4]. However, in the midgut and hindgut of several
mosquitoes, different slowly moving flagellates, which were in
one case successfully established as an axenic culture in SNB
medium, were observed and were upon further study named
Paratrypanosoma confusum n. gen., n. sp. (see below and
“Taxonomic Summary”).

The P. confusum culture is dominated by elongated promas-
tigote-shaped cells, defined by the mutual position of the
nucleus and kinetoplast DNA (kDNA) (Figure 1A). Occasionally,
ovoid stages with morphology reminiscent of choanomasti-
gotes occur (Figure 1B). Transmission electron microscopy
(Figures 1C-11) shows that the plasmalemma is underlain by
a complete corset of subpellicular microtubules (Figures 1C
and 1G). All KDNA is packed in a single dense disk, with mini-
circles stretched taut, located in the canonical position at the
base of the single flagellum (Figures 1F and 1l). Considering
the known correlation between the thickness of the disk and
size of kDNA minicircles, their size in P. confusum is estimated
to be 0.8 kb. The nucleus is usually located in or close to the
center of the cell (Figures 1A, 1H, and 1l), and, as in other
trypanosomatids, the kDNA division predates nuclear division
(Figure 1H). A single long flagellum is supported by a promi-
nent paraflagellar rod (Figure 1E), which is absent in the
flagellar pocket (Figure 1D). Numerous vesicles reminiscent
of acidocalcisomes and lipid bodies (Figures 1A-1C,1G-11)
are present throughout the cell.

SSU rRNA and gGAPDH Phylogeny

Nuclear small subunit (SSU) ribosomal RNA (rRNA) sequences
were amplified from P. confusum DNA isolated from the
axenic culture. In addition, identical or very similar partial
SSU rRNA sequences have been amplified by nested PCR in
monospecies pools of female C. pipiens and C. modestus
mosquitoes trapped in southern Bohemia (Rezabinec) and
southern Moravia (Mikulov), Czech Republic (data not shown).
Short SSU rRNA fragments of 345 bp (accession numbers
DQ813272-DQ813295) matching the P. confusum sequence
with 95%-100% identity (data not shown) were previously
amplified from C. pipiens and C. tarsalis mosquitoes collected
in Colorado [5]. The P. confusum sequence and 219 noniden-
tical bodonid and trypanosomatid SSU rRNA sequences
were aligned using SINA aligner [6] and were manually edited,
resulting in 1,325 aligned characters (Figure S1A available
online). The resulting maximum likelihood (ML) tree shows
that P. confusum is clearly distinct from all known trypanoso-
matid clades: Trypanosoma [7], Blastocrithidia-Leptomonas
jaculum [1, 8], Herpetomonas [9], Phytomonas [1], Angomo-
nas-Strigomonas [10], Sergeia, Leptomonas collosoma [1, 8],
and subfamily Leishmaniinae [11]. P. confusum is the most
basal trypanosomatid branch with 98% bootstrap support
(Figures 2 and S2A).

Next, the glycosomal glyceraldehyde-3-phosphate dehy-
drogenase (QGAPDH) gene was amplified and sequenced.
An amino acid sequence alignment of 294 characters was con-
structed using 143 bodonid and trypanosomatid sequences
(Figure S1B); phylogenetic model selection using Modelgener-
ator favored LG+I" as the best model for this alignment. The
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Figure 1. Morphology and Ultrastructure of Paratrypanosoma confusum n. sp.
(A and B) Light microscopy images. Giemsa staining of the predominant slender promastigotes (A) and infrequent oval-shaped promastigotes (B) reveals the

position of the nucleus (arrow) and kir DNA (kDNA; arr ).
(C-I) Transmission electron microscopy images. k, kDNA; n, nucleus; b, basal
(C) The plasmalemma is supported by a corset of subpellicular microtubules.

body; |, lipid granule; a, acidocalcisome.

(D) Section of the single flagellum within the flagellar pocket lacks the paraflagellar rod.

(E) An intricate meshwork of the prominent paraflagellar rod.
(F) Thin and wide kDNA disk composed of minicircles stretched taut.

(G) Longitudinally sectioned promastigote revealing full corset of sub
putative acidocalcisomes.

(H) Division of the kDNA precedes nuclear division.

(I) Longitudinal section of an oval-shaped promastigote, revealing the relative

topology of the gGAPDH-based tree, which is, when
compared with the SSU rRNA data set, underrepresented for
the monoxenous lineages, further supports separation of
P. confusum from the other trypanosomatid clades (bootstrap
support 88%) (Figure S2B).

Phylogenomics
In order to further explore the possibility of P. confusum
belonging to a novel trypanosomatid lineage, we used next-
generation sequencing to produce a draft genome sequence.
A paired-end lllumina library (insert size 330 = 50 bp) was
prepared from P. confusum total DNA and sequenced on a
HiSeq 2000 instrument. Assembly of 40.1 million quality-
filtered 101 bp reads gave scaffold N50 value of 11,534 bp.
This assembly was used as a database from which to harvest
protein genes for subsequent phylogenomic analyses.

Translated open reading frames (ORFs) >100 amino acids in
length, from AUG to stop codons, were extracted from the
P. confusum assembly. Simple ORF finding was used instead
of more-sophisticated annotation methods because kineto-
plastid genomes are essentially devoid of introns [2, 12].
Best reciprocal BLASTP hits at an E-value cutoff of 1072°
were found for P. confusum ORFs in annotated proteins
or translated ORFs of 15 trypanosomatid species and the
free-living bodonid B. saltans (Table S1, part A). Proteins
from Naegleria gruberi (Excavata) (15,762 NCBI RefSeq
entries) were used as outgroups. Proteins inferred from
transcriptome data from the basal branching kinetoplastid
Perkinsela sp. CCAP 1560/4, an endosymbiont of the amoebo-
zoan Neoparamoeba pemaquidensis (G.T., P.F., N.T.O., J.L.,
and J.M.A., unpublished data), were included as outgroup
sequences in some data sets.

Sequence clusters containing all 17 kinetoplastid species/
strains and an outgroup(s) were selected for further analysis.
Clusters including sequences more than two times longer or

38

micre lles, external par rod, and numerous lipid granules and

position of the nucleus and the kDNA disk.

shorter than the average for a given cluster were excluded,
as were clusters including sequences with BLASTP hit length
1.5 times longer or shorter than average for the cluster and/
or with an average identity in the BLASTP hit region <40%
between an outgroup and the other species. The following
six data sets were generated: (1) 114 sequence clusters with
N. gruberi as an outgroup, including alignments with gaps if
occurring in less than half of the sequences; (2) the same
alignments as in (1) without gaps; (3) 129 sequence clusters
with Perkinsela sp. as an outgroup; (4) the same alignments
as in (3) without gaps; (5) 42 sequence clusters with both
N. gruberi and Perkinsela sp.; and (6) the same alignments
as in (5) without gaps (Tables S2 and S3; alignments are
available upon request). Phylogenetic model selection with
Modelgenerator favored the LG+I"+F model for all six concat-
enated alignments, and ML trees were constructed with 1,000
bootstrap replicates using this model or the GTR+I" model
(Figure 3; Table S2, part A). In all six data sets, P. confusum
branched between B. saltans and the genus Trypanosoma
with 100% bootstrap support. The branching order of the other
trypanosomatid species matched the expected pattern [1],
with all nodes having 100% bootstrap support. Bayesian
Monte Carlo Markov (MCM) chain analysis of the concate-
nated data sets, conducted with the Poisson+I'+CAT or
GTR+I'+CAT models, showed the same branching position
for P. confusum, with posterior probabilities ranging from
0.95 (gapped data set with N. gruberi and Perkinsela sp.,
Poisson+I'+CAT model) to 1 (all data sets with GTR+I'+CAT
model; both data sets with Perkinsela sp., Poisson+I"+CAT
model) (Figure 3; Table S2, part A). Convergence of chains
was estimated by comparison of bipartition frequencies in
individual chains, discarding the first 2,000 cycles and taking
each tree; maximum difference in frequencies among chains
ranged from 0.11 (data set with N. gruberi, no gaps, Pois-
son+I"+CAT model) to 0 (all data sets with GTR+I'+CAT model;
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both data sets with Perkinsela sp., Poisson+I'+CAT model).
Groupings in conflict with the most probable topology corre-
sponded to trees in which P. confusum branched specifically
with B. saltans or with the outgroup (Table S2, part A). The
GTR+I'+CAT model performed better than the Poisson+I'+
CAT model according to cross-validation tests using data
sets without gaps and resulted in perfect convergence in all
data sets (Table S2, part A).

Removal of the BLASTP hit identity cutoff of 40% expanded
the data set to 226 proteins when N. gruberi was used as
an outgroup (Table S1, part B). Phylogenetic model selection
with Modelgenerator favored the LG+I'+F for the gapped
and ungapped concatenated alignments, and ML trees
for both alignments were constructed using this model (Table
S2, part A). The results supported the position of P. confusum
at the base of trypanosomatids in all bootstrap replicates.
Bayesian analysis of this data set with the Poisson+I'+CAT
model was compromised by poor chain convergence, prob-
ably due to increased long-branch attraction (LBA) effects in
a data set containing less conserved proteins (Table S2, part
A). On the other hand, selection of more conserved proteins
with a stricter BLASTP hit identity cutoff of 50% (data set
with N. gruberi, 52 proteins; Table S1, part B) did not change
the ML tree topology and support and decreased the fre-
quency of conflicting bipartitions in the MCM chains under
both the Poisson+I"+CAT and the GTR+I"+CAT models (Table
S2, part A). The GTR+I'+CAT had better fit than the Pois-
son+I'+CAT model according to cross-validation tests with
“N. gruberi 52” data sets (Table S2, part A).

Posterior predictive analyses of mutational saturation under
the Poisson+I'+CAT model showed that the numbers of
substitutions and homoplasies were not underestimated. As
expected, their numbers per site, six and three, respectively,
were the lowest for the most “conserved” data set (with
N. gruberi; 52 proteins, no gaps) (Table S2, part B). Mutational

Paratrypanosoma Figure 2. Maximum-Likelihood Phylogeny Based
- on the SSU rRNA Gene, Constructed under the
GTR+I" Model
Simplified representation; for the full tree,
see Figure S2A. Clades containing dixenous
species are highlighted with checkerboard
Trypanosoma shading. P. confusum is underlined. Bootstrap
values >75% are displayed. See also Figures S1
and S2.
Blastocrithidia &
Leptomonas jaculum
saturation in this data set is on the
Herpetomonas same level as in the metazoan alignment
Phytomonas used for inferring the placement of
Angomonas & nematodes and platyhelminths under
Strigomonas the Poisson+I'+CAT model: 7.75 and

Sergeia podlipaevi

4.3 substitutions and homoplasies per
Leptomonas collosoma

site, respectively [13]. Under these con-
ditions, the model predicted mutational
saturation correctly and was therefore
deemed to be resistant to LBA, as
opposed to the WAG+I'+F model [13].

Single-protein ML trees were con-
structed for the 52, 114, and 129 pro-
tein data sets with either N. gruberi
or Perkinsela sp. as an outgroup.
The topology in which P. confusum
branches between B. saltans and the
other trypanosomatids was the most frequently observed,
consistent with the results of concatenated analyses. How-
ever, P. confusum forming a monophyletic group with
B. saltans (located at different positions on the tree) was
the second most frequent topology (Table S3). Other topol-
ogies in order of decreasing frequency were (1) P. confusum
as the sister branch of the Trypanosoma clade only, (2)
P. confusum branching before B. saltans, and (3) P. confusum
as the sister branch of the subfamily Leishmaniinae and
Phytomonas clade only (Table S3). The branching of
P. confusum with B. saltans or deeper in the tree than
B. saltans is most probably the result of LBA, and indeed
such topologies are more frequent in single-protein trees
derived from the mutationally saturated (Table S2, part B)
data set of 226 proteins (Table S3). In contrast, the branching
of P. confusum with the genus Trypanosoma is less obviously
an artifact. While avian trypanosomes were also isolated
from Culex mosquitoes [4, 5], P. confusum clearly lacks the
trypomastigote morphology synapomorphic for the genus
Trypanosoma [1]. We used topology tests to examine the pos-
sibility of a specific relationship between P. confusum and
trypanosomes.

In the “N. gruberi 114,” “N. gruberi 52,” and “Perkinsela
sp. 129” gapped and ungapped data sets, topologies within
eight important clades on the tree were fixed: the outgroup,
B. saltans, P. confusum, Trypanosoma spp., Phytomonas
serpens, Crithidia fasciculata + Leptomonas pyrrhocoris,
and finally Leishmania spp. + Endotrypanum monterogeii. All
possible 10,395 topologies of the seven clades rooted with
the outgroup were constructed for each data set, and per-
site log likelihoods were calculated for all topologies under
the LG+T'+F or GTR+I" phylogenetic models. In all cases, the
approximately unbiased (AU) test did not support the grouping
of P. confusum with Trypanosoma or with Leishmaniinae
and Phytomonas at a p value cutoff of 1 0~*(Table S4, part A).

Slow-evolving
(Leishmaniinae)

bodonids
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Leishmania mexicana
Leishmania infantum
Leishmania major

Leishmania tarentolae
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Figure 3. Maximum-Likelihood Phylogenetic Tree Based on Concatenated Protein Alignments of 18 Species

Nodes having 100% bootstrap support or posterior probabilities of 1.0 in all data sets and under all phylogenetic models tested are marked by black circles.
Support for the position of P. confusum (in bold) is shown in a separate table. The scale bar indicates the inferred number of amino acid substitutions per site.

See also Tables S1 and S2.

For most data sets, none of the 10,394 alternative topologies
were supported by the AU test at a p value cutoff of 0.05. Ex-
ceptions included only topologies strongly conflicting previ-
ous data, such as the branching of P. confusum basal to
B. saltans and the branching of L. major basal to
C. fasciculata and P. serpens (Table S4, part B).

Taxonomic Summary
The taxonomic summary of Paratrypanosoma confusum n.
gen., n. sp., is as follows:

e Class Kinetoplastea Honigberg, 1963 emend. Vickerman,
1976

e Subclass Metakinetoplastina Vickerman, 2004

e Order Trypanosomatida Kent, 1880 stat. nov. Hollande,
1952

o Family Trypanosomatidae Doflein, 1951

Paratrypanosomatinae n. subfam. Votypka and Lukes 2013
The newly described subfamily belongs to the obligatory
parasitic uniflagellate family Trypanosomatidae, with kDNA
arranged in a single compact disk at the base of the flagellum.
Diagnosis is phylogenetically defined by branching at the base
of all trypanosomatids, according to SSU rRNA and multiple
protein-coding genes. The type genus is Paratrypanosoma n.
gen. Votypka and Lukes 2013.

Paratrypanosoma confusum n. sp. Votypka

and Lukes 2013

The dominant morphotype observed in the axenic culture is
an elongated promastigote, 9.8 + 2.1 (7.2-16.2) um long and
2.0 £ 0.3 (1.5-2.9) um wide, with 12.2 = 4.8 (7.0-39.9) pm
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long flagellum (n = 50). The nucleus and the kDNA are
situated in the anterior end of the cell. The distance between
the anterior end and the kDNA and the nucleus is 2.3 = 0.3
(1.5-2.9) ym and 4.6 = 0.7 (3.3-6.2) um, respectively (n
50). The thickness of the kinetoplast is 116.4 = 11.7 (94.4-
155.5) nm (n = 50). Short oval promastigotes of varying sizes
were rare.

Type host and locality: intestine of mosquito female
C. pipiens (Diptera: Nematocera: Culicidae) captured on
June 28, 2000 in the vicinity of Prague-Prosek (50°6'45.81"'N,
14°29'14.53"E).

Additional hosts and localities: female mosquitoes
Culex pipiens and C. modestus in Rezabinec (49°15'09"N,
14°05'32"E) and Mikulov (48°46'30"'N, 16°43'30"E), Czech
Republic.

Type material: the designated hapantotype is cryo-
preserved as an axenic culture of P. confusum (isolate
CUL13) deposited in the slide collection at Charles
University, Prague.

Etymology: the species name was given to reflect the
misleading morphology.

Gene sequences: The GenBank accession numbers are
KC534633-KC534828.

Discussion

Using morphology and phylogenomics, we have described
a new kinetoplastid, Paratrypanosoma confusum, which
constitutes the most basal trypanosomatid lineage branch-
ing between the free-living B. saltans and the parasitic
Trypanosoma spp. and other trypanosomatids. Kinetoplastid
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flagellates (Kinetoplastea, Euglenozoa) are ubiquitous single-
celled eukaryotes best known as pathogens of humans
and other animals, responsible for African sleeping sickness,
Chagas disease, leishmaniases, and other diseases. They
are traditionally split into the bodonids, which are comprised
of biflagellate free-living, commensalic, or parasitic members,
and the obligatory parasitic trypanosomatids, which are
equipped with a single flagellum [2, 14]. Bodonids and trypa-
nosomatids also share some unusual molecular features,
such as packaging of kDNA, RNA editing, polycistronic tran-
scription, highly modified base J, and massive trans-splicing
[12, 14, 15]. Extensive phylogenetic analyses of about a dozen
bodonid and more than a hundred trypanosomatid species
have shown that the latter group is monophyletic, whereas
bodonids are clearly paraphyletic [14, 15].

The origin of the extremely successful trypanosomatid life
style, which combines a vertebrate (usually warm-blooded)
host with an invertebrate (usually insect) vector, has been
debated for more than a century [16, 17]. The insect-early
scenario is now generally favored [1], since phylogenies
constructed from multiple nuclear-encoded proteins sug-
gest that the dixenous (two-host) genera Leishmania and
Phytomonas are nested within clades that otherwise con-
sist of monoxenous (single-host) insect trypanosomatids
[1, 8, 11, 18]. Recent molecular surveys uncovered a major
hidden diversity of insect trypanosomatids, greatly exceeding
that of the dixenous genera [8-11, 18, 19]; globally, more
than 10% of all dipterans, fleas, and hemipterans may be
infected [1].

Hence, the most likely scenario for the evolution of dixenous
parasitism postulates that an ancestor of Leishmania parasit-
izing a blood-sucking insect was injected into a vertebrate
host during blood feeding and established itself in that niche.
This course of events is supported by the discovery of an
amber-trapped phlebotomine sand fly that was massively
infected by flagellates virtually indistinguishable from the
extant Leishmania; the insect’s intestinal tract also contained
nucleated red blood cells, likely originating from a “dinosaur”
[20]. The protist was dated to ~220 million years ago, indi-
cating that the establishment of the dixenous life cycle may
be a fairly ancient event [15, 20]. Phylogenetic position of
Phytomonas favors a similar scenario, in which flagellates
established themselves in plants only after being transmitted
to them by infected sap-sucking insects [1].

The third group known to have adopted a dixenous life style
is the emblematic genus Trypanosoma, which thrives in a wide
variety of hosts, ranging from deep-sea fish and desert reptiles
to birds and mammals, including humans [2, 3, 7]. Trypano-
somes have been extensively studied since Bruce’s discovery
of sleeping sickness [21], and their diversity is fairly well known
[3, 7]. With the advent of molecular techniques, it was shown
that the genus Trypanosoma constitutes the most basal trypa-
nosomatid branch, the monophyly of which withstood phylo-
genetic scrutiny, yet sometimes its early-branching position
could not be resolved with confidence [1-3, 7, 22]. However,
since the time of Léger and Minchin [16, 17], the search for
monoxenous ancestors of Trypanosoma has been ongoing,
which would illuminate the evolution of the Trypanosoma life
cycle and emergence of its extremely successful parasitic
strategy.

P. confusum is the first flagellate to fit this bill. Due to its
origin from female mosquitoes, its monoxenous status may
be questioned, but since it was repeatedly encountered in
mosquitoes in the Czech Republic (this work) and US [5], yet
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was never found in much-better-studied vertebrates, we
consider its transmission to the latter hosts to be highly un-
likely. Our extensive phylogenetic analyses argue against
a specific sister relationship between P. confusum and Trypa-
nosoma spp. and other trypanosomatids with genome
sequences available. The free-living biflagellate B. saltans,
which is radically different from parasitic species in morpho-
logy and biology, represents the closest known outgroup to
P. confusum [12, 14, 15]. Thus, detailed genome sequence
analysis of P. confusum should provide crucial information
about the switch to a parasitic life style followed by the
uniquely successful expansion of trypanosomatid flagellates.

P. confusum promastigote morphology, which occurs in
various trypanosomatid clades, may be considered ancestral
for the group as a whole, while the trypomastigote and epimas-
tigote morphologies represent a synapomorphy of the genus
Trypanosoma. Significantly, the main ultrastructural charac-
ters shared by all trypanosomatids are already present in
P. confusum.

Since all SSU rRNA sequences obtained for P. confusum on
two continents (this work; [5]) are virtually identical, strongly
indicating their monospecific character, Paratrypanosoma
may be an example of a cosmopolitan yet species-poor clade.
Most surveys targeting non-Leishmania and non-Trypano-
soma flagellates involved only two insect orders, Heteroptera
and Diptera, with very few reports available from other groups,
such as Hymenoptera [23] and Siphonaptera (J.V. and J.L.,
unpublished data; [1]). To what extent this reflects the actual
distribution of parasites in insects, or simply investigator
bias, remains unclear. In any case, the finding of the most
deeply diverging branch in a dipteran host suggests that
association of trypanosomatids with this insect order may be
an ancestral state, with its spread to other insects, plants
and vertebrates occurring secondarily.

Experimental Procedures

C of Insects, C py, and DNA

Mosquito females were collected by miniature Centers for Disease Control
(CDC) traps when attacking sparrow-hawk (Accipiter nisus) nestlings in
Prague [4] or by dry ice- or animal-baited CDC traps in several wetland
regions in southern Bohemia and Moravia. Mosquitoes were dissected
under a stereomicroscope, their alimentary tracts were examined using light
microscopy, and axenic culture was established as described previously
[4]. The cultures were kept at 23°C, and cells were processed for light and
transmission electron microscopy as described elsewhere [11].

Total DNA was isolated from axenic P. confusum culture or from ethanol-
preserved environmental samples of mosquito females grouped in mono-
specific pools using the High Pure PCR Template Preparation Kit (Roche)
according to the manufacturer’'s manual. SSU rRNA and glycosomal
GAPDH genes were amplified using primers S762 (5'-GACTTTTGCTTCC
TCTA[A/T]TG-3) and S763 (5'-CATATGCTTGTTTCAAGGAC-3') and M200
(5'-ATGGCTCC[G/A/C][G/A/CITCAA[G/A]GT[A/TIGG[A/C]AT-3') and M201
(5'-TA[G/TJCCCCACTCGTT[G/A]TC[G/A]TACCA-3'), respectively. Upon gel
purification with the Gel Extraction Kit (Roche), the amplicons were directly
sequenced.

ion,

High-Throughput DNA Sequencing and Sequence Assembly

To construct the libraries for whole-genome sequencing, DNA was
processed as described in the TruSeq DNA Sample Preparation Guide
(Ilumina). The library with length of 330 = 50 bp (according to analysis on
Agilent 2100 Bioanalyzer) was selected for sequencing. The library was
quantified using fluorimetry with Qubit (Invitrogen) and real-time PCR and
diluted up to final concentration of 8 pM. The diluted library was clustered
on a paired-end flowcell (TruSeq PE Cluster Kit v3) using a cBot instrument
and sequenced using a HiSeq2000 sequencer with the TruSeq SBS Kit v3-
HS with a read length of 101 bp from each end. The following bases/reads
were removed at the filtering stage using PRINSEQ: 3 tails with Phred
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quality values (QVs) <3, homopolymeric 3 tails >10 nt, reads with length
<75 nt, reads with average base QV <30, and reads with more than one
undetermined base. Genome assembly was performed using Velvet 1.2.03
with a range of assembly parameters tested: odd k-mer values from 25 to
49; k-mer coverage cutoffs 3, 6, or 9; and expected k-mer coverage from
60 to 10,000. The best scaffold N50 value of 11,534 bp was obtained with
a k-mer value of 27, coverage cutoff 6, and expected coverage 10,000.

Phylogenetic Analyses

The SSU rRNA alignment was constructed using the SINA aligner website
[6] and edited manually; the ML tree for SSU rRNAs was constructed with
RAXML 7.2.8 using the GTR+I" model, with 1,000 bootstrap replicates. For
the gGAPDH alignment, the ML tree was constructed using the LG+I" model
and 1,000 bootstrap replicates. Protein alignments were made using
MUSCLE 3.8.31 with maximum number of iterations set to 128. Site selec-
tion was performed with Gblocks 0.91b [24] using the following settings:
minimum number of sequences for a conserved position, ten; minimum
number of sequences for a flanking position, 12; maximum number of
contiguous nonconserved positions, eight; minimum length of a block,
ten; and allowed gap positions, in half of sequences or none. Selection of
appropriate model parameters was done with Modelgenerator [25] using
four I' rate categories. Single-protein ML trees were constructed using
RAxML 7.2.8, the LG+I" model and 100 bootstrap replicates in all cases.
For multiprotein concatenated alignments, the ML trees were constructed
using different phylogenetic models and 1,000 bootstrap replicates
(identical random seeds were used in all analyses), and Bayesian phyloge-
netic trees were constructed using PhyloBayes 3.3f, with eight chains run
for 10,000 cycles. Posterior predictive tests of substitutions and homo-
plasies were performed using PhyloBayes 3.3f. Cross-validation of the
Poisson+I"+CAT model versus the reference GTR+I'+CAT model was per-
formed using the PhyloBayes package as follows: ten replicates of each
data set were split into a learning set (nine-tenths of the initial data set
size) and a test set (one-tenth of the initial data set size); each model was
run with each replicated learning set for 10,000 cycles under the topology
estimated by the model itself on the full data set; and cross-validated log-
likelihood scores of each test set were computed, taking each tree after dis-
carding first 2,000 trees, and combined. For the purpose of topology testing,
lists of all possible topologies were generated using Tresolve (Barrel-o-
Monkeys package, http://rogerlab.biochemistryandmolecularbiology.dal.
ca/Software/Software.htm), and per-site log likelihoods for the topologies
were calculated using RAXML 7.2.8. Bootstrap replicates of per-site log
likelihoods were made using CONSEL 0.1i with the “-b 10” option producing
ten data sets of scales 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, and 1.4, with
100,000 replicates in each. AU test p values and their SEs were calculated
using CONSEL 0.1i [26].

Accession Numbers

The GenBank accession numbers KC534504-KC534632 for the transcrip-
tomic data reported in this paper were obtained by sequencing Perkinsela
sp. strain CCAP1560/4. The GenBank accession numbers KC534633—
KC534828 for the genomic data reported in this paper were obtained by
sequencing Paratrypanosoma confusum. The GenBank accession numbers
KC543586-KC543700 for the genomic data reported in this paper were
obtained by sequencing Leptomonas pyrrhocoris strain H10.

Supplemental Information

St 1tal Information i two figures and four tables and can be
found with this article online at http://dx.doi.org/10.1016/j.cub.2013.07.045.
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(A) Maximum likelihood phylogeny based on the SSU rRNA gene, constructed under the
GTR+T model. P. confisum is underlined. Clades containing dixenous species are
highlighted with thick lines. The scale bar indicates the inferred number of nucleotide
substitutions per site. Bootstrap values > 75 % are displayed. (B) Maximum likelihood
phylogeny based on the gGAPDH gene, constructed under the LG+I" model. P. confisum is
underlined. Clades containing dixenous species are highlighted with thick lines. The scale bar
indicates the inferred number of amino acid substitutions per site. Bootstrap values > 75 %

are displayed.
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5.2 PAPERII

Lukes J, Skalicky T, Ty¢ J, Votypka J, Yurchenko V (2014) Evolution of parasitism in
kinetoplastid flagellates. Molecular and Biochemical Parasitology 195(2):115-122 (IF =
2.068).

Abstract

Kinetoplastid protists offer a unique opportunity for studying the evolution of parasitism.
While all their close relatives are either photo- or phagotrophic, a number of kinetoplastid
species are facultative or obligatory parasites, supporting a hypothesis that parasitism has
merged within this group of flagellates. In this review, we discuss origin and evolution of
parasitism in bodonids and trypanosomatids and specific adaptations allowing these
protozoa to co-exist with their hosts. We also explore the limits of biodiversity of
monoxenous (one host) trypanosomatids and some features distinguishing them from their

dixenous (two hosts) relatives.
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1. Emergence of parasitism: setting (up) the stage

With a certain degree of simplification, when the frequency of
eukaryotic parasites encountered in vertebrate and invertebrate
hosts is considered, probably only apicomplexans surpass kine-
toplastid protists in abundance and diversity, and only parasitic
nematodes seem to have a broader host range [1,2]. Kinetoplastids
are evolutionarily more ancestral compared to the majority of other
groups of parasitic protists, widespread and adaptable, which is an
apparent reflection of their extremely successful life style. A recent
taxonomy places Kinetoplastea along with its three sister groups
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(Euglenida, Symbiontida and Diplonemea) into Euglenozoa that
belongs to the Discicristata, a group of protists unified by a striking
feature-discoidal mitochondrial cristae [3] (Fig. 1). Euglenida are
phototrophic or less frequently phagotrophic, the latter life strat-
egy being characteristic for all known symbiontids and diplonemids
[3]. Accordingly, parasitism must have emerged uniquely in the
kinetoplastid lineage. It is an exciting challenge to identify genetic
changes and/or inventions underlying this dramatic switch to a par-
asitic life style; however, it has to be postponed until the whole
genomes for these sister clades of kinetoplastids are available.
Phylogenetic evidence strongly supports the early-branching
of Prokinetoplastina within Kinetoplastea. This tiny group har-
bors only two known representatives — Ichthyobodo and Perkinsela
(Fig. 2) [4,5]. While Ichthyobodo (also called Costia) is a bi-flagellar
ectoparasite of fish, Perkinsela (also known as PLO, parasome and
Perkinsiella) resides directly in the cytoplasm of certain amoebae
parasitizing the gills of fish. This aflagellar kinetoplastid seems
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to behave like an organelle, invariably located close to the host
nucleus and dividing synchronously with the host cell [6]. Based
on DAPI staining, mitochondrial (=kinetoplast [k]) DNA of Perkin-
sela seems to be much more abundant than its nuclear DNA [7].
It will be exciting to investigate whether the extremely tight
relationship with the amoeba host is reflected in the kDNA and
nuclear genome of Perkinsela. Due to its robust branching at the
basis of the Kinetoplastea clade, it is tempting to interpret the
endosymbiont-like intracellularity of Perkinsela as some ancestral
form of parasitism via which the kinetoplastid invaded first hosts.
However, the absence of flagella, which are otherwise present in
all sister clades (euglenids, symbiontids and diplonemids) as well
as in all derived lineages, qualifies Perkinsela as a unique case of
parasitic reductionism.

All the remaining bodonids fall into Metakinetoplastina, a group
further subdivided into four clades (Neobodonida, Parabodonida,
Eubodonida and Trypanosomatida) (Fig. 2), of which only the lat-
ter is obligatory parasitic [3,4]. Mutual relationships within the
bodonids are far from being firmly established, yet it is obvious
that they acquired parasitic life style independently more than
once. Still, only a handful of parasitic bodonids is known, whereas
some free-living species are virtually omnipresent and ecologically
highly significant [5,8]. Members of the genera Trypanoplasma and
Cryptobia parasitize fish and snails [9,10], respectively. Azumio-
bodo hoyamushi causes economically important damage to cultured
ascidians [11], while Jarrellia attramenti found in the blowhole
of whales and dolphins [12] may rather be a commensal than a
parasite (Fig. 2). For the purpose of this review, we will focus on flag-
ellates belonging to Trypanosomatida as they embrace an absolute
majority of parasitic species (see below).

2. Diversity versus taxonomy: closing the gap

The taxonomy of Trypanosomatida was originally defined by a
set of morphotypes, which differ in respect to the mutual positions

of the kDNA, nucleus and flagellar pocket, and the presence or
derived loss of a single flagellum [13-16]. Extensive application
of electron microscopy in studies of trypanosomatids did not add
any important distinguishing features [17,18]. Since the advent of
molecular methods it became obvious that neither the individual
morphotypes nor their combination within a given life cycle
hold any taxonomic value, as they are randomly distributed in
the sequence-based phylogenetic trees [19]. Moreover, it seems
plausible that there is a continuum of cell forms rather than eight
distinct morphotypes.

Due to this dearth of morphological features, one has to resort
to DNA sequencing in order to establish taxonomic position of a
given trypanosomatid flagellate. There are two categories of genes
of choice suitable for this purpose: the small subunit (SSU) rRNA
and the glycosomal glyceraldehyde-3-phosphate dehydrogenase
(gGAPDH) genes are informative for higher level taxonomy, and
are usually sufficient for the genus-level ranking [20-22], while the
sequences of the spliced leader (SL) RNA gene and the respective
intergenic region allow distinguishing among individual species
or even populations [23-27]. The growing number of species and
strains, for which sequence data are available, revealed the artificial
character of all previously described monoxenous (=one inverte-
brate host) genera, however, all three dixenous (=vertebrate or
plant host and invertebrate vector) genera Trypanosoma, Leish-
mania and Phytomonas remain monophyletic and well supported
(Fig. 3) [19,28].

One approach to close the gap between the outdated
morphology-based taxonomy and the molecular-based cladistics
that better reflects the relationships among trypanosomatids is to
attach taxonomic units to the latter clades. Using this approach,
some decades-old taxa rendered paraphyletic by molecular studies
and hence invalidated, can be “recycled”, i.e. used just for a single
clade containing the type species of a given genus. This solution
is taxonomically acceptable, and was successfully used in several
instances so far [29-31]. In an alternative approach, novel clades
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established whether the present taxonomy is robust or artificial.
Some bodonid species are globally distributed [33], which sup-

that are consistently and highly supported in the phylogenetic
reconstructions and contain at least several isolates are labeled

with new generic names [32]. Based on the available sequence
data, one can predict the existence of no more than two dozens
of clades deserving the level of a genus, making a combination of
these approaches not only feasible but also practical. The presently
recognized taxonomic units are summarized in Fig. 3.

3. Diversity is not limitless: defining its extent

Defining the higher level taxonomy of Kinetoplastea is impor-
tant for matching the new molecular data with a taxonomic
framework constructed for over 100 years, but unfortunately it
tells very little about the true diversity of these widespread pro-
tists. Bodonid SSU rRNA sequences obtained mostly in frame of
environmental studies are summarized in Fig. 2. These bi-flagellar
kinetoplastids are present in all aquatic ecosystems, yet they
rarely abound and hence tend to be ignored. In the absence of
extensive morphological analysis of bodonids it remains to be
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ports the “everything is everywhere” paradigm formulated for the
free-living protists by Fenchel and Finlay [34]. However, while mor-
phological analyses seemingly support this hypothesis, we do not
have enough genetic data yet to confirm it properly because many
various isolates are indistinguishable from each other by morphol-
ogy but significantly different in genetic analyses [8,33].

Much more data is available for the obligatory parasitic try-
panosomatids, especially members of the dixenous genera. Due
to the medical relevance of trypanosomes and leishmanias as
causative agents of sleeping sickness, Chagas disease and leish-
maniases, Trypanosomatida has been attracting most of the
researchers’ attention. Hence, at least some sequence information
is available for over 100 Trypanosoma and 35 Leishmania species in
the NCBI database. This allows their straightforward detection and
determination, which is needed given the pathogenicity of many of
them for humans and economically important vertebrates. Whole
genomes have been sequenced for several strains/subspecies of
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T. brucei, T. cruzi, T. congolense, T. vivax, L. major, L. donovani, L. infan-
tum, L. braziliensis and L. mexicana (www. http://tritrypdb.org/),and
most recently also for two species of Phytomonas [35], with many
more being in the pipeline. Due to the lack of economic significance,
the monoxenous trypanosomatids of insects have been largely
overlooked, with most species being described solely on the basis
of their morphology and host specificity [36,37]. This has changed
recently, and the SL and SSU rRNA sequences have been deposited
for almost 150 species. Moreover, a draft-quality assembly of the
whole genome of at least one monoxenous species, Angomonas
deanei[38], and the unassembled reads of Leptomonas seymouri and
the early model trypanosomatid Crithidia fasciculata are now avail-
able (http://www.sanger.ac.uk/resources/downloads/protozoa/).
The total number of extant monoxenous trypanosomatids might
be staggeringly high given the extreme species richness of their
insect hosts [39]. In order to tackle this potentially enormous land-
scape, we and our collaborators have recently established a system
based on the so-called typing units (TUs), defined on the basis of
>10%sequence divergence of the SLRNA gene [19,23,24,26,27,31].A
publicly available database which would contain the information of
the host, location of infection, geographical origin, date of isolation,
availability in culture etc. for each TU, is under preparation (J.V.,].L.,
V.Y. and D. A. Maslov, unpubl. data). We encourage the community
to deposit information on all trypanosomatids isolated from insect

and other invertebrate hosts into this shared database. Although
much additional data is needed for more definitive conclusions, it
is already obvious that several TUs (and likely species) are globally
distributed [26], and some TUs are confined to a (very) narrow host
range, while others are opportunists [24,25,29,32,40,41]. Now we
know several heteropterid, siphonapterid and/or dipterid species
that host more than a single TU, but it also appears that many insect
orders are never or only rarely infected with trypanosomatids [19].

4. Acquisition of parasitic life style: the “big” transition

Species-rich and morphologically diverse euglenids and
diplonemids are almost exclusively free-living, so this life style was
likely the ancestral state of early kinetoplastids. The tree in Fig. 2
shows the generally accepted paraphyly of bodonids, and inde-
pendent establishment of parasitic or commensalic life styles in
five to six lineages (Azumiobodo, Cryptobia, Ichthyobodo, Jarrellia,
Perkinsela and Trypanoplasma). Interestingly, with the sole excep-
tion of Cryptobia helicis [42], all parasitic bodonids remain confined
to aquatic hosts.

Morphological and molecular evidence strongly support the
origin of obligatory parasitic trypanosomatids from the clade of
free-living Bodo saltans [5,43-45]. Until recently, the most basal
branch of this clade was the genus Trypanosoma, supporting the sce-
nario in which ancestral trypanosomatids established themselves
in vertebrates already at an early stage, and only subsequently
invaded insects via their blood-sucking fellows [46]. Such chain of
events was challenged by fossil evidence in the form of a flagel-
late morphologically indistinguishable from the extant Leishmania,
discovered in an amber-trapped blood-engorged mosquito (Fig. 4)
[47,48]. This so-called Paleoleishmania dated to approximately 150
MYA was found among nucleated erythrocytes, prompting spec-
ulations that these originated from a dinosaur [47]. If correct,
this finding would place the invasion of vertebrates by trypanoso-
matids to the early Cretaceous period at the latest. Phylogeographic
data must be taken with caution as has been recently exempli-
fied for trypanosomes of South American alligators and African
crocodiles. While Crocodylidae and Alligatoridae split in mid Creta-
ceous (~90 MYA), their parasites are still closely related testifying
to a much later separation due to the marine circumtropical dis-
persal at the Miocene/Pliocene boundary (~4-5MYA) [49]. An
ancestor of Leishmania probably developed dixenous life cycle in
the warm-blooded vertebrates in late Cretaceous about 85 mil-
lion years ago [50], around the time of divergence of mammalian
orders and the first fossil records of its vector (Phebotominae)
(Fig. 4). This event likely took place in Neotropics (present South
America) in sloths, which have lower body temperature [51-53].
However, an alternative hypothesis places the marsupials in the
spotlight: dixenous (e.g. Trypanosoma cruzi or Leishmania spp.) and
monoxenous trypanosomatids of the genera Crithidia, Leptomonas
and Herpetomonas can survive and multiply in their anal scent
glands. Monoxenous species could pre-adapt there to the dixenous
life cycle because within the scent glands parasites are protected
from the host immune system and the body temperature is lower
[54].

Recent description of the likely monoxenous Paratrypanosoma
confusum, which constitutes a well-supported branch between the
free-living B. saltans on one side and Trypanosoma plus all other
trypanosomatids on the other side [28,45] supports a scenario, in
which the ancestral flagellate first invaded insects or other inver-
tebrate hosts and only subsequently, probably by blood feeding,
entered vertebrates - a theory proposed by Légerin 1904 [55]. Com-
parative analysis of the genomes of B. saltans [43] and P. confusum
(T.S.etal., unpubl. data) may shed key light on this dramatic change
in life strategy.
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Monoxenous trypanosomatids circulate among their insect
hosts via contamination, coprophagy, necrophagy or predation,
with the fecal transmission being probably the predominant way.
Transmission among dipteran and hemipteran insects, which host
over three-fourths of all described monoxenous species, is favored
by their habit of feeding on rich organic sources that are often
contaminated by excretions from infected specimens [16,19].

5. Acquisition of dixenous life style: the “small” transition

The origin of the dixenous life style has been discussed sev-
eral times and the insect-early scenario is now generally favored,
since the two-hosts genera Leishmania and Phytomonas are phylo-
genetically nested within clades of the single-host trypanosomatids
(Fig. 3) [30]. Current phylogenies also almost invariably sup-
port a view, in which the derived dixenous life style evolved
from the monoxenous one independently for each of the genera
Trypanosoma, Leishmania and Phytomonas [19,28,45]. Moreover,
it seems that some monoxenous trypanosomatids occasionally
attempt a switch to dixeny, or what we call here a “small” tran-
sition, as there are several documented cases of mammals and
birds being infected with Herpetomonas megaseliae and Crithidia
sp., respectively [16].

More recently, a hypothesis claiming that the monoxenous
trypanosomatids may explore new niches particularly in immuno-
compromised hosts has been put forward [56]. It stemmed from the
observation that immunosuppressed HIV-positive patients were
often found to host flagellates such as T. cruzi or Leishmania spp.
[57,58], as well as presumably monoxenous species [59]. One such
example is a close relative of Blechomonas (formerly Leptomonas)
pulexsimulantis isolated from an HIV-positive individual in Brazil
[60], which usually parasitizes fleas [32]. An independent line of
evidence originated from studies of visceral leishmaniases or kala-
azar, caused by the Leishmania donovani complex [61]. Phlebotomus
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argentipes, a sand fly vector implicated in the transmission of leish-
maniases in Nepal, was estimated to be infected almost as often
with the non-Leishmania species as with genuine Leishmania [62].
The only species recovered so far from co-infections with Leish-
mania donovani is Leptomonas seymouri originally isolated from a
hemipterid bug [63-65]. The exact ratio between these two para-
sites is hard to estimate in situ because they are morphologically
very similar [19,30]. Importantly, Leptomonas seymouri outgrows
Leishmania donovani in vitro resulting in primary cultures enriched
with this species [64]. Consequently, when the whole genomes of
three strains isolated from kala-azar patients were analyzed, over
95% of sequencing reads belonged to Leptomonas seymouri[63]. This
also explains another important mystery noted by us (V.Y.and J.V.,
unpubl. data), namely that several entries reported in GenBank as
Leishmania donovani are, in fact, sequences of Leptomonas seymouri.

We posit that there are several species of monoxenous try-
panosomatids capable of surviving within the warm-blooded
vertebrate hosts. The evolutionary advantages of such exploration
are obvious - potential new ecological niches may suit parasite’s
needs better and thus facilitate its prevalence and distribution. Nev-
ertheless, everything comes with a price tag. In this particular case it
means that parasites must adapt to new environmental conditions
within vertebrates which are dramatically different from what
they have experienced in insects. Molecular mechanisms of such
adaptations are presently unknown. One obvious and critical factor
is temperature, which in contrast to invertebrates is constantly
high in the warm-blooded vertebrates. Observations discussed
above imply that at least some monoxenous trypanosomatids may
withstand a thermal shock. This has been proven experimentally
for a hemipteran-derived Crithidia sp., which was capable of infect-
ing chicken embryos [66]. Two other monoxenous species available
in culture (C. hutneri and C. luciliae thermophila) are known to
survive at elevated temperatures [67,68]. Moreover, Leptomonas
seymouri can also tolerate temperatures of the range observed in
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warm-blooded vertebrates (V.Y., ].V.,, and J.L,, in prep.). The molec-
ular nature of adaptations needed for a successful transition from
the monoxenous to dixenous life cycle remains to be investigated.

The above-mentioned tendency of monoxenous flagellates to
switch for the dixenous life style can be further exemplified by
Blastocrithidia culicis, which colonizes not only mosquito’s diges-
tive tract and haemocoel, but also its salivary glands, raising the
possibility of transmission to vertebrates by a mosquito bite [69].
However, there are only very few records of monoxenous species
from the blood-sucking vectors of Trypanosoma (e.g. tsetse flies) and
Leishmania (sand flies) [5]. The criteria generally used to incrim-
inate vectors are: (i) presence in the same environment as the
host; (ii) feeding on the host; (iii) development of the parasite to
a transmissible infective stage; (iv) presence of the same parasite
in wild-caught vectors and hosts, and finally, (v) transmission via a
bite, ingestion, or feces. Trypanosomes can be transmitted by saliva
(Salivaria), feces (Stercoraria), mechanically, and by ingestion of
the vector. Mechanical transmission of some dixenous flagellates
by a wide range of vectors has been demonstrated in the labora-
tory, yet this route does not seem to play a significant role under
natural conditions [70]. Leishmanias use several ways of transmis-
sion to the vertebrate host: (i) members of the subgenus Leishmania
are transmitted by inoculation through parasite regurgitation (back
flow), although their occurrence in the sand fly salivary glands was
also repeatedly reported; (ii) subgenus Viannia is transferred simi-
larly, however, prediuresis (excreting urine to concentrate proteins
of the bloodmeal while feeding on the host) is also considered as
a possible route; (iii) subgenus Sauroleishmania is transmitted by
defecation, prediuresis or by ingestion of the vector, and finally;
(iv) some Leishmania (Endotrypanum) changes its hosts by contam-
ination [71,72].

Most vectors of the dixenous genera Trypanosoma, Leishmania
and Phytomonas are haematophagous or phytophagous members
of the orders Hemiptera and Diptera, however other insects or
invertebrates such as mites and leeches can also serve as vectors
[73-75]. The list of new invertebrate vectors of dixenous species
was extended by blood-sucking terrestrial leeches (Haemadip-
sidae) transmitting a new trypanosome lineage [76], while ticks
(Ixodes spp.) and midges (Ceratopogonidae) have a potential
to transmit T. copemani [77] and Leishmania spp., respectively
[78]. Moreover, fleas (Siphonaptera) were recently shown to be
surprisingly frequent hosts of a new clade of monoxenous try-
panosomatids named Blechomonas. These holometabolous insects
undergo a radical metamorphosis and since the only meal of adult
fleas is blood, the infections must be established already at the
larval stage, with the parasites accompanying the hosts throughout
their metamorphosis [32]. In addition, free-living ciliates were
occasionally shown to harbor trypanosomatids, potentially serving
as their reservoirs [7]. Probably because of the long evolutionary
association, the majority of trypanosomes have developed well-
balanced relationships with their invertebrate hosts that allow
mutual survival, although in some cases virulence was retained
(e.g. T. rangeli and subspecies of T. brucei). Similar logic applies to
the relationship between trypanosomes and their vertebrate hosts.
Most species cause mild infections with no obvious symptoms,
yet for very good reasons, most attention is given primarily to
those highly pathogenic for humans and economically important
mammals [79].

Dixenous hemoflagellates adapted their transmission to eco-
logical conditions and environment of their hosts. Although
Trypanoplasma and Trypanosoma are unrelated, the former being
a bodonid and the latter a trypanosomatid, they both circulate in
the blood of marine and freshwater fishes and both are transmitted
exclusively by leeches [10,73]. Same principle applies to different
avian trypanosomes, which use for their transmission a wide range
of dipteran insects commonly attacking birds, such as black flies
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(Simuliidae), flat flies (Hippoboscidae), mosquitoes (Culicidae) and
biting midges (Ceratopogonidae) [80,81]. Similarly, trypanosomes
parasitizing bats are transmitted by blood-sucking bugs (Cimicidae
and Triatominae) and/or sand flies (Phlebotominae) living within
or close to their host’s colonies. Infections usually occur when a
grooming batingests an infected insect or its feces [82]. Other mam-
malian trypanosomes are transmitted by blood-sucking horse flies
(Tabanidae) and sheep keds (Hippoboscidae) and bugs (Triatomi-
nae), as well as by fleas (Siphonaptera), which repeatedly defecate
on the skin and fur while taking a blood meal [83].

6. Monoxenous life style: back again

The capacity for cyclic development of the Salivarian try-
panosomes (species that terminate development in the salivary
glands) depends on the suitability of available vectors. Trypanosoma
congolense, T. brucei gambiense, T. b. rhodesiense and T. b. brucei are
(fortunately) confined to the tsetse belt in sub-Saharan Africa, since
no other vector than tsetse flies (Glossinidae) is capable of their
transmission [84,85]. Two other members of the T. brucei species
complex escaped the tsetse belt: T. (b.) evansi has adopted horse
flies (Tabanidae), other insects (Stomoxyinae and Hippoboscidae)
and even vampire bat (Desmodus spp.) as its apparently surrogate
vectors, while T. (b.) equiperdum has avoided using vectors com-
pletely and switched to direct sexual transmission [86,87].

7. Adaptations to parasitism: are there any?

When applied to trypanosomatid parasites, the conventional
thinking tries to explain all their unusual and complex features
by positive selection during adaptations to parasitism. Unfortu-
nately, this straightforward approach does not withstand rigid
scrutiny, which became possible only lately when molecular data
from the sister non-parasitic lineages appeared. Indeed, even
distantly related lineages of Alveolata and Kinetoplastea share sev-
eral otherwise (very) rare molecular traits such as trans-splicing,
polycistronic transcription and mitochondrial gene fragmentation
and RNA editing [88,89]. The situation is even more complicated
because many of these oddities apparently arose by convergent
evolution through the accumulation of neutral mutations rather
than by pure selection [90]. As exemplified by RNA editing, the
molecular mechanisms underlying it are fundamentally different
in Alveolata and Kinetoplastea, leading to the only plausible con-
clusion that these pathways have evolved in convergence [88]. In
summary, the molecular data accumulated so far testify that many
if not all of the peculiar features attributed to kinetoplastids were
independently “tried on” at least several times during protistan
evolution. Indeed, none of the traits appears to have evolved as
a specific adaptation to the parasitic life style, as all of the typical
trypanosomatid features are in some form already present in the
basal kinetoplastid group of free-living bodonids.

However, considering the impressive success of trypanosomatid
parasites, there might have been important pre-adaptations. One
such example is the kDNA that is present in multiple fundamen-
tally different forms in the bodonids [91], while a single kDNA
network highly conserved in terms of organization, gene content
and order, is a unifying feature of all trypanosomatids [92,93]. The
transition from the non-catenated pro-kDNA of free-living B. saltans
to the catenated kDNA disk of parasitic P. confusum might rep-
resent an important transition that contributed to the success of
trypanosomatids, in which no further diversification of the kDNA
seems to have occurred. In the absence of more information on
the diverse bodonid kDNAs, we cannot pinpoint the critical differ-
ences, other than the potential importance of catenation of circular
DNA molecules at the expense of their supercoiling [91]. A conse-
quence of this invention might be a highly organized and efficient
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replication and maintenance of a single kDNA catenane, allowing
major contraction of the invariably huge kDNA of bodonids, which
likely outweighed the inefficiency of replication by redundancy.

Trypanosomatids might serve as a good model group for tracing
the evolution of parasitism. Several whole genomes of the dixe-
nous trypanosomatids are already available for analysis [94-97]. By
analyzing the genomic information from their free-living bodonid
relatives and early-branching trypanosomatid P. confusum 28], we
shall be able to identify features shared between these organisms
as well as those representing key differences, especially in terms
of gene loss and/or gain. From the currently available data, most
differences are associated with genes encoding metabolic and cell
surface proteins [43].

Modern methods of genome analysis allow direct comparison
of the gene content between different groups of Trypanosomatida.
The underlining assumption of this approach is that there must
be some genes responsible for adaptation to the dixenous life
style. Those genes should exclusively be either present or absent
in Trypanosoma, Leishmania, and Phytomonas as compared to their
monoxenous kins. Such an analysis promises to bring novel insight
into what drives flagellates to the more complex dixenous life cycle
and is indeed underway (Pavel Flegontov, ].L.,V.Y.,and ].V.,in prep.).
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Abstract

Tsetse and tabanid flies transmit several Trypanosoma species, some of which are human
and livestock pathogens of major medical and socioeconomic impact in Africa. Recent
advances in molecular techniques and phylogenetic analyses have revealed a growing
diversity of previously unidentified tsetse-transmitted trypanosomes potentially pathogenic
to livestock and/or other domestic animals as well as wildlife, including African great apes.
To map the distribution, prevalence and co-occurrence of known and novel trypanosome
species, we analyzed tsetse and tabanid flies collected in the primary forested part of the
Dzanga-Sangha Protected Areas, Central African Republic, which hosts a broad spectrum
of wildlife including primates and is virtually devoid of domestic animals. Altogether, 564
tsetse flies and 81 tabanid flies were individually screened for the presence of trypanosomes
using 18S rRNA-specific nested PCR. Herein, we demonstrate that wildlife animals are
parasitized by a surprisingly wide range of trypanosome species that in some cases may
circulate via these insect vectors. While one-third of the examined tsetse flies harbored
trypanosomes either from the Trypanosoma theileri, Trypanosoma congolense or
Trypanosoma simiae complex, or one of the three new members of the genus Trypanosoma
(strains ‘Bai’, ‘Ngbanda’ and ‘Didon’), more than half of the tabanid flies exclusively carried
T. theileri. To establish the putative vertebrate hosts of the novel trypanosome species, we
further analyzed the provenance of blood meals of tsetse flies. DNA individually isolated
from 1033 specimens of Glossina spp. and subjected to high-throughput library-based
screening proved that most of the examined tsetse flies engorged on wild ruminants (buffalo,
sitatunga, bongo), humans and suids. Moreover, they also fed (albeit more rarely) on other
vertebrates, thus providing indirect but convincing evidence that trypanosomes can be

transmitted via these vectors among a wide range of warm- and cold-blooded hosts.
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made at the end of the 19th century and the importance of the
tsetse fly in transmission was discovered soon afterwards
(Sharma et al., 2009). African trypanosomes are well-known causa-
tive agents of serious diseases in humans and livestock. A fatal
human sleeping sickness occurs in sub-Saharan Africa and

0020-7519/© 2015 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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approximately 60 million people are exposed to the risk of infec-
tion, with more than 10,000 new cases reported annually
(Simarro et al., 2011). Nagana, surra, and other animal trypanoso-
miases constitute such a serious problem for farming that they lar-
gely exclude productive breeds of livestock from parts of the
humid and semi-humid zones of sub-Saharan African countries
and annually cause approximately three million cattle deaths
(Schofield and Kabayo, 2008).

The group of most significant African trypanosome species
includes  Trypanosoma  congolense,  Trypanosoma  vivax,
Trypanosoma simiae and five members of the Trypanosoma brucei
complex. The diversity of African trypanosomes is much greater,
however, and new species are continually described (Adams
et al.,, 2006, 2010a; Hamilton et al., 2008). Nevertheless, life cycles,
vertebrate hosts and vectors of many neglected and newly
described trypanosome species remain unknown. It is clear that
our knowledge of the diversity of African trypanosomes is limited
and understanding their true diversity will require broader
surveys.

Taxonomic designations of these diverse flagellates, mostly
lacking species-specific morphological characters, are mostly
based on their phylogenetic placements (Gibson, 2007).
Moreover, trypanosome species may differ by only minor genetic
differences, which reflect adaptations to particular parasitic niches.
Recently, this has been exemplified by the case of Trypanosoma
evansi, the life cycle of which is significantly influenced by just a
few tiny genetic differences from Trypanosoma brucei brucei ances-
tral stock (Lai et al., 2008; Carnes et al., 2015).

Recent advances in molecular identification techniques and
phylogenetic analyses have revealed previously unidentified try-
panosome species in African vertebrates (Auty et al., 2012a) and
tsetse flies (Adams et al., 2006, 2010a; Hamilton et al., 2008;
Auty et al., 2012b). Due to the paucity of distinguishing morpho-
logical features, molecular tools comprise virtually the only way
to map the high diversity of trypanosomes, yet only rarely are
new forms formally described and named. Consequently, a grow-
ing number of nameless species represents an inconvenient com-
plication, as these are largely ignored (Adams et al., 2010a).

While the mere presence of trypanosome DNA in bloodsucking
flies cannot be considered proof of transmission by these vectors, it
reveals their occurrence in the blood of vertebrates inhabiting the
environment, in which collections occurred. New trypanosome
species detected in tsetse flies could originate from wild verte-
brates that are not yet known to host trypanosomes (Adams
et al,, 2010a) and, vice versa, undescribed trypanosomes found in
wildlife could be transmitted by tsetse flies (Auty et al., 2012b).
To track the entire life cycle and to reveal the bloodsucking vectors
responsible for the transmission of these flagellates under natural
conditions is time- and money-consuming and in some cases
almost impossible. Nevertheless, the involvement of specific verte-
brate hosts and invertebrate transmitters in the trypanosome life
cycle could be uncovered by analyzing the blood meals and feeding
patterns of possible vectors (Muturi et al., 2011). Not only do anal-
yses of blood meals of tsetse flies trapped in their natural environ-
ments provide information about transmitted pathogens, but these
hematophagous flies could also be used as “vertebrate samplers”
and deliver DNA-based information on many aspects of vertebrate
ecology (Calvignac-Spencer et al., 2013).

A great deal of African trypanosome biodiversity is probably
still hiding in African savannahs and forests. Recent findings
demonstrate that trypanosomes in and outside of the T. brucei
complex can infect vertebrate hosts such as chimpanzees and other
great apes that were previously believed to be more or less
trypanosome-free (Jirk( et al., 2015). To the best of our knowledge,
however, no survey for trypanosomes in tsetse flies has been
undertaken directly within habitats inhabited by African great

apes. In this study, tsetse and tabanid flies captured in the
Dzanga-Sangha Protected Areas (DSPA), Central African Republic
(CAR), were examined to determine the diversity and prevalence
of harbored trypanosomes and to survey the spectrum of verte-
brates from which those flies took their blood meals.

2. Materials and methods
2.1. Study site

The DSPA in the CAR include zones with various levels of pro-
tection and restricted human access, as well as multiple-use zones
with controlled human activities. The human population density in
the DSPA is low (ca one person per km?). The forested areas are
composed of secondary and, less frequently, primary forest.
Rainfall averages 1400 mm/year. Dry months typically occur
between December and February, while the rest of the year has a
long rainy season (albeit with low precipitation during June and
July). Our sampling was carried out in the Dzanga Sector of the
Dzanga-Ndoki National Park (2°50'N, 16°28'E) and its surround-
ings. Bai Hokou is a permanent Primate Habituation Programme
research camp with local BaAka and Bantu trackers and research
assistants, and up to five foreign volunteers and/or researchers.
The surrounding area is covered by primary forest with several
open spaces (forest glades), locally known as “bais”. Two of these,
Bai-Hokou (BH; 2°51'30.6"N, 16°28'12.6"E, in the proximity of the
research camp) and Bai-Gubunga (BG; 2°50'59.9"N, 16°28'05.1"E,
3 km distant from the research camp), were chosen as the main
collection sites of bloodsucking insects. Both locations are fre-
quently visited by herds of forest buffalos (Syncerus caffer nanus),
together with bongos (Tragelaphus eurycerus), sitatungas
(Tragelaphus spekii) and forest elephants (Loxodonta cyclotis). The
surrounding primary forest is inhabited by several duiker species
(e.g., Cephalophus silvicultor), red river hogs (Potamochoerus porcus),
giant forest hogs (Hylochoerus meinertzhageni), wild chimpanzees
(Pan troglodytes), agile mangabeys (Cercocebus agilis) and several
groups of western lowland gorillas (Gorilla gorilla gorilla) at differ-
ent levels of habituation (Fig. 1).

2.2. Collection of insects

Tsetse and tabanid flies were collected in the DSPA during
September 2012. The insects from the BH and BG collection sites
were thoroughly examined by specific PCR for trypanosome preva-
lence and in the case of tsetse flies for blood source. The microhab-
itat of each collection and the occurrence of wildlife were noted.
Most bloodsucking flies were collected on forest edges using
tent-like Malaise traps with a black and dark-blue striped central
wall and white roof that directs insects upwards to a cylinder con-
taining a killing jar with 70% pure ethanol. The captured insects
were collected from the Malaise traps twice each day. A small
number of flies were obtained by sweep netting and hand collec-
tion. Ethanol-stored specimens were transported to the laboratory,
where they were sorted under a stereomicroscope according to
species, sex, collection site and date of trapping. Species identifica-
tion was done using an online key (Les Glossines ou mouches
tsé-tsé; http://www.cnev.fr/index.php/publications-et-outils/out-
ils-didentification/identiciels) and confirmed by Dr. Pascal
Grébaut (IRD-CIRAD, Montpellier, France). The correctness of the
determination was further verified by barcoding five selected spec-
imens from each morpho-species. This involved sequencing of
their cytochrome c oxidase subunit 1 (cox1) gene using universal
primers (Hebert et al., 2003), followed by a comparison with avail-
able databases, BOLD (http://www.boldsystems.org/) and GenBank
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).
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Fig. 1. Wild animals and tstse flies in Dzanga-Sangha Protected Areas, Central African Republic. (A) Herd of forest elephants in Bai-Gubunga. (B) Makumba, a silverback gorilla
from a habituated group in Bai-Hokou. (C) Glossina (Austenia) tabaniformis. (D) Glossina (Nemorhina) fuscipes fuscipes. Scale bars = 1 cm.

2.3. DNA isolation, nested PCR, sequencing and recombinant sequence
check

After washing individual tsetse and tabanid flies for 1 h in dis-
tilled water, their DNA was extracted using a High Pure PCR
Template Preparation Kit (Roche, Germany) according to the man-
ufacturer’s instructions. Tissue homogenates were prepared from
the whole tsetse or tabanid flies. In the case of tabanid flies, some
specimens were divided into three body parts (head, thorax and
abdomen), in order to determine the exact location of try-
panosomes within the insect, and whether it is in accordance with
the expected mode of transmission. For species identification, the
trypanosome 18S rRNA genes were amplified using newly
designed specific nested PCR with amplicon sizes reaching up to
2.2 kb and 2.1 kb in the first and second round, respectively. The
first amplification round consisting of 35 cycles was performed
in a final volume of 20 pl of PCR mix (TopBio, Czech Republic) con-
taining 60-120 ng of total DNA isolated individually from the
tsetse or tabanid fly body, and 10 pmol of each primer (S762:
5'-GACTTTTGCTTCCTCTAWTG-3' and S763: 5'-CATATGCTTGTTTCA
AGGAC-3’; Maslov et al., 1996). The annealing temperature was
55°C for 90s. For the next step consisting of 35 amplification
cycles, 1 ul of amplified product was used as a template with
10 pmol of newly designed nested primers (TR-F2: 5-GARTCTGC
GCATGGCTCATTACATCAGA-3’ and TR-R2: 5'-CRCAGTTTGATGAGC
TGCGCCT-3'). The annealing temperature was 64 °C for 90 s. Both
strands of PCR products were sequenced. The search for possible
recombinant sequences obtained by PCR was performed by
Recombination Detection Program v.4 (RDP4) using the RDP,
GENECONV, Chimaera, MaxChi, BOOTSCAN, SISCAN and 3seq
methods with default settings (Martin et al., 2010).

2.4. Phylogenetic analysis

The 18S rRNA sequences obtained by nested PCR from flies were
used to generate an alignment using K-align (http://www.ebi.ac.
uk/Tools/msa/kalign/). Ambiguous positions and poorly alignable
sequences were manually removed using BioEdit. The final 18S
rRNA alignment included 2082 characters. An evolutionary model
(TIM2+I+G) for this dataset was selected using the Akaike criterion
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in Modeltest 2.1.4 and used for Maximum Likelihood inference in
PhyML 3.0. A heuristic search was performed using the subtree
pruning and regrafting (SPR) branch-swapping algorithm and
statistical support of bipartition was assessed using bootstrap
resampling (1000 replicates) as described elsewhere (Votypka
et al,, 2010, 2012). The accession numbers of sequences retrieved
from GenBank and used in phylogenetic reconstructions and 18S
rRNA alignments are provided in figures.

2.5. Preparation and analysis of the DNA library

To establish the origins of blood meals in tsetse flies, 1033 DNAs
individually isolated from captured insects were separated into
pools of 10 DNA samples and each pool was used as a template
for specific PCR with primers Cytbb1F (5'-CCATCMAACATYTCADC
ATGATGAAA-3’) and Cytbb2R (5'-GCHCCTCAGAATGAYATTTGKCCT
CA-3"). PCR conditions were as follows: 94 °C for 5 min, then 35
cycles (94 °C for 1 min, 55°C for 1min, 72°C for 1min), and
72 °C for 7 min (Radrova et al.,, 2013). Amplicons were purified
using GenElute™ PCR Clean-Up (Sigma-Aldrich, Germany) and
then further pooled according to tsetse fly species (Glossina fuscipes
fuscipes versus Glossina tabaniformis), gender (male versus female),
and capture site (BH versus BG) to form eight similarly numerous
groups: (i) males of G. f. fuscipes from BH, (ii) females of G. f. fuscipes
from BH, (iii) males of G. tabaniformis from BH, (iv) females of
G. tabaniformis from BH, (v) males of G. f. fuscipes from BG, (vi)
females of G. f. fuscipes from BG, (vii) males of G. tabaniformis from
BG, and (viii) females of G. tabaniformis from BG.

DNA libraries from each group were prepared as described in
the Rapid Library Preparation Method Manual (Roche) and then
quantified using a TBS 380 Fluorometer (Turner, USA). Different
Multiplex Identifiers (MIDs) with unique sequence tags were
ligated to each group of amplicons and resulting DNA libraries
were purified using Agencourt AMPure XP magnetic beads
(Beckman Coulter, USA). Each DNA library was quantified using a
TBS 380 Fluorometer (Turner); the number of molecules in each
library was calculated and samples were diluted with Tris-EDTA
buffer (10 mM TRIS, 1 mM EDTA, pH 8.0) to a concentration of
1 x 107 molecules/pl. Barcoded libraries were subsequently pooled
and processed according to the emulsion PCR (emPCR)
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Amplification Method Manual Lib-L (Roche). The library of DNA
molecules was mixed with capture beads in a 1:1.7 ratio, emulsi-
fied and clonally amplified with emulsion-based PCR.
Subsequently, beads carrying amplified DNA were recovered from
emulsion, enriched and sequencing primers were annealed, yield-
ing 450,000 beads. Sequencing using a GS Junior pyrosequencer
(Roche) resulted in almost 47,000 raw sequences, which were ana-
lyzed and processed using the Mothur package (Schloss, 2009;
www.mothur.org). Sequences were separated into eight groups
according to their unique sequence tags present in MIDs.
Denoising was performed by PyroNoise (minflows=360; max-
flows = 720; pdiffs = 3; bdiffs = 1) followed by sequence trimming
(maxhomop = 8; minlength = 150). This resulted in 14,533 high
quality sequences that were analyzed using BLASTN with an
E-value cut-off set at 10-50. Statistical evaluation was performed
using the Kruskal-Wallis and Mann-Whitney U tests (Statistica
6.1, StatSoft) and P values below 0.05 were considered significant.
All primary sequencing data were deposited to the NCBI Sequence
Read Archive under accession numbers SAMN03703425, SAMNO3
703430, SAMNO03703434, SAMN03703438, SAMNO03703509,
SAMNO03703516, SAMN03703517 and SAMN03703518. It should
be noted that the methodology used is biased towards sequences
from a recently taken blood meal where the host DNA is still highly
abundant.

3. Results
3.1. Prevalence of trypanosomes and their 18S rRNA-based phylogeny

Morphological examination allowed allocation of all 1033 tsetse
flies trapped in the two localities within the primary forest area of
the DSPA to just two species. The subgenus Austenia was repre-
sented by 886 specimens of G. tabaniformis, while 147 specimens
of G. f. fuscipes belonged to the subgenus Nemorhina (Fig. 1). All
obtained cox1 tsetse fly sequences clustered into two
well-defined, internally homogenous groups (data not shown) fully
corresponding with morphology-based determinations. Our G. f.
fuscipes sequences (GenBank accession numbers KP979582-4)
show 99% similarity with reference sequences. In the case of G.
tabaniformis (KP979585-7), however, no sequences are publicly
available and our sequences derived from this species constituted
a separate clade among available tsetse fly sequences (data not
shown).

The detection of trypanosomes by the nested PCR approach was
performed on DNA samples isolated individually from a randomly
selected subset of 564 tsetse flies representing 436 and 128 spec-
imens of G. tabaniformis and G. f. fuscipes, respectively. The ana-
lyzed set was composed of 260 males and 202 females (102
specimens were homogenized prior to the determination of their
sex), with 403 and 161 insects trapped at BH and BG, respectively.
In total, 183 (32.4%) tsetse flies were positive for at least one try-
panosome species (Table 1), with no significant correlation
between infection and tsetse fly species (y*=0.684, P=0.41;
34.3% of G. tabaniformis versus 27.3% of G. f. fuscipes) or gender
(G. tabaniformis: y?=2.073, P=0.15; 35.2% of males versus 28.1%
of females; G. f. fuscipes: y? = 0.406, P = 0.53; 33.2% of males versus
27.7% of females) observed. The two trapping sites (BH and BG) dif-
fer in several aspects. First of all, they significantly differ in the dis-
tribution of the two tsetse fly species (y?=13.257, P<0.0003),
with a relatively high occurrence of G. f. fuscipes in BH. Another
notable difference is associated with species composition of verte-
brates available in “bais” that serve as hosts for trypanosomes and
as a source of blood for tsetse and tabanid flies. The BG locality is
inhabited almost exclusively by herds of forest buffaloes, while
other mammals visit both locations at approximately the same

frequency (J. Votypka, KJ. Petrzelkova, D. Modry, personal
observations).

The two sites differ significantly (3?=72.836, P<0.0001) in
overall trypanosome prevalence, with 23.1% and 55.3% of tsetse
flies from BH and BG, respectively, being positive. Regarding indi-
vidual trypanosome species (see below), the number of
trypanosome-positive tsetse flies was statistically significant only
for Trypanosoma theileri. In congruence with overall trypanosome
prevalence, tsetse flies were more commonly infected with T. thei-
leri at BG (49.8%) than they were at BH (1.9%) (x*=91.187,
P <0.0001) which is in good correlation with the occurrence of buf-
faloes in the former bai.

Altogether, based on 18S rRNA, we detected eight trypanosome
species inventoried as shown in Table 1 and belonging to three
subgenera (Fig. 2). This substantial diversity includes six members
of the subgenus Nannomonas, one species affiliated with the sub-
genus Trypanozoon, and one species of the subgenus
Megatrypanum. The tsetse fly species and prevalence of all regis-
tered trypanosomes are shown in Table 1. The more abundant
G. tabaniformis hosted all eight trypanosome species, while the less
numerous G. f. fuscipes was infected with only the three most
prevalent trypanosomes (Table 1).

In our dataset, the subgenus Nannomonas is represented by
three members of the T. simiae group: (i) the typical T. simiae (iso-
lates G114 and G219 from G. tabaniformis; GenBank accession
numbers KP307021 and KR024686, respectively); (ii) the new T.
simiae ‘Bai’ (isolate G107 from G. tabaniformis; accession number
KP307022), which forms a new subclade within the T. simiae com-
plex together with the lineage T. simiae ‘Tsavo’; and (iii)
Trypanosoma sp. ‘Fly9’ (also called T. godfreyi-like in Adams et al.,
2010a) (isolates G49 and G159 from G. tabaniformis; accession
numbers KP307023 and KR024687, respectively). The latter try-
panosome (‘Fly9’) was previously described from a tsetse fly
(Malele et al, 2003) and is related to Trypanosoma godfreyi
(Adams et al., 2010a). The species T. congolense is represented by
the new lineage (iv) T. congolense ‘Dzanga-Sangha’ (isolates G22
from G. tabaniformis; accession number KP307024; and G34 and
G39 from G. f fuscipes; accession numbers KP307026 and
KP307025, respectively). These three isolates form a new subclade
within the species T. congolense, distinct from the hitherto recog-
nized ‘Forest’, ‘Savannah’ and ‘Kilifi’ lineages. Finally, two closely
related isolates within the subgenus Nannomonas that cluster
between T. congolense and the T. simiae complex form two new
species labeled (v) Trypanosoma sp. ‘Ngbanda’ (isolates G277 and
G603 from G. tabaniformis; accession numbers KP307019 and
KR024684, respectively) and (vi) Trypanosoma sp. ‘Didon’ (isolates
G432 and G601 from G. tabaniformis; accession numbers KP307020
and KR024685, respectively).

The trypanosome labeled Trypanosoma sp. ‘Makumba’ (isolate
G73 from G. f. fuscipes and isolate G433 from G. tabaniformis; acces-
sion numbers KP307018 and KR024683, respectively) is closely
related to Trypanosoma sp. ‘Msubugwe’ (Hamilton et al., 2008),
with which it constitutes a sister group of the subgenus
Trypanozoon (Fig. 2). Finally, the subgenus Megatrypanum is repre-
sented by the T. theileri complex (isolate G24 from G. f. fuscipes;
accession number KR024688), although as the sequences obtained
are slightly heterogeneous, these may represent several genotypes
or a complex of closely related species (data not shown). In addi-
tion to tsetse flies, we captured 81 female tabanids belonging to
the genera Chrysops (43 specimens), Haematopota (6), and
Tabanus (32), of which 48 (59.3%) were positive for T. theileri
(Table 2). No other trypanosome species was detected.
Prevalence of infection, which was confined to the thoracic and
abdominal parts (Fig. 3; also see Section 4), differed significantly
among genera (% =10.502, P< 0.001; 44.2% and 81.3% positivity
for Chrysops and Tabanus, respectively). While 46.8% of tabanids
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Table 1

745

Prevalence of trypanosomes in tsetse flies captured in the Dzanga-Sangha Protected Areas, Central African Republic.

Tsetse fly species Examined/positive (%)

Prevalence of Trypanosoma spp. (%)

Ts. Ts.B Fly9 Tc. Ngb. Did. Mak. Tt
Glossina tabaniformis 436/149 (34.2) 2.8 0.7 0.7 8.7 0.5 0.5 5.0 15.1
Glossina fuscipes fuscipes 128/35 (27.3) 0.0 0.0 0.0 7.8 0.0 0.0 23 17.2
Total 564/183 (32.4) 21 0.5 0.5 8.5 0.4 0.4 4.4 15.6

Ts., typical Trypanosoma simiae; T.s.B, Trypanosoma simiae ‘Bai’; Fly9, Trypanosoma sp. ‘Fly9’; T.c., Trypanosoma congolense ‘Dzanga-Sangha’; Ngb., Trypanosoma sp. ‘Ngbanda’;
Did., Trypanosoma sp. ‘Didon’; Mak., Trypanosoma sp. ‘Makumba’; T.t., Trypanosoma theileri.

T. simiae (U22320)
T. simiae (AJ223569)

T. simiae (G219)

T. simiae (G114)

T. simiae ‘Bai’ (G107)

T. simiae Tsavo’ (AJ404608)

T. simiae Tsavo’ (U22318)

T. godfreyi (AJ0O09155)
‘Fly9’ (AJ563915)

+ Trypanosoma sp. (G159)

T. simiae|complex

Trypanosoma sp. (G49)
N Trypanosoma sp. ‘Ngbanda’ (G603)
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Fig. 2. 18S rRNA-based phylogeny of trypanosomes from tsetse flies. Maximum
likelihood tree with bootstrap values for 1000 replicates (‘indicates value >95). 185
rRNA sequences generated within this study are in bold. Each sequence, labeled by
tsetse fly number (e.g., G219), belongs to a given species/complex/group (see
Table 1). Notes on the newly described species: Trypanosoma simiae ‘Bai’ is a new
member of the T. simiae complex; Tr [ ‘D Sangha’ is a new
lineage of the species T. congolense; Trypanosoma sp. ‘Ngbanda’ and Trypanosoma sp.
‘Didon’ are two new species constituting a new clade within the subgenus
and Tr sp. ‘Makumba’ is a new member of the
Trypanosoma sp. ‘Msubugwe’ group. Sequences obtained belonging to the
Trypanosoma theileri complex of the subgenus Megatrypanum were not included.

were positive for trypanosomes at BH, positivity increased to 81.5%
at BG (%% =7.717, P<0.005).

In order to identify possible recombinant sequences generated
by PCR, we performed recombination detection analysis with the
RDP4 program using the RDP, GENECONV, Chimaera, MaxChi,
BOOTSCAN, SISCAN and 3seq detection algorithms. Application of
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these algorithms failed to identify any statistically significant
recombination events (P < 0.05).

3.2. Determination of tsetse fly blood meal

To establish upon which vertebrates the tsetse flies fed and
whether this varied by collection site, tsetse fly species and/or
sex, the set of 1,033 DNAs individually isolated from specimens
captured at BH and BG was subdivided into eight categories.
Next, an equal amount of DNA from each category was pooled
and used for the preparation of eight separate Lib-L libraries (see
subsection 2.5). Due to substantial differences in the number of
sequences extracted from each library, only limited mutual com-
parison was possible. Furthermore, it should be noted that the data
obtained do not represent the blood “prevalence” or the number of
tsetse flies engorging on given hosts, but only the frequencies of
different sequences that could to some extent be affected by such
factors as blood freshness. The strength of the method used lies in
its ability to detect rare sequences. Indeed, it was able to monitor a
wide range of blood sources.

Eight species of warm- and two species of cold-blooded verte-
brates constituted more than 99% of the 14,533 high-quality
sequences obtained from the engorged tsetse flies (Table 3). The
dominant source of blood at both sampled sites consisted of forest
buffaloes (Syncerus caffer nanus; 42.9%), with humans (24.9%) rep-
resenting the second most frequent source (Fig. 1). At BG, a loca-
tion distant from any human settlements, human blood occurred
significantly less frequently (16.0%). Three groups of large forest
mammals represented an additional important source of blood:
bongo and sitatunga (Tragelaphus spp.; 15.7%), two species of wild
hogs (Potamochoerus porcus and Hylochoerus meinertzhageni;
12.7%), and duikers (Cephalophus spp.; 4.1%), whereas the blood
of rodents (unspecified member of the order Rodentia), forest ele-
phants (Loxodonta cyclotis), tortoises (Testudinidae), and crocodiles
(Osteolaemus tetraspis) was identified only sporadically (Table 3).
The sporadic presence of elephant blood is noteworthy, as these
are frequent visitors to both examined sites (Fig. 1).

4. Discussion

Recently, infections by trypanosomes mainly belonging to the
T. brucei complex were detected with unexpected frequency in
tissue samples and feces of African great apes (Jirku et al., 2015).
To evaluate the possibility that tsetse and/or tabanid flies take

Table 2
Prevalence of trypanosomes in tabanid flies captured in the Dzanga-Sangha Protected
Areas, Central African Republic.

Tabanid genus Examined|/positive (%)

Chrysops 43/19 (44.2)
Haematopota 6/3 (50.0)

Tabanus 32/26 (81.3)
Total 81/48 (59.3)
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Fig. 3. Detection of Trypanosoma theileri in body parts of Tabanus spp. Each individual was dissected into three body parts: head (H), thorax (T) and abdomen (A).
Trypanosomes were detected by PCR only in the thorax and abdomen. 1-7, tabanid specimen number; m, marker; —, negative and +, positive controls.

Table 3

Host cytochrome b gene detected in tsetse flies captured in the Dzanga-Sangha Protected Areas, Central African Republic.
Host Collection site Tsetse fly species Tsetse fly sex Seq. analysis

BH (No: 582) BG (No: 451) G.t. (No: 886) G.ff. (No: 147) Male (No: 367) Female (No: 556) No. of seq. (%)

African buffalo 40.66%" 68.91%" 50.62% 50.15% 53.26% 50.62% 2364 (42.88)
Human 24.87%" 16.04%" 23.19% 26.12% 24.03% 23.86% 1685 (30.56)
Bongo/Sitatunga 15.77% 11.46% 12.28% 19.57% 17.24% 16.38% 875 (15.87)
Bush pig/Giant hog 12.69%* 1.92% 9.15%* 1.04%* 2.71% 3.68% 364 (6.60)
Duiker 4.40% 1.07% 3.41% 2.88% 1.75% 4.69% 173 (3.14)
Unidentified rodent 0.99% 0.42% 0.91% 0.14% 1.01% 0.26% 26 (0.47)
Forest elephant 0.30% N.D. 0.18% N.D. N.D. 0.22% 10(0.18)
Chicken 0.07% 0.05% 0.05% 0.05% N.D. 0.05% 4(0.07)
Unidentified tortoise 0.07% N.D. 0.05% N.D. N.D. 0.00% 2(0.04)
Dwarf crocodile N.D. 0.03% 0.03% N.D. N.D. 0.03% 1(0.02)
Total number of seq. 2495 2091 3306 2207 1763 2826 5513 (100)

BH, Bai-Hokou; BG, Bai-Gubunga; G.t., Glossina tabaniformis; G.f.f., Glossina fuscipes fuscipes; No, number of analyzed tsetse flies; seq., sequences; N.D., not detected.

2 Statistically significant difference (P < 0.05).

blood from apes and are involved in transmitting their trypano-
somes, an extensive analysis of these potential vectors from a
habitat of chimpanzees and gorillas was performed.

Upon searching the literature, we came to realize that tsetse
and tabanid flies had never before been collected in a primary for-
est inhabited by African great apes and other wildlife. For that rea-
son, we undertook an extensive search for trypanosomes in
hundreds of flies. Employing high-throughput screening using
next-generation sequencing of almost all tsetse flies enabled us
to determine the spectrum of animal species upon which the flies
had fed. Indeed, at both studied sites within the DSPA, the DNA of
several mammalian species was detected in G. (Austenia) tabani-
formis and G. (Nemorhina) fuscipes fuscipes, thereby proving the
opportunistic feeding behavior of Glossina flies (Muturi et al.,
2011). Feeding of G. fuscipes fuscipes and several other tsetse spe-
cies on cold-blooded vertebrates such as monitor lizard, turtle
and snake has been documented previously (Waiswa et al., 2006;
Bouyer et al., 2007; Farikou et al., 2010) and is further corroborated
by our data.

Although lowland gorillas and tsetse flies co-habit in both cap-
ture sites and the Malaise traps were applied in the bais at least
twice during visits by these great apes, they do not appear to be
frequent targets of the examined Glossina spp.. Such an observation
is non-trivial and surprising, especially when the virtual absence of
blood from gorillas and other apes is compared with the abundant
presence of human blood. Indeed, both Glossina spp. were often
seen to attack humans tracking the gorillas (J. Votypka, KJ.
Petrzelkova, D. Modry, personal observations; Fig. 1). One possible
explanation for the obtained results implies the existence of some
unknown anti-tsetse fly behavior by gorillas and chimpanzees,
however, other explanations must also be considered. Host odor
is an important component of tsetse fly perception and these
insects do not seem to be attracted nor repelled by the primate

smell. Another possibility is that the relative abundance of great
apes in the sampling area is still low compared with other available
hosts, and even analysis of 1000 tsetse flies is insufficient to cover
the whole host spectrum and exhaustively map feeding prefer-
ences of the studied tsetse flies. Finally, because the effectiveness
of black and dark-blue striped traps of various shapes differs signif-
icantly among tsetse fly species, a confounding presence of other,
non-attracted and consequently undetected, Glossina spp. cannot
be excluded.

Recently, several new trypanosome species or genotypes have
been discovered in tsetse flies (Adams et al., 2006, 2010b;
Hamilton et al., 2008) and large mammals (Auty et al,, 2012a),
gradually increasing the diversity and host range of African try-
panosomes. Regrettably, these unnamed flagellates remain largely
ignored, probably due to an absence of formal taxonomic descrip-
tion (Adams et al., 2010a). The reasons for this fact include unavail-
ability in culture and the lack of identified vertebrate and/or insect
hosts, which may well include rare species or those that have been
inaccessible to investigation.

Our nested 18S rRNA-based PCR assay proved to be highly sen-
sitive and provided sufficient information for a phylogenetic anal-
ysis that revealed an unexpectedly broad spectrum composed of at
least eight trypanosome operational taxonomic units (OTUs).
However, the presence of trypanosome DNA in the blood meals
of tsetse flies is not proof of their capacity to transmit the parasite.
Some OTUs are very closely related to species of medical and vet-
erinary importance. At least one of these trypanosomes was
detected in almost one-third of the examined tsetse flies, testifying
to its active circulation in the DSPA. Two representatives of the
subgenus Nannomonas, T. simiae and T. congolense, recently
expanded into a complex of four and three lineages, respectively
(Njiru et al., 2004; Hamilton et al., 2008; Adams et al., 2010a,b;
Simo et al., 2012). Our findings further increase this diversity:
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Trypanosoma simiae ‘Bai’ extends the T. simiae complex into five
lineages (typical T. simiae, T. simiae ‘Tsavo’, T. simiae ‘Bai’, T. godfreyi
and Trypanosoma sp. ‘Fly9’) and the herein newly described T. con-
golense ‘Dzanga-Sangha’ expands the species T. congolense into four
lineages (T. congolense ‘Forest’, ‘Savannah’, ‘Kilifi' and
‘Dzanga-Sangha’). Finally, Trypanosoma sp. ‘Makumba’ clusters
together with Trypanosoma sp. ‘Msubugwe’ (Hamilton et al,
2008; Adams et al., 2010a,b) to form an enigmatic group which
may represent an evolutionary link between the subgenera
Trypanozoon and Nannomonas.

Two additional novel flagellates of the subgenus Nannomonas
first reported in this study, Trypanosoma sp. ‘Ngbanda’ and
Trypanosoma sp. ‘Didon’ form, in the 18S rRNA-based tree, a new
clade branching off between the T. congolense and T. simiae com-
plexes. Such a position of this new clade raised concern about a
potential hybrid molecule. Due to a very low amount of DNA, we
failed to amplify additional genes (e.g. glyceraldehyde
3-phosphate dehydrogenase). However, we have obtained the
same results twice and independently from different tsetse fly
specimen, and further analyzed the amplified sequences using
the recombinant detection RDP4 programs, which failed to identify
any statistically significant recombination events. Therefore, we
believe the obtained sequences are authentic.

We recently established a diagnostic ITS1-based PCR assay that
allows detection of even very small amounts of trypanosome DNA
in ethanol- or RNAlater-stored feces or in partially decomposed tis-
sue samples collected from dead animals (Jirka et al., 2015). While
useful for assignment to previously known species, the information
obtained in the ITS1 region is insufficient for phylogenetic analyses
of novel lineages which should, if possible, be based on the 18S
rRNA gene.

Using the ITS1-based PCR assay, the T. brucei complex was fre-
quently detected in an extensive survey of African great apes from
several tropical African countries but not CAR (Jirku et al., 2015).
The 18S rRNA-based nested PCR assay revealed circulation of at
least eight trypanosome lineages, but we did not detect any try-
panosomes belonging to the T. brucei complex. This result can be
explained either (i) by an overall absence of this complex in the
studied biotope (no information is available about T. brucei in
humans and animals in the studied area), or (ii) by the presence
of an unregistered tsetse fly species transmitting flagellates of
the T. brucei complex.

No significant differences were observed in trypanosome preva-
lence among tsetse fly species or gender, although significant dif-
ferences did exist between the two trapping sites in terms of
overall trypanosome prevalence and, in particular, the abundance
of the most common species, T. theileri. Since the same trend was
observed in the trapped tabanid flies, we believe that these differ-
ences correspond with the higher concentration at Bai-Gubunga
(BG) of forest buffaloes, of which T. theileri is a frequent parasite.

The extremely high positivity of tabanid flies for the T. theileri is
likely a consequence of their increased life span compared with
other insect vectors, resulting in a high number of blood meals.
Furthermore, the striking differences in the prevalence of T. theileri
can be explained by the large and highly aggressive tabanid flies of
the genus Tabanus preferentially attacking forest buffaloes, while
the relatively small members of the genus Chrysops seems to prefer
smaller forest ungulates. The invariable restriction of T. theileri to
the gut (Fig. 3) of these important vectors is fully compatible with
the stercorarian-type development proposed by Bose and Heister
(1993).

In summary, the present study confirms the feeding oppor-
tunism of tsetse flies. Indeed, an extensive analysis of their blood
meal not only identified their main mammalian targets but also
confirmed previous evidence for their capacity to feed on
cold-blooded vertebrates. The absence of gorillas, which occur
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frequently at both studied locations, in the feeding range of those
tsetse flies analyzed may be due to the relatively low number of
analyzed flies, the presence of unregistered tsetse fly species, or
some anti-tsetse fly behavior by the apes. Finally, we have demon-
strated that tsetse flies, but not tabanid flies, harbor a surprisingly
broad spectrum of trypanosomes, some of which were encoun-
tered, to our knowledge, for the first time.
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Skalicky T, Dobdkova E, Wheeler R, Tesatova M, Flegontov P, Jirsova D, Votypka J,
Yurchenko V, Ayala FJ, Lukes J (submitted manuscript) Extensive flagellar remodeling
during the complex life cycle of Paratrypanosoma, an early-branching trypanosomatid.

Abstract

Paratrypanosoma confusum is a monoxenous kinetoplastid flagellate that constitutes the
most basal branch of the highly diverse parasitic trypanosomatids, which include human
pathogens Trypanosoma and Leishmania. This makes Paratrypanosoma uniquely
informative for the evolution of obligatory parasitism from free-living life style and the
evolution of human parasitism in some trypanosomatid lineages. It has typical promastigote
morphology, but also forms surface-attached haptomonads and amastigotes. The
haptomonad stage forms by attachment to a surface via a large bulge at the base of the
flagellum, which is then remodeled into a thin attachment pad associated with flagellum
shortening. Promastigotes and haptomonads multiply by binary division, and the progeny of
a haptomonad can either remain attached or grow a flagellum and resume swimming. Whole
genome sequencing and transcriptome profiling, in combination with analysis of the cell
ultrastructure, reveal how the cell surface and metabolism are adapted to parasitism, and how
characteristic cytoskeletal features are conserved. Our data demonstrate that surface
attachment by the flagellum and the flagellar pocket, a Leishmania-like flagellum attachment
zone and a T. cruzi-like cytostome are ancestral features, while evolution of extant
kinetoplastids, including the human parasites, is associated with genome streamlining and

diversification of membrane proteins.
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Paratrypanosoma confusum is a monoxenous kinetoplastid flagel-
late that constitutes the most basal branch of the highly diverse
parasitic trypanosomatids, which include human pathogens Try-
P and Leish This makes Paratrypanosoma uniquely
informative for the evolution of obligatory parasitism from free-
living life style and the evolution of human parasitism in some
trypanosomatid lineages. It has typical promastigote morphology,
but also forms surface-attached haptomonads and amastigotes.
The haptomonad stage forms by attachment to a surface via a
large bulge at the base of the flagellum, which is then remodeled
into a thin attachment pad associated with flagellum shortening.
Promastigotes and haptomonads multiply by binary division, and
the progeny of a haptomonad can either remain attached or grow
a flagellum and resume swimming. Whole genome sequencing
and transcriptome profiling, in combination with analysis of the
cell ultrastructure, reveal how the cell surface and metabolism are
adapted to parasitism, and how characteristic cytoskeletal features
are conserved. Our data demonstrate that surface attachment by
the flagellum and the flagellar pocket, a Leishmania-like flagel-
lum attachment zone and a T. cruzi-like cytostome are ancestral
features, while evolution of extant kinetoplastids, including the
human parasites, is associated with genome streamlining and
diversification of membrane proteins. Author contribution: J.L.
and FJ.A. designed research; T.S., E.D., M.T,, D.J.,, J.V. and V.Y.
performed research; T.S., R.W., PF, and J.L. analyzed data; T.S.,
R.W., PF, FJ.A. and J.L. wrote the paper.

trypanosomatid | evolution
haptomonads

| cytostome | flagellar remodeling |

INTRODUCTION

Kinetoplastid flagellates are diverse and widespread protists, best
known for serious human diseases caused by Tiypanosoma and
Leishmania. Indeed, members of these two and other genera
belong to the most successful parasites, with a unique and wide
range of adaptations to the host environment. It was proposed
that the disease-causing trypanosomatids with the two-host (=
dixenous) life style, which combines the insect vector and the
mammalian or plant host, evolved from flagellates parasitiz-
ing solely insects (1, 2). The earliest known branch of the try-
panosomatid clade, predating its massive diversification, is Para-
trypanosoma confusum found in mosquites (3), and a free-living
clade closest to trypanosomatids is the genus Bodo (4, 5).

The biflagellated, bacterivorous Bodo, from which parasitic
trypanosomatids emerged, has almost twice as many genes as
the monoflagellated parasitic trypanosomatids (5). To identify
further features associated with the evolution of parasitism, we
analyzed the morphology of Paratrypanosoma and its adaptation
to different in vitro environments which, combined with analysis
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of the genome and transcriptome, allowed identification of genes
possibly associated with these features. The single flagellum of
trypanosomatids is a highly flexible structure used for locomotion,
attachment and sensing. Its structure is also subject to substantial
restructuring during the life cycle to adapt to different functions
(6-8). Flagellar meotility is required for transmission via a vec-
tor,.immune evasion (9).and cell division (10) of Tiypanosoma
brucei and is intimately associated with the vital flagellar pocket
structure in all trypanosomatids. Recently, additional functions of
this dexterous cellular component have been described, such as
production of the extracellular vesicles which may mediate host
interaction (11) and parasite-parasite interaction by membrane
exchange or fusion (12). In the juxtaform morphological super-
class that includes trypomastigotes and epimastigotes, the flagel-
lum is laterally attached to the cell by an extended flagellum at-
tachment zone (FAZ). Alternatively, the flagellum may protrude
from the flagellar pocket without an extended attachment in the
liberform morphological superclass that includes promastigotes,
opisthomastigotes and choanomastigotes (13, 14).

Here we report that Paratrypanosoma and the stercorarian
trypanosomes, such as Tiypanosoma cruzi and T. grayi, retain more

Significance

Kinetoplastids are a group of protists with unique morphol-
ogy and molecular features. Many of them developed para-
sitic lifestyle and are economically and medically important
causative agents of serious crop, animal and human dis-
eases. Interspersed between parasitic trypanosomatids and
free-living bodonids, Paratrypar confusum is uniquely
informative for study of the emergence of parasitism. It is
morphologically very flexible, as it forms three distinct life
stages that can be studied separately. Particularly interesting
is the haptomonad stage which rebuilds its flagellum into
an extensive adhesive plaque. As an adaptation to para-
sitism, Paratrypanosoma lost a plethora of enzymes involved
in breakdown of macromolecules and the capacity of receptor-
mediated endocytosis, but has gained surface proteins and
membrane transporters to obtain nutrients from the host.
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Fig. 1. Morphologies of Paratrypanosoma. A) Different morphologies by
light microscopy of Giemsa-stained cells (left) and SEM (right). Promastigote
has a long flagellum with a prominent bulge at its base (inset). The kineto-
plast (K) and nucleus (N) are indicated. Neither haptomonad nor amastig-
ote have a long flagellum. B-E) SEM of haptomonads. B) Haptomonads
attach perpendicular to the surface in dense clusters. C) Haptomonad cluster
detached from the surface by propylene oxide showing the underside of
the attachment pad. D) Haptomonads retain a bulge at the tip of their
short flagellum. E) Occasional long flagella are visible extending from the
haptomonad attachment pad. Scale bars: 5 ym (A, B, C; except in A middle
image - 10 pm, and inset -1 ym); D) 1 pym; E) 2 pm.

ancestral genes than the other trypanosomatid clades investi-
gated. Despite lacking lateral attachment of the flagellum to the
cell body as in Triypanosoma, Paratrypanosoma has a complex cell-
cell body attachment via a FAZ similar to Leishmania. It also has a
complex cytostome/flagellar pocket architecture similar to that of
T. cruzi but evidently lost in 7. brucei and L. mexicana. Further-
more, it has the capacity to restructure the flagellum to attach
to surfaces, generating an extensive flagellum-derived adhesive
pad, and does so readily in culture allowing the first analysis
of this process, which occurs in most trypanosomatid lineages
(15-17). Judging by the distribution of morphological traits in
trypanosomatids, we suppose that Paratrypanosoma morphology
is close to that of the last common ancestor of trypanosomatids.

RESULTS

The discovery of Paratrypanosoma as an outgroup to dixenous
trypanosomes and all other trypanosomatids calls for a study
focused on the distribution of morphological and molecular traits
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Fig. 2. Promastigote attachment and replication as a haptomonad. Still
images from time-lapse videos of promastigote and haptomonad intercon-
version. Attachment of a promastigote to form a haptomonad and two
successive divisions; first forming two haptomonads, then two haptomonads
and two promastigotes. Time (hours:minutes) for each frame is shown in the
top right, and a cartoon of cell arrangement is shown in the bottom left.
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using the Dollo parsimony algorithm. Few basal nodes are shown for clarity
(see a full tree with gains/losses mapped in Suppl. Fig. 6). B) Phyletic patterns
visualized for 6 clades: Paratrypanosoma, Phytomonas/Blechomonas, Leish-
maniinae (Leishmania, Leptomonas, Crithidia), stercorarian trypanosomes,
salivarian trypanosomes, and bodonids/Perkinsela/Naegleria. Counts of OGs
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on the trypanosomatid tree. Light microscopy of live and Giemsa-
stained cells and scanning electron microscopy (SEM) showed
that in liquid medium axenic Paratrypanosoma attains both a
motile promastigote with a long free flagellum (Fig. 1A) and

Footline Author

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272



273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340

Cytostome-associa
icrotubules

I:Cytostome ted [ Preoral ridge

Pro-basal body
Basal body
& axoneme

similar to T. cruzi and a

Fig. 4.
pocket architecture similar to Leishmania.Three-dimensional model of the
pocket/cytostome of Paratrypanosoma assembled from an electron tomo-
gram. Virtual sections through the preoral ridge (1), the cytostome (2),
the cytostome microtubules exiting the pocket (3) and the FAZ-associated
microtubule quartet (4) are shown. Scale bars-indicate 100-nm.
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Fig. 5. Restructuring of the Paratr p ig:
otes, hap ds and A-C) TEM showing the morphology
of the flagellum in A) promastigote, B) haptomonad and C) amastigote.
The attachment pad in haptomonad is continuous with the flagellum. D)
Immunofluorescence of promastigotes and haptomonads using an anti-PFR
antibody. The PFR is reduced or absent in haptomonads. Scale bars indicate
1 pum (A and C); 250 nm (B) and 2 pm (D).

a sedentary, surface attached stage somewhat similar to hap-
tomonads of Leishmania. The haptomonad stage forms extensive
thin attachment plaques on the plastic substrate (Figs. 1B-E).
We have observed these morphologies also in the gut of the
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Fig. 6. Evolution of the flagellar pocket/cytostome complex of human

infective trypanosomatids. Cartoon summarizing the likely loss of the cy-
tostome and extension of the microtubule quartet and FAZ to generate
Leishmania, T. brucei and T. cruzi pocket/cytostome morphology from an
ancestral Paratrypanosoma-like morphology.

Culex quinquefasciatus host. On semi-solid agar, Paratrypanosoma
attains a third morphology: an amastigote without a notice-
able free flagellum (Fig. 1A). These morphologies are typical
of monoxenous trypanosomatids, with widespread incidences of
surface attachment in the gut of the invertebrate host and of
amastigotes when excreted. They lack FAZ to the side of the
cell body, confirming Paratrypanosoma is a part of the liberform
morphological superclass (13).

We have been unable to ascertain the relation of axenic
culture cell morphologies to the Paratrypanosoma life cycle, which
is not well understood. In C. quinquefasciatus mosquitoes infected
either by feeding on sugar or blood meal, Paratrypanosoma was
detected in the gut and/or crop on the 1% (100% specimens,
n = 8), 2™ (100%, n = 9) and 3" day post-infection (90%, n
= 10), but not after defecation. Gaining and retention of the
infection from 3™ or 4% instar larvae through pupation to adult
mosquitos was tested by addition of promastigotes into water,
where they survive for at least 2 days. The emerged mosquitoes of
both sexes were never infected (n = 80). This suggests defective
infectivity of the culture-adapted parasites. Possible dixenous life
cycle and transmission through a vertebrate host was tested on
4 BALB/c mice by a combination of subcutaneous and intraperi-
toneal injection of 107 promastigotes, however, 1 to 4 weeks post-
infection parasites were detected neither by cultivation nor PCR.
Further support for a monoxenous life style comes from the
failure of Paratrypanosoma to survive at 37°C for more than a few
hours. Nonetheless, life cycles with promastigote, haptomonad
and amastigote stages are common among insect-parasitizing try-
panosomatids and arise in Leishmania vectors, making analysis of
Paratrypanosoma morphology and ultrastructure in vitro valuable.

Surface attachment is widespread among trypanosomatids;
yet the development of the plaque used for attachment (Figs. 1B-
E) was never studied in detail. Therefore, we analyzed the alter-
nation of Paratrypanosoma between the promastigote and hap-
tomonad morphologies in culture by time-lapse light microscopy
(Fig. 2) and compared them to the morphology of haptomon-
ads by SEM (Figs. 1B-E). Surface attachment of promastigotes
typically occurred by the base of the external flagellum, the
‘bulge’ (Figs. 1A, D). Following attachment, the flagellum then
shortened to a negligible rod barely extending from the pocket, on
the time scale of 1 h (Fig. 2; Suppl. Fig. 1A). This was associated
with a repositioning of the cell to an upright orientation, and a co-
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incident spreading of the bulge into a thin extended pad attached
to the surface. A colony of haptomonads could cover a large area
by these extended pads. Time-lapse light microscopy indicated
haptomonads can divide while attached, generating daughter cells
that may remain attached or grow an external flagellum and
detach (Fig. 2; Suppl. Fig. 1B; Suppl. Video 1 and 2). Cell division
takes approximately 6 h at 20°C, while elongation of the flagellum
and detachment occurs on the time scale of 1 to 2 h (Fig. 2).

Transformation from promastigotes into haptomonads was
promoted by nutrient availability and alkaline pH. The digestive
tract of a mosquito is nutrient-rich and typically alkaline (18), and
is thus suitable for haptomonads. The attachment pad itself was
highly resistant to all our attempts to degrade it enzymatically (SI
Datasets S1), indicating it could confer strong attachment even
under harsh digestive conditions of the mosquito gut. These mor-
phological transitions appear sensitive to nutrients in the environ-
ment and, like life cycle transitions in other species, include sig-
nificant remodeling of the flagellum. We therefore sequenced the
Paratrypanosoma genome as a reference for transcriptome analy-
sis of different morphological stages, for insight into metabolism,
and as a comparative resource, to analyze evolution of flagellum
and flagellum-related cytoskeleton.

Using paired-end and mate-pair Illumina reads, we assem-
bled a draft genome with-31x average coverage, 31.4 Mbp, 2,114
scaffolds, maximum scaffold length 2.99 Mbp, and scaffold N50 of
438 Kbp. Using Augustus trained on a set of unambiguous gene
models for conserved genes and relying also on RNA-seq read
mapping, we annotated 8,668 protein-coding genes, 66 tRNAs
and 122 copies of rRNA genes. This gene complement is similar to
that of other trypanosomatids (19). A substantial fraction of core
eukaryotic genes (72.3%) was found in Paratrypanosoma (com-
pare with high-quality genome assemblies: 74.9% in T. brucei,
73.6% in L. major and 72.6% in L. pyrrhocoris), indicating that
the assembly is essentially complete (20).

Comparing gene expression between haptomonads and pro-
mastigotes revealed 327 and 264 genes significantly upregulated
in haptomonads and promastigotes, respectively (false discovery
rate corrected p-value < 0.05, fold change > 2) (SI Datasets S2).
Functional annotation of these genes revealed that products of
the most upregulated genes in haptomonads are associated with
the ribosome, its biogenesis or translation (SI Datasets S3A),
while those upregulated in promastigotes are part of intermediary
metabolism or redox processes (SI Datasets S3B).

Next, we turned to comparative genomics to investigate
whether Paratrypanosoma has retained more ancestral features
than other trypanosomatids. Using the OrthoFinder (21), we
defined orthologous groups (OGs) of proteins for a large set
of trypanosomatids, for bodonids (free-living Bodo saltans and
Neobodo designis, a parasite Trypanoplasma borreli, and an en-
dosymbiont Perkinsela sp.) and for Naegleria gruberi, a heterolo-
bosean (Fig. 3; SI Datasets S4). Next, we counted the number of
ancestral OGs in each species, i.e. those shared with any bodonid
or Naegleria. Trypanosoma grayi, a parasite of crocodiles that
belongs to the clade of stercorarian trypanosomes, shows the
highest number of ancestral OGs, 6,197, while Paratrypanosoma
shows the second highest number, 6,066. Given that both species
have the shortest branches in a multigene tree (Fig. 3), this result
is not unexpected. Thus, we have reasons to believe these two
species are the slowest-evolving trypanosomatids in the analyzed
dataset.

We also scrutinized the distribution of ancestral OGs across
major mono- or paraphyletic groups: i/ Paratrypanosoma,
ii/ salivarian and iii/ stercorarian trypanosomes, iv/
Leishmaniinae ~ (Leishmania, —Leptomonas,  Crithidia), v/
Phytomonas/Blechomonas and vi/ bodonids/Perkinsela/Naegleria.
Stercorarian trypanosomes and Paratrypanosoma have the
highest numbers of ancestral OGs unique to those clades, 123
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and 112, respectively. When ancestral OGs occurring in any
two trypanosomatid clades are considered, Paratrypanosoma
and stercorarian trypanosomes co-inherit by far the highest
number of such groups (235), while other intersections contain
54 groups or less (Fig. 3). Although most Paratrypanosoma
genes having the two phyletic patterns described above are
annotated as hypothetical proteins or lack specific annotations
(Suppl. Tables S5 and S6), we made the following observations:
1/ some genes of tryptophan and histidine catabolism, and
arginine biosynthesis are unique to Paratrypanosoma and/or
the stercorarian trypanosomes and were lost in the other
trypanosomatids; 2/ proteins of the dispersed gene family 1
(DFG1) (22) are unique to Paratrypanosoma and the stercorarian
trypanosomes. Remarkably, being the fifth largest protein family
in T cruzi, these are long membrane proteins of unknown
function stored in intracellular vesicles, with their extracellular
domains excreted during the trypomastigote to amastigote
transformation (22, 25). The DFG1 proteins are upregulated at
the T cruzi amastigote stage as compared to the trypomastigote
and epimastigote stages (22), while in Paratrypanosoma, they
tend to be upregulated at the haptomonad stage (SI Datasets
S2).

Finally, we looked at the relationship of phyletic patterns and
functional categories for OGs. Using a one-way ANOVA analysis
combined with Tukey's honest significance test, we show that
differential gene expression at the haptomonad and promastigote
stages depends on phyletic patterns of corresponding OGs (p-
value = 1.22x107; SI Datasets S7). The ancestral genes co-
inherited by the stercorarian trypanosomes and Paratrypanosoma
and lost in the other clades tend to be upregulated in haptomon-
ads: there are 84 genes in this group with statistically significant
changes in their expression, and among them 55 are upregulated
in haptomonads, and only 29 in promastigotes (SI Datasets S2).
Stage-specific expression of this group is significantly different
from that of the universally conserved genes, genes shared by
Paratrypanosoma and both Tiypanosoma clades only (to the ex-
clusion of bodonids), and Paratrypanosoma-specific genes (p-
values adjusted for multiple testing = 0.012, 0.006, 8x107, respec-
tively). Genes within two latter groups tend to be upregulated in
promastigotes. In general, ancestral genes with various phyletic
patterns are either constitutively expressed in Paratrypanosoma or
upregulated in haptomonads. On the contrary, trypanosomatid-
specific genes tend to be upregulated at the promastigote stage
(SI Datasets S7). These results suggest that the haptomonad stage
might be an ancestral character in trypanosomatids.

The dramatic morphological change between promastigotes
and haptomonads is exemplified by the bulge at the flagellum
base for flagellum attachment, which in haptomonads expands to
form an extensive adhesive plaque. Since this may involve restruc-
turing of the paraflagellar rod (PFR), FAZ and flagellar axoneme,
we analyzed conservation of known proteins, primarily identified
in T. brucei, forming these structures across kinetoplastids (Suppl.
Fig. 2). The FAZ proteins are of particular interest as they appear
to have adaptable functions in cell morphogenesis. They were first
identified in the extended FAZ of Tiypanosoma but emerged as
abundant components of the flagellar pocket neck in Leishmania
promastigotes.

Using TEM and electron tomography we analyzed the struc-
ture of the pocket and base of the flagellum to determine the
ultrastructural features responsible for the haptomonad morpho-
logical adaptation. TEM revealed extensive attachment of the
bulge to the cell body by desmosome-like structures in promastig-
otes and haptomonads, comparable to the Leishmania flagellar
pocket neck, albeit covering a larger area (Suppl. Figs. 3A, B).
This suggests the proteins involved in bulge-cell attachment are
the FAZ proteins, and RNA-seq indeed showed FAZ mRNAs
were present in both promastigotes and haptomonads. Attach-
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ment is particularly complex in the distal pocket region, likely
mediated by FAZ10, and this attachment was elaborated in hap-
tomonads (Suppl. Fig. 3B). Immunofluorescence using the anti-7
brucei FAZ antibody Dot1 identified a structure in promastigotes
near the expected localization of FAZ10, which also showed elab-
oration in haptomonads (Suppl. Fig. 3C). The Paratrypanosoma
genome encodes orthologs of almost all FAZ proteins (Suppl. Fig.
2A), while Bodo and Neobodo have orthologs of around half of
them. The trypanosomatids therefore appear to have diversified
FAZ proteins. Given the ancestral trypanosomatid was likely
liberform, as judged from the distribution of the liberform and
juxtaform characters in this group, we propose that the FAZ pro-
teins originally evolved to generate the haptomonad morphotype.
The extended FAZ of the juxtaform Tiypanosoma later arose in
that lineage. Some FAZ proteins are often lost among liberforms
(FAZ4, FAZ13), and some OGs (FLA, FLABP, FAZ11) show
duplication among juxtaforms. Further candidates for forming
the extended FAZ may be identified among OGs gained at the
Trypanosoma node (Suppl. Tables S5, S8).

SEM of promastigotes revealed a cytostome-like indentation
near the cell anterior (Fig. 1A; Suppl. Fig. 4A). TEM of the
pocket structure (Suppl.-Fig. 4B) and 3D reconstruction of the
pocket organization by electron tomography showed that overall
it was typical of promastigotes, including those of Leishmania,
with a simple invagination surrounded by complex electron-
dense areas and sets of microtubules (Fig. 4). There were two
sets of specialized microtubules; a quartet similar to the FAZ
quartet of 7. brucei and Leishmania, and a highly-decorated set
of microtubules associated with the cytostome. These ran from
the pocket neck around the preoral ridge, back to a dip in the
cell surface from which microtubules extend into the cytoplasm
(Fig. 4; Suppl. Fig. 4A). This structure is comparable to the T
cruzi cytostome, suggesting the Leishmania-like flagellar pocket
neck/FAZ structure and the microtubule quartet were ancestral
and later expanded. It also indicates the cytostome was present
in the ancestral trypanosomatid, has been lost in Leishmania,
many monoxenous trypanosomatids and salivarian trypanosome
lineages, but retained in the stercorarian trypanosomes and some
monoxenous parasites, including Crithidia fasciculata. No gains
or losses of FAZ OGs suggested a function in formation of the
cytostome.

The Paratrypanosoma promastigote flagellum has the canoni-
cal 9+2 axoneme and, based on the genome sequence, the canon-
ical molecular composition, too (Suppl. Fig. 2). Both haptomon-
ads and amastigotes have greatly shortened flagella. In Leish-
mania, flagellar shortening during the promastigote/amastigote
transition is associated with additional axoneme remodeling, loss
of the central pair, distal motor proteins and radial spokes giving
a transition from a 940 to a collapsed 9v (variable) axoneme.
We used TEM to check whether similar axoneme restructuring
occurred in the Paratrypanosoma haptomonad or amastigote (Fig.
5). Longitudinal sections through the flagellum and flagellar
pocket of promastigotes, haptomonads and amastigotes showed
a basal plate and central pair, while longitudinal sections and
Markham rotational averaging showed presence of the central
pair, radial spokes and inner and outer dynein arms in all three life
stages (Suppl. Fig. 5). RNA-seq data confirmed this result, with
central pair, radial spoke and dynein arm light and intermediate
chains not significantly regulated between promastigotes and
haptomonads (SI Datasets S9). Comparative genomics revealed
conservation of essentially all major axonemal components in all
species analyzed (with the exception of Perkinsela which has lost
its flagellum), providing no putative markers for the capacity for
9v axoneme restructuring. RNA-seq showed no large changes in
mRNA levels of axonemal proteins between promastigotes and
haptomonads, consistent with this result (SI Datasets S9).
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The PFR is a large para-axonemal structure required for
motility. It is normally present in all trypanosomatid flagella,
but is usually lost in amastigotes. We asked whether the PFR is
present in different developmental stages, and whether it under-
goes restructuring to form the haptomonad adhesive pad. TEM
demonstrated that the PFR is present in promastigotes, but was
shortened in mature haptomonads and amastigotes (Figs. 5A-
C). Immunofluorescence using an antibody recognizing PFR2, a
major PFR component, showed a similar flagellar localization of
PFR to that of the Tiypanosoma and Leishmania promastigotes,
and uneven loss of the PFR in haptomonads (Fig. 5D). The char-
acteristic quasi-crystaline structure of the PFR was only present
next to the axoneme in the promastigote bulge and haptomonad
attachment plaque (when visible), suggesting that elaboration
of the flagellum does not correlate with expansion of the PFR.
RNA-seq also showed similar PFR mRNA levels between pro-
mastigotes and haptomonads (SI Datasets S9). Comparative ge-
nomics revealed that Bodo and Paratrypanosoma possess almost
all known PFR components, indicating greater conservation of
the PFR than the FAZ.

Promastigote to haptomonad interconversion was modulated
by the growth medium, suggesting links between the morpholog-
ical adaptation and energy source. We analyzed which metabolic
pathways are likely active in Paratrypanosoma, and which were
lost early in the evolution of trypanosomatids (SI Datasets S10).
When compared to B. saltans, Paratrypanosoma shows a loss
of many proteases, peptidases, cathepsins and various enzymes
needed for hydrolysis of complex sugars. This suggests a loss of
metabolic enzymes for digestion of complex energy sources early
in the evolution of parasitism. With the exception of xanthine-
guanine phosphoribosyltransferase, Paratrypanosoma encodes all
components of the purine salvage mechanism, which is thus
likely operational (SI Datasets S10). However, it lacks arginases
needed for the urea cycle and has lost ornithine aminotrans-
ferases and xanthine dehydrogenases, thus rendering the urea
cycle and oxidative metabolism of purines non-functional (SI
Datasets S10). Concerning lipid metabolism, it possesses the
methylmalonyl pathway, which converts propionyl-CoA, a prod-
uct of odd chain fatty acid oxidization, into succinyl-CoA. This
pathway has been lost in the salivarian trypanosomes and Phy-
tomonas (SI Datasets S10). Paratrypanosoma also has all the
enzymes needed for ether-lipid biosynthesis except 1-acyl-sn-
glycerol-3-phosphate acyltransferase, which is responsible for the
second acyltransferase reaction of phosphatidic acid formation.
It also encodes a pathway needed for phosphonolipid formation
carried out by phosphoenolpyruvate mutase, previously identified
only in B. saltans and T. cruzi. However, ATP citrate lyase and
synthase are absent from all trypanosomatids including Paratry-
panosoma, implying that they are unable to convert mitochondrial
acetyl-CoA to citrate. Only Paratrypanosoma and Leishmaniinae
are able to convert and subsequently oxidize methionine into
succinyl-CoA. Finally, the tryptophan degradation pathway is
present in N. gruberi, T. borreli, B. saltans, as well as in Paratry-
panosoma, but lost from all other trypanosomatids (SI Datasets
S10).

DISCUSSION

We have demonstrated that Paratrypanosoma, the most basal-
branching trypanosomatid derived from free-living bodonids
(3), assumes three different morphotypes characteristic for try-
panosomatids. In a liquid cultivation medium, it alternates be-
tween motile promastigote and surface-attached haptomonad,
both capable of division. Transfer of the culture onto an agar
plate triggers transformation into yet another distinct morpho-
type, amastigote. The fact that these morphotypes are common
among mono- and dixenous trypanosomatids indicates that the
ancestral trypanosomatid was likely endowed with morphological
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flexibility, advantageous when faced with dramatically different
conditions during the evolution of parasitism of invertebrate
and vertebrate hosts. Therefore, the trait of extensive inter-stage
morphological transformation of Leishmania and Trypanosoma in
their mammalian and insect hosts seems to have already existed in
their monoxenous predecessor. Consequently, the wide array of
trypanosomatid morphotypes (13) likely did not originate within
the context of dixenous parasitism, but represents yet another
character state that predated the two-host life style (23).

The capacity to firmly but transiently attach to a substrate
by the flagellum, apparently preventing their discharge from
the host, has been described in trypanosomatids, as well as in
bodonids (24). This feature might have predisposed trypanoso-
matids for their highly successful initial radiation in insects (1),
which required fixation to the host’s gut. Interestingly, the at-
tachment associated with extensive remodeling of the flagellum,
as in other trypanosomatids (25), seems to be a central feature
in the life cycle of Paratrypanosoma. Attachment and flagellum
shortening could occur without a division event, while we only
observed flagellum growth and detachment following division
of a haptomonad. This has similarities to both Leishmania, in
which flagellum shortening can occur without division, and T
brucei, in which division to.generate dissimilar daughters is used
for life cycle stage transition. Remodeling of the flagellum in
haptomonads involved. expansion of flagellum/cell attachment
in the distal pocket region, suggesting the FAZ proteins may
contribute to surface attachment.

OG gains and losses indicate Paratrypanosoma has diverged
significantly from common ancestor of trypanosomatids (Suppl.
Fig. 6), however, it seems to retain more ancestral features
than other trypanosomatid lineages except the stercorarian try-
panosomes (Fig. 3). Recent comparison of the B. saltans and
trypanosomatid genomes revealed that metabolic losses accom-
panied the emergence of obligatory parasitism (4) and no fur-
ther gene loss or streamlining of the genome occurred in the
crown trypanosomatids (5, 23). Indeed, our analyses revealed
a massive loss of proteases, peptidases and cathepsins involved
in the breakdown of polypeptides. Paratrypanosoma and other
trypanosomatids have also lost the receptor-mediated endocy-
tosis of macromolecules, cobalamin biosynthesis, and lysosomal
pro-X exopeptidase and ammonium transporter, compelling try-
panosomatids into foraging nitrogen from other sources. Para-

. Maslov DA, Votypka J, Yurchenko V, Luke$ J (2013) Diversity and phylogeny of insect
trypanosomatids: all that is hidden shall be revealed. Trends Parasitol 29:43-52.

. Yurchenko V, et al. (2014) Ultrastructure and molecular phylogeny of four new species of
monoxenous trypanosomatids from flies (Diptera: Brachycera) with redefinition of the genus
Wallaceina. Folia parasit 61(2):97-112.

o

trypanosoma has gained or expanded several gene families that
were not present in its free-living predecessor, including trans-
membrane transporters for scavenging amino acids and other
metabolites from the host (4, 5, 19). A particularly interesting
example of gene families that likely underwent expansion early
in the evolution of trypanosomatids is the dispersed gene family
found in Paratrypanosoma and the stercorarian trypanosomes
only. These abundant secreted proteins may play a role in host-
parasite interactions (22, 25).

The ultrastructure of Paratrypanosoma includes a Leishma-
nia-like FAZ including a microtubule quartet and a T. cruzi-like
cytostome. This supports the hypothesis that the extended FAZ
evolved once in the Tiypanosoma lineage, and indicates that the
cytostome was an ancestral feature, retained in 7. cruzi but lost in
T. brucei, Leishmania, Phytomonas and several monoxenous lin-
eages analyzed thus far (Fig. 6). This implies that there has been
a streamlining of ultrastructure analogous to the streamlining of
the genome, with the notable exception of innovation to generate
an extended FAZ among Tiypanosoma species.

The differences in transcriptome of promastigotes and hap-
tomonads co-existing in culture are comparable in magnitude to
the differences between L. mexicana amastigotes (mammalian
host) and promastigotes-(sandfly-vectors) (19, 26). Our analysis
of the morphologies Paratrypanosoma can attain in culture, its
genome and transcription profile and the ultrastructure of the

flagellar pocket/cytostome complex has uncovered features likely
present in the ancestors of the three human-infective trypanoso-
matid lineages (Fig. 6). Future studies of this very interesting
protist will be particularly informative in regard to how trypanoso-
matid parasites have evolved from the free-living bodonids.

MATERIALS AND METHODS

Materials and Methods and associated references are available in SI Ap-
pendix, Materials and Methods.
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SUPPLEMENTARY MATERIALS AND METHODS

Paratrypanosoma cultivation and sample preparation for electron microscopy

The axenic culture was maintained at 27°C in mix of RPMI 1640 and M 199 cultivation media
(1:1) at pH 7.0 with addition of 10% (v/v) fetal calf serum, 2% sterile human urine, 10 pg/ml
of hemin and penicillin-streptomycin. Amastigotes were generated by culture on semi-solid
agarose plates. Autoclaved 3% [w/v] agarose was cooled to 65°C, and diluted ten times in a
pre-warmed cultivation medium. The resulting 0.3% agarose solution was poured into Petri
dishes (85 x 15 mm), dried for 1 hr in a laminar flow hood, and inoculated with 4x10° or
2x10° resuspended log phase cells. Light and electron microscopy (EM) were performed as
described previously (2). For scanning EM, haptomonads were grown and fixed directly on
cover slips, while for high pressure freezing transmission EM (2), they were prepared using
propylene-oxide treatment to dissolve the plastic substrate as described elsewhere (15).
Electron tomography was performed as described previously (8).

Time-lapse videos

Promastigote/haptomonad interconversion was analyzed by automated time-lapse
videomicroscopy. Log phase (1x10° cells/ml) promastigote culture was transferred into a
35 mm p-dish with glass bottom (iBidi) and recorded for 24 hrs at 20°C in a chamber with
controlled temperature.

Experimental infection of mosquitoes and mice

Two different ways of infecting laboratory-reared mosquitoes (Culex quinquefasciatus) were
tested. Mosquitoes were starved for 24 hrs and then fed for 2 hrs on a cotton pellet pre-soaked
in a 10% sugar solution with Paratrypanosoma, which was shown to survive in this solution
for up to 2 days. Two independent experiments each with 50 mosquitoes were performed with
10° and 107 late log cells. Forty mosquito females were infected also by feeding through a
chick-skin membrane on suspension of parasites mixed 1:10 with heat-inactivated rabbit
blood (final concentration was 10 late log cells/ml). Engorged mosquitoes were separated
and maintained in the appropriate conditions (23°C, 80% humidity, 12 hrs day/light). The
presence of Paratrypanosoma in mosquito intestine was checked on days 1, 2, 3, 4, 6, and 14
post-infection by dissection of 4 to 10 specimens at each time point. Four laboratory BALB/c
mice were intraperitoneally and subcutaneously injected with 107 late-log stage cells. The
course of infection was recorded weekly for one month (the mice were bled from the tail).

Attachment plaque digestion

To assess attachment plaque resistance to digestive enzymes, haptomonad culture was
incubated with various enzymes for 3 hrs with regular intense shaking (see SI Datasets S1),
and detached cells were counted. For immunofluorescence, 1x10 pelleted cells were fixed for
10 min with 4% (w/v) paraformaldehyde in phosphate-buffered solution (PBS), rinsed in
PBS, allowed to settle on a poly-L-lysine coated slide, kept for 1 hr in a blocking buffer
containing 5% [w/v] nonfat dry milk in PBS, and for 2 hrs incubated with one of the
following primary antibodies: anti-PFR2 (24), or anti-DOT1. After their removal, the cells
were incubated for 1 hr in blocking buffer with Alexa Fluor® 488-conjugated secondary
antibody, rinsed with PBS, mounted in DAPI-containing ProLong diamond antifade reagent
and observed.
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Genome and transcriptome assembly and annotation

Genome assembly was made with GS De Novo Assembler (Newbler) v2.9 using reads
obtained on the [llumina MiSeq platform combining 3,4 million reads from a paired-end
library (insert size 0.4 kb; average read length upon trimming 241 nt; 29x coverage) and 4
million reads from a mate-pair library (insert size 1-8 kb; average read length upon trimming
255 nt; 34x coverage). Total RNA and poly(A)-enriched fractions were used to prepare
MiSeq paired-end libraries (insert size 0.28 kb; read length 150 nt) to sequence the
transcriptome with the Illumina MiSeq system, resulting in 34 and 37 million high quality
reads, respectively. All sequencing data were deposited to the TriTrypDB
(http://tritrypdb.org/tritrypdb/). Transcriptomic reads were aligned to the genome assembly
using Bowtie2 v. 2.2.5 with the ‘--end-to-end’ and ‘--very-sensitive’ options. Augustus v2.5.5
was used for annotation and its accuracy was improved by retraining with a set of 100 highly
conserved gene models. The annotation was further manually enhanced as follows:
transcribed ORFs longer than 100 amino acids, not predicted by Augustus, were added to the
annotation and gene models with start sites predicted in regions with no transcription were
corrected based on RNA-seq data. Subsequently, Blast2GO programs were used to obtain
functional gene annotations. To analyze differential gene expression, three independent
replicates of transcriptomic [llumina HiSeq libraries from both sessilemastigotes and
promastigotes were generated. Differential gene expression analysis of six libraries with ~50
million reads each (insert size 280 bp; read length 101nt) was performed using a procedure
described elsewhere (19).

Gene family, gene ontology and differential expression analyses

Orthologous groups (OGs) were inferred using Orthofinder software v.0.61 (21). Annotated
proteins of 29 kinetoplastid species and a heterolobosean outgroup (SI Datasets S2)
downloaded from TriTrypDB v. 31, Marine Microbial Eukaryote Transcriptome Sequencing
Project (http://marinemicroeukaryotes.org/), and Welcome Trust Sanger Institute
(http://www.sanger.ac.uk/resources/downloads/protozoa/) were combined with newly
annotated proteins of Paratrypanosoma and Blechomonas ayalai. The Count program was
subsequently used for mapping gene family gains/losses (the Dollo parsimony algorithm) onto
a reference species cladogram based on a multigene phylogenetic tree. Each protein, from set
of 98 unique proteins present in all species, was separately aligned using mafft and
informative positions with consecutive concatenation was performed using Gblocks.
Multiprotein tree was constructed using RAXML v. 8.2.1 (LG+I" model) with 1,000
bootstraps and Phylobayes v. 4.1¢ (GTR+ I'+CAT model) running 8 independent chains for
10,000 cycles.

Gene ontology (GO) annotation of Paratrypanosoma gene families gained or lost at selected
nodes was performed using the Blast2GO software with the following settings: BLASTP (10
1% E-value cut-off) was run using Blast2GO’s CloudBlast service, retaining best 20 hits and
filtering low complexity regions. Mapping GO terms onto Blast hits was followed by
selection of most specific GO terms (an annotation cut-off of 55 was used). Resulting
annotations were visualized by generation of GO graphs and multi-level pie charts for each
GO term category (cellular component, biological process and molecular function). A
differential expression analysis using transcriptomic data from both promastigotes and
haptomonads was conducted in CLC Genomic Workbench v8 and only genes with an
expression fold change > 2 and an FDR-corrected p-value < 0.05 were analyzed further. GO
terms enrichment was also analyzed for protein-coding genes significantly over/under
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expressed in haptomonads as compared to promastigotes, vs. all protein-coding genes using
Fisher’s exact test with a FDR corrected p-value cut-off of 0.05.

Supplementary Figures
0:00
SR Flagellum

4

Solid surface LAttaehrnent
plaque
Suppl. Fig. 1. Cartoon of the attachment process. The promastigote freely swims and can
attach to a surface by the bulge. The flagellum shortens and the cell assumes an upright
position with the bulge expanding into a thin attachment pad. Division events can generate
cells which either attach to the surface or grow a long flagellum and leave the colony.
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Suppl. Fig. 2. Conservation of cytoskeletal proteins across the trypanosomatids. Matrix
summarizing presence of a single (open circle), multiple (filled circle) or no (space) orthologs
of a gene family for A) FAZ, B) axoneme and C) PFR genes.
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Promastigote

Haptomonad

HaptomonadPromastigote O

Suppl. Fig. 3. The flagellar bulge is elaborated in haptomonads for surface attachment.
A) Detail of attachment between the flagellum/bulge with the cell body in the promastigote.
Desmosome-like attachments, similar to the 7. brucei and Leishmania FAZ, are indicated
with arrows. B) Detail of attachment between the flagellum/bulge with the haptomonad cell
body. C) Immunofluorescence using Dotl, a 7. brucei anti-FAZ antibody, of promastigotes
and haptomonads. Dotl labels a distal ring or horseshoe structure in promastigotes, similar to
the localization of FAZ10 in Leishmania. The localization is elaborated in haptomonads.
Scale bars indicate A) 1 um, detail 250nm B) 1 pm, detail 250nm C) 2um
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B Kinetoplast Flagellum
Flagellar pocket

Cytostome Pocket Preoral ridge

Suppl. Fig. 4 Paratrypanosoma has a cytostome similar to 7. cruzi and a pocket
architecture similar to Leishmania. A) SEM of the promastigote showing an indentation,
similar to an extended 7. cruzi preoral ridge, extending from the flagellar pocket to the
cytostome. B) Cartoon of the pocket/cytostome of Paratrypanosoma, based on TEM of the
flagellar pocket. A set of highly decorated microtubules runs from inside the pocket (15),
around the end of the flagellar pocket neck (8) to the cell pellicle and back to the cytostome.
Scale bars indicate A) Sum, detail is 3.3 times enlarged B1,2,4) 250nm B3) 500nm
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Suppl. Fig. 5. Restructuring of the Paratrypanosoma flagellum between promastigotes,
haptomonads and amastigotes. TEM of longitudinal sections through the flagellar pocket
and transverse sections through the protruding portion of the flagellum in the promastigote,
haptomonad and amastigote. Ninefold Markham rotational averaging of axoneme structure
shows presence of inner and outer dynein arms and radial spokes in the amastigote,
promastigote and haptomonad. White arrows indicate the basal plate. Scale bars indicate
500nm and flagellar details 200nm.
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Suppl. Fig. 6. Gene family gains/losses mapped on cladogram using Dollo parsimony.
Gained and lost gene families (GOs) are mapped on cladogram which topology was obtained
from multiprotein phylogenetic analysis. Gene families gained are labeled in blue and gene
families that were lost in red, respectively.

All SI datasets and Suppl. Videos can be downloaded here:
https://github.com/tskalicky/paratrypanosoma

SI Datasets S1. (A) List of enzymes used to digest the attachment pad of haptomonads
kept for 24 hrs in the cultivation medium. Enzymes are listed according to their activity.
For some enzymes (marked with an asterisk) the concentration is listed in units. (B) List of
enzymes used to digest the attachment pad of haptomonads kept for 3 hrs in 1x PBS. Enzymes
are listed according to their activity.

SI Datasets S2. Phyletic patterns, differential expression data and annotations for all
Paratrypanosoma genes. Expression measured in RPKM at both life cycle stages, fold
change and FDR-corrected p-value are shown for each gene.

SI Datasets S3. Gene ontology terms significantly enriched in gene sets upregulated in
haptomonads and promastigotes. A) Gene ontology (GO) terms significantly enriched
(FDR-corrected p-value < 0.05) in haptomonads. B) GO terms significantly enriched in
promastigotes.

SI Datasets S4. Genomes used for gene family analyses. Genomes were obtained from
publicly available databases such as Welcome Trust, GenBank, TriTrypDB (version 31) or
Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP).
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SI Datasets SS. Annotations of ancestral genes retained in Paratrypanosoma and lost in
the other trypanosomatids. Paratrypanosoma genes belonging to orthologous groups with
this phyletic pattern are shown. Annotations were generated using Blast2GO. Metabolic
proteins are highlighted.

SI Datasets S6. Annotations of ancestral genes retained in Paratrypanosoma and
stercorarian trypanosomes and lost in the other trypanosomatids. Paratrypanosoma
genes belonging to orthologous groups with this phyletic pattern are shown. Annotation were
generated using Blast2GO. Metabolic proteins are highlighted, as well as proteins of the
dispersed gene family.

SI Datasets S7. Relationship of phyletic patterns and stage-specific gene expression in
Paratrypanosoma. One-way ANOVA analysis combined with Tukey's honest significance
test shows that differential gene expression at the haptomonad and promastigote stages
depends on phyletic patterns of corresponding orthologous groups (p-value = 1.22x107). The
presence/absence patterns across six species groups (phyletic patterns) are shown in the left-
most rows and on top of the matrix. Genes were grouped by phyletic patterns, and for each
group average fold change was calculated. Positive fold change corresponds to upregulation
in haptomonads, and negative fold change to upregulation in promastigotes. Number of genes
with significant stage-specific differences in expression is also shown for each group.
ANOVA p-values corrected for multiple testing appear in each cell of the matrix and
represent pairwise comparisons of gene groups.

SI Datasets S8. Genes belonging to orthologous groups gained at the Trypanosoma node.

Genes gained at Trypanosoma node were identified by Count program, applying Dollo
parsimony analysis on the orthologous groups created by Orthofinder. Appropriate proteins
were extracted from working dataset of proteoms and blasted in Blast2GO against nr protein
database with default settings. Column labels describe to which orthologous group proteins
belong, their gene ID, description, protein length, number of blast hits, E-value and avg. %
similarity.

SI Datasets S9. Differential expression of cytoskeletal proteins in haptomonads and
promastigotes. Genes significantly upregulated in haptomonads (SI Datasets S2) are marked
in green color. Multi-gene families are also highlighted with various colors.

SI Datasets S10. Presence/absence of selected metabolic enzymes in all analyzed species.
Presence is marked with green color and absence in red, respectively. Numbers represent
number of gene copies in each species. Abbreviations explanation: Baya = Blechomonas
ayalai, Bsal = Bodo saltans, Cfas = Crithidia fasciculata, Lbrl = Leishmania braziliensis
MHOM/BR/75/M2903, Lbr2 = Leishmania braziliensis MHOM/BR/75/M2904, Ldon =
Leishmania donovani, Linf = Leishmania infantum, Lmaj = Leishmania major Friedlin, Lmex =
Leishmania mexicana, Ltar = Leishmania tarentolae, Lpyr = Leptomonas pyrrhocoris, Lsey =
Leptomonas seymouri, Ndesig = Neobodo designis, Ngrub = Naegleria gruberi, Pconf =
Paratrypanosoma confusum, Pem1 = Phytomonas sp. EM1, Perk = Perkinsela sp. CCAP-1560,
Phar = Phytomonas sp. HART1, Tbor = Trypanoplasma borreli, Tbrl = Trypanosoma brucei
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Lister 427, Tbrg = Trypanosoma brucei gambiense DAL972, Tbru = Trypanosoma brucei
TREU927, Tcon = Trypanosoma congolense, Tcrl = Trypanosoma cruzi CL Brener Esmeraldo-
like, Tcr2 = Trypanosoma cruzi CL Brener Non-Esmeraldo-like, Tcr5 = Trypanosoma cruzi
Sylvio, Teva = Trypanosoma evansi, Tgra = Trypanosoma grayi, Tmar = Trypanosoma cruzi
marinkellei, Tviv = Trypanosoma vivax.

Suppl. Video 1. Time-lapse video showing promastigote cell transformation into
haptomonad, multiple divisions and recreation of motile promastigote cells after division.
Video shows time span of about 5 and half hour of real time.

Suppl. Video 2. Time-lapse video showing promastigote cell transformation into haptomonad
with focus on cell flagellum and cell division. Video shows time span of about 5 hours of real
time.
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