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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 (Lukeš 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
(Lukeš et al., 1994). The last group – Trypanosomatida contains remarkably successful
obligatory parasites infecting a wide range of invertebrates, vertebrates and plants (see
below).
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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 (Votýpka 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 (Lukeš 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'AvilaLevy 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 19th 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 20th 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
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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 II 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;
Votýpka 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;
Teixeira et al., 2011).
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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; Svobodová et al., 2007; Votýpka 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 (Jirků et al., 2012; Kostygov
et al., 2014; Votýpka et al., 2012a; Votýpka 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; Votýpka 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; Týč et al., 2013; Votýpka 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 Lukeš 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; Lukeš 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
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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 (Votýpka 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 Horák, 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 socalled 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 Horák, 2007). Human
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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. T. cruzi
is primarily a zoonotic parasite with dogs, cats and wildlife serving as its reservoirs (Jackson
et al., 2014). Humans are incidental hosts. The infectious stages of T. 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
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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 (Votýpka 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
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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
(Záhonová 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
(Svobodová 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 (Votýpka 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
10

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;
Lukeš 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; Lukeš
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 (Lukeš 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 Lukeš 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 HIV-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 II, 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 mRNA 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 françai 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
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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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1.2.5 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 mRNA
molecules. Most detailed information about the RNAi 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 TbDCL2, 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 TbDCL1 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 TbRIF4 and possible TbDCL1 cofactor, TbRIF5
(Barnes et al., 2012). AGO1 loading with these single-stranded siRNA is done by the
Hsp90/70 chaperone system (Iwasaki 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 (Ives 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.
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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
B. ayalai
B. saltans
C. fasciculata
L. braziliensis M2903
L. braziliensis M2904
L. donovani
L. infantum
L. major Friedlin
L. mexicana
L. tarentolae
L. pyrrhocoris
L. 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. cruzi Non-Esmeraldo
T. cruzi Sylvio
T. evansi
T. grayi
T. cruzi marinkellei
T. vivax

DCL1 DCL2 AGO1 RIF4
0
1
0
0
2
2
1
4
1
1
1
1
1
1
1
1
2
1
1
1
1
1
1
0
1
1
1
0
1
1
1
0
1
1
1
0
1
1
1
1
3
1
2
1
0
1
0
0
0
1
0
0
0
0
0
0
1
1
1
1
0
2
0
0
1
1
0
0
0
2
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
1
1
1
0
0
0
0
0
1
0
0
0
1
0
0
1
1
1
1
1
1
1
1
0
1
0
0
1
1
1
1

18

RIF5
0
0
1
1
1
0
0
0
0
1
3
0
0
0
0
0
0
0
0
1
1
1
2
0
0
0
1
1
0
1

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)

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.

(ii)

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

(iii)

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.

(iv)

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 (CalvignacSpencer 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 µm (A, B, C; except in A middle image - 10 µm, and
inset -1 µm); D) 1 µm; E) 2 µm.

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).

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
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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 meiosisassociated 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.

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. DFG1 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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their intestine. In most cases, these infections were conﬁned
to the midgut and stomodeal valve, characteristic for avian trypanosomes [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 promastigote-shaped cells, deﬁned by the mutual position of the
nucleus and kinetoplast DNA (kDNA) (Figure 1A). Occasionally,
ovoid stages with morphology reminiscent of choanomastigotes occur (Figure 1B). Transmission electron microscopy
(Figures 1C–1I) 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 minicircles stretched taut, located in the canonical position at the
base of the single ﬂagellum (Figures 1F and 1I). 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 1I), and, as in other
trypanosomatids, the kDNA division predates nuclear division
(Figure 1H). A single long ﬂagellum is supported by a prominent 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–1I)
are present throughout the cell.

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 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.

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
 zabinec) and
mosquitoes trapped in southern Bohemia (Re
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 nonidentical 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 trypanosomatid clades: Trypanosoma [7], Blastocrithidia-Leptomonas
jaculum [1, 8], Herpetomonas [9], Phytomonas [1], Angomonas-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 dehydrogenase (gGAPDH) gene was ampliﬁed and sequenced.
An amino acid sequence alignment of 294 characters was constructed using 143 bodonid and trypanosomatid sequences
(Figure S1B); phylogenetic model selection using Modelgenerator favored LG+G as the best model for this alignment. The

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
*Correspondence: jula@paru.cas.cz
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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 kinetoplast DNA (kDNA; arrowhead).
(C–I) Transmission electron microscopy images. k, kDNA; n, nucleus; b, basal body; l, lipid granule; a, acidocalcisome.
(C) The plasmalemma is supported by a corset of subpellicular microtubules.
(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 subpellicular microtubules, external paraﬂagellar rod, and numerous lipid granules and
putative acidocalcisomes.
(H) Division of the kDNA precedes nuclear division.
(I) Longitudinal section of an oval-shaped promastigote, revealing the relative 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+G+F model for all six concatenated alignments, and ML trees were constructed with 1,000
bootstrap replicates using this model or the GTR+G 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 concatenated data sets, conducted with the Poisson+G+CAT or
GTR+G+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+G+CAT model) to 1 (all data sets with GTR+G+CAT
model; both data sets with Perkinsela sp., Poisson+G+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, Poisson+G+CAT model) to 0 (all data sets with GTR+G+CAT model;

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 nextgeneration sequencing to produce a draft genome sequence.
A paired-end Illumina library (insert size 330 6 50 bp) was
prepared from P. confusum total DNA and sequenced on a
HiSeq 2000 instrument. Assembly of 40.1 million qualityﬁltered 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 kinetoplastid genomes are essentially devoid of introns [2, 12].
Best reciprocal BLASTP hits at an E-value cutoff of 10220
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 amoebozoan 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
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Figure 2. Maximum-Likelihood Phylogeny Based
on the SSU rRNA Gene, Constructed under the
GTR+G Model
Simpliﬁed representation; for the full tree,
see Figure S2A. Clades containing dixenous
species are highlighted with checkerboard
shading. P. confusum is underlined. Bootstrap
values >75% are displayed. See also Figures S1
and S2.

saturation in this data set is on the
same level as in the metazoan alignment
used for inferring the placement of
nematodes and platyhelminths under
the Poisson+G+CAT model: 7.75 and
4.3 substitutions and homoplasies per
site, respectively [13]. Under these conditions, the model predicted mutational
saturation correctly and was therefore
deemed to be resistant to LBA, as
opposed to the WAG+G+F model [13].
Single-protein ML trees were constructed for the 52, 114, and 129 protein 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. However, 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 topologies 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 possibility 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 persite log likelihoods were calculated for all topologies under
the LG+G+F or GTR+G 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 1024 (Table S4, part A).

both data sets with Perkinsela sp., Poisson+G+CAT model).
Groupings in conﬂict with the most probable topology corresponded to trees in which P. confusum branched speciﬁcally
with B. saltans or with the outgroup (Table S2, part A). The
GTR+G+CAT model performed better than the Poisson+G+
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+G+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+G+CAT
model was compromised by poor chain convergence, probably 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 frequency of conﬂicting bipartitions in the MCM chains under
both the Poisson+G+CAT and the GTR+G+CAT models (Table
S2, part A). The GTR+G+CAT had better ﬁt than the Poisson+G+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+G+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
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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.

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 6 0.3
(1.5–2.9) mm and 4.6 6 0.7 (3.3–6.2) mm, respectively (n =
50). The thickness of the kinetoplast is 116.4 6 11.7 (94.4–
155.5) nm (n = 50). Short oval promastigotes of varying sizes
were rare.

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. Exceptions included only topologies strongly conﬂicting previous 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:
d

d
d

d

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 60 45.8100 N,
14 290 14.5300 E).
Additional hosts and localities: female mosquitoes
 zabinec (49 150 0900 N,
Culex pipiens and C. modestus in Re
14 050 3200 E) and Mikulov (48 460 3000 N, 16 430 3000 E), Czech
Republic.
Type material: the designated hapantotype is cryopreserved 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.

Class Kinetoplastea Honigberg, 1963 emend. Vickerman,
1976
Subclass Metakinetoplastina Vickerman, 2004
Order Trypanosomatida Kent, 1880 stat. nov. Hollande,
1952
Family Trypanosomatidae Doﬂein, 1951

 2013
Paratrypanosomatinae n. subfam. Votýpka and Lukes
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.
 2013.
gen. Votýpka and Lukes

Discussion

Paratrypanosoma confusum n. sp. Votýpka
 2013
and Lukes
The dominant morphotype observed in the axenic culture is
an elongated promastigote, 9.8 6 2.1 (7.2–16.2) mm long and
2.0 6 0.3 (1.5–2.9) mm wide, with 12.2 6 4.8 (7.0–39.9) mm

Using morphology and phylogenomics, we have described
a new kinetoplastid, Paratrypanosoma confusum, which
constitutes the most basal trypanosomatid lineage branching between the free-living B. saltans and the parasitic
Trypanosoma spp. and other trypanosomatids. Kinetoplastid

40

Paratrypanosoma—Novel Trypanosomatid
1791

was never found in much-better-studied vertebrates, we
consider its transmission to the latter hosts to be highly unlikely. Our extensive phylogenetic analyses argue against
a speciﬁc sister relationship between P. confusum and Trypanosoma spp. and other trypanosomatids with genome
sequences available. The free-living biﬂagellate B. saltans,
which is radically different from parasitic species in morphology 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 epimastigote morphologies represent a synapomorphy of the genus
Trypanosoma. Signiﬁcantly, the main ultrastructural characters 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-Trypanosoma 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.

ﬂagellates (Kinetoplastea, Euglenozoa) are ubiquitous singlecelled 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 trypanosomatids also share some unusual molecular features,
such as packaging of kDNA, RNA editing, polycistronic transcription, 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 suggest that the dixenous (two-host) genera Leishmania and
Phytomonas are nested within clades that otherwise consist 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 parasitizing 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 w220 million years ago, indicating 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]. Trypanosomes 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 trypanosomatid branch, the monophyly of which withstood phylogenetic 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

Experimental Procedures
Collection of Insects, Cultivation, Microscopy, and DNA Isolation
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 ethanolpreserved environmental samples of mosquito females grouped in monospeciﬁc 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 (50 -GACTTTTGCTTCC
TCTA[A/T]TG-30 ) and S763 (50 -CATATGCTTGTTTCAAGGAC-30 ) and M200
(50 -ATGGCTCC[G/A/C][G/A/C]TCAA[G/A]GT[A/T]GG[A/C]AT-30 ) and M201
(50 -TA[G/T]CCCCACTCGTT[G/A]TC[G/A]TACCA-30 ), respectively. Upon gel
puriﬁcation with the Gel Extraction Kit (Roche), the amplicons were directly
sequenced.
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
(Illumina). The library with length of 330 6 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 v3HS with a read length of 101 bp from each end. The following bases/reads
were removed at the ﬁltering stage using PRINSEQ: 30 tails with Phred
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quality values (QVs) <3, homopolymeric 30 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.
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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+G model, with 1,000 bootstrap replicates. For
the gGAPDH alignment, the ML tree was constructed using the LG+G model
and 1,000 bootstrap replicates. Protein alignments were made using
MUSCLE 3.8.31 with maximum number of iterations set to 128. Site selection 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 G rate categories. Single-protein ML trees were constructed using
RAxML 7.2.8, the LG+G 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 phylogenetic trees were constructed using PhyloBayes 3.3f, with eight chains run
for 10,000 cycles. Posterior predictive tests of substitutions and homoplasies were performed using PhyloBayes 3.3f. Cross-validation of the
Poisson+G+CAT model versus the reference GTR+G+CAT model was performed 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 loglikelihood scores of each test set were computed, taking each tree after discarding ﬁrst 2,000 trees, and combined. For the purpose of topology testing,
lists of all possible topologies were generated using Tresolve (Barrel-oMonkeys 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].
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1. Maslov, D.A., Votýpka, J., Yurchenko, V., and Lukes
and phylogeny of insect trypanosomatids: all that is hidden shall be
revealed. Trends Parasitol. 29, 43–52.
2. Simpson, A.G., Stevens, J.R., and Luke
s, J. (2006). The evolution and
diversity of kinetoplastid ﬂagellates. Trends Parasitol. 22, 168–174.
3. Adams, E.R., Hamilton, P.B., and Gibson, W.C. (2010). African trypanosomes: celebrating diversity. Trends Parasitol. 26, 324–328.
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H., Jirk
u, M., and Luke
s,
J. (2013). Growing diversity of trypanosomatid parasites of ﬂies (Diptera:
Brachycera): frequent cosmopolitism and moderate host speciﬁcity.
Mol. Phylogenet. Evol. 69, 255–264.
20. Poinar, G., Jr., and Poinar, R. (2004). Paleoleishmania proterus n. gen.,
n. sp., (Trypanosomatidae: Kinetoplastida) from Cretaceous Burmese
amber. Protist 155, 305–310.
21. Bruce, D. (1895). Preliminary Report on the Tsetse Fly Disease or
Nagana, in Zululand (London: Durban, Bennett & Davis).
22. Hughes, A.L., and Piontkivska, H. (2003). Phylogeny of Trypanosomatidae
and Bodonidae (Kinetoplastida) based on 18S rRNA: evidence for paraphyly of Trypanosoma and six other genera. Mol. Biol. Evol. 20, 644–652.
23. Runckel, C., Flenniken, M.L., Engel, J.C., Ruby, J.G., Ganem, D., Andino,
R., and DeRisi, J.L. (2011). Temporal analysis of the honey bee microbiome reveals four novel viruses and seasonal prevalence of known
viruses, Nosema, and Crithidia. PLoS ONE 6, e20656.
24. Talavera, G., and Castresana, J. (2007). Improvement of phylogenies
after removing divergent and ambiguously aligned blocks from protein
sequence alignments. Syst. Biol. 56, 564–577.
25. Keane, T.M., Creevey, C.J., Pentony, M.M., Naughton, T.J., and
Mclnerney, J.O. (2006). Assessment of methods for amino acid matrix
selection and their use on empirical data shows that ad hoc assumptions for choice of matrix are not justiﬁed. BMC Evol. Biol. 6, 29.
26. Shimodaira, H. (2002). An approximately unbiased test of phylogenetic
tree selection. Syst. Biol. 51, 492–508.

43

Current Biology, Volume 23

Supplemental Information
Paratrypanosoma Is a Novel
Early-Branching Trypanosomatid
Pavel Flegontov, Jan Votýpka, Tomáš Skalický, Maria D. Logacheva, Aleksey A. Penin, Goro Tanifuji,
Naoko T. Onodera, Alexey S. Kondrashov, Petr Volf, John M. Archibald, and Julius Lukeš

44

Figure S2. Related to Figure 2
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(A) Maximum likelihood phylogeny based on the SSU rRNA gene, constructed under the
GTR+ī model. P. confusum 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+ī model. P. confusum 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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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 kinetoplastid 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 strategy 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 parasitic 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 harbors 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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Fig. 1. A view of general eukaryote phylogeny reﬂecting the recent classiﬁcation (based on [3]) and highlighting the taxonomic position of Kinetoplastea.

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 Perkinsela 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 latter 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. Azumiobodo 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 ﬂagellates 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 invertebrate host) genera, however, all three dixenous (=vertebrate or
plant host and invertebrate vector) genera Trypanosoma, Leishmania 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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Fig. 2. Evolutionary relationships among bodonids based on SSU rRNA sequences. Numbers of available sequences representing individual species are shown as well as the
new high level classiﬁcation. Circles and triangles denote single and multiple known representatives of a particular clade, respectively. Dotted line indicates morphologybased position in the absence of sequence data. Green color depicts free-living species; yellow and red colors represent monoxenous and dixenous parasites, respectively.
The intentionally collapsed clade of trypanosomatid ﬂagellates (Trypanosomatida) is highlighted by a yellow-red checkerboard. The paraphyletic genera Neobodo and Bodo
are labeled with asterisks.

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 important 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 protists. 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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established whether the present taxonomy is robust or artiﬁcial.
Some bodonid species are globally distributed [33], which supports the “everything is everywhere” paradigm formulated for the
free-living protists by Fenchel and Finlay [34]. However, while morphological 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 morphology but signiﬁcantly different in genetic analyses [8,33].
Much more data is available for the obligatory parasitic trypanosomatids, especially members of the dixenous genera. Due
to the medical relevance of trypanosomes and leishmanias as
causative agents of sleeping sickness, Chagas disease and leishmaniases, 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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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

Fig. 3. Evolutionary relationships among trypanosomatids based on SSU rRNA
sequences. Numbers of available sequences representing individual species are
shown. Green color depicts free-living outgroups, the intentionally collapsed clade
of free-living and parasitic bodonid ﬂagellates (Bodonidae) is highlighted by a redgreen checkerboard. Yellow and red colors represent monoxenous and dixenous
parasites, respectively. The yellow-red checkerboard depicts a clade with mixed life
cycles. Small colored circles depict major groups of invertebrate hosts.

T. brucei, T. cruzi, T. congolense, T. vivax, L. major, L. donovani, L. infantum, 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 available (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 landscape, 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 SL RNA 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., J.L.,
V.Y. and D. A. Maslov, unpubl. data). We encourage the community
to deposit information on all trypanosomatids isolated from insect

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 independent establishment of parasitic or commensalic life styles in
ﬁve to six lineages (Azumiobodo, Cryptobia, Ichthyobodo, Jarrellia,
Perkinsela and Trypanoplasma). Interestingly, with the sole exception 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 scenario 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 ﬂagellate 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 speculations that these originated from a dinosaur [47]. If correct,
this ﬁnding would place the invasion of vertebrates by trypanosomatids to the early Cretaceous period at the latest. Phylogeographic
data must be taken with caution as has been recently exempliﬁed for trypanosomes of South American alligators and African
crocodiles. While Crocodylidae and Alligatoridae split in mid Cretaceous (∼90 MYA), their parasites are still closely related testifying
to a much later separation due to the marine circumtropical dispersal at the Miocene/Pliocene boundary (∼4–5 MYA) [49]. An
ancestor of Leishmania probably developed dixenous life cycle in
the warm-blooded vertebrates in late Cretaceous about 85 million 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 invertebrate hosts and only subsequently, probably by blood feeding,
entered vertebrates – a theory proposed by Léger in 1904 [55]. Comparative analysis of the genomes of B. saltans [43] and P. confusum
(T.S. et al., unpubl. data) may shed key light on this dramatic change
in life strategy.
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Fig. 4. Phylogenetic tree of kinetoplastid ﬂagellates constructed under the clock model. Concatenated dataset of 42 proteins from 18 kinetoplastid species and Naegleria
serving as an outgroup described previously, was used for molecular dating [28,98]. Divergence time estimates were inferred by the PhyloBayes 3.3f using CIR process [99]
and birth-death prior with implemented soft bounds [100]. A star denotes single known fossil evidence of a kinetoplastid [47]. On the x axis absolute time scale in millions
of years is shown along with the estimated emergence of host groups parasitized by kinetoplastids [101]. Nodes are at mean divergence and the numbers represent 95%
conﬁdence intervals.

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 several times and the insect-early scenario is now generally favored,
since the two-hosts genera Leishmania and Phytomonas are phylogenetically nested within clades of the single-host trypanosomatids
(Fig. 3) [30]. Current phylogenies also almost invariably support 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” transition, 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 immunocompromised 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 kalaazar, caused by the Leishmania donovani complex [61]. Phlebotomus

60

argentipes, a sand ﬂy vector implicated in the transmission of leishmaniases 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 Leishmania donovani is Leptomonas seymouri originally isolated from a
hemipterid bug [63–65]. The exact ratio between these two parasites 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 trypanosomatids 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. Nevertheless, 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 infecting 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., J.V., and J.L., in prep.). The molecular 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 digestive 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 incriminate 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 laboratory, yet this route does not seem to play a signiﬁcant role under
natural conditions [70]. Leishmanias use several ways of transmission 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 similarly, 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 contamination [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 (Haemadipsidae) 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 trypanosomatids 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 wellbalanced 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 ecological 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

(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 bat ingests an infected insect or its feces [82]. Other mammalian trypanosomes are transmitted by blood-sucking horse ﬂies
(Tabanidae) and sheep keds (Hippoboscidae) and bugs (Triatominae), 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 trypanosomes (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 completely 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. Unfortunately, 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 several 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 conclusion 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 fundamentally 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 represent 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 differences, other than the potential importance of catenation of circular
DNA molecules at the expense of their supercoiling [91]. A consequence 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 dixenous 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, J.L., V.Y., and J.V., in prep.).
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[42] Lukeš J, Jirků M, Avliyakulov N, Benada O. Pankinetoplast DNA structure in a
primitive bodonid ﬂagellate, Cryptobia helicis. EMBO J 1998;17:838–46.
[43] Jackson AP, Quail MA, Berriman M. Insights into the genome sequence of
a free-living Kinetoplastid: Bodo saltans (Kinetoplastida: Euglenozoa). BMC
Genomics 2008;9:594.
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[81] Zídková L, Čepička I, Szabová J, Svobodová M. Biodiversity of avian trypanosomes. Infect Genet Evol 2012;12:102–12.
[82] Hoare CA. Vampire bats as vectors and hosts of equine and bovine trypanosomes. Acta Trop 1965;22:204–16.
[83] Lizundia R, Newman C, Buesching CD, Ngugi D, Blake D, Sin YW, et al. Evidence for a role of the host-speciﬁc ﬂea (Paraceras melis) in the transmission
of Trypanosoma (Megatrypanum) pestanai to the European badger. PLoS One
2011;6:e16977.
[84] Holmes P. Tsetse-transmitted trypanosomes—their biology, disease impact
and control. J Invertebr Pathol 2013;112(Suppl):S11–4.
[85] Rotureau B, Van Den Abbeele J. Through the dark continent: African
trypanosome development in the tsetse ﬂy. Front Cell Infect Microbiol
2013;3:53.
[86] Schnaufer A, Domingo GJ, Stuart K. Natural and induced dyskinetoplastic
trypanosomatids: how to live without mitochondrial DNA. Int J Parasitol
2002;32:1071–84.
[87] Lai DH, Hashimi H, Lun ZR, Ayala FJ, Lukeš J. Adaptations of Trypanosoma
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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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a b s t r a c t
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.
Ó 2015 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
The ﬁrst scientiﬁc description of African trypanosomes was
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 causative agents of serious diseases in humans and livestock. A fatal
human sleeping sickness occurs in sub-Saharan Africa and
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approximately 60 million people are exposed to the risk of infection, with more than 10,000 new cases reported annually
(Simarro et al., 2011). Nagana, surra, and other animal trypanosomiases constitute such a serious problem for farming that they largely 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 ancestral stock (Lai et al., 2008; Carnes et al., 2015).
Recent advances in molecular identiﬁcation techniques and
phylogenetic analyses have revealed previously unidentiﬁed trypanosome 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 morphological 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 growing number of nameless species represents an inconvenient complication, 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 vertebrates 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 vertebrate 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 analyses of blood meals of tsetse ﬂies trapped in their natural environments 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 (Jirků 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 vertebrates 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 protection 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 km2). 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°500 N, 16°280 E) and its surroundings. 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°510 30.600 N, 16°280 12.600 E, in the proximity of the
research camp) and Bai-Gubunga (BG; 2°500 59.900 N, 16°280 05.100 E,
3 km distant from the research camp), were chosen as the main
collection sites of bloodsucking insects. Both locations are frequently 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 different 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 prevalence and in the case of tsetse ﬂies for blood source. The microhabitat 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 containing 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 collection. 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 identiﬁcation was done using an online key (Les Glossines ou mouches
tsé-tsé; http://www.cnev.fr/index.php/publications-et-outils/outils-didentiﬁcation/identiciels) and conﬁrmed by Dr. Pascal
Grébaut (IRD-CIRAD, Montpellier, France). The correctness of the
determination was further veriﬁed by barcoding ﬁve selected specimens 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 available 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 distilled water, their DNA was extracted using a High Pure PCR
Template Preparation Kit (Roche, Germany) according to the manufacturer’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 trypanosomes 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 ll of PCR mix (TopBio, Czech Republic) containing 60–120 ng of total DNA isolated individually from the
tsetse or tabanid ﬂy body, and 10 pmol of each primer (S762:
50 -GACTTTTGCTTCCTCTAWTG-30 and S763: 50 -CATATGCTTGTTTCA
AGGAC-30 ; Maslov et al., 1996). The annealing temperature was
55 °C for 90 s. For the next step consisting of 35 ampliﬁcation
cycles, 1 ll of ampliﬁed product was used as a template with
10 pmol of newly designed nested primers (TR-F2: 50 -GARTCTGC
GCATGGCTCATTACATCAGA-30 and TR-R2: 50 -CRCAGTTTGATGAGC
TGCGCCT-30 ). 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 (Votýpka
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 (50 -CCATCMAACATYTCADC
ATGATGAAA-30 ) and Cytbb2R (50 -GCHCCTCAGAATGAYATTTGKCCT
CA-30 ). PCR conditions were as follows: 94 °C for 5 min, then 35
cycles (94 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min), and
72 °C for 7 min (Rádrová 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  107 molecules/ll. 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, emulsiﬁed and clonally ampliﬁed with emulsion-based PCR.
Subsequently, beads carrying ampliﬁed DNA were recovered from
emulsion, enriched and sequencing primers were annealed, yielding 450,000 beads. Sequencing using a GS Junior pyrosequencer
(Roche) resulted in almost 47,000 raw sequences, which were analyzed 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; maxﬂows = 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, SAMN03
703430, SAMN03703434, SAMN03703438, SAMN03703509,
SAMN03703516, 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 represented 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 specimens of G. tabaniformis and G. f. fuscipes, respectively. The analyzed 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 trypanosome species (Table 1), with no signiﬁcant correlation
between infection and tsetse ﬂy species (v2 = 0.684, P = 0.41;
34.3% of G. tabaniformis versus 27.3% of G. f. fuscipes) or gender
(G. tabaniformis: v2 = 2.073, P = 0.15; 35.2% of males versus 28.1%
of females; G. f. fuscipes: v2 = 0.406, P = 0.53; 33.2% of males versus
27.7% of females) observed. The two trapping sites (BH and BG) differ in several aspects. First of all, they signiﬁcantly differ in the distribution of the two tsetse ﬂy species (v2 = 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 vertebrates 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. Votýpka, K.J. Petrželková, D. Modrý, personal
observations).
The two sites differ signiﬁcantly (v2 = 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 individual 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. theileri at BG (49.8%) than they were at BH (1.9%) (v2 = 91.187,
P < 0.0001) which is in good correlation with the occurrence of buffaloes 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 subgenus Trypanozoon, and one species of the subgenus
Megatrypanum. The tsetse ﬂy species and prevalence of all registered 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 (isolates 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 complex 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 trypanosome (‘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 recognized ‘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; accession 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 represented 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 addition 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 (v2 = 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
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. (%)
T.s.

T.s.B

Fly9

T.c.

Ngb.

Did.

Mak.

T.t.

Glossina tabaniformis
Glossina fuscipes fuscipes

436/149 (34.2)
128/35 (27.3)

2.8
0.0

0.7
0.0

0.7
0.0

8.7
7.8

0.5
0.0

0.5
0.0

5.0
2.3

15.1
17.2

Total

564/183 (32.4)

2.1

0.5

0.5

8.5

0.4

0.4

4.4

15.6

T.s., 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.

these algorithms failed to identify any statistically signiﬁcant
recombination events (P < 0.05).

T. simiae (U22320)

53

T. simiae (AJ223569)
* T. simiae (G219)

71

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 comparison 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 vertebrates 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%) representing the second most frequent source (Fig. 1). At BG, a location 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 elephants (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).

T. simiae ‘Bai’ (G107)
T. simiae ‘Tsavo’ (AJ404608)

75

*

*

T. simiae ‘Tsavo’ (U22318)
T. godfreyi (AJ009155)

*

‘Fly9’ (AJ563915)

* Trypanosoma sp. (G159)
Trypanosoma sp. (G49)
*

*
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3.2. Determination of tsetse ﬂy blood meal

T. simiae (G114)

*

Trypanosoma sp. ‘Ngbanda’ (G603)
Trypanosoma sp. ‘Ngbanda’ (G277)

Trypanosoma sp. ‘Didon’ (G432)
Trypanosoma sp. ‘Didon’ (G601)

Nannomonas

T. simiae complex

*

T. congolense ‘Kilifi’ (AJ009144)
T. congolense ‘Forest’ (AJ009145)

*

T. congolense ‘Savannah’ (AJ223563)
89

*

T. congolense ‘Savannah’ (AJ009146)

*
80

T. congolense ‘Dzanga-Sangha’ (G34)
* T. congolense ‘Dzanga-Sangha’ (G39)
T. congolense ‘Dzanga-Sangha’ (G22)

*
*

Trypanosoma sp. ‘Makumba’ (G73)
Trypanosoma sp. ‘Makumba’ (G433)

T. b. brucei (AL929603)
* T. b. rhodesiense (AJ009142)
T. b. gambiense (AJ009141)
T. b. equiperdum (AJ223564)
T. b. evansi (U75507)

??? Trypanozoon

‘Msubugwe’ (AM503350)
*

T. vivax (EU477537)
0.1
Fig. 2. 18S rRNA-based phylogeny of trypanosomes from tsetse ﬂies. Maximum
likelihood tree with bootstrap values for 1000 replicates (*indicates value >95). 18S
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; Trypanosoma congolense ‘Dzanga-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
Nannomonas; and Trypanosoma 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 (v2 = 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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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 (Jirků 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
Haematopota
Tabanus

43/19 (44.2)
6/3 (50.0)
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.f.f. (No: 147)

Male (No: 367)

Female (No: 556)

No. of seq. (%)

African buffalo
Human
Bongo/Sitatunga
Bush pig/Giant hog
Duiker
Unidentiﬁed rodent
Forest elephant
Chicken
Unidentiﬁed tortoise
Dwarf crocodile

40.66%a
24.87%a
15.77%
12.69%a
4.40%
0.99%
0.30%
0.07%
0.07%
N.D.

68.91%a
16.04%a
11.46%
1.92%a
1.07%
0.42%
N.D.
0.05%
N.D.
0.03%

50.62%
23.19%
12.28%
9.15%a
3.41%
0.91%
0.18%
0.05%
0.05%
0.03%

50.15%
26.12%
19.57%
1.04%a
2.88%
0.14%
N.D.
0.05%
N.D.
N.D.

53.26%
24.03%
17.24%
2.71%
1.75%
1.01%
N.D.
N.D.
N.D.
N.D.

50.62%
23.86%
16.38%
3.68%
4.69%
0.26%
0.22%
0.05%
0.00%
0.03%

2364 (42.88)
1685 (30.56)
875 (15.87)
364 (6.60)
173 (3.14)
26 (0.47)
10 (0.18)
4 (0.07)
2 (0.04)
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.
a
Statistically signiﬁcant difference (P < 0.05).

blood from apes and are involved in transmitting their trypanosomes, 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 forest inhabited by African great apes and other wildlife. For that reason, 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) tabaniformis 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 species 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 capture 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. Votýpka, K.J.
Petrželková, D. Modrý, 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 preferences of the studied tsetse ﬂies. Finally, because the effectiveness
of black and dark-blue striped traps of various shapes differs significantly 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 trypanosomes. Regrettably, these unnamed ﬂagellates remain largely
ignored, probably due to an absence of formal taxonomic description (Adams et al., 2010a). The reasons for this fact include unavailability 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 sensitive and provided sufﬁcient information for a phylogenetic analysis 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 veterinary 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. congolense ‘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 complexes. 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 tissue samples collected from dead animals (Jirků 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 frequently detected in an extensive survey of African great apes from
several tropical African countries but not CAR (Jirků et al., 2015).
The 18S rRNA-based nested PCR assay revealed circulation of at
least eight trypanosome lineages, but we did not detect any trypanosomes 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 prevalence among tsetse ﬂy species or gender, although signiﬁcant differences 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 differences 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 opportunism 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 demonstrated that tsetse ﬂies, but not tabanid ﬂies, harbor a surprisingly
broad spectrum of trypanosomes, some of which were encountered, to our knowledge, for the ﬁrst time.
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5.4 MANUSCRIPT I
Skalický T, Dobáková E, Wheeler R, Tesařová M, Flegontov P, Jirsová D, Votýpka J,
Yurchenko V, Ayala FJ, Lukeš 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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0ARATRYPANOSOMA CONFUSUM IS A MONOXENOUS KINETOPLASTID mAGEL
LATE THAT CONSTITUTES THE MOST BASAL BRANCH OF THE HIGHLY DIVERSE
PARASITIC TRYPANOSOMATIDS WHICH INCLUDE HUMAN PATHOGENS 4RY
PANOSOMA AND ,EISHMANIA 4HIS MAKES 0ARATRYPANOSOMA UNIQUELY
INFORMATIVE FOR THE EVOLUTION OF OBLIGATORY PARASITISM FROM FREE
LIVING LIFE STYLE AND THE EVOLUTION OF HUMAN PARASITISM IN SOME
TRYPANOSOMATID LINEAGES )T HAS TYPICAL PROMASTIGOTE MORPHOLOGY
BUT ALSO FORMS SURFACE ATTACHED HAPTOMONADS AND AMASTIGOTES
4HE HAPTOMONAD STAGE FORMS BY ATTACHMENT TO A SURFACE VIA A
LARGE BULGE AT THE BASE OF THE mAGELLUM WHICH IS THEN REMODELED
INTO A THIN ATTACHMENT PAD ASSOCIATED WITH mAGELLUM SHORTENING
0ROMASTIGOTES AND HAPTOMONADS MULTIPLY BY BINARY DIVISION AND
THE PROGENY OF A HAPTOMONAD CAN EITHER REMAIN ATTACHED OR GROW
A mAGELLUM AND RESUME SWIMMING 7HOLE GENOME SEQUENCING
AND TRANSCRIPTOME PROlLING 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 /UR DATA DEMONSTRATE THAT SURFACE ATTACHMENT BY
THE mAGELLUM AND THE mAGELLAR POCKET A ,EISHMANIA LIKE mAGEL
LUM ATTACHMENT ZONE AND A 4 CRUZI LIKE CYTOSTOME ARE ANCESTRAL
FEATURES WHILE EVOLUTION OF EXTANT KINETOPLASTIDS INCLUDING THE
HUMAN PARASITES IS ASSOCIATED WITH GENOME STREAMLINING AND
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PG UIF HFOPNF BOE USBOTDSJQUPNF BMMPXFE JEFOUJGJDBUJPO PG HFOFT
QPTTJCMZ BTTPDJBUFE XJUI UIFTF GFBUVSFT 5IF TJOHMF GMBHFMMVN PG
USZQBOPTPNBUJET JT B IJHIMZ GMFYJCMF TUSVDUVSF VTFE GPS MPDPNPUJPO
BUUBDINFOU BOE TFOTJOH *UT TUSVDUVSF JT BMTP TVCKFDU UP TVCTUBOUJBM
SFTUSVDUVSJOH EVSJOH UIF MJGF DZDMF UP BEBQU UP EJGGFSFOU GVODUJPOT
  'MBHFMMBS NPUJMJUZ JT SFRVJSFE GPS USBOTNJTTJPO WJB B WFD
UPS JNNVOF FWBTJPO  BOE DFMM EJWJTJPO  PG 5SZQBOPTPNB
CSVDFJ BOE JT JOUJNBUFMZ BTTPDJBUFE XJUI UIF WJUBM GMBHFMMBS QPDLFU
TUSVDUVSF JO BMM USZQBOPTPNBUJET 3FDFOUMZ BEEJUJPOBM GVODUJPOT PG
UIJT EFYUFSPVT DFMMVMBS DPNQPOFOU IBWF CFFO EFTDSJCFE TVDI BT
QSPEVDUJPO PG UIF FYUSBDFMMVMBS WFTJDMFT XIJDI NBZ NFEJBUF IPTU
JOUFSBDUJPO  BOE QBSBTJUFQBSBTJUF JOUFSBDUJPO CZ NFNCSBOF
FYDIBOHF PS GVTJPO   *O UIF KVYUBGPSN NPSQIPMPHJDBM TVQFS
DMBTT UIBU JODMVEFT USZQPNBTUJHPUFT BOE FQJNBTUJHPUFT UIF GMBHFM
MVN JT MBUFSBMMZ BUUBDIFE UP UIF DFMM CZ BO FYUFOEFE GMBHFMMVN BU
UBDINFOU [POF '";  "MUFSOBUJWFMZ UIF GMBHFMMVN NBZ QSPUSVEF
GSPN UIF GMBHFMMBS QPDLFU XJUIPVU BO FYUFOEFE BUUBDINFOU JO UIF
MJCFSGPSN NPSQIPMPHJDBM TVQFSDMBTT UIBU JODMVEFT QSPNBTUJHPUFT
PQJTUIPNBTUJHPUFT BOE DIPBOPNBTUJHPUFT   
)FSF XF SFQPSU UIBU 1BSBUSZQBOPTPNB BOE UIF TUFSDPSBSJBO
USZQBOPTPNFT TVDI BT 5SZQBOPTPNB DSV[J BOE 5 HSBZJ SFUBJO NPSF
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TRYPANOSOMATID
HAPTOMONADS

| EVOLUTION

| CYTOSTOME

| mAGELLAR REMODELING

|

).42/$5#4)/.
,JOFUPQMBTUJE GMBHFMMBUFT BSF EJWFSTF BOE XJEFTQSFBE QSPUJTUT CFTU
LOPXO GPS TFSJPVT IVNBO EJTFBTFT DBVTFE CZ 5SZQBOPTPNB BOE
-FJTINBOJB *OEFFE NFNCFST PG UIFTF UXP BOE PUIFS HFOFSB
CFMPOH UP UIF NPTU TVDDFTTGVM QBSBTJUFT XJUI B VOJRVF BOE XJEF
SBOHF PG BEBQUBUJPOT UP UIF IPTU FOWJSPONFOU *U XBT QSPQPTFE
UIBU UIF EJTFBTFDBVTJOH USZQBOPTPNBUJET XJUI UIF UXPIPTU 
EJYFOPVT MJGF TUZMF XIJDI DPNCJOFT UIF JOTFDU WFDUPS BOE UIF
NBNNBMJBO PS QMBOU IPTU FWPMWFE GSPN GMBHFMMBUFT QBSBTJUJ[
JOH TPMFMZ JOTFDUT    5IF FBSMJFTU LOPXO CSBODI PG UIF USZ
QBOPTPNBUJE DMBEF QSFEBUJOH JUT NBTTJWF EJWFSTJGJDBUJPO JT 1BSB
USZQBOPTPNB DPOGVTVN GPVOE JO NPTRVJUFT  BOE B GSFFMJWJOH
DMBEF DMPTFTU UP USZQBOPTPNBUJET JT UIF HFOVT #PEP   
5IF CJGMBHFMMBUFE CBDUFSJWPSPVT #PEP GSPN XIJDI QBSBTJUJD
USZQBOPTPNBUJET FNFSHFE IBT BMNPTU UXJDF BT NBOZ HFOFT BT
UIF NPOPGMBHFMMBUFE QBSBTJUJD USZQBOPTPNBUJET   5P JEFOUJGZ
GVSUIFS GFBUVSFT BTTPDJBUFE XJUI UIF FWPMVUJPO PG QBSBTJUJTN XF
BOBMZ[FE UIF NPSQIPMPHZ PG 1BSBUSZQBOPTPNB BOE JUT BEBQUBUJPO
UP EJGGFSFOU JO WJUSP FOWJSPONFOUT XIJDI DPNCJOFE XJUI BOBMZTJT
WWWPNASORG

3IGNIlCANCE
+INETOPLASTIDS ARE A GROUP OF PROTISTS WITH UNIQUE MORPHOL
OGY AND MOLECULAR FEATURES -ANY OF THEM DEVELOPED PARA
SITIC LIFESTYLE AND ARE ECONOMICALLY AND MEDICALLY IMPORTANT
CAUSATIVE AGENTS OF SERIOUS CROP ANIMAL AND HUMAN DIS
EASES )NTERSPERSED BETWEEN PARASITIC TRYPANOSOMATIDS AND
FREE LIVING BODONIDS 0ARATRYPANOSOMA CONFUSUM IS UNIQUELY
INFORMATIVE FOR STUDY OF THE EMERGENCE OF PARASITISM )T IS
MORPHOLOGICALLY VERY mEXIBLE AS IT FORMS THREE DISTINCT LIFE
STAGES THAT CAN BE STUDIED SEPARATELY 0ARTICULARLY INTERESTING
IS THE HAPTOMONAD STAGE WHICH REBUILDS ITS mAGELLUM INTO
AN EXTENSIVE ADHESIVE PLAQUE !S AN ADAPTATION TO PARA
SITISM 0ARATRYPANOSOMA 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

2ESERVED FOR 0UBLICATION &OOTNOTES
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&IG  0ROMASTIGOTE ATTACHMENT AND REPLICATION AS A HAPTOMONAD 3TILL
IMAGES FROM TIME LAPSE VIDEOS OF PROMASTIGOTE AND HAPTOMONAD INTERCON
VERSION !TTACHMENT OF A PROMASTIGOTE TO FORM A HAPTOMONAD AND TWO
SUCCESSIVE DIVISIONS lRST FORMING TWO HAPTOMONADS THEN TWO HAPTOMONADS
AND TWO PROMASTIGOTES 4IME HOURSMINUTES FOR EACH FRAME IS SHOWN IN THE
TOP RIGHT AND A CARTOON OF CELL ARRANGEMENT IS SHOWN IN THE BOTTOM LEFT

ssion PDF

&IG  -ORPHOLOGIES OF 0ARATRYPANOSOMA ! $IFFERENT MORPHOLOGIES BY
LIGHT MICROSCOPY OF 'IEMSA STAINED CELLS LEFT AND 3%- RIGHT  0ROMASTIGOTE
HAS A LONG mAGELLUM WITH A PROMINENT BULGE AT ITS BASE INSET  4HE KINETO
PLAST + AND NUCLEUS . ARE INDICATED .EITHER HAPTOMONAD NOR AMASTIG
OTE HAVE A LONG mAGELLUM " % 3%- OF HAPTOMONADS " (APTOMONADS
ATTACH PERPENDICULAR TO THE SURFACE IN DENSE CLUSTERS # (APTOMONAD CLUSTER
DETACHED FROM THE SURFACE BY PROPYLENE OXIDE SHOWING THE UNDERSIDE OF
THE ATTACHMENT PAD $ (APTOMONADS RETAIN A BULGE AT THE TIP OF THEIR
SHORT mAGELLUM % /CCASIONAL LONG mAGELLA ARE VISIBLE EXTENDING FROM THE
HAPTOMONAD ATTACHMENT PAD 3CALE BARS  wM ! " # EXCEPT IN ! MIDDLE
IMAGE  wM AND INSET  wM  $  wM %  wM

BODFTUSBM HFOFT UIBO UIF PUIFS USZQBOPTPNBUJE DMBEFT JOWFTUJ
HBUFE %FTQJUF MBDLJOH MBUFSBM BUUBDINFOU PG UIF GMBHFMMVN UP UIF
DFMM CPEZ BT JO 5SZQBOPTPNB 1BSBUSZQBOPTPNB IBT B DPNQMFY DFMM
DFMM CPEZ BUUBDINFOU WJB B '"; TJNJMBS UP -FJTINBOJB *U BMTP IBT B
DPNQMFY DZUPTUPNFGMBHFMMBS QPDLFU BSDIJUFDUVSF TJNJMBS UP UIBU PG
5 DSV[J CVU FWJEFOUMZ MPTU JO 5 CSVDFJ BOE - NFYJDBOB 'VSUIFS
NPSF JU IBT UIF DBQBDJUZ UP SFTUSVDUVSF UIF GMBHFMMVN UP BUUBDI
UP TVSGBDFT HFOFSBUJOH BO FYUFOTJWF GMBHFMMVNEFSJWFE BEIFTJWF
QBE BOE EPFT TP SFBEJMZ JO DVMUVSF BMMPXJOH UIF GJSTU BOBMZTJT
PG UIJT QSPDFTT XIJDI PDDVST JO NPTU USZQBOPTPNBUJE MJOFBHFT
  +VEHJOH CZ UIF EJTUSJCVUJPO PG NPSQIPMPHJDBM USBJUT JO
USZQBOPTPNBUJET XF TVQQPTF UIBU 1BSBUSZQBOPTPNB NPSQIPMPHZ
JT DMPTF UP UIBU PG UIF MBTU DPNNPO BODFTUPS PG USZQBOPTPNBUJET
2%35,43
5IF EJTDPWFSZ PG 1BSBUSZQBOPTPNB BT BO PVUHSPVQ UP EJYFOPVT
USZQBOPTPNFT BOE BMM PUIFS USZQBOPTPNBUJET DBMMT GPS B TUVEZ
GPDVTFE PO UIF EJTUSJCVUJPO PG NPSQIPMPHJDBM BOE NPMFDVMBS USBJUT


WWWPNASORG

&IG  !NCESTRAL GENE FAMILIES IN 0ARATRYPANOSOMA AND OTHER TRYPANOSO
MATIDS ! 0HYLOGENETIC TREE BASED ON A CONCATENATED SET OF  PROTEINS
CONSTRUCTED WITH THE MAXIMUM LIKELIHOOD AND "AYESIAN APPROACHES SEE
-ETHODS FOR DETAILS  &OR EACH SPECIES THE COUNTS OF ORTHOLOGOUS GROUPS
SHARED WITH AT LEAST ONE BODONID ANDOR .AEGLERIA ARE COLOR CODED SEE A
SCALE ON THE LEFT  3UPPORT VALUES FOR TREE NODES ARE SHOWN IN THE FORMAT
ಫBOOTSTRAP SUPPORT  POSTERIOR PROBABILITYಬ AND FULL SUPPORT IS INDICATED WITH
ASTERISKS 'AINS IN BLUE AND LOSSES IN RED OF /'S WERE MAPPED ON THE TREE
USING THE $OLLO PARSIMONY ALGORITHM &EW BASAL NODES ARE SHOWN FOR CLARITY
SEE A FULL TREE WITH GAINSLOSSES MAPPED IN 3UPPL &IG   " 0HYLETIC PATTERNS
VISUALIZED FOR  CLADES 0ARATRYPANOSOMA 0HYTOMONAS"LECHOMONAS ,EISH
MANIINAE ,EISHMANIA ,EPTOMONAS #RITHIDIA STERCORARIAN TRYPANOSOMES
SALIVARIAN TRYPANOSOMES AND BODONIDS0ERKINSELA.AEGLERIA #OUNTS OF /'S
UNIQUE FOR EACH CLADE AND ALL POSSIBLE INTERSECTIONS OF THE  SETS ARE SHOWN IN
THE BAR PLOT USING A LOG SCALE SEE SELECTED /' COUNTS ABOVE THE BARS  #OUNTS
OF ANCESTRAL GENE FAMILIES SHARED BY ONE OR TWO TRYPANOSOMATID CLADES ARE
HIGHLIGHTED IN DARK GREEN AND LIGHT GREEN RESPECTIVELY

PO UIF USZQBOPTPNBUJE USFF -JHIU NJDSPTDPQZ PG MJWF BOE (JFNTB
TUBJOFE DFMMT BOE TDBOOJOH FMFDUSPO NJDSPTDPQZ 4&. TIPXFE
UIBU JO MJRVJE NFEJVN BYFOJD 1BSBUSZQBOPTPNB BUUBJOT CPUI B
NPUJMF QSPNBTUJHPUF XJUI B MPOH GSFF GMBHFMMVN 'JH " BOE
&OOTLINE !UTHOR
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&IG 
0ARATRYPANOSOMA HAS A CYTOSTOME SIMILAR TO 4 CRUZI AND A
POCKET ARCHITECTURE SIMILAR TO ,EISHMANIA4HREE DIMENSIONAL MODEL OF THE
POCKETCYTOSTOME OF 0ARATRYPANOSOMA ASSEMBLED FROM AN ELECTRON TOMO
GRAM 6IRTUAL SECTIONS THROUGH THE PREORAL RIDGE  THE CYTOSTOME 
THE CYTOSTOME MICROTUBULES EXITING THE POCKET  AND THE &!: ASSOCIATED
MICROTUBULE QUARTET  ARE SHOWN 3CALE BARS INDICATE  NM






































































&IG  %VOLUTION OF THE mAGELLAR POCKETCYTOSTOME COMPLEX OF HUMAN
INFECTIVE TRYPANOSOMATIDS #ARTOON SUMMARIZING THE LIKELY LOSS OF THE CY
TOSTOME AND EXTENSION OF THE MICROTUBULE QUARTET AND &!: TO GENERATE
,EISHMANIA 4 BRUCEI AND 4 CRUZI POCKETCYTOSTOME MORPHOLOGY FROM AN
ANCESTRAL 0ARATRYPANOSOMA LIKE MORPHOLOGY
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&IG  2ESTRUCTURING OF THE 0ARATRYPANOSOMA mAGELLUM BETWEEN PROMASTIG
OTES HAPTOMONADS AND AMASTIGOTES ! # 4%- SHOWING THE MORPHOLOGY
OF THE mAGELLUM IN ! PROMASTIGOTE " HAPTOMONAD AND # AMASTIGOTE
4HE ATTACHMENT PAD IN HAPTOMONAD IS CONTINUOUS WITH THE mAGELLUM $
)MMUNOmUORESCENCE OF PROMASTIGOTES AND HAPTOMONADS USING AN ANTI 0&2
ANTIBODY 4HE 0&2 IS REDUCED OR ABSENT IN HAPTOMONADS 3CALE BARS INDICATE
 wM ! AND #   NM " AND  wM $ 

B TFEFOUBSZ TVSGBDF BUUBDIFE TUBHF TPNFXIBU TJNJMBS UP IBQ
UPNPOBET PG -FJTINBOJB 5IF IBQUPNPOBE TUBHF GPSNT FYUFOTJWF
UIJO BUUBDINFOU QMBRVFT PO UIF QMBTUJD TVCTUSBUF 'JHT #& 
8F IBWF PCTFSWFE UIFTF NPSQIPMPHJFT BMTP JO UIF HVU PG UIF
&OOTLINE !UTHOR

$VMFY RVJORVFGBTDJBUVT IPTU 0O TFNJTPMJE BHBS 1BSBUSZQBOPTPNB
BUUBJOT B UIJSE NPSQIPMPHZ BO BNBTUJHPUF XJUIPVU B OPUJDF
BCMF GSFF GMBHFMMVN 'JH "  5IFTF NPSQIPMPHJFT BSF UZQJDBM
PG NPOPYFOPVT USZQBOPTPNBUJET XJUI XJEFTQSFBE JODJEFODFT PG
TVSGBDF BUUBDINFOU JO UIF HVU PG UIF JOWFSUFCSBUF IPTU BOE PG
BNBTUJHPUFT XIFO FYDSFUFE 5IFZ MBDL '"; UP UIF TJEF PG UIF
DFMM CPEZ DPOGJSNJOH 1BSBUSZQBOPTPNB JT B QBSU PG UIF MJCFSGPSN
NPSQIPMPHJDBM TVQFSDMBTT  
8F IBWF CFFO VOBCMF UP BTDFSUBJO UIF SFMBUJPO PG BYFOJD
DVMUVSF DFMM NPSQIPMPHJFT UP UIF 1BSBUSZQBOPTPNB MJGF DZDMF XIJDI
JT OPU XFMM VOEFSTUPPE *O $ RVJORVFGBTDJBUVT NPTRVJUPFT JOGFDUFE
FJUIFS CZ GFFEJOH PO TVHBS PS CMPPE NFBM 1BSBUSZQBOPTPNB XBT
EFUFDUFE JO UIF HVU BOEPS DSPQ PO UIF TU  TQFDJNFOT
O   OE  O   BOE SE EBZ QPTUJOGFDUJPO  O
  CVU OPU BGUFS EFGFDBUJPO (BJOJOH BOE SFUFOUJPO PG UIF
JOGFDUJPO GSPN SE PS TU JOTUBS MBSWBF UISPVHI QVQBUJPO UP BEVMU
NPTRVJUPT XBT UFTUFE CZ BEEJUJPO PG QSPNBTUJHPUFT JOUP XBUFS
XIFSF UIFZ TVSWJWF GPS BU MFBTU  EBZT 5IF FNFSHFE NPTRVJUPFT PG
CPUI TFYFT XFSF OFWFS JOGFDUFE O    5IJT TVHHFTUT EFGFDUJWF
JOGFDUJWJUZ PG UIF DVMUVSFBEBQUFE QBSBTJUFT 1PTTJCMF EJYFOPVT MJGF
DZDMF BOE USBOTNJTTJPO UISPVHI B WFSUFCSBUF IPTU XBT UFTUFE PO
 #"-#D NJDF CZ B DPNCJOBUJPO PG TVCDVUBOFPVT BOE JOUSBQFSJ
UPOFBM JOKFDUJPO PG  QSPNBTUJHPUFT IPXFWFS  UP  XFFLT QPTU
JOGFDUJPO QBSBTJUFT XFSF EFUFDUFE OFJUIFS CZ DVMUJWBUJPO OPS 1$3
'VSUIFS TVQQPSU GPS B NPOPYFOPVT MJGF TUZMF DPNFT GSPN UIF
GBJMVSF PG 1BSBUSZQBOPTPNB UP TVSWJWF BU r$ GPS NPSF UIBO B GFX
IPVST /POFUIFMFTT MJGF DZDMFT XJUI QSPNBTUJHPUF IBQUPNPOBE
BOE BNBTUJHPUF TUBHFT BSF DPNNPO BNPOH JOTFDUQBSBTJUJ[JOH USZ
QBOPTPNBUJET BOE BSJTF JO -FJTINBOJB WFDUPST NBLJOH BOBMZTJT PG
1BSBUSZQBOPTPNB NPSQIPMPHZ BOE VMUSBTUSVDUVSF JO WJUSP WBMVBCMF
4VSGBDF BUUBDINFOU JT XJEFTQSFBE BNPOH USZQBOPTPNBUJET
ZFU UIF EFWFMPQNFOU PG UIF QMBRVF VTFE GPS BUUBDINFOU 'JHT #
& XBT OFWFS TUVEJFE JO EFUBJM 5IFSFGPSF XF BOBMZ[FE UIF BMUFS
OBUJPO PG 1BSBUSZQBOPTPNB CFUXFFO UIF QSPNBTUJHPUF BOE IBQ
UPNPOBE NPSQIPMPHJFT JO DVMUVSF CZ UJNFMBQTF MJHIU NJDSPTDPQZ
'JH  BOE DPNQBSFE UIFN UP UIF NPSQIPMPHZ PG IBQUPNPO
BET CZ 4&. 'JHT #&  4VSGBDF BUUBDINFOU PG QSPNBTUJHPUFT
UZQJDBMMZ PDDVSSFE CZ UIF CBTF PG UIF FYUFSOBM GMBHFMMVN UIF
ಫCVMHFಬ 'JHT " %  'PMMPXJOH BUUBDINFOU UIF GMBHFMMVN UIFO
TIPSUFOFE UP B OFHMJHJCMF SPE CBSFMZ FYUFOEJOH GSPN UIF QPDLFU PO
UIF UJNF TDBMF PG  I 'JH  4VQQM 'JH "  5IJT XBT BTTPDJBUFE
XJUI B SFQPTJUJPOJOH PG UIF DFMM UP BO VQSJHIU PSJFOUBUJPO BOE B DP
0.!3
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JODJEFOU TQSFBEJOH PG UIF CVMHF JOUP B UIJO FYUFOEFE QBE BUUBDIFE
UP UIF TVSGBDF " DPMPOZ PG IBQUPNPOBET DPVME DPWFS B MBSHF BSFB
CZ UIFTF FYUFOEFE QBET 5JNFMBQTF MJHIU NJDSPTDPQZ JOEJDBUFE
IBQUPNPOBET DBO EJWJEF XIJMF BUUBDIFE HFOFSBUJOH EBVHIUFS DFMMT
UIBU NBZ SFNBJO BUUBDIFE PS HSPX BO FYUFSOBM GMBHFMMVN BOE
EFUBDI 'JH  4VQQM 'JH # 4VQQM 7JEFP  BOE   $FMM EJWJTJPO
UBLFT BQQSPYJNBUFMZ  I BU r$ XIJMF FMPOHBUJPO PG UIF GMBHFMMVN
BOE EFUBDINFOU PDDVST PO UIF UJNF TDBMF PG  UP  I 'JH  
5SBOTGPSNBUJPO GSPN QSPNBTUJHPUFT JOUP IBQUPNPOBET XBT
QSPNPUFE CZ OVUSJFOU BWBJMBCJMJUZ BOE BMLBMJOF Q) 5IF EJHFTUJWF
USBDU PG B NPTRVJUP JT OVUSJFOUSJDI BOE UZQJDBMMZ BMLBMJOF  BOE
JT UIVT TVJUBCMF GPS IBQUPNPOBET 5IF BUUBDINFOU QBE JUTFMG XBT
IJHIMZ SFTJTUBOU UP BMM PVS BUUFNQUT UP EFHSBEF JU FO[ZNBUJDBMMZ 4*
%BUBTFUT 4 JOEJDBUJOH JU DPVME DPOGFS TUSPOH BUUBDINFOU FWFO
VOEFS IBSTI EJHFTUJWF DPOEJUJPOT PG UIF NPTRVJUP HVU 5IFTF NPS
QIPMPHJDBM USBOTJUJPOT BQQFBS TFOTJUJWF UP OVUSJFOUT JO UIF FOWJSPO
NFOU BOE MJLF MJGF DZDMF USBOTJUJPOT JO PUIFS TQFDJFT JODMVEF TJH
OJGJDBOU SFNPEFMJOH PG UIF GMBHFMMVN 8F UIFSFGPSF TFRVFODFE UIF
1BSBUSZQBOPTPNB HFOPNF BT B SFGFSFODF GPS USBOTDSJQUPNF BOBMZ
TJT PG EJGGFSFOU NPSQIPMPHJDBM TUBHFT GPS JOTJHIU JOUP NFUBCPMJTN
BOE BT B DPNQBSBUJWF SFTPVSDF UP BOBMZ[F FWPMVUJPO PG GMBHFMMVN
BOE GMBHFMMVNSFMBUFE DZUPTLFMFUPO
6TJOH QBJSFEFOE BOE NBUFQBJS *MMVNJOB SFBET XF BTTFN
CMFE B ESBGU HFOPNF XJUI  BWFSBHF DPWFSBHF  .CQ  
TDBGGPMET NBYJNVN TDBGGPME MFOHUI  .CQ BOE TDBGGPME / PG
 ,CQ 6TJOH "VHVTUVT USBJOFE PO B TFU PG VOBNCJHVPVT HFOF
NPEFMT GPS DPOTFSWFE HFOFT BOE SFMZJOH BMTP PO 3/"TFR SFBE
NBQQJOH XF BOOPUBUFE   QSPUFJODPEJOH HFOFT  U3/"T
BOE  DPQJFT PG S3/" HFOFT 5IJT HFOF DPNQMFNFOU JT TJNJMBS UP
UIBU PG PUIFS USZQBOPTPNBUJET   " TVCTUBOUJBM GSBDUJPO PG DPSF
FVLBSZPUJD HFOFT  XBT GPVOE JO 1BSBUSZQBOPTPNB DPN
QBSF XJUI IJHIRVBMJUZ HFOPNF BTTFNCMJFT  JO 5 CSVDFJ
 JO - NBKPS BOE  JO - QZSSIPDPSJT JOEJDBUJOH UIBU
UIF BTTFNCMZ JT FTTFOUJBMMZ DPNQMFUF  
$PNQBSJOH HFOF FYQSFTTJPO CFUXFFO IBQUPNPOBET BOE QSP
NBTUJHPUFT SFWFBMFE  BOE  HFOFT TJHOJGJDBOUMZ VQSFHVMBUFE
JO IBQUPNPOBET BOE QSPNBTUJHPUFT SFTQFDUJWFMZ GBMTF EJTDPWFSZ
SBUF DPSSFDUFE QWBMVF   GPME DIBOHF   4* %BUBTFUT 4 
'VODUJPOBM BOOPUBUJPO PG UIFTF HFOFT SFWFBMFE UIBU QSPEVDUT PG
UIF NPTU VQSFHVMBUFE HFOFT JO IBQUPNPOBET BSF BTTPDJBUFE XJUI
UIF SJCPTPNF JUT CJPHFOFTJT PS USBOTMBUJPO 4* %BUBTFUT 4"
XIJMF UIPTF VQSFHVMBUFE JO QSPNBTUJHPUFT BSF QBSU PG JOUFSNFEJBSZ
NFUBCPMJTN PS SFEPY QSPDFTTFT 4* %BUBTFUT 4# 
/FYU XF UVSOFE UP DPNQBSBUJWF HFOPNJDT UP JOWFTUJHBUF
XIFUIFS 1BSBUSZQBOPTPNB IBT SFUBJOFE NPSF BODFTUSBM GFBUVSFT
UIBO PUIFS USZQBOPTPNBUJET 6TJOH UIF 0SUIP'JOEFS  XF
EFGJOFE PSUIPMPHPVT HSPVQT 0(T PG QSPUFJOT GPS B MBSHF TFU
PG USZQBOPTPNBUJET GPS CPEPOJET GSFFMJWJOH #PEP TBMUBOT BOE
/FPCPEP EFTJHOJT B QBSBTJUF 5SZQBOPQMBTNB CPSSFMJ BOE BO FO
EPTZNCJPOU 1FSLJOTFMB TQ BOE GPS /BFHMFSJB HSVCFSJ B IFUFSPMP
CPTFBO 'JH  4* %BUBTFUT 4  /FYU XF DPVOUFE UIF OVNCFS PG
BODFTUSBM 0(T JO FBDI TQFDJFT JF UIPTF TIBSFE XJUI BOZ CPEPOJE
PS /BFHMFSJB 5SZQBOPTPNB HSBZJ B QBSBTJUF PG DSPDPEJMFT UIBU
CFMPOHT UP UIF DMBEF PG TUFSDPSBSJBO USZQBOPTPNFT TIPXT UIF
IJHIFTU OVNCFS PG BODFTUSBM 0(T   XIJMF 1BSBUSZQBOPTPNB
TIPXT UIF TFDPOE IJHIFTU OVNCFS   (JWFO UIBU CPUI TQFDJFT
IBWF UIF TIPSUFTU CSBODIFT JO B NVMUJHFOF USFF 'JH  UIJT SFTVMU
JT OPU VOFYQFDUFE 5IVT XF IBWF SFBTPOT UP CFMJFWF UIFTF UXP
TQFDJFT BSF UIF TMPXFTUFWPMWJOH USZQBOPTPNBUJET JO UIF BOBMZ[FE
EBUBTFU
8F BMTP TDSVUJOJ[FE UIF EJTUSJCVUJPO PG BODFTUSBM 0(T BDSPTT
NBKPS NPOP PS QBSBQIZMFUJD HSPVQT J 1BSBUSZQBOPTPNB
JJ TBMJWBSJBO BOE JJJ TUFSDPSBSJBO USZQBOPTPNFT
JW
-FJTINBOJJOBF
-FJTINBOJB
-FQUPNPOBT
$SJUIJEJB
W
1IZUPNPOBT#MFDIPNPOBT BOE WJ CPEPOJET1FSLJOTFMB/BFHMFSJB
4UFSDPSBSJBO USZQBOPTPNFT BOE 1BSBUSZQBOPTPNB IBWF UIF
IJHIFTU OVNCFST PG BODFTUSBM 0(T VOJRVF UP UIPTF DMBEFT 

BOE  SFTQFDUJWFMZ 8IFO BODFTUSBM 0(T PDDVSSJOH JO BOZ
UXP USZQBOPTPNBUJE DMBEFT BSF DPOTJEFSFE 1BSBUSZQBOPTPNB
BOE TUFSDPSBSJBO USZQBOPTPNFT DPJOIFSJU CZ GBS UIF IJHIFTU
OVNCFS PG TVDI HSPVQT  XIJMF PUIFS JOUFSTFDUJPOT DPOUBJO
 HSPVQT PS MFTT 'JH   "MUIPVHI NPTU 1BSBUSZQBOPTPNB
HFOFT IBWJOH UIF UXP QIZMFUJD QBUUFSOT EFTDSJCFE BCPWF BSF
BOOPUBUFE BT IZQPUIFUJDBM QSPUFJOT PS MBDL TQFDJGJD BOOPUBUJPOT
4VQQM 5BCMFT 4 BOE 4 XF NBEF UIF GPMMPXJOH PCTFSWBUJPOT
 TPNF HFOFT PG USZQUPQIBO BOE IJTUJEJOF DBUBCPMJTN BOE
BSHJOJOF CJPTZOUIFTJT BSF VOJRVF UP 1BSBUSZQBOPTPNB BOEPS
UIF TUFSDPSBSJBO USZQBOPTPNFT BOE XFSF MPTU JO UIF PUIFS
USZQBOPTPNBUJET  QSPUFJOT PG UIF EJTQFSTFE HFOF GBNJMZ 
%'(  BSF VOJRVF UP 1BSBUSZQBOPTPNB BOE UIF TUFSDPSBSJBO
USZQBOPTPNFT 3FNBSLBCMZ CFJOH UIF GJGUI MBSHFTU QSPUFJO GBNJMZ
JO 5 DSV[J UIFTF BSF MPOH NFNCSBOF QSPUFJOT PG VOLOPXO
GVODUJPO TUPSFE JO JOUSBDFMMVMBS WFTJDMFT XJUI UIFJS FYUSBDFMMVMBS
EPNBJOT FYDSFUFE EVSJOH UIF USZQPNBTUJHPUF UP BNBTUJHPUF
USBOTGPSNBUJPO    5IF %'( QSPUFJOT BSF VQSFHVMBUFE BU
UIF 5 DSV[J BNBTUJHPUF TUBHF BT DPNQBSFE UP UIF USZQPNBTUJHPUF
BOE FQJNBTUJHPUF TUBHFT  XIJMF JO 1BSBUSZQBOPTPNB UIFZ
UFOE UP CF VQSFHVMBUFE BU UIF IBQUPNPOBE TUBHF 4* %BUBTFUT
4 
'JOBMMZ XF MPPLFE BU UIF SFMBUJPOTIJQ PG QIZMFUJD QBUUFSOT BOE
GVODUJPOBM DBUFHPSJFT GPS 0(T 6TJOH B POFXBZ "/07" BOBMZTJT
DPNCJOFE XJUI 5VLFZhT IPOFTU TJHOJGJDBODF UFTU XF TIPX UIBU
EJGGFSFOUJBM HFOF FYQSFTTJPO BU UIF IBQUPNPOBE BOE QSPNBTUJHPUF
TUBHFT EFQFOET PO QIZMFUJD QBUUFSOT PG DPSSFTQPOEJOH 0(T Q
WBMVF    4* %BUBTFUT 4  5IF BODFTUSBM HFOFT DP
JOIFSJUFE CZ UIF TUFSDPSBSJBO USZQBOPTPNFT BOE 1BSBUSZQBOPTPNB
BOE MPTU JO UIF PUIFS DMBEFT UFOE UP CF VQSFHVMBUFE JO IBQUPNPO
BET UIFSF BSF  HFOFT JO UIJT HSPVQ XJUI TUBUJTUJDBMMZ TJHOJGJDBOU
DIBOHFT JO UIFJS FYQSFTTJPO BOE BNPOH UIFN  BSF VQSFHVMBUFE
JO IBQUPNPOBET BOE POMZ  JO QSPNBTUJHPUFT 4* %BUBTFUT 4 
4UBHFTQFDJGJD FYQSFTTJPO PG UIJT HSPVQ JT TJHOJGJDBOUMZ EJGGFSFOU
GSPN UIBU PG UIF VOJWFSTBMMZ DPOTFSWFE HFOFT HFOFT TIBSFE CZ
1BSBUSZQBOPTPNB BOE CPUI 5SZQBOPTPNB DMBEFT POMZ UP UIF FY
DMVTJPO PG CPEPOJET BOE 1BSBUSZQBOPTPNBTQFDJGJD HFOFT Q
WBMVFT BEKVTUFE GPS NVMUJQMF UFTUJOH     SFTQFD
UJWFMZ  (FOFT XJUIJO UXP MBUUFS HSPVQT UFOE UP CF VQSFHVMBUFE JO
QSPNBTUJHPUFT *O HFOFSBM BODFTUSBM HFOFT XJUI WBSJPVT QIZMFUJD
QBUUFSOT BSF FJUIFS DPOTUJUVUJWFMZ FYQSFTTFE JO 1BSBUSZQBOPTPNB PS
VQSFHVMBUFE JO IBQUPNPOBET 0O UIF DPOUSBSZ USZQBOPTPNBUJE
TQFDJGJD HFOFT UFOE UP CF VQSFHVMBUFE BU UIF QSPNBTUJHPUF TUBHF
4* %BUBTFUT 4  5IFTF SFTVMUT TVHHFTU UIBU UIF IBQUPNPOBE TUBHF
NJHIU CF BO BODFTUSBM DIBSBDUFS JO USZQBOPTPNBUJET
5IF ESBNBUJD NPSQIPMPHJDBM DIBOHF CFUXFFO QSPNBTUJHPUFT
BOE IBQUPNPOBET JT FYFNQMJGJFE CZ UIF CVMHF BU UIF GMBHFMMVN
CBTF GPS GMBHFMMVN BUUBDINFOU XIJDI JO IBQUPNPOBET FYQBOET UP
GPSN BO FYUFOTJWF BEIFTJWF QMBRVF 4JODF UIJT NBZ JOWPMWF SFTUSVD
UVSJOH PG UIF QBSBGMBHFMMBS SPE 1'3 '"; BOE GMBHFMMBS BYPOFNF
XF BOBMZ[FE DPOTFSWBUJPO PG LOPXO QSPUFJOT QSJNBSJMZ JEFOUJGJFE
JO 5 CSVDFJ GPSNJOH UIFTF TUSVDUVSFT BDSPTT LJOFUPQMBTUJET 4VQQM
'JH   5IF '"; QSPUFJOT BSF PG QBSUJDVMBS JOUFSFTU BT UIFZ BQQFBS
UP IBWF BEBQUBCMF GVODUJPOT JO DFMM NPSQIPHFOFTJT 5IFZ XFSF GJSTU
JEFOUJGJFE JO UIF FYUFOEFE '"; PG 5SZQBOPTPNB CVU FNFSHFE BT
BCVOEBOU DPNQPOFOUT PG UIF GMBHFMMBS QPDLFU OFDL JO -FJTINBOJB
QSPNBTUJHPUFT
6TJOH 5&. BOE FMFDUSPO UPNPHSBQIZ XF BOBMZ[FE UIF TUSVD
UVSF PG UIF QPDLFU BOE CBTF PG UIF GMBHFMMVN UP EFUFSNJOF UIF
VMUSBTUSVDUVSBM GFBUVSFT SFTQPOTJCMF GPS UIF IBQUPNPOBE NPSQIP
MPHJDBM BEBQUBUJPO 5&. SFWFBMFE FYUFOTJWF BUUBDINFOU PG UIF
CVMHF UP UIF DFMM CPEZ CZ EFTNPTPNFMJLF TUSVDUVSFT JO QSPNBTUJH
PUFT BOE IBQUPNPOBET DPNQBSBCMF UP UIF -FJTINBOJB GMBHFMMBS
QPDLFU OFDL BMCFJU DPWFSJOH B MBSHFS BSFB 4VQQM 'JHT " # 
5IJT TVHHFTUT UIF QSPUFJOT JOWPMWFE JO CVMHFDFMM BUUBDINFOU BSF
UIF '"; QSPUFJOT BOE 3/"TFR JOEFFE TIPXFE '"; N3/"T
XFSF QSFTFOU JO CPUI QSPNBTUJHPUFT BOE IBQUPNPOBET "UUBDI

Submission PDF



WWWPNASORG

&OOTLINE !UTHOR

77











































































































































NFOU JT QBSUJDVMBSMZ DPNQMFY JO UIF EJTUBM QPDLFU SFHJPO MJLFMZ
NFEJBUFE CZ '"; BOE UIJT BUUBDINFOU XBT FMBCPSBUFE JO IBQ
UPNPOBET 4VQQM 'JH #  *NNVOPGMVPSFTDFODF VTJOH UIF BOUJ5
CSVDFJ '"; BOUJCPEZ %PU JEFOUJGJFE B TUSVDUVSF JO QSPNBTUJHPUFT
OFBS UIF FYQFDUFE MPDBMJ[BUJPO PG '"; XIJDI BMTP TIPXFE FMBC
PSBUJPO JO IBQUPNPOBET 4VQQM 'JH $  5IF 1BSBUSZQBOPTPNB
HFOPNF FODPEFT PSUIPMPHT PG BMNPTU BMM '"; QSPUFJOT 4VQQM 'JH
" XIJMF #PEP BOE /FPCPEP IBWF PSUIPMPHT PG BSPVOE IBMG PG
UIFN 5IF USZQBOPTPNBUJET UIFSFGPSF BQQFBS UP IBWF EJWFSTJGJFE
'"; QSPUFJOT (JWFO UIF BODFTUSBM USZQBOPTPNBUJE XBT MJLFMZ
MJCFSGPSN BT KVEHFE GSPN UIF EJTUSJCVUJPO PG UIF MJCFSGPSN BOE
KVYUBGPSN DIBSBDUFST JO UIJT HSPVQ XF QSPQPTF UIBU UIF '"; QSP
UFJOT PSJHJOBMMZ FWPMWFE UP HFOFSBUF UIF IBQUPNPOBE NPSQIPUZQF
5IF FYUFOEFE '"; PG UIF KVYUBGPSN 5SZQBOPTPNB MBUFS BSPTF JO
UIBU MJOFBHF 4PNF '"; QSPUFJOT BSF PGUFO MPTU BNPOH MJCFSGPSNT
'"; '"; BOE TPNF 0(T '-" '-"#1 '"; TIPX
EVQMJDBUJPO BNPOH KVYUBGPSNT 'VSUIFS DBOEJEBUFT GPS GPSNJOH
UIF FYUFOEFE '"; NBZ CF JEFOUJGJFE BNPOH 0(T HBJOFE BU UIF
5SZQBOPTPNB OPEF 4VQQM 5BCMFT 4 4 
4&. PG QSPNBTUJHPUFT SFWFBMFE B DZUPTUPNFMJLF JOEFOUBUJPO
OFBS UIF DFMM BOUFSJPS 'JH " 4VQQM 'JH "  5&. PG UIF
QPDLFU TUSVDUVSF 4VQQM 'JH # BOE % SFDPOTUSVDUJPO PG UIF
QPDLFU PSHBOJ[BUJPO CZ FMFDUSPO UPNPHSBQIZ TIPXFE UIBU PWFSBMM
JU XBT UZQJDBM PG QSPNBTUJHPUFT JODMVEJOH UIPTF PG -FJTINBOJB
XJUI B TJNQMF JOWBHJOBUJPO TVSSPVOEFE CZ DPNQMFY FMFDUSPO
EFOTF BSFBT BOE TFUT PG NJDSPUVCVMFT 'JH   5IFSF XFSF UXP
TFUT PG TQFDJBMJ[FE NJDSPUVCVMFT B RVBSUFU TJNJMBS UP UIF '";
RVBSUFU PG 5 CSVDFJ BOE -FJTINBOJB BOE B IJHIMZEFDPSBUFE TFU
PG NJDSPUVCVMFT BTTPDJBUFE XJUI UIF DZUPTUPNF 5IFTF SBO GSPN
UIF QPDLFU OFDL BSPVOE UIF QSFPSBM SJEHF CBDL UP B EJQ JO UIF
DFMM TVSGBDF GSPN XIJDI NJDSPUVCVMFT FYUFOE JOUP UIF DZUPQMBTN
'JH  4VQQM 'JH "  5IJT TUSVDUVSF JT DPNQBSBCMF UP UIF 5
DSV[J DZUPTUPNF TVHHFTUJOH UIF -FJTINBOJBMJLF GMBHFMMBS QPDLFU
OFDL'"; TUSVDUVSF BOE UIF NJDSPUVCVMF RVBSUFU XFSF BODFTUSBM
BOE MBUFS FYQBOEFE *U BMTP JOEJDBUFT UIF DZUPTUPNF XBT QSFTFOU
JO UIF BODFTUSBM USZQBOPTPNBUJE IBT CFFO MPTU JO -FJTINBOJB
NBOZ NPOPYFOPVT USZQBOPTPNBUJET BOE TBMJWBSJBO USZQBOPTPNF
MJOFBHFT CVU SFUBJOFE JO UIF TUFSDPSBSJBO USZQBOPTPNFT BOE TPNF
NPOPYFOPVT QBSBTJUFT JODMVEJOH $SJUIJEJB GBTDJDVMBUB /P HBJOT
PS MPTTFT PG '"; 0(T TVHHFTUFE B GVODUJPO JO GPSNBUJPO PG UIF
DZUPTUPNF






































































5IF 1'3 JT B MBSHF QBSBBYPOFNBM TUSVDUVSF SFRVJSFE GPS
NPUJMJUZ *U JT OPSNBMMZ QSFTFOU JO BMM USZQBOPTPNBUJE GMBHFMMB
CVU JT VTVBMMZ MPTU JO BNBTUJHPUFT 8F BTLFE XIFUIFS UIF 1'3 JT
QSFTFOU JO EJGGFSFOU EFWFMPQNFOUBM TUBHFT BOE XIFUIFS JU VOEFS
HPFT SFTUSVDUVSJOH UP GPSN UIF IBQUPNPOBE BEIFTJWF QBE 5&.
EFNPOTUSBUFE UIBU UIF 1'3 JT QSFTFOU JO QSPNBTUJHPUFT CVU XBT
TIPSUFOFE JO NBUVSF IBQUPNPOBET BOE BNBTUJHPUFT 'JHT "
$  *NNVOPGMVPSFTDFODF VTJOH BO BOUJCPEZ SFDPHOJ[JOH 1'3 B
NBKPS 1'3 DPNQPOFOU TIPXFE B TJNJMBS GMBHFMMBS MPDBMJ[BUJPO PG
1'3 UP UIBU PG UIF 5SZQBOPTPNB BOE -FJTINBOJB QSPNBTUJHPUFT
BOE VOFWFO MPTT PG UIF 1'3 JO IBQUPNPOBET 'JH %  5IF DIBS
BDUFSJTUJD RVBTJDSZTUBMJOF TUSVDUVSF PG UIF 1'3 XBT POMZ QSFTFOU
OFYU UP UIF BYPOFNF JO UIF QSPNBTUJHPUF CVMHF BOE IBQUPNPOBE
BUUBDINFOU QMBRVF XIFO WJTJCMF TVHHFTUJOH UIBU FMBCPSBUJPO
PG UIF GMBHFMMVN EPFT OPU DPSSFMBUF XJUI FYQBOTJPO PG UIF 1'3
3/"TFR BMTP TIPXFE TJNJMBS 1'3 N3/" MFWFMT CFUXFFO QSP
NBTUJHPUFT BOE IBQUPNPOBET 4* %BUBTFUT 4  $PNQBSBUJWF HF
OPNJDT SFWFBMFE UIBU #PEP BOE 1BSBUSZQBOPTPNB QPTTFTT BMNPTU
BMM LOPXO 1'3 DPNQPOFOUT JOEJDBUJOH HSFBUFS DPOTFSWBUJPO PG
UIF 1'3 UIBO UIF '";
1SPNBTUJHPUF UP IBQUPNPOBE JOUFSDPOWFSTJPO XBT NPEVMBUFE
CZ UIF HSPXUI NFEJVN TVHHFTUJOH MJOLT CFUXFFO UIF NPSQIPMPH
JDBM BEBQUBUJPO BOE FOFSHZ TPVSDF 8F BOBMZ[FE XIJDI NFUBCPMJD
QBUIXBZT BSF MJLFMZ BDUJWF JO 1BSBUSZQBOPTPNB BOE XIJDI XFSF
MPTU FBSMZ JO UIF FWPMVUJPO PG USZQBOPTPNBUJET 4* %BUBTFUT 4 
8IFO DPNQBSFE UP # TBMUBOT 1BSBUSZQBOPTPNB TIPXT B MPTT
PG NBOZ QSPUFBTFT QFQUJEBTFT DBUIFQTJOT BOE WBSJPVT FO[ZNFT
OFFEFE GPS IZESPMZTJT PG DPNQMFY TVHBST 5IJT TVHHFTUT B MPTT PG
NFUBCPMJD FO[ZNFT GPS EJHFTUJPO PG DPNQMFY FOFSHZ TPVSDFT FBSMZ
JO UIF FWPMVUJPO PG QBSBTJUJTN 8JUI UIF FYDFQUJPO PG YBOUIJOF
HVBOJOF QIPTQIPSJCPTZMUSBOTGFSBTF 1BSBUSZQBOPTPNB FODPEFT BMM
DPNQPOFOUT PG UIF QVSJOF TBMWBHF NFDIBOJTN XIJDI JT UIVT
MJLFMZ PQFSBUJPOBM 4* %BUBTFUT 4  )PXFWFS JU MBDLT BSHJOBTFT
OFFEFE GPS UIF VSFB DZDMF BOE IBT MPTU PSOJUIJOF BNJOPUSBOT
GFSBTFT BOE YBOUIJOF EFIZESPHFOBTFT UIVT SFOEFSJOH UIF VSFB
DZDMF BOE PYJEBUJWF NFUBCPMJTN PG QVSJOFT OPOGVODUJPOBM 4*
%BUBTFUT 4  $PODFSOJOH MJQJE NFUBCPMJTN JU QPTTFTTFT UIF
NFUIZMNBMPOZM QBUIXBZ XIJDI DPOWFSUT QSPQJPOZM$P" B QSPE
VDU PG PEE DIBJO GBUUZ BDJE PYJEJ[BUJPO JOUP TVDDJOZM$P" 5IJT
QBUIXBZ IBT CFFO MPTU JO UIF TBMJWBSJBO USZQBOPTPNFT BOE 1IZ
UPNPOBT 4* %BUBTFUT 4  1BSBUSZQBOPTPNB BMTP IBT BMM UIF
FO[ZNFT OFFEFE GPS FUIFSMJQJE CJPTZOUIFTJT FYDFQU BDZMTO
HMZDFSPMQIPTQIBUF BDZMUSBOTGFSBTF XIJDI JT SFTQPOTJCMF GPS UIF
TFDPOE BDZMUSBOTGFSBTF SFBDUJPO PG QIPTQIBUJEJD BDJE GPSNBUJPO
*U BMTP FODPEFT B QBUIXBZ OFFEFE GPS QIPTQIPOPMJQJE GPSNBUJPO
DBSSJFE PVU CZ QIPTQIPFOPMQZSVWBUF NVUBTF QSFWJPVTMZ JEFOUJGJFE
POMZ JO # TBMUBOT BOE 5 DSV[J )PXFWFS "51 DJUSBUF MZBTF BOE
TZOUIBTF BSF BCTFOU GSPN BMM USZQBOPTPNBUJET JODMVEJOH 1BSBUSZ
QBOPTPNB JNQMZJOH UIBU UIFZ BSF VOBCMF UP DPOWFSU NJUPDIPOESJBM
BDFUZM$P" UP DJUSBUF 0OMZ 1BSBUSZQBOPTPNB BOE -FJTINBOJJOBF
BSF BCMF UP DPOWFSU BOE TVCTFRVFOUMZ PYJEJ[F NFUIJPOJOF JOUP
TVDDJOZM$P" 'JOBMMZ UIF USZQUPQIBO EFHSBEBUJPO QBUIXBZ JT
QSFTFOU JO / HSVCFSJ 5 CPSSFMJ # TBMUBOT BT XFMM BT JO 1BSBUSZ
QBOPTPNB CVU MPTU GSPN BMM PUIFS USZQBOPTPNBUJET 4* %BUBTFUT
4 
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5IF 1BSBUSZQBOPTPNB QSPNBTUJHPUF GMBHFMMVN IBT UIF DBOPOJ
DBM   BYPOFNF BOE CBTFE PO UIF HFOPNF TFRVFODF UIF DBOPO
JDBM NPMFDVMBS DPNQPTJUJPO UPP 4VQQM 'JH   #PUI IBQUPNPO
BET BOE BNBTUJHPUFT IBWF HSFBUMZ TIPSUFOFE GMBHFMMB *O -FJTI
NBOJB GMBHFMMBS TIPSUFOJOH EVSJOH UIF QSPNBTUJHPUFBNBTUJHPUF
USBOTJUJPO JT BTTPDJBUFE XJUI BEEJUJPOBM BYPOFNF SFNPEFMJOH MPTT
PG UIF DFOUSBM QBJS EJTUBM NPUPS QSPUFJOT BOE SBEJBM TQPLFT HJWJOH
B USBOTJUJPO GSPN B   UP B DPMMBQTFE W WBSJBCMF BYPOFNF
8F VTFE 5&. UP DIFDL XIFUIFS TJNJMBS BYPOFNF SFTUSVDUVSJOH
PDDVSSFE JO UIF 1BSBUSZQBOPTPNB IBQUPNPOBE PS BNBTUJHPUF 'JH
  -POHJUVEJOBM TFDUJPOT UISPVHI UIF GMBHFMMVN BOE GMBHFMMBS
QPDLFU PG QSPNBTUJHPUFT IBQUPNPOBET BOE BNBTUJHPUFT TIPXFE
B CBTBM QMBUF BOE DFOUSBM QBJS XIJMF MPOHJUVEJOBM TFDUJPOT BOE
.BSLIBN SPUBUJPOBM BWFSBHJOH TIPXFE QSFTFODF PG UIF DFOUSBM
QBJS SBEJBM TQPLFT BOE JOOFS BOE PVUFS EZOFJO BSNT JO BMM UISFF MJGF
TUBHFT 4VQQM 'JH   3/"TFR EBUB DPOGJSNFE UIJT SFTVMU XJUI
DFOUSBM QBJS SBEJBM TQPLF BOE EZOFJO BSN MJHIU BOE JOUFSNFEJBUF
DIBJOT OPU TJHOJGJDBOUMZ SFHVMBUFE CFUXFFO QSPNBTUJHPUFT BOE
IBQUPNPOBET 4* %BUBTFUT 4  $PNQBSBUJWF HFOPNJDT SFWFBMFE
DPOTFSWBUJPO PG FTTFOUJBMMZ BMM NBKPS BYPOFNBM DPNQPOFOUT JO BMM
TQFDJFT BOBMZ[FE XJUI UIF FYDFQUJPO PG 1FSLJOTFMB XIJDI IBT MPTU
JUT GMBHFMMVN QSPWJEJOH OP QVUBUJWF NBSLFST GPS UIF DBQBDJUZ GPS
W BYPOFNF SFTUSVDUVSJOH 3/"TFR TIPXFE OP MBSHF DIBOHFT JO
N3/" MFWFMT PG BYPOFNBM QSPUFJOT CFUXFFO QSPNBTUJHPUFT BOE
IBQUPNPOBET DPOTJTUFOU XJUI UIJT SFTVMU 4* %BUBTFUT 4 
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8F IBWF EFNPOTUSBUFE UIBU 1BSBUSZQBOPTPNB UIF NPTU CBTBM
CSBODIJOH USZQBOPTPNBUJE EFSJWFE GSPN GSFFMJWJOH CPEPOJET
 BTTVNFT UISFF EJGGFSFOU NPSQIPUZQFT DIBSBDUFSJTUJD GPS USZ
QBOPTPNBUJET *O B MJRVJE DVMUJWBUJPO NFEJVN JU BMUFSOBUFT CF
UXFFO NPUJMF QSPNBTUJHPUF BOE TVSGBDFBUUBDIFE IBQUPNPOBE
CPUI DBQBCMF PG EJWJTJPO 5SBOTGFS PG UIF DVMUVSF POUP BO BHBS
QMBUF USJHHFST USBOTGPSNBUJPO JOUP ZFU BOPUIFS EJTUJODU NPSQIP
UZQF BNBTUJHPUF 5IF GBDU UIBU UIFTF NPSQIPUZQFT BSF DPNNPO
BNPOH NPOP BOE EJYFOPVT USZQBOPTPNBUJET JOEJDBUFT UIBU UIF
BODFTUSBM USZQBOPTPNBUJE XBT MJLFMZ FOEPXFE XJUI NPSQIPMPHJDBM
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GMFYJCJMJUZ BEWBOUBHFPVT XIFO GBDFE XJUI ESBNBUJDBMMZ EJGGFSFOU
DPOEJUJPOT EVSJOH UIF FWPMVUJPO PG QBSBTJUJTN PG JOWFSUFCSBUF
BOE WFSUFCSBUF IPTUT 5IFSFGPSF UIF USBJU PG FYUFOTJWF JOUFSTUBHF
NPSQIPMPHJDBM USBOTGPSNBUJPO PG -FJTINBOJB BOE 5SZQBOPTPNB JO
UIFJS NBNNBMJBO BOE JOTFDU IPTUT TFFNT UP IBWF BMSFBEZ FYJTUFE JO
UIFJS NPOPYFOPVT QSFEFDFTTPS $POTFRVFOUMZ UIF XJEF BSSBZ PG
USZQBOPTPNBUJE NPSQIPUZQFT  MJLFMZ EJE OPU PSJHJOBUF XJUIJO
UIF DPOUFYU PG EJYFOPVT QBSBTJUJTN CVU SFQSFTFOUT ZFU BOPUIFS
DIBSBDUFS TUBUF UIBU QSFEBUFE UIF UXPIPTU MJGF TUZMF  
5IF DBQBDJUZ UP GJSNMZ CVU USBOTJFOUMZ BUUBDI UP B TVCTUSBUF
CZ UIF GMBHFMMVN BQQBSFOUMZ QSFWFOUJOH UIFJS EJTDIBSHF GSPN
UIF IPTU IBT CFFO EFTDSJCFE JO USZQBOPTPNBUJET BT XFMM BT JO
CPEPOJET   5IJT GFBUVSF NJHIU IBWF QSFEJTQPTFE USZQBOPTP
NBUJET GPS UIFJS IJHIMZ TVDDFTTGVM JOJUJBM SBEJBUJPO JO JOTFDUT 
XIJDI SFRVJSFE GJYBUJPO UP UIF IPTUಬT HVU *OUFSFTUJOHMZ UIF BU
UBDINFOU BTTPDJBUFE XJUI FYUFOTJWF SFNPEFMJOH PG UIF GMBHFMMVN
BT JO PUIFS USZQBOPTPNBUJET  TFFNT UP CF B DFOUSBM GFBUVSF
JO UIF MJGF DZDMF PG 1BSBUSZQBOPTPNB "UUBDINFOU BOE GMBHFMMVN
TIPSUFOJOH DPVME PDDVS XJUIPVU B EJWJTJPO FWFOU XIJMF XF POMZ
PCTFSWFE GMBHFMMVN HSPXUI BOE EFUBDINFOU GPMMPXJOH EJWJTJPO
PG B IBQUPNPOBE 5IJT IBT TJNJMBSJUJFT UP CPUI -FJTINBOJB JO
XIJDI GMBHFMMVN TIPSUFOJOH DBO PDDVS XJUIPVU EJWJTJPO BOE 5
CSVDFJ JO XIJDI EJWJTJPO UP HFOFSBUF EJTTJNJMBS EBVHIUFST JT VTFE
GPS MJGF DZDMF TUBHF USBOTJUJPO 3FNPEFMJOH PG UIF GMBHFMMVN JO
IBQUPNPOBET JOWPMWFE FYQBOTJPO PG GMBHFMMVNDFMM BUUBDINFOU
JO UIF EJTUBM QPDLFU SFHJPO TVHHFTUJOH UIF '"; QSPUFJOT NBZ
DPOUSJCVUF UP TVSGBDF BUUBDINFOU
0( HBJOT BOE MPTTFT JOEJDBUF 1BSBUSZQBOPTPNB IBT EJWFSHFE
TJHOJGJDBOUMZ GSPN DPNNPO BODFTUPS PG USZQBOPTPNBUJET 4VQQM
'JH  IPXFWFS JU TFFNT UP SFUBJO NPSF BODFTUSBM GFBUVSFT
UIBO PUIFS USZQBOPTPNBUJE MJOFBHFT FYDFQU UIF TUFSDPSBSJBO USZ
QBOPTPNFT 'JH   3FDFOU DPNQBSJTPO PG UIF # TBMUBOT BOE
USZQBOPTPNBUJE HFOPNFT SFWFBMFE UIBU NFUBCPMJD MPTTFT BDDPN
QBOJFE UIF FNFSHFODF PG PCMJHBUPSZ QBSBTJUJTN  BOE OP GVS
UIFS HFOF MPTT PS TUSFBNMJOJOH PG UIF HFOPNF PDDVSSFE JO UIF
DSPXO USZQBOPTPNBUJET    *OEFFE PVS BOBMZTFT SFWFBMFE
B NBTTJWF MPTT PG QSPUFBTFT QFQUJEBTFT BOE DBUIFQTJOT JOWPMWFE
JO UIF CSFBLEPXO PG QPMZQFQUJEFT 1BSBUSZQBOPTPNB BOE PUIFS
USZQBOPTPNBUJET IBWF BMTP MPTU UIF SFDFQUPSNFEJBUFE FOEPDZ
UPTJT PG NBDSPNPMFDVMFT DPCBMBNJO CJPTZOUIFTJT BOE MZTPTPNBM
QSP9 FYPQFQUJEBTF BOE BNNPOJVN USBOTQPSUFS DPNQFMMJOH USZ
QBOPTPNBUJET JOUP GPSBHJOH OJUSPHFO GSPN PUIFS TPVSDFT 1BSB

USZQBOPTPNB IBT HBJOFE PS FYQBOEFE TFWFSBM HFOF GBNJMJFT UIBU
XFSF OPU QSFTFOU JO JUT GSFFMJWJOH QSFEFDFTTPS JODMVEJOH USBOT
NFNCSBOF USBOTQPSUFST GPS TDBWFOHJOH BNJOP BDJET BOE PUIFS
NFUBCPMJUFT GSPN UIF IPTU     " QBSUJDVMBSMZ JOUFSFTUJOH
FYBNQMF PG HFOF GBNJMJFT UIBU MJLFMZ VOEFSXFOU FYQBOTJPO FBSMZ
JO UIF FWPMVUJPO PG USZQBOPTPNBUJET JT UIF EJTQFSTFE HFOF GBNJMZ
GPVOE JO 1BSBUSZQBOPTPNB BOE UIF TUFSDPSBSJBO USZQBOPTPNFT
POMZ 5IFTF BCVOEBOU TFDSFUFE QSPUFJOT NBZ QMBZ B SPMF JO IPTU
QBSBTJUF JOUFSBDUJPOT   
5IF VMUSBTUSVDUVSF PG 1BSBUSZQBOPTPNB JODMVEFT B -FJTINB
OJBMJLF '"; JODMVEJOH B NJDSPUVCVMF RVBSUFU BOE B 5 DSV[JMJLF
DZUPTUPNF 5IJT TVQQPSUT UIF IZQPUIFTJT UIBU UIF FYUFOEFE '";
FWPMWFE PODF JO UIF 5SZQBOPTPNB MJOFBHF BOE JOEJDBUFT UIBU UIF
DZUPTUPNF XBT BO BODFTUSBM GFBUVSF SFUBJOFE JO 5 DSV[J CVU MPTU JO
5 CSVDFJ -FJTINBOJB 1IZUPNPOBT BOE TFWFSBM NPOPYFOPVT MJO
FBHFT BOBMZ[FE UIVT GBS 'JH   5IJT JNQMJFT UIBU UIFSF IBT CFFO
B TUSFBNMJOJOH PG VMUSBTUSVDUVSF BOBMPHPVT UP UIF TUSFBNMJOJOH PG
UIF HFOPNF XJUI UIF OPUBCMF FYDFQUJPO PG JOOPWBUJPO UP HFOFSBUF
BO FYUFOEFE '"; BNPOH 5SZQBOPTPNB TQFDJFT
5IF EJGGFSFODFT JO USBOTDSJQUPNF PG QSPNBTUJHPUFT BOE IBQ
UPNPOBET DPFYJTUJOH JO DVMUVSF BSF DPNQBSBCMF JO NBHOJUVEF UP
UIF EJGGFSFODFT CFUXFFO - NFYJDBOB BNBTUJHPUFT NBNNBMJBO
IPTU BOE QSPNBTUJHPUFT TBOEGMZ WFDUPST    0VS BOBMZTJT
PG UIF NPSQIPMPHJFT 1BSBUSZQBOPTPNB DBO BUUBJO JO DVMUVSF JUT
HFOPNF BOE USBOTDSJQUJPO QSPGJMF BOE UIF VMUSBTUSVDUVSF PG UIF
GMBHFMMBS QPDLFUDZUPTUPNF DPNQMFY IBT VODPWFSFE GFBUVSFT MJLFMZ
QSFTFOU JO UIF BODFTUPST PG UIF UISFF IVNBOJOGFDUJWF USZQBOPTP
NBUJE MJOFBHFT 'JH   'VUVSF TUVEJFT PG UIJT WFSZ JOUFSFTUJOH
QSPUJTU XJMM CF QBSUJDVMBSMZ JOGPSNBUJWF JO SFHBSE UP IPX USZQBOPTP
NBUJE QBSBTJUFT IBWF FWPMWFE GSPN UIF GSFFMJWJOH CPEPOJET

 .BTMPW %" 7PU¿QLB + :VSDIFOLP 7 -VLFģ +  %JWFSTJUZ BOE QIZMPHFOZ PG JOTFDU
USZQBOPTPNBUJET BMM UIBU JT IJEEFO TIBMM CF SFWFBMFE 5SFOET 1BSBTJUPM 
 :VSDIFOLP 7 FU BM  6MUSBTUSVDUVSF BOE NPMFDVMBS QIZMPHFOZ PG GPVS OFX TQFDJFT PG
NPOPYFOPVT USZQBOPTPNBUJET GSPN GMJFT %JQUFSB #SBDIZDFSB XJUI SFEFGJOJUJPO PG UIF HFOVT
8BMMBDFJOB 'PMJB QBSBTJU   
 'MFHPOUPW 1 FU BM  1BSBUSZQBOPTPNB JT B OPWFM FBSMZCSBODIJOH USZQBOPTPNBUJE $VSS
#JPM 
 0QQFSEPFT '3 #VUFOLP " 'MFHPOUPW 1 :VSDIFOLP 7 -VLFģ +  $PNQBSBUJWF
NFUBCPMJTN PG GSFFMJWJOH #PEP TBMUBOT BOE QBSBTJUJD USZQBOPTPNBUJET + &VLBSZPU .JDSPCJPM

 +BDLTPO "1 FU BM  ,JOFUPQMBTUJE QIZMPHFOPNJDT SFWFBMT UIF FWPMVUJPOBSZ JOOPWBUJPOT
BTTPDJBUFE XJUI UIF PSJHJOT PG QBSBTJUJTN $VSS #JPM 
 (JOHFS .- 1PSUNBO / .D,FBO 1(  4XJNNJOH XJUI QSPUJTUT QFSDFQUJPO NPUJMJUZ
BOE GMBHFMMVN BTTFNCMZ /BU 3FW .JDSPCJPM 
 8IFFMFS 3+ (MVFO[ & (VMM ,  #BTBM CPEZ NVMUJQPUFODZ BOE BYPOFNBM SFNPEFMMJOH
BSF UXP QBUIXBZT UP B   GMBHFMMVN /BU $PNNVO 
 (MVFO[ & 8IFFMFS 3+ )VHIFT - 7BVHIBO 4  4DBOOJOH BOE UISFFEJNFOTJPOBM
FMFDUSPO NJDSPTDPQZ NFUIPET GPS UIF TUVEZ PG 5SZQBOPTPNB CSVDFJ BOE -FJTINBOJB NFYJDBOB
GMBHFMMB .FUI $FMM #JPM 
 &OHTUMFS . FU BM  )ZESPEZOBNJD GMPXNFEJBUFE QSPUFJO TPSUJOH PO UIF DFMM TVSGBDF PG
USZQBOPTPNFT $FMM 
 #SPBEIFBE 3 FU BM  'MBHFMMBS NPUJMJUZ JT SFRVJSFE GPS UIF WJBCJMJUZ PG UIF CMPPETUSFBN
USZQBOPTPNF /BUVSF 
 4[FNQSVDI "+ FU BM  &YUSBDFMMVMBS WFTJDMFT GSPN 5SZQBOPTPNB CSVDFJ NFEJBUF WJSVMFODF
GBDUPS USBOTGFS BOE DBVTF IPTU BOFNJB $FMM 
 *NIPG 4 FU BM  'MBHFMMBS NFNCSBOF GVTJPO BOE QSPUFJO FYDIBOHF JO USZQBOPTPNFT B
OFX GPSN PG DFMMDFMM DPNNVOJDBUJPO '3FT 
 8IFFMFS 3+ (MVFO[ & (VMM ,  5IF MJNJUT PO USZQBOPTPNBUJE NPSQIPMPHJDBM EJWFSTJUZ
1-P4 0OF F
 4VOUFS +% FU BM  .PEVMBUJPO PG GMBHFMMVN BUUBDINFOU [POF QSPUFJO '-". BOE

SFHVMBUJPO PG UIF DFMM TIBQF JO 5SZQBOPTPNB CSVDFJ MJGF DZDMF USBOTJUJPOT + $FMM 4DJ 

 #FBUUJF 1 (VMM ,  $ZUPTLFMFUBM BSDIJUFDUVSF BOE DPNQPOFOUT JOWPMWFE JO UIF BUUBDINFOU
PG 5SZQBOPTPNB DPOHPMFOTF FQJNBTUJHPUFT 1BSBTJUPMPHZ 
 7JDLFSNBO , 5FUMFZ -  'MBHFMMBS TVSGBDFT PG QBSBTJUJD QSPUP[PB BOE UIFJS SPMF JO
BUUBDINFOU $JMJBSZ BOE 'MBHFMMBS .FNCSBOFT FE #MPPEHPPE 3" #PPLOFXT -POEPO QQ

 8BLJE .) #BUFT 1"  'MBHFMMBS BUUBDINFOU PG -FJTINBOJB QSPNBTUJHPUFT UP QMBTUJD GJMN
JO WJUSP &YQ 1BSBTJUPM 
 EFM 1JMBS $PSFOB . FU BM  $BSCPOJD BOIZESBTF JO UIF BEVMU NPTRVJUP NJEHVU + &YQ
#JPM 
 'MFHPOUPW 1 FU BM  (FOPNF PG -FQUPNPOBT QZSSIPDPSJT B IJHIRVBMJUZ SFGFSFODF GPS
NPOPYFOPVT USZQBOPTPNBUJET BOE OFX JOTJHIUT JOUP FWPMVUJPO PG -FJTINBOJB 4DJ 3FQ 
 4JNBP '" 8BUFSIPVTF 3. *PBOOJEJT 1 ,SJWFOUTFWB &7 ;EPCOPW &.  #64$0
BTTFTTJOH HFOPNF BTTFNCMZ BOE BOOPUBUJPO DPNQMFUFOFTT XJUI TJOHMFDPQZ PSUIPMPHT #JPJO
GPSNBUJDT 
 &NNT %. ,FMMZ 4  0SUIP'JOEFS TPMWJOH GVOEBNFOUBM CJBTFT JO XIPMF HFOPNF
DPNQBSJTPOT ESBNBUJDBMMZ JNQSPWFT PSUIPHSPVQ JOGFSFODF BDDVSBDZ (FOPNF #JPM 
 -BOEFS / FU BM  -PDBMJ[BUJPO BOE EFWFMPQNFOUBM SFHVMBUJPO PG B EJTQFSTFE HFOF GBNJMZ
 QSPUFJO JO 5SZQBOPTPNB DSV[J *OGFDU *NNVO 
 +BOPVģLPWFD + ,FFMJOH 1+  &WPMVUJPO DBVTBMJUZ BOE UIF PSJHJO PG QBSBTJUJTN $VSS #JPM
3
 (BEFMIB $ 8JDLTUFBE # EF 4PV[B 8 (VMM , $VOIBF4JMWB /  $SZQUJD QBSBGMBHFMMBS
SPE JO FOEPTZNCJPOUDPOUBJOJOH LJOFUPQMBTUJE QSPUP[PB &VLBSZPU $FMM 
 -BDPNCMF 4 1PSUNBO / (VMM ,  " QSPUFJOQSPUFJO JOUFSBDUJPO NBQ PG UIF 5SZQBOPTPNB
CSVDFJ QBSBGMBHFMMBS SPE 1-P4 0OF F
 'JFCJH . ,FMMZ 4 (MVFO[ &  $PNQBSBUJWF MJGF DZDMF USBOTDSJQUPNJDT SFWJTFT -FJTINBOJB
NFYJDBOB HFOPNF BOOPUBUJPO BOE MJOLT B DISPNPTPNF EVQMJDBUJPO XJUI QBSBTJUJTN PG WFSUF
CSBUFT 1-P4 1BUIPH F
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6833/(0(17$5<0$7(5,$/6$1'0(7+2'6
Paratrypanosoma FXOWLYDWLRQDQGVDPSOHSUHSDUDWLRQIRUHOHFWURQPLFURVFRS\
7KHD[HQLFFXOWXUHZDVPDLQWDLQHGDW&LQPL[RI530,DQG0FXOWLYDWLRQPHGLD
 DWS+ZLWKDGGLWLRQRI YY IHWDOFDOIVHUXPVWHULOHKXPDQXULQHȝJPO
RIKHPLQDQGSHQLFLOOLQVWUHSWRP\FLQ$PDVWLJRWHVZHUHJHQHUDWHGE\FXOWXUHRQVHPLVROLG
DJDURVHSODWHV$XWRFODYHG>ZY@DJDURVHZDVFRROHGWR&DQGGLOXWHGWHQWLPHVLQD
SUHZDUPHGFXOWLYDWLRQPHGLXP7KHUHVXOWLQJDJDURVHVROXWLRQZDVSRXUHGLQWR3HWUL
GLVKHV [PP GULHGIRUKULQDODPLQDUIORZKRRG DQGLQRFXODWHGZLWK[ RU
[UHVXVSHQGHGORJSKDVHFHOOV/LJKWDQGHOHFWURQPLFURVFRS\ (0 ZHUHSHUIRUPHGDV
GHVFULEHGSUHYLRXVO\  )RUVFDQQLQJ(0KDSWRPRQDGVZHUHJURZQDQGIL[HGGLUHFWO\RQ
FRYHUVOLSVZKLOHIRUKLJKSUHVVXUHIUHH]LQJWUDQVPLVVLRQ(0  WKH\ZHUHSUHSDUHGXVLQJ
SURS\OHQHR[LGHWUHDWPHQWWRGLVVROYHWKHSODVWLFVXEVWUDWHDVGHVFULEHGHOVHZKHUH  
(OHFWURQWRPRJUDSK\ZDVSHUIRUPHGDVGHVFULEHGSUHYLRXVO\  
7LPHODSVHYLGHRV
3URPDVWLJRWHKDSWRPRQDGLQWHUFRQYHUVLRQZDVDQDO\]HGE\DXWRPDWHGWLPHODSVH
YLGHRPLFURVFRS\/RJSKDVH [ FHOOVPO SURPDVWLJRWHFXOWXUHZDVWUDQVIHUUHGLQWRD
 PPGLVKZLWKJODVVERWWRP L%LGL DQGUHFRUGHGIRUKUVDW&LQDFKDPEHUZLWK
FRQWUROOHGWHPSHUDWXUH
([SHULPHQWDOLQIHFWLRQRIPRVTXLWRHVDQGPLFH
7ZRGLIIHUHQWZD\VRILQIHFWLQJODERUDWRU\UHDUHGPRVTXLWRHV Culex quinquefasciatus ZHUH
WHVWHG0RVTXLWRHVZHUHVWDUYHGIRUKUVDQGWKHQIHGIRUKUVRQDFRWWRQSHOOHWSUHVRDNHG
LQDVXJDUVROXWLRQZLWKParatrypanosomaZKLFKZDVVKRZQWRVXUYLYHLQWKLVVROXWLRQ
IRUXSWRGD\V7ZRLQGHSHQGHQWH[SHULPHQWVHDFKZLWKPRVTXLWRHVZHUHSHUIRUPHGZLWK
 DQG ODWHORJFHOOV)RUW\PRVTXLWRIHPDOHVZHUHLQIHFWHGDOVRE\IHHGLQJWKURXJKD
FKLFNVNLQPHPEUDQHRQVXVSHQVLRQRISDUDVLWHVPL[HGZLWKKHDWLQDFWLYDWHG UDEELW
EORRG ILQDOFRQFHQWUDWLRQZDV ODWHORJFHOOVPO (QJRUJHGPRVTXLWRHVZHUHVHSDUDWHG
DQGPDLQWDLQHGLQWKHDSSURSULDWHFRQGLWLRQV &KXPLGLW\KUVGD\OLJKW 7KH
SUHVHQFHRIParatrypanosoma LQPRVTXLWRLQWHVWLQHZDVFKHFNHGRQGD\VDQG 
SRVWLQIHFWLRQE\GLVVHFWLRQRIWRVSHFLPHQVDWHDFKWLPHSRLQW)RXUODERUDWRU\%$/%F
PLFHZHUHLQWUDSHULWRQHDOO\DQGVXEFXWDQHRXVO\LQMHFWHGZLWK ODWHORJVWDJHFHOOV7KH
FRXUVHRILQIHFWLRQZDVUHFRUGHGZHHNO\IRURQHPRQWK WKHPLFHZHUHEOHGIURPWKHWDLO 
$WWDFKPHQWSODTXHGLJHVWLRQ
7RDVVHVVDWWDFKPHQWSODTXHUHVLVWDQFHWRGLJHVWLYHHQ]\PHVKDSWRPRQDGFXOWXUHZDV
LQFXEDWHGZLWKYDULRXVHQ]\PHVIRUKUVZLWKUHJXODULQWHQVHVKDNLQJ VHH6,'DWDVHWV 6 
DQGGHWDFKHGFHOOVZHUHFRXQWHG)RULPPXQRIOXRUHVFHQFH[ SHOOHWHGFHOOVZHUHIL[HGIRU
PLQZLWK ZY SDUDIRUPDOGHK\GHLQSKRVSKDWHEXIIHUHGVROXWLRQ 3%6 ULQVHGLQ
3%6DOORZHGWRVHWWOHRQD SRO\LO\VLQHFRDWHGVOLGHNHSWIRUKULQDEORFNLQJEXIIHU
FRQWDLQLQJ>ZY@QRQIDWGU\PLONLQ3%6DQGIRUKUVLQFXEDWHGZLWKRQHRIWKH
IROORZLQJSULPDU\DQWLERGLHVDQWL3)5  RUDQWL'27$IWHUWKHLUUHPRYDOWKHFHOOV
ZHUHLQFXEDWHGIRUKULQEORFNLQJEXIIHUZLWK$OH[D)OXRUFRQMXJDWHGVHFRQGDU\
DQWLERG\ULQVHGZLWK3%6PRXQWHGLQ'$3,FRQWDLQLQJ3UR/RQJGLDPRQGDQWLIDGHUHDJHQW
DQGREVHUYHG
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*HQRPHDQGWUDQVFULSWRPHDVVHPEO\DQGDQQRWDWLRQ
*HQRPHDVVHPEO\ZDV PDGHZLWK*6'H1RYR$VVHPEOHU 1HZEOHU Y XVLQJUHDGV
REWDLQHGRQWKH,OOXPLQD0L6HTSODWIRUPFRPELQLQJPLOOLRQUHDGVIURPDSDLUHGHQG
OLEUDU\ LQVHUWVL]HNEDYHUDJHUHDGOHQJWKXSRQWULPPLQJQW[FRYHUDJH DQG
PLOOLRQUHDGVIURPD PDWHSDLUOLEUDU\ LQVHUWVL]HNEDYHUDJHUHDGOHQJWKXSRQWULPPLQJ
QW[FRYHUDJH 7RWDO51$DQGSRO\ $ HQULFKHGIUDFWLRQVZHUHXVHGWRSUHSDUH
0L6HTSDLUHGHQGOLEUDULHV LQVHUWVL]HNEUHDGOHQJWKQW WRVHTXHQFHWKH
WUDQVFULSWRPHZLWKWKH,OOXPLQD0L6HTV\VWHPUHVXOWLQJLQDQGPLOOLRQKLJKTXDOLW\
UHDGVUHVSHFWLYHO\$OOVHTXHQFLQJGDWDZHUHGHSRVLWHGWRWKH7UL7U\S'%
KWWSWULWU\SGERUJWULWU\SGE 7UDQVFULSWRPLFUHDGVZHUHDOLJQHGWRWKHJHQRPHDVVHPEO\
XVLQJ%RZWLH YZLWKWKHµHQGWRHQG¶DQGµYHU\VHQVLWLYH¶RSWLRQV$XJXVWXVY
ZDVXVHGIRUDQQRWDWLRQDQGLWVDFFXUDF\ZDVLPSURYHGE\UHWUDLQLQJZLWKDVHWRIKLJKO\
FRQVHUYHGJHQHPRGHOV7KHDQQRWDWLRQZDVIXUWKHUPDQXDOO\HQKDQFHGDVIROORZV
WUDQVFULEHG25)VORQJHUWKDQDPLQRDFLGVQRWSUHGLFWHGE\$XJXVWXVZHUHDGGHGWRWKH
DQQRWDWLRQDQGJHQHPRGHOVZLWKVWDUWVLWHVSUHGLFWHGLQUHJLRQVZLWKQRWUDQVFULSWLRQZHUH
FRUUHFWHGEDVHGRQ51$VHTGDWD6XEVHTXHQWO\%ODVW*2SURJUDPVZHUHXVHG WRREWDLQ
IXQFWLRQDOJHQHDQQRWDWLRQV7RDQDO\]HGLIIHUHQWLDOJHQHH[SUHVVLRQWKUHHLQGHSHQGHQW
UHSOLFDWHVRIWUDQVFULSWRPLF,OOXPLQD+L6HTOLEUDULHVIURPERWKVHVVLOHPDVWLJRWHVDQG
SURPDVWLJRWHVZHUHJHQHUDWHG'LIIHUHQWLDOJHQHH[SUHVVLRQDQDO\VLVRIVL[OLEUDULHVZLWKa
PLOOLRQUHDGVHDFK LQVHUWVL]HESUHDGOHQJWKQW ZDVSHUIRUPHGXVLQJDSURFHGXUH
GHVFULEHGHOVHZKHUH  

*HQHIDPLO\JHQHRQWRORJ\DQGGLIIHUHQWLDOH[SUHVVLRQDQDO\VHV
2UWKRORJRXVJURXSV 2*V ZHUHLQIHUUHGXVLQJ2UWKRILQGHUVRIWZDUHY  $QQRWDWHG
SURWHLQVRINLQHWRSODVWLGVSHFLHVDQGDKHWHURORERVHDQRXWJURXS 6,'DWDVHWV 6 
GRZQORDGHGIURP7UL7U\S'%Y0DULQH0LFURELDO(XNDU\RWH7UDQVFULSWRPH6HTXHQFLQJ
3URMHFW KWWSPDULQHPLFURHXNDU\RWHVRUJ DQG:HOFRPH7UXVW6DQJHU,QVWLWXWH
KWWSZZZVDQJHUDFXNUHVRXUFHVGRZQORDGVSURWR]RD ZHUHFRPELQHGZLWKQHZO\
DQQRWDWHGSURWHLQVRIParatrypanosoma DQGBlechomonas ayalai. 7KH&RXQWSURJUDPZDV
VXEVHTXHQWO\XVHGIRUPDSSLQJJHQHIDPLO\JDLQVORVVHV WKH'ROORSDUVLPRQ\DOJRULWKP RQWR
DUHIHUHQFHVSHFLHVFODGRJUDPEDVHGRQDPXOWLJHQHSK\ORJHQHWLFWUHH(DFKSURWHLQIURPVHW
RIXQLTXHSURWHLQVSUHVHQWLQDOOVSHFLHVZDVVHSDUDWHO\DOLJQHGXVLQJPDIIWDQG
LQIRUPDWLYHSRVLWLRQVZLWKFRQVHFXWLYHFRQFDWHQDWLRQZDVSHUIRUPHGXVLQJ*EORFNV
0XOWLSURWHLQWUHHZDVFRQVWUXFWHGXVLQJ5$[0/Y /*īPRGHO ZLWK
ERRWVWUDSVDQG3K\ORED\HVYF *75ī&$7PRGHO UXQQLQJLQGHSHQGHQWFKDLQVIRU
F\FOHV
*HQHRQWRORJ\ *2 DQQRWDWLRQRIParatrypanosoma JHQHIDPLOLHVJDLQHGRUORVWDWVHOHFWHG
QRGHVZDVSHUIRUPHGXVLQJWKH%ODVW*2VRIWZDUH ZLWKWKHIROORZLQJVHWWLQJV%/$673 

(YDOXHFXWRII ZDVUXQXVLQJ%ODVW*2¶V&ORXG%ODVWVHUYLFHUHWDLQLQJEHVWKLWVDQG
ILOWHULQJORZFRPSOH[LW\UHJLRQV0DSSLQJ*2WHUPVRQWR%ODVWKLWVZDVIROORZHGE\
VHOHFWLRQRIPRVWVSHFLILF*2WHUPV DQDQQRWDWLRQFXWRIIRIZDVXVHG 5HVXOWLQJ
DQQRWDWLRQVZHUHYLVXDOL]HGE\JHQHUDWLRQRI*2JUDSKVDQGPXOWLOHYHOSLHFKDUWVIRUHDFK
*2WHUPFDWHJRU\ FHOOXODUFRPSRQHQWELRORJLFDOSURFHVVDQGPROHFXODUIXQFWLRQ $
GLIIHUHQWLDOH[SUHVVLRQDQDO\VLVXVLQJWUDQVFULSWRPLFGDWDIURPERWKSURPDVWLJRWHVDQG
KDSWRPRQDGVZDVFRQGXFWHGLQ&/&*HQRPLF:RUNEHQFKYDQGRQO\JHQHVZLWKDQ
H[SUHVVLRQIROGFKDQJHDQGDQ)'5FRUUHFWHGSYDOXHZHUHDQDO\]HGIXUWKHU*2
WHUPVHQULFKPHQWZDVDOVRDQDO\]HGIRUSURWHLQFRGLQJJHQHVVLJQLILFDQWO\RYHUXQGHU
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H[SUHVVHGLQKDSWRPRQDGVDVFRPSDUHGWRSURPDVWLJRWHVYVDOOSURWHLQFRGLQJJHQHVXVLQJ
)LVKHU¶VH[DFWWHVWZLWKD)'5FRUUHFWHGSYDOXHFXWRIIRI

6XSSOHPHQWDU\)LJXUHV

6XSSO)LJ&DUWRRQRIWKHDWWDFKPHQWSURFHVV 7KHSURPDVWLJRWHIUHHO\VZLPVDQGFDQ
DWWDFKWRDVXUIDFHE\WKHEXOJH7KHIODJHOOXPVKRUWHQVDQGWKHFHOODVVXPHVDQXSULJKW
SRVLWLRQZLWKWKHEXOJHH[SDQGLQJLQWRDWKLQDWWDFKPHQWSDG'LYLVLRQHYHQWVFDQJHQHUDWH
FHOOVZKLFKHLWKHUDWWDFKWRWKHVXUIDFHRUJURZDORQJIODJHOOXPDQGOHDYHWKHFRORQ\
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6XSSO)LJ &RQVHUYDWLRQRIF\WRVNHOHWDOSURWHLQVDFURVVWKHWU\SDQRVRPDWLGV0DWUL[
VXPPDUL]LQJSUHVHQFHRIDVLQJOH RSHQFLUFOH PXOWLSOH ILOOHGFLUFOH RUQR VSDFH RUWKRORJV
RIDJHQHIDPLO\IRU$ )$=% D[RQHPHDQG& 3)5JHQHV
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6XSSO)LJ7KHIODJHOODUEXOJHLVHODERUDWHGLQKDSWRPRQDGVIRUVXUIDFHDWWDFKPHQW
$ 'HWDLORIDWWDFKPHQWEHWZHHQWKHIODJHOOXPEXOJHZLWKWKHFHOOERG\LQWKHSURPDVWLJRWH
'HVPRVRPHOLNHDWWDFKPHQWVVLPLODUWRWKHT. brucei DQGLeishmania )$=DUHLQGLFDWHG
ZLWKDUURZV% 'HWDLORIDWWDFKPHQWEHWZHHQWKHIODJHOOXPEXOJHZLWKWKHKDSWRPRQDGFHOO
ERG\& ,PPXQRIOXRUHVFHQFHXVLQJ'RWDT. brucei DQWL)$=DQWLERG\RISURPDVWLJRWHV
DQGKDSWRPRQDGV'RWODEHOVDGLVWDOULQJRUKRUVHVKRHVWUXFWXUHLQSURPDVWLJRWHVVLPLODUWR
WKHORFDOL]DWLRQRI)$=LQLeishmania7KHORFDOL]DWLRQLVHODERUDWHGLQKDSWRPRQDGV
6FDOHEDUVLQGLFDWH$ PGHWDLOQP% PGHWDLOQP& P
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6XSSO)LJParatrypanosoma KDVDF\WRVWRPHVLPLODUWRT. cruzi DQGDSRFNHW
DUFKLWHFWXUHVLPLODUWRLeishmania $ 6(0RIWKHSURPDVWLJRWHVKRZLQJDQLQGHQWDWLRQ
VLPLODUWRDQH[WHQGHGT. cruzi SUHRUDOULGJHH[WHQGLQJIURPWKHIODJHOODUSRFNHWWRWKH
F\WRVWRPH% &DUWRRQRIWKHSRFNHWF\WRVWRPHRIParatrypanosomaEDVHGRQ7(0RIWKH
IODJHOODUSRFNHW$VHWRIKLJKO\GHFRUDWHGPLFURWXEXOHVUXQVIURPLQVLGHWKHSRFNHW  
DURXQGWKHHQGRIWKHIODJHOODUSRFNHWQHFN  WRWKHFHOOSHOOLFOHDQGEDFNWRWKHF\WRVWRPH
6FDOHEDUVLQGLFDWH$ PGHWDLOLVWLPHVHQODUJHG% QP% QP

6XSSO)LJ5HVWUXFWXULQJRIWKHParatrypanosoma IODJHOOXPEHWZHHQSURPDVWLJRWHV
KDSWRPRQDGVDQGDPDVWLJRWHV7(0RIORQJLWXGLQDOVHFWLRQVWKURXJKWKHIODJHOODUSRFNHW
DQGWUDQVYHUVHVHFWLRQVWKURXJKWKHSURWUXGLQJSRUWLRQRIWKHIODJHOOXPLQWKHSURPDVWLJRWH
KDSWRPRQDGDQGDPDVWLJRWH1LQHIROG0DUNKDPURWDWLRQDODYHUDJLQJRID[RQHPHVWUXFWXUH
VKRZVSUHVHQFHRILQQHUDQGRXWHUG\QHLQDUPVDQGUDGLDOVSRNHVLQWKHDPDVWLJRWH
SURPDVWLJRWHDQGKDSWRPRQDG:KLWHDUURZVLQGLFDWHWKHEDVDOSODWH6FDOHEDUVLQGLFDWH
QPDQGIODJHOODUGHWDLOVQP
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6XSSO)LJ*HQHIDPLO\JDLQVORVVHVPDSSHGRQFODGRJUDPXVLQJ'ROORSDUVLPRQ\
*DLQHGDQGORVWJHQHIDPLOLHV *2V DUHPDSSHGRQFODGRJUDPZKLFKWRSRORJ\ZDVREWDLQHG
IURPPXOWLSURWHLQSK\ORJHQHWLFDQDO\VLV*HQHIDPLOLHVJDLQHGDUHODEHOHGLQEOXHDQGJHQH
IDPLOLHVWKDWZHUHORVWLQUHGUHVSHFWLYHO\
All SI datasets and Suppl. Videos can be downloaded here:
https://github.com/tskalicky/paratrypanosoma
6,'DWDVHWV 6 $ /LVWRIHQ]\PHVXVHGWRGLJHVWWKHDWWDFKPHQWSDGRIKDSWRPRQDGV
NHSWIRUKUVLQWKHFXOWLYDWLRQPHGLXP(Q]\PHVDUHOLVWHGDFFRUGLQJWRWKHLUDFWLYLW\
)RUVRPHHQ]\PHV PDUNHGZLWKDQDVWHULVN WKHFRQFHQWUDWLRQLVOLVWHGLQXQLWV % /LVWRI
HQ]\PHVXVHGWRGLJHVWWKHDWWDFKPHQWSDGRIKDSWRPRQDGVNHSWIRUKUVLQ[3%6(Q]\PHV
DUHOLVWHGDFFRUGLQJWRWKHLUDFWLYLW\
6,'DWDVHWV 6 3K\OHWLFSDWWHUQVGLIIHUHQWLDOH[SUHVVLRQGDWDDQGDQQRWDWLRQVIRUDOO
Paratrypanosoma JHQHV([SUHVVLRQPHDVXUHGLQ53.0 DWERWKOLIHF\FOHVWDJHVIROG
FKDQJH DQG )'5FRUUHFWHGpYDOXHDUHVKRZQIRUHDFKJHQH
6,'DWDVHWV 6 *HQHRQWRORJ\ WHUPVVLJQLILFDQWO\HQULFKHGLQJHQHVHWVXSUHJXODWHGLQ
KDSWRPRQDGVDQGSURPDVWLJRWHV$ *HQHRQWRORJ\ *2 WHUPVVLJQLILFDQWO\HQULFKHG
)'5FRUUHFWHGpYDOXH LQ KDSWRPRQDGV % *2WHUPVVLJQLILFDQWO\HQULFKHGLQ
SURPDVWLJRWHV

6,'DWDVHWV 6*HQRPHVXVHGIRUJHQHIDPLO\DQDO\VHV *HQRPHVZHUHREWDLQHGIURP
SXEOLFO\DYDLODEOHGDWDEDVHVVXFKDV:HOFRPH7UXVW*HQ%DQN7UL7U\S'% YHUVLRQ RU
0DULQH0LFURELDO(XNDU\RWH7UDQVFULSWRPH6HTXHQFLQJ3URMHFW 00(763 
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6,'DWDVHWV 6 $QQRWDWLRQVRIDQFHVWUDOJHQHVUHWDLQHGLQParatrypanosoma DQGORVWLQ
WKHRWKHUWU\SDQRVRPDWLGV Paratrypanosoma JHQHVEHORQJLQJWRRUWKRORJRXVJURXSVZLWK
WKLVSK\OHWLFSDWWHUQDUHVKRZQ$QQRWDWLRQV ZHUHJHQHUDWHGXVLQJ%ODVW*2 0HWDEROLF
SURWHLQVDUHKLJKOLJKWHG
6,'DWDVHWV 6 $QQRWDWLRQVRIDQFHVWUDOJHQHVUHWDLQHGLQParatrypanosoma DQG
VWHUFRUDULDQWU\SDQRVRPHVDQGORVWLQWKHRWKHUWU\SDQRVRPDWLGV Paratrypanosoma
JHQHVEHORQJLQJWRRUWKRORJRXVJURXSVZLWKWKLVSK\OHWLFSDWWHUQDUHVKRZQ$QQRWDWLRQZHUH
JHQHUDWHGXVLQJ%ODVW*2 0HWDEROLFSURWHLQVDUHKLJKOLJKWHGDVZHOODVSURWHLQVRIWKH
GLVSHUVHGJHQHIDPLO\
6,'DWDVHWV 65HODWLRQVKLSRISK\OHWLFSDWWHUQVDQGVWDJHVSHFLILFJHQHH[SUHVVLRQ LQ
Paratrypanosoma 2QHZD\$129$DQDO\VLVFRPELQHGZLWK7XNH\ VKRQHVWVLJQLILFDQFH
WHVWVKRZV WKDWGLIIHUHQWLDOJHQHH[SUHVVLRQDWWKHKDSWRPRQDGDQGSURPDVWLJRWHVWDJHV
GHSHQGVRQSK\OHWLFSDWWHUQVRIFRUUHVSRQGLQJRUWKRORJRXVJURXSV pYDOXH u  7KH
SUHVHQFHDEVHQFHSDWWHUQVDFURVVVL[VSHFLHVJURXSV SK\OHWLFSDWWHUQV DUHVKRZQLQWKHOHIW
PRVWURZVDQGRQWRSRIWKHPDWUL[*HQHVZHUHJURXSHGE\SK\OHWLFSDWWHUQVDQGIRUHDFK
JURXSDYHUDJHIROGFKDQJHZDVFDOFXODWHG3RVLWLYHIROGFKDQJHFRUUHVSRQGVWRXSUHJXODWLRQ
LQKDSWRPRQDGVDQGQHJDWLYHIROGFKDQJHWRXSUHJXODWLRQLQSURPDVWLJRWHV1XPEHURIJHQHV
ZLWKVLJQLILFDQWVWDJHVSHFLILFGLIIHUHQFHVLQH[SUHVVLRQLVDOVRVKRZQIRUHDFKJURXS
$129$ pYDOXHVFRUUHFWHGIRUPXOWLSOHWHVWLQJDSSHDU LQHDFKFHOORIWKHPDWUL[DQG
UHSUHVHQWSDLUZLVHFRPSDULVRQVRIJHQHJURXSV
6,'DWDVHWV 6 *HQHVEHORQJLQJWRRUWKRORJRXVJURXSV JDLQHGDWWKHTrypanosoma QRGH
*HQHVJDLQHGDWTrypanosoma QRGHZHUHLGHQWLILHGE\&RXQWSURJUDPDSSO\LQJ'ROOR
SDUVLPRQ\DQDO\VLVRQWKHRUWKRORJRXVJURXSVFUHDWHG E\2UWKRILQGHU $SSURSULDWHSURWHLQV
ZHUHH[WUDFWHGIURPZRUNLQJGDWDVHWRISURWHRPVDQGEODVWHGLQ%ODVW*2DJDLQVW QUSURWHLQ
GDWDEDVHZLWKGHIDXOWVHWWLQJV&ROXPQODEHOVGHVFULEHWRZKLFKRUWKRORJRXVJURXSSURWHLQV
EHORQJWKHLUJHQH,'GHVFULSWLRQSURWHLQOHQJWKQXPEHURIEODVWKLWV(YDOXHDQGDYJ
VLPLODULW\
6,'DWDVHWV 6'LIIHUHQWLDOH[SUHVVLRQRIF\WRVNHOHWDOSURWHLQVLQ KDSWRPRQDGV DQG
SURPDVWLJRWHV *HQHVVLJQLILFDQWO\XSUHJXODWHGLQKDSWRPRQDGV 6,'DWDVHWV 6 DUHPDUNHG
LQ JUHHQFRORU 0XOWLJHQHIDPLOLHVDUHDOVRKLJKOLJKWHGZLWKYDULRXVFRORUV
6,'DWDVHWV 6 3UHVHQFHDEVHQFHRIVHOHFWHGPHWDEROLFHQ]\PHV LQDOODQDO\]HGVSHFLHV
3UHVHQFHLVPDUNHGZLWKJUHHQFRORUDQGDEVHQFHLQUHGUHVSHFWLYHO\1XPEHUVUHSUHVHQW
QXPEHURIJHQHFRSLHVLQHDFKVSHFLHV $EEUHYLDWLRQVH[SODQDWLRQ%D\D Blechomonas
ayalai, %VDO Bodo saltans&IDV Crithidia fasciculata/EU Leishmania braziliensis
0+20%50/EU Leishmania braziliensis 0+20%50/GRQ 
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, Tbr1 = Trypanosoma brucei
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Lister 427, Tbrg = Trypanosoma brucei gambiense DAL972, Tbru = Trypanosoma brucei
TREU927, Tcon = Trypanosoma congolense, Tcr1 = Trypanosoma cruzi CL Brener Esmeraldolike, 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.

6XSSO9LGHR7LPHODSVHYLGHRVKRZLQJSURPDVWLJRWHFHOOWUDQVIRUPDWLRQLQWR
KDSWRPRQDGPXOWLSOHGLYLVLRQVDQGUHFUHDWLRQRIPRWLOHSURPDVWLJRWHFHOOVDIWHUGLYLVLRQ
9LGHRVKRZVWLPHVSDQRIDERXWDQGKDOIKRXURIUHDOWLPH

6XSSO9LGHR 7LPHODSVHYLGHRVKRZLQJSURPDVWLJRWHFHOOWUDQVIRUPDWLRQLQWRKDSWRPRQDG
ZLWKIRFXVRQFHOOIODJHOOXP DQGFHOOGLYLVLRQ9LGHRVKRZVWLPHVSDQRIDERXWKRXUVRIUHDO
WLPH
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Nationality:
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Telephone number:
E.mail:

Závořická 555, 789 69 Postřelmov, Czech Republic
+420 739 22 11 62
skalicky@paru.cas.cz, tomas.skalicky@seznam.cz

EDUCATION
2011 – present

Ph.D. student of Molecular and Cell Biology and Genetics
Department of Molecular Biology and Genetics, Faculty of Science,
University of South Bohemia, České Budějovice
Institute of Parasitology, Czech Academy of Sciences, Czech Republic
Thesis: Insight to insect trypanosomatid diversity via whole genome
sequencing
Supervisor: Julius Lukeš

2013

RNDr., Molecular Biology and Genetics
Faculty of Science, University of South Bohemia, Czech Republic

2009 – 2011

M.S., Experimental Biology
Department of Molecular Biology, Faculty of Science, University of South
Bohemia, Czech Republic. Thesis: Functional analysis of Ssc and Iba57
proteins in Trypanosoma brucei. Supervisor: Julius Lukeš

2005 – 2009

B.S., Biology
Department of Genetics, Faculty of Science, University of South Bohemia,
Czech Republic. Thesis: Effect of selected exogenous and endogenous
factors on lineseed (Linum usitatissimum L.) transformation efficiency.
Supervisor: Slavomír Rakouský
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PROFESSIONAL EXPERIENCE
EMPLOYMENT:

2011 – present

Graduate student, Institute of Parasitology, Biology Centre of the Czech
Academy of Sciences

2010 – 2011

Research worker, Institute of Parasitology, Biology Centre of the Czech
Academy of Sciences

2007 – 2009

Research worker, Faculty of Health & Social Studies, University of South
Bohemia, České Budějovice

RESEARCH STAYS:

2016

Visiting Student (XI.-XII.)
Matthew Berriman, Parasite Genomics group, Welcome Trust Sanger
Institute, Hinxton, United Kingdom

PEER-REVIEWED PUBLICATIONS
Číčová Z, Dejung M, Skalický T, Eisenhuth N, Hanselmann S, Morriswood B, Figueiredo LM, Butter
F, Janzen CJ (2016) Two flagellar BAR domain proteins in Trypanosoma brucei with stage-specific
regulation. Scientific Reports 6:35826 (IF = 5.228).
Drini S, Criscuolo A, Lechat P, Imamura H, Skalický T, Rachidi N, Lukeš J, Dujardin JC, Späth GF
(2016) Species- and Strain-Specific Adaptation of the HSP70 Super Family in Pathogenic
Trypanosomatids. Genome Biology and Evolution 8(6):1980-95 (IF = 4.098).
Dobáková E, Flegontov P, Skalický T, Lukeš J (2015) Unexpectedly Streamlined Mitochondrial
Genome of the Euglenozoan Euglena gracilis. Genome Biology and Evolution 7(12):3358-67 (IF =
4.098).
Votýpka J, Rádrová J, Skalický T, Jirků M, Jirsová D, Mihalca AD, D'Amico G, Petrželková KJ, Modrý
D, Lukeš J (2015) A tsetse and tabanid fly survey of African great apes habitats reveals the
presence of a novel trypanosome lineage but the absence of Trypanosoma brucei. International
Journal of Parasitology 45(12):741-8 (IF = 4.242).
Škodová I, Verner Z, Skalický T, Votýpka J, Horváth A, Lukěš J (2015) Lineage-specific activities of a
multipotent mitochondrion of trypanosomatid flagellates. Molecular and Biochemical
Parasitology 96(1):55-67 (IF = 3.761).
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Lukeš J, Skalický T, Týč J, Votýpka J, Yurchenko V (2014) Evolution of parasitism in kinetoplastid
flagellates. Mol Biochem Parasit 195(2):115-122 (IF = 2.068)
Flegontov P, Votýpka J, Skalický T, Logacheva MD, Penin AA, Tanifuji G, Onodera NT, Kondrashov
AS, Volf P, Archibald JM, Lukeš J (2013) Paratrypanosoma is a novel early-branching
trypanosomatid. Curr Biol 23(18):1787-93 (IF = 9.733).
Long S, Changmao P, Tsaousis AD, Skalický T, Verner Z, Wen Y, Roger AJ, Lukeš J (2011) Stagespecific Requirement for Isa1 Isa2 and proteins in the mitochondrion of Trypanosoma brucei and
rescue the heterologous human orthologues and Blastocystis. Molecular Microbiology 81(6):140318 (IF = 4.347).

Beranová M, Rakouský S, Vávrová Z and Skalický T (2008) Sonication assisted Agrobacteriummediated transformation enhances the transformation efficiency in flax (Linum usitatissimum L).
Plant Cell Tissue Organ Culture 94:253-259 (IF = 2.286).

PRESENTATIONAS AT CONFERENCES

2017

47th International Meeting of Czech Society for Protozoology, Nové Hrady,
Czech Republic. Talk presentation.

2016

46th International Meeting of Czech Society for Protozoology, Bítov, Czech
Republic. Poster presentation.

TryTax2 meeting, Ostrava, Czech Republic. Poster presentation

Canadian Institute for Advanced Research meeting, Toronto, Canada. Talk
presentation.

2015

45th International Meeting of Czech Society for Protozoology, Dubovice,
Czech Republic. Poster presentation.

2014

44th International Meeting of Czech Society for Protozoology, Visalaje,
Czech Republic. Poster presentation.

ENBIK 2014, Kouty, Czech Republic. Passive attendance.
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Canadian Institute for Advanced Research meeting, Liblice u Prahy, Czech
Republic. Poster presentation.

2013

43rd International Meeting of Czech Society for Protozoology, Nový Dvůr
nad Vltavou, Czech Republic. Poster presentation.

ICOP XIV International Congress of Protistology, Vancouver, Canada. Poster
presentation.

2012

42nd International Meeting of Czech Society for Protozoology, Kletečná u
Humpolce, Czech Republic. Talk presentation.

2010

40th International Meeting of Czech Society for Protozoology, Kouty, Czech
Republic. Talk presentation.

OTHER LECTURES

2014

Illumina Days, České Budějovice, Czech Republic. Talk presentation.

2014

„Parasitological weekend for high-school teachers“ a popularization
workshop. Talk presentation and practicals.

HONORS, AWARDS AND FUNDING

2013 – 2014

Grant Agency of the University of South Bohemia (reg. no. 108/2013/P, PI:
Tomáš Skalický). Insight to insect trypanosomatid diversity via whole
genome sequencing.

2013

Holtz-Conner Award from International Society of Protistologists
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2010 – 2011

Premium Scholarship for outstanding study results, Faculty of Science
University of South Bohemia, Czech Republic

ATTENDED WORKSHOPS

2017

OstravaPy – python workshop, Ostrava, Czech Republic

2014

Workshop on Genomics, Český Krumlov, Czech Republic

2013

Evaluation of pyrosequencing data - Bioinformatics workshop, České
Budějovice, Czech Republic

2011

Workshop on Cutting-edge Bioinformatics, Shenzhen, China

SKILLS
Field work: dissection and examination of collected insects for gut parasites
and their introduction into cell culture

Laboratory methods: ten years of experience with basic and advanced
molecular biology methods (including genomic and transcriptomic library
preparation for 454 and Illumina sequencing methods), insect
trypanosomatid and Trypnosoma brucei cell culture cultivation, flow
cytometry, various microscopy methods (ranging from light, fluorescence
and confocal to transmission and scanning electron microscopy).

Bioinformatics: more than eight-year experience of linux systems, setting
up and administration of linux computational servers, good knowledge of
phylogenomics, genomics and transcriptomics programs, basic experience
in Bash, Python and R programming.

Languages: English (full professional proficiency, TOEIC C1 level and TEOFL
ITP certificates), German (limited working proficiency), Spanish (beginner),
Czech (native).
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PEDAGOGICAL ACTIVITY

2011 – 2012

Biology Centre of the Czech Academy of Sciences, teacher at project
EKOTECH in advanced methods of molecular biology (reg.num.
CZ.1.07/2.3.00/09.0200)

2011

Faculty of Science, University of South Bohemia, České Budějovice,
Teaching assistant at biochemical practices
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