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Abstract: Trypanosomatids are easy to cultivate and they are (in many cases) amenable to genetic
manipulation. Genome sequencing has become a standard tool routinely used in the study of these
flagellates. In this review, we summarize the current state of the field and our vision of what needs to
be done in order to achieve a more comprehensive picture of trypanosomatid evolution. This will
also help to illuminate the lineage-specific proteins and pathways, which can be used as potential
targets in treating diseases caused by these parasites.

Keywords: trypanosomatids; next-generation sequencing; genomics

1. Introduction

The flagellates of the family Trypanosomatidae represent one of the most evolu-
tionarily successful groups of parasitic protists, adapted to an extremely wide range of
hosts—from various animals (mainly insects and vertebrates) to flowering plants and even
ciliates. Depending on whether their life cycle includes a single host or there is an obligate
alternation between two different hosts, trypanosomatids are subdivided into monoxenous
(predominantly insect parasites) and dixenous (typically insect-transmitted parasites of
vertebrates or plants) [1]. Most research efforts have been focused on studying dixenous
trypanosomatids of the genera Trypanosoma and Leishmania, which cause severe (often
fatal) diseases in humans and domestic animals. Therefore, sequencing of trypanosomatid
genomes started from the three important human pathogens: Trypanosoma brucei, T. cruzi,
and Leishmania major [2–4]. A comparative study has shown that despite differences in
genome size and gene content, these species share a relatively high level of gene order
conservation (synteny) and overall genomic organization: most protein-coding genes are
intron-less and form conserved polycistronic gene clusters, whereas species-specific genes
predominate sub-telomeric or internal non-syntenic chromosomal regions [5]. The sub-
sequent genomic studies expectedly focused on other species of these two genera with
the clear preference for Leishmania, since it contains more species infective to humans. At
the time of writing this review, the assembled genome sequences for multiple isolates of
24 species of Leishmania and about a dozen species and subspecies of the genus Trypanosoma
are available in public databases (Table S1).

However, the diversity of trypanosomatids is predominantly represented by monoxe-
nous parasites, from which their dixenous kin have originated at least three times inde-
pendently [1]. These cases are Leishmania (along with Endotrypanum and Porcisia) spp.
within subfamily Leishmaniinae, Phytomonas spp. in the subfamily Herpetomonadinae,
and Trypanosoma spp. constituting a separate early-diverging lineage (Figure 1). The re-
search interest in the monoxenous trypanosomatids has significantly increased in the last
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decade; of note, 12 out of the 19 currently recognized genera of these flagellates have been
described within this short period [1].

 

Figure 1. Schematic phylogenetic tree of Trypanosomatidae with a summary on sequenced genomes. Solid and dashed
boxes mark dixenous and endosymbiont-bearing genera, respectively.

The studies of insect-dwelling flagellates are important for better understanding not
only the biology of their dixenous relatives, but also eukaryotic evolution in general [6].
For example, the members of the genus Blastocrithidia evolved an idiosyncratic genetic code
with all three stop codons used for coding amino acids [7]. Some trypanosomatids, namely
Novymonas and the three genera of the subfamily Strigomonadinae (Angomonas, Strigomonas,
and Kentomonas) harbor intracellular bacterial symbionts [8–10]. These endosymbionts
complement the metabolic requirements of their flagellate hosts with pathways respon-
sible for the synthesis of amino acids, vitamins, and heme [11–14]. The unusual genus
Vickermania became biflagellate by disrupting the processes of cell division and flagellum
duplication to resist the fly midgut peristaltic flow in the absence of an opportunity to
attach to the intestinal wall [15]. Various monoxenous trypanosomatids independently
acquired thermotolerance, a prerequisite of the transition to dixeny, and some of them
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have even been documented in vertebrates [16–18]. Below, we review the current state of
genomic research in trypanosomatids with a focus on monoxenous species. The taxonomy
is presented in accordance with [1].

2. Trypanosoma spp.

The first trypanosome, whose genome had been sequenced and analyzed, was the
agent of African animal trypanosomiasis—T. brucei brucei [3,19] (Table S1). The studies of
human-infective T. b. gambiense and T. b. rhodesiense demonstrated extremely high similarity
of the genomes in all three subspecies, conservation of the variant surface glycoprotein
(VSG) repertoire, and only rare segmental duplications [20,21]. In T. b. evansi, mechanically
transmitted by insects and lacking kinetoplast, the procyclin-associated genes needed for
the development in the vector have been lost or disrupted, and the γ-subunit of ATP
synthase, which is involved in generation of the mitochondrial membrane potential in
the absence of kDNA, has mutated [22,23]. The comparison of the genomes of all the
above subspecies did not allow identification of factors leading to pathogenicity in humans.
Two draft genome assemblies of T. b. equiperdum, which is dyskinetoplastic (lacks part
of its kDNA) due to the loss of the vector part of its life cycle, have been published with
no accompanied analysis [24,25]. Several studies of the genome of the tsetse-transmitted
T. congolense focused on the analysis of its VSG repertoire and its comparison to that
of T. brucei [26–29]. They revealed several important differences in the organization and
functioning of the VSG expression sites, including the absence of conserved repeats flanking
the VSG loci and the scarcity of expression site associated genes in T. congolense, and the
scale of recombination. Trypanosoma vivax genome encodes the most diverse VSG repertoire
among all investigated trypanosomes [26,30].

The studies of the T. cruzi genome involved numerous strains of this species, allowing
to improve the quality of the existing assemblies and providing a deeper insight into its
population structure [31–41]. A recent genome analysis of two T. cruzi strains revealed
that the rapid evolution of gene families involved in immune evasion is one of the major
contributors to the intraspecific genome variation in this species [42]. Interestingly, despite
the shorter overall length, multiple genes were acquired by lateral gene transfer and some
gene families underwent expansions in the genome of a bat-infecting species T. marinkellei,
which is closely related to T. cruzi [43]. Genomes of human non-pathogenic T. rangeli
and the bat parasite T. conorhini, representing a clade related to that of T. cruzi, have less
retrotransposons and multigene family copies, but more genes involved in the biosynthesis
of carbohydrates [44,45]. The crocodile-infecting species T. grayi was shown to lack surface
proteins (mucins and VSGs), which are characteristic for other trypanosomes investigated
thus far [46]. The genome analysis of ruminant-parasitizing T. theileri revealed several new
families of surface proteins, as well as a general conservation of core cellular metabolic
pathways [47].

What needs to be done: The genus Trypanosoma corresponds rather to a subfamily
than to a single genus—it is very speciose (over 500 described species) and diverse. Accord-
ing to the latest taxonomical revision, it includes sixteen subgenera and several undescribed
lineages of the same level [1]. Only a few of these have been analyzed to date, and this sig-
nificantly limits our understanding of the evolution of parasitism in this group (Table S1).
Surprisingly, the genome of one of the most common trypanosome species, flea-transmitted
T. lewisi, which typically inhabits rats [48], but occasionally infects humans [49], has not been
analyzed yet. Of special interest would be the genomic analyses of anuran trypanosomes
(subgenus Trypanosoma), which gave rise to the parasites of fish and may represent the
ancestral group for all terrestrial subgenera [50]. The representatives of this subgenus are
expected to keep archaic traits of genomic organization, inherent to the common ancestor
of trypanosomes, and their study using NGS might shed light on the origin and evolution
of some important gene families, such as VSGs, procyclins, mucins, etc.
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3. Dixenous Leishmaniinae

Out of the four Leishmania subgenera, i.e., Leishmania, Mundinia, Sauroleishmania,
and Viannia, early genomic studies have focused on the first one (in particular, L. major,
L. donovani, L. infantum, L. mexicana), and only L. (V.) braziliensis was used for comparison.
Those studies revealed extremely high synteny levels, interspecific differences in the gene
content, and associations of some genes with drug resistance phenotype [2,51,52] (Table S1).
More L. (Leishmania) species and strains were analyzed later [53–63].

Later on, the subgenus Viannia started to receive more attention. Comparative ge-
nomic analysis of L. braziliensis and L. peruviana demonstrated substantial differences in
gene content, chromosome copy number, as well as numerous SNPs and indels [64–66].
Sequencing of L. panamensis genome uncovered several mobile elements absent from the
genomes of L. (Leishmania), along with a higher number of pseudogenes compared to the
latter [67]. The study of L. naiffi and L. guyanensis genomes identified common features of
the subgenus Viannia, such as aneuploidy, the presence of about 20 subgenus-specific gene
families, and a high content of TATE transposons [68,69].

The early genomic study of a lizard parasite L. (Sauroleishmania) tarentolae demon-
strated the loss of genes involved in oxidative stress protection and vesicular-mediated
protein transport, as well as those expressed in L. (Leishmania) amastigotes. Meanwhile,
the surface glycoprotein GP63 and promastigote surface antigen PSA31C gene families are
expanded in this species [70,71]. Other studies of a species from this subgenus—L. adleri
infecting rodents and lizards—has identified gene amplification, changes in chromosome
copy number, and chromosome fission events [72,73].

The genome assemblies of L. (Mundinia) spp. were found to be similar in size to
those of Sauroleishmania, but smaller than those of Leishmania and Viannia, due to multiple
gene losses and gene family contractions [74]. The absence or reduction in the number of
lipophosphoglycan-modifying side chain galactosyltransferases and arabinosyltransferases,
as well as β-amastins has confirmed previous reports on the differences in cell surface
architecture in L. (Mundinia) and other Leishmania spp. [75–77].

Endotrypanum monterogeii and Porcisia spp., being dixenous parasites of sloths and
porcupines, respectively, represent the closest known relatives of Leishmania. The recently
published analysis of their genomic sequences shed light on the evolution of pathogenic-
ity in dixenous Leishmaniinae, which appears to be shaped mainly by changes in the
amastin repertoire [78].

L. donovani and L. braziliensis, are the only trypanosomatids, to which single-cell
genome sequencing approach has been applied thus far [79]. While the respective methods
are widely used in human and cancer research, their application is restricted to just a
handful of pathogenic species, including some apicomplexans and Leishmania [80]. Single-
cell genome sequencing is instrumental in investigation of the haplotype diversity and de
novo mutations in populations of pathogens. It allowed to characterize the karyotypes of
L. braziliensis cells demonstrating mosaic aneuploidy [79]. A combination of multiple types
of omics data originating from single trypanosomatid cells will provide a holistic view on
the interactions of these pathogens with their hosts.

What needs to be done: The genus Leishmania is not as speciose as Trypanosoma, and
the genomes for most of its representatives have been already sequenced with the ex-
ception of the poorly studied subgenus Sauroleishmania, for which 19 species have been
described [81]. The peculiarities of the life cycles of these lizard-dwelling flagellates, such
as their presence in the host gut and ability to infect a wide range of the mononuclear
cells, erythrocytes, and thrombocytes [82,83], warrant further studies. Meanwhile, only
one species has been analyzed for the genus Endotrypanum—E. monterogeii, and adding at
least E. colombiensis (previously classified into Leishmania [84]), which can infect humans,
would be important for understanding the pathogenesis of these flagellates. In addition,
several genome assemblies of Leishmania spp. are available in public databases waiting to
be analyzed and put into the context of comparative studies [85–88].
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4. Monoxenous Leishmaniinae

Genomes for several monoxenous representatives of the subfamily Leishmaniinae
have been sequenced and analyzed. The study of Lotmaria passim, Crithidia bombi, and
C. expoeki, parasitizing agriculturally important Hymenoptera (honeybees and bumble-
bees), demonstrated numerous examples of horizontal gene transfer [89,90]. Genomic
analysis of the latter two species at the population level has revealed that different strains
vary considerably in terms of single nucleotide polymorphisms and gene copy number with
a pattern fitting a scenario of rapid host-parasite coevolution, where the selective advantage
of a given parasite strain is only temporary [91]. The genome and transcriptome sequencing
of Leptomonas seymouri, the species repeatedly found in clinical samples along with Leishma-
nia donovani [92], has allowed identifying its pre-adaptations to dixeny [17]. The genomic
data of Leptomonas pyrrhocoris, an omnipresent parasite of firebugs, which has been pro-
posed as a new model trypanosomatid species, were used to find new virulence factors of
Leishmania [93]. The transcriptomic study of Crithidia thermophila showed a clear distinction
in the mechanisms of thermotolerance in this species and L. seymouri [16]. The C. fasciculata
RNA-seq data were used to elucidate potential mechanisms for insect-specific adhesion in
trypanosomatids [94]. The available genomic data of C. acanthocephali made possible the
comparative analysis of the endosymbiont-bearing and aposymbiotic species [14]. Two
species closely related to C. fasciculata have been recently reported from human infections
and their genomes have been sequenced [18,95]. The genome of the endosymbiont-bearing
Novymonas esmeraldas, the closest known relative of dixenous Leishmaniinae, revealed
a very similar gene content to the latter with the large number of GP63 proteases and
pteridin/biopterin transporters, recognized virulence factors of Leishmania spp. Owing to
the presence of the endosymbiont, this flagellate became prototrophic for all amino acids,
heme, and most vitamins, i.e., even more independent of the presence of essential nutrients
in the host than Strigomonadinae [12,96].

What needs to be done: Sequencing of additional species belonging to the non-
monophyletic genera Crithidia and Leptomonas will help to delineate the entangled tax-
onomy of the infrafamily Crithidiatae (Figure 1). In addition, this lineage presents good
examples of species with narrow and broad host specificity, which would be interesting to
compare from the genomic point of view (e.g., L. pyrrhocoris is restricted to firebugs [97],
while various species of true bugs and flies are documented for C. brevicula [98,99]). Al-
though Novymonas is the closest relative of dixenous Leishmaniinae, the acquisition of
endosymbionts resulted in very specific adaptations. Therefore, sequencing the genomes of
other monoxenous trypanosomatids of the infrafamily Leishmaniatae (genera Zelonia [84]
and Borovskyia [100]) is needed to illuminate the evolutionary origin and molecular signa-
tures of dixenous Leishmaniinae.

5. Herpetomonadinae

The less studied lineage Herpetomonadinae is another subfamily containing dixe-
nous parasites (plant-dwelling Phytomonas spp.) along with their monoxenous relatives
(Figure 1). Some of the latter appear to be on the way to dixeny, as judged by their de-
tection in plants [101,102] or vertebrates [103]. The analysis of four available genomes
of Phytomonas spp. (those are Phytomonas spp. (isolates EM1 and Hart1) [104], P. ser-
pens (isolate 9T) [105], and P. françai [106]) revealed additional peculiarities of these plant-
inhabiting flagellates, such as significant genome streamlining at the expense of intergenic
regions, mobile elements and narrowed gene repertoires, as well as the absence of some
electron transport chain proteins. The only Herpetomonas species whose genome has been
sequenced to date is H. muscarum [14,107]. It was used as a reference for the comparative
analyses either with endosymbiont-bearing or dixenous trypanosomatids, therefore it is
not clear what are its own peculiarities.

What needs to be done: Of special interest would be genomic studies of the speciose
genus Herpetomonas, which actively explores various ecological niches. Ancestrally, these
flagellates are parasites of (brachyceran) flies, but some of them switched to parasitism in
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true bugs, cockroaches, mosquitoes, or biting midges, while one species, H. samuelpessoai,
demonstrates an astonishing ecological plasticity and has been isolated also from plants and
even a human patient [1]. These should shed light on the adaptation of trypanosomatids
to different hosts and environments. Although the genomes of Phytomonas spp. have
been already investigated, the analysis was restricted to only four species inhabiting the
phloem, latex or fruit and representing the “crown” of this lineage. Thus, the genomic
features observed in these flagellates represent a derived state and it is still not clear
what has allowed these flagellates to become dixenous. Therefore, the genomes of some
early-branching species, such as P. lipae and P. oxycareni infecting seeds [108,109] need
to be analyzed and compared with those of the two closely related monoxenous genera
Herpetomonas and Lafontella [110], which would serve as outgroups. Of special interest
would be to study the genomes of the secondarily monoxenous P. nordicus [111] (to identify
genomic features associated with dixeny in this genus) and its closely related species—
P. borealis, possessing a bacterial endosymbiont, the relationship with which is likely distinct
from those in Novymonas and Strigomonadinae [112].

6. Strigomonadinae

The genomes of endosymbiont-bearing Strigomonadinae and their intracellular bacte-
ria (Ca. Kinetoplastibacterium spp.) have been studied quite intensively. A series of papers
characterized the genomes of Angomonas deanei, A. desouzai, Strigomonas oncopelti, S. galati,
and S. culicis, as well as the metabolic interactions with their symbiotic partners [13,14,113].
It was demonstrated that the amino acid biosynthetic pathways are interlaced between
the endosymbionts and their flagellate hosts and that many genes had been acquired by
Strigomonadinae from various groups of bacteria. The importance of Strigomonadinae
led to the establishment of the first genetically-trackable system in the model species,
A. deanei [114]. A recent study using genomic data of two A. ambiguus strains, A. deanei,
and their endosymbionts demonstrated that bacteria from the latter species repeatedly
replaced bacteria in the former [115].

What needs to be done: The genus Kentomonas represent the earliest branch within
the subfamily [8] and, therefore, may keep in its genome some archaic traits inherent to the
common ancestor of the subfamily. In addition, it has been shown to differ from its cousins
in the dependence of external source of heme (or its precursors) [11] and may also diverge
in other aspects of its metabolism. Hence, a genomic analysis of this trypanosomatid is
warranted.

7. Other Monoxenous Lineages

There are three more monoxenous species, whose genomes have been sequenced
and analyzed. Genome sequencing of the early-diverging Paratrypanosoma confusum and
a representative of the flea-parasitizing genus Blechomonas ayalai has allowed to draw
preliminary conclusions concerning the evolution of metabolic pathways in the family
Trypanosomatidae [116,117]. The most recent addition to the collection of trypanosomatid
genomes was that of Vickermania ingenoplastis, a species lacking mitochondrial respiratory
complexes III and IV and, thus, mainly relying on glycolysis, similarly to Phytomonas spp.
However, in contrast to the plant trypanosomatids, the genome of this flagellate did not
shrink, but experienced a substantial expansion of some protein families, in particular, the
glycolytic enzymes [118].

What needs to be done: Representatives of numerous trypanosomatid genera have
not been sequenced and some of them have not even been studied since their original de-
scription. (1) Blastocrithidia and Obscuromonas of the subfamily Blastocrithidiinae (Figure 1)
share a unique resistant developmental stage—the cyst-like amastigote [119]. Moreover,
some of them demonstrate quite a complex development in insects, comparable to that
in dixenous parasites [120,121]. It would be interesting to find the genomic basis of these
peculiarities. (2) Jaenimonas drosophilae inhabits fruit flies and have been proposed as a
model to study the insect immune response to trypanosomatid parasites [122]. Sequencing
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the genome of this parasite would ease using it as such and understanding its intimate rela-
tionships with the host. (3) The genus Sergeia parasitizes biting midges and sandflies [123]
and thus represents a good model to study the challenges faced and solutions used by try-
panosomatids in blood-sucking nematoceran Diptera. Importantly, the same host groups
are used by medically relevant Leishmania spp. and, therefore, finding parallels in the
genome evolution between them and Sergeia might provide additional information on the
biology of the former [124]. (4) The symbiont-free genus Wallacemonas is closely related to
Strigomonadinae (Figure 1) and is similar to them in morphology and lifestyle [119]. Thus,
it represents a promising reference to reconstruct the metabolism of the ancestors of these
endosymbiont-bearing flagellates and answers the question of why some trypanosomatids
need endosymbionts, while others successfully live without them in the same hosts.

8. Other Applications of the Trypanosomatid Genomic Data

The availability of multiple representative genome sequences from various Trypanoso-
matidae enabled a robust analysis of the evolution of different gene families in this group.
Some examples are provided below. The analysis of amastins, a large family of surface
glycoproteins expressed primarily in amastigotes, revealed that δ-amastin subfamily is
restricted to the dixenous Leishmaniinae and its expansion has likely happened in the an-
cestor of the genus Leishmania [78,125]. The repertoire of adenylate cyclases has expanded
in dixenous trypanosomatids and many genes encoding these proteins pseudogenized in
those subspecies of T. brucei, which lost the ability to develop in insects [126]. The analysis
of myosin gene family suggested that these proteins were already diversified in the kineto-
plastid common ancestor and secondarily, lost multiple times afterwards [127]. Genomic
studies revealed that at least three trypanosomatid lineages—Leishmaniinae, Blastocrithidi-
inae, and Vickermania—independently acquired catalase from different groups of bacteria,
whereas dixenous Leishmaniinae secondarily lost it [118,128,129]. The study of tubulin
gene arrays demonstrated that while in the majority of trypanosomatid lineages and in the
free-living bodonids that the α- and β-tubulin genes are alternated, in Leishmaniinae, these
multicopy genes are organized in homogeneous (α-only and β-only) stretches [130]. The
analysis of the evolution of trypanosomatid UDP-glycosyltransferases, the superfamily of
enzymes participating in the modification of various surface macromolecules, showed their
independent diversification in distinct groups of these parasites. Interestingly, one of the
ancient lineages of these enzymes present in the free-living Bodo saltans has been lost from
all trypanosomatids except stercorarian trypanosomes [131]. Side chain galactosyl and
arabinosyltransferases of that large superfamily ensure lipophosphoglycan modifications
needed for Leishmania attachment and detachment inside insects [132–134]. The analy-
sis demonstrated differences in the repertoires of these enzymes between the subgenera
Leishmania and Viannia correlating with the affinity of the flagellates to different intestinal
sections of their different insect hosts [135,136]. In Leptomonas pyrrhocoris, which does not
attach to the intestinal wall of its firebug host, the orthologs of these genes showed early
divergence and expansion, suggesting distinct functions [137].

The analysis of gene families and comparative genomic studies discussed above can
be hampered by the absence of contiguous assemblies with well-resolved repetitive re-
gions. Although trypanosomatid genomes are relatively small (typically around 20–30 Mb),
they contain many repeats and, therefore, it is challenging to obtain a chromosome-level
assembly based on short sequencing reads [138]. For several trypanosomatid genera, more
contiguous hybrid assemblies based on the combination of short and long sequencing reads
have become available (Table S1). Application of a combination of long read sequencing
and genome-wide chromosome conformation capture (Hi-C) enabled haplotype-specific
assembly of T. brucei 427 Lister genome and revealed that antigen-encoding sub-telomeric
regions are folded into distinct compact structures [139]. For T. cruzi, the trypanosomatid
having the largest genome sequenced so far, a newer assembly obtained using Nanopore
data, led to a significant increase of the number of identified single-copy orthologs and
repetitive transposable elements as well as overall estimated genome size [37]. By far,
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the most contiguous genome assembly, which we suggest to use as a new reference for
this species, was obtained recently using a combination of PacBio Single-Molecule Real-
Time sequencing and proximity ligation methods [42]. One more example of a substantial
quality improvement is the recently published Nanopore-based genome assembly for An-
gomonas deanei, which identified new chromosome-level features such as a supernumerary
chromosome, a long inversion and a translocation [140]. After careful annotation of such
genome assemblies based on multiple types of evidence (including transcriptomic and
proteomic data), the trypanosomatid research community should consider using these
new assemblies instead of the old references based solely on short reads and sometimes
erroneous annotations.

Although no DNA viruses have been reported in trypanosomatids so far, the available
genomic data for several Leptomonas pyrrhocoris strains has allowed identification of an
endogenous viral element related to LeppyrTLV1 (a tombus-like single-stranded positive
sense RNA virus), which was apparently captured via reverse transcription and integrated
into the trypanosomatid genome [141].

Finally, next-generation sequencing data can be used for analyzing the composition
and (to some extent) function of the kinetoplast. In this respect, the kinetoplast genomes of
the two model species, dixenous T. brucei and monoxenous Leptomonas pyrrhocoris, have
been scrutinized. Their analyses revealed novel non-canonical mechanisms, as well as
species-specific differences in RNA editing [142,143]. Such studies can delineate not only
the structure of maxicircles and minicircles [144–147], but also predict the guide RNA
repertoire in a given species [143,148,149]. As judged from pre-genomic studies carried
out on single genes, different lineages of trypanosomatids possess distinct kDNA editing
patterns [150]. This, along with the abovementioned degradation of kDNA in two T. brucei
subspecies, demonstrates the underestimated importance of the kinetoplast genome in the
trypanosomatid development. Performing comparative studies on the editing using whole
kinetoplast genomes with a wide range of trypanosomatid phylogroups should shed light
on their particular life strategies and allow better understanding of the evolution of this
fascinating group of parasites.

9. Conclusions

A fair number of trypanosomatid genomes have been sequenced and there is a sig-
nificant progress in understanding their evolution, structure, and function. Nevertheless,
many questions still remain unanswered and more of them arise, as new representatives of
this group of flagellates are discovered and/or analyzed in broadscale biodiversity assays.

The relatively small size of trypanosomatid genomes makes these parasites an attrac-
tive model to study how the evolution of traits and genomes are correlated. This is further
facilitated by the possibility to cultivate and genetically modify many trypanosomatids,
combined with a knowledge of their diversity. However, as judged from the environmental
screens (for example, refs. [151,152] and many others), there are still taxa of the generic
level and above to be described. Meanwhile, the lack of data on the biology of many
trypanosomatid groups still represents an important obstacle in interpreting the observed
genomic differences, therefore, more data on trypanosomatid development, strategies of
transmission, host-parasite interactions, etc., are needed.
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62. Ishemgulova, A.; Hlaváčová, J.; Majerová, K.; Butenko, A.; Lukeš, J.; Votýpka, J.; Volf, P.; Yurchenko, V. CRISPR/Cas9 in Leishmania

mexicana: A case study of LmxBTN1. PLoS ONE 2018, 13, e0192723. [CrossRef] [PubMed]

11



Pathogens 2021, 10, 1124

63. Iantorno, S.A.; Durrant, C.; Khan, A.; Sanders, M.J.; Beverley, S.M.; Warren, W.C.; Berriman, M.; Sacks, D.L.; Cotton, J.A.; Grigg,
M.E. Gene expression in Leishmania is regulated predominantly by gene dosage. mBio 2017, 8, e01393-17. [CrossRef]

64. Valdivia, H.O.; Reis-Cunha, J.L.; Rodrigues-Luiz, G.F.; Baptista, R.P.; Baldeviano, G.C.; Gerbasi, R.V.; Dobson, D.E.; Pratlong,
F.; Bastien, P.; Lescano, A.G.; et al. Comparative genomic analysis of Leishmania (Viannia) peruviana and Leishmania (Viannia)
braziliensis. BMC Genom. 2015, 16, 715. [CrossRef] [PubMed]

65. González-de la Fuente, S.; Camacho, E.; Peiro-Pastor, R.; Rastrojo, A.; Carrasco-Ramiro, F.; Aguado, B.; Requena, J.M. Complete
and de novo assembly of the Leishmania braziliensis (M2904) genome. Mem. Inst. Oswaldo Cruz. 2018, 114, e180438. [CrossRef]

66. Ruy, P.C.; Monteiro-Teles, N.M.; Miserani Magalhaes, R.D.; Freitas-Castro, F.; Dias, L.; Aquino Defina, T.P.; Rosas De Vasconcelos,
E.J.; Myler, P.J.; Kaysel Cruz, A. Comparative transcriptomics in Leishmania braziliensis: Disclosing differential gene expression of
coding and putative noncoding RNAs across developmental stages. RNA Biol. 2019, 16, 639–660. [CrossRef] [PubMed]

67. Llanes, A.; Restrepo, C.M.; Del Vecchio, G.; Anguizola, F.J.; Lleonart, R. The genome of Leishmania panamensis: Insights into
genomics of the L. (Viannia) subgenus. Sci. Rep. 2015, 5, 8550. [CrossRef] [PubMed]

68. Coughlan, S.; Taylor, A.S.; Feane, E.; Sanders, M.; Schonian, G.; Cotton, J.A.; Downing, T. Leishmania naiffi and Leishmania

guyanensis reference genomes highlight genome structure and gene evolution in the Viannia subgenus. R. Soc. Open Sci. 2018, 5,
172212. [CrossRef] [PubMed]

69. Batra, D.; Lin, W.; Rowe, L.A.; Sheth, M.; Zheng, Y.; Loparev, V.; de Almeida, M. Draft genome sequence of French Guiana
Leishmania (Viannia) guyanensis strain 204–365, assembled using long reads. Microbiol. Resour. Announc. 2018, 7, e01421-18.
[CrossRef]

70. Raymond, F.; Boisvert, S.; Roy, G.; Ritt, J.F.; Legare, D.; Isnard, A.; Stanke, M.; Olivier, M.; Tremblay, M.J.; Papadopoulou, B.; et al.
Genome sequencing of the lizard parasite Leishmania tarentolae reveals loss of genes associated to the intracellular stage of human
pathogenic species. Nucleic Acids Res. 2012, 40, 1131–1147. [CrossRef]

71. Goto, Y.; Kuroki, A.; Suzuki, K.; Yamagishi, J. Draft genome sequence of Leishmania tarentolae Parrot Tar II, obtained by single-
molecule real-time sequencing. Microbiol. Resour. Announc. 2020, 9, e00050-20. [CrossRef]

72. Coughlan, S.; Mulhair, P.; Sanders, M.; Schonian, G.; Cotton, J.A.; Downing, T. The genome of Leishmania adleri from a mammalian
host highlights chromosome fission in Sauroleishmania. Sci. Rep. 2017, 7, 43747. [CrossRef] [PubMed]

73. Harkins, K.M.; Schwartz, R.S.; Cartwright, R.A.; Stone, A.C. Phylogenomic reconstruction supports supercontinent origins for
Leishmania. Infect. Genet. Evol. 2016, 38, 101–109. [CrossRef]
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Abstract: Advancements in next-generation sequencing techniques have led to a substantial increase
in the genomic information available for analyses in evolutionary biology. As such, this data requires
the exponential growth in bioinformatic methods and expertise required to understand such vast
quantities of genomic data. Alignment-free phylogenomics offer an alternative approach for large-scale
analyses that may have the potential to address these challenges. The evolutionary relationships
between various species within the trypanosomatid family, specifically members belonging to the
genera Leishmania and Trypanosoma have been extensively studies over the last 30 years. However,
there is a need for a more exhaustive analysis of the Trypanosomatidae, summarising the evolutionary
patterns amongst the entire family of these important protists. The mitochondrial DNA of the
trypanosomatids, better known as the kinetoplast, represents a valuable taxonomic marker given
its unique presence across all kinetoplastid protozoans. The aim of this study was to validate the
reliability and robustness of alignment-free approaches for phylogenomic analyses and its applicability
to reconstruct the evolutionary relationships between the trypanosomatid family. In the present study,
alignment-free analyses demonstrated the strength of these methods, particularly when dealing with
large datasets compared to the traditional phylogenetic approaches. We present a maxicircle genome
phylogeny of 46 species spanning the trypanosomatid family, demonstrating the superiority of the
maxicircle for the analysis and taxonomic resolution of the Trypanosomatidae.

Keywords: Trypanosomatidae; kinetoplast; second-generation sequencing; third-generation
sequencing; alignment-free phylogenetics

1. Introduction

Protozoan flagellates of the trypanosomatid family (syn. Trypanosomatidae) are obligate,
unicellular parasites that infect a wide array of vertebrates, invertebrates and plants [1,2]. Protozoan
parasites of this diverse family are predominately monoxenous (i.e., those restricted to a single, mainly
invertebrate lifecycle), however the better known dixenous members (i.e., those with an invertebrate
and vertebrate host) such as Leishmania and Trypanosoma are the causative agents of some of the most
important neglected tropical diseases (NTD) including leishmaniasis, human African sleeping sickness
(HAT) and Chagas disease [3–5]. The trypanosomatid family belongs to a distinct evolutionary lineage
of eukaryotes within the class Kinetoplastida [6]. The current stance on kinetoplastid phylogeny is that
the dixenous organisms evolved from the monoxenous members of the Trypanosomatidae several
times throughout history, leading to the independent emergence of the genera Trypanosoma, Phytomonas

and a group that unites Leishmania, Porcisia and Endotrypanum [5,7,8].
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Traditionally, phylogenetic relationships within the kinetoplastids, including the trypanosomatid
family have been predominately based on the analysis of the SSU rRNA genes [7,9]. The evolutionary
rate of substitutions in genes is considered one of the most important factors that influence the
informativeness and robustness of phylogenetic analyses [10]. Advancements in molecular biology
have demonstrated that slow-evolving genes (like the SSU rRNA) are not reliable markers for the
deep level resolution of species in order to determine the exact branching within the trypanosomatid
family [7]. Nowadays, a multi-marker approach using concatenated sequences of multiple genes are
becoming the preferred choice and are routinely employed for the phylogenetic inference of related
organisms [5].

Exclusive to kinetoplastid protozoans, the mitochondrial DNA of trypanosomatids is an extensive
network of DNA circles which are condensed into a periflagellar structure known as the kinetoplast
(kDNA) [11,12]. The kDNA consists of approximately 10,000 minicircles ranging from 0.5 kb to 10 kb
and 20–50 larger maxicircles ranging from 20 to 40 kb [13,14]. Recent analyses of Trypanosoma brucei

demonstrated that the kDNA constitutes only 4.18 megabase pairs (Mbp) of the trypanosomatids’ total
genome size of 77.7 Mbp [12]. Containing the mitochondrial homologues common to other eukaryotes,
the maxicircle kDNA consists of two regions; a coding region containing the protein-coding genes
and a highly repetitive non-coding region termed the divergent region (DR) [15–17]. In recent years,
the maxicircle genome has become well-established as a superior taxonomic marker for the evolutionary
analyses between related organisms of the Leishmaniinae and Trypanosoma [11,18,19]. Following
suit with this rationale, the maxicircle kDNA should provide a more resolute model to investigate
the genetic relationships between the entire trypanosomatid family, providing an all-encompassing
analysis on the origins and biology of the Trypanosomatidae.

Over the past decade, second-generation sequencing (SGS) and third-generation sequencing (TGS)
have become the leading technologies in the typing and evolutionary analyses of related organisms [20].
While short-read SGS techniques such as Illumina platforms have revolutionised biomedical research,
their limitations, specifically their short-read (SR) lengths, make them inadequately suited for the
assembly of complex and highly repetitive genomic regions [21]. Long-read TGS techniques such as
PacBio offer longer read lengths (average >10 kb) than those of SGS, making it an ideal candidate
for complex genomes [22]. However, a long-read (LR) length is hindered by a higher error rate of
approximately 11–15% compared to that of SGS [22,23]. Despite this, the advantages of SGS and TGS
are complementary, offering an alternative ‘hybrid’ strategy that makes use of both technologies to
overcome the drawbacks of each method alone. These hybrid methodologies using long (and inaccurate)
and short (and accurate) have proven to be extremely useful in producing high-quality, accurate
assemblies [23,24].

Next-generation sequence data has paved the way for the use of phylogenomic approaches for
the analysis of evolutionary relationships. Phylogenomics is the junction between evolution and
genomics, using the comparative analysis of genome scale data for the reconstruction of evolutionary
histories between organisms [25]. However, analyses with larger datasets across a wider breadth
of taxa are becoming increasingly computationally infeasible [26]. The vast increase in genetic
information necessitates the exponential growth in bioinformatic methods and expertise required to
understand such immense quantities of genome-scale data. Thus, for large-scale analyses of genomes
(i.e., phylogenomics), alignment-free (AF) methods of phylogenetic inference have been increasingly
employed over the last few years [27]. Alignment-free software was first introduced nearly a decade
ago but received little attention due to the traditional belief of its inferior resolution to multiple
sequence alignment (MSA) based methods. However, due to the immense quantities of genome-scale
data being produced, recent years have seen a surge in publications using AF applications for the
phylogenetic analysis of organisms [20,26–32].

Traditionally, MSA-phylogenetics is based on the correspondence of individual nucleotides
or amino acids that are in the same order between the species analysed [33]. Alignment-based
methods for the most part yield excellent results when the dataset of sequences can be reliably aligned,
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however in certain instances, alignment-based sequence analyses can become problematic [34]. When
sequences are divergent (i.e., analysis of the entire trypanosomatid family), the accuracy of sequence
alignments decreases rapidly when the sequence identity falls below a certain critical point [33]. Second,
alignment-based protocols are computationally intensive on a genome-scale [33], which is problematic
with the increasing trend of whole-genome sequencing (WGS) replacing the use of single or few genes
for the phylogenetic inference of related organisms.

The increasing trend of alignment-free sequence analyses offers an alternative approach for
large-scale comparisons that may have the potential to address these limitations. One such
alignment-free method introduced by Sims et al. [35] uses a measure based on the divergence
between feature frequency profiles (FFPs), where the features (syn. word length) called k-mers are
short nucleotide or amino-acid sequences of length k. For example, two sequences x = TTAAGG and
y = AAGGCC and a feature length or k-mer size of three nucleotides produces K x

3 = (TTA, TAA, AAG,
AGG) and K

y
3 = (AAG, AGG, GGC, GCC) [33]. The frequency of these sub-sequences of a defined

length or k-mers (k) are counted via a sliding frame implementation and used to calculate distance
scores, which are subsequently used to generate a phylogenetic tree [35].

The aim of this paper is two-fold. First, the validation of the FFP protocol using the trypanosomatid
family, in order to determine the limitations and variables in which the method provides reliable
and robust results. Second, the application of this method to establish and summarise the current
evolutionary relationships of the Trypanosomatidae. Rather than using data from the entire kinetoplast
(minicircles and maxicircles), we focus on assembled genomes of the maxicircle only. In our previous
study, we demonstrated that the maxicircle represents a superior, phylogenetically informative marker
for studying the evolutionary relationships of the Leishmaniinae [19]. In this study, we expand on
this concept and use the maxicircle kDNA to analyse not only the members of the Leishmaniinae,
but representatives of the entire trypanosomatid family to provide an updated scheme for the taxonomic
classification and resolution of the Trypanosomatidae.

In this study we applied a traditional MSA and AF method to the coding region of the maxicircle
from a dataset of 46 trypanosomatid species. In addition to sequences already available from online
databases and our previous study [19], twelve maxicircle genomes were assembled using both SR and
SR/LR hybrid assemblies from raw Illumina and PacBio sequence data freely available from online
databases (Sequence Read Archive). As a contribution to these efforts, this study contributes to our
understanding of the phylogenomic relationships of the trypanosomatid family, demonstrating the
power and robustness of the alignment-free analysis method based on the divergence between feature
frequency profiles.

2. Materials and Methods

2.1. Samples

The trypanosomatid species used in this study are listed in Supplementary Materials S1 (S1 file).

2.2. Genome Assembly and Sequence Analysis

To obtain the complete maxicircle genome, processed reads were assembled from WGS data freely
available through the Sequence Read Archive (SRA) on NCBI. Four paired-end Illumina and eight
hybrid assemblies used a combination of long-read (PacBio) and short-read (Illumina) data to generate
a hybrid contig using SPAdes version 3.12.0 [36]. For the hybrid assemblies, the datasets analysed
were selected on the basis that both Illumina and PacBio sequence reads were available from the
same author/provider and available for identical isolates/species. The maxicircle kDNA assembled
from the Illumina assemblies (Leishmania macropodum, Leishmania martiniquensis, Trypanosoma grayi and
Phytomonas françai) and hybrid assemblies (Leishmania aethiopica, Leishmania amazonensis, Leishmania

braziliensis, Leishmania guyanensis, Leishmania infantum, Leishmania mexicana, Leishmania tropica and
Trypanosoma brucei rhodesiense) were identified through BLAST analysis using NCBI BLAST software [37].
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Annotation, gene identification and sequence analysis of the maxicircle from whole-genome sequencing
was completed using Geneious version 11.0.2 [38]. The GC% content and GC skew was visualised
with the software DNAPlotter [39].

In a given DNA sequence, we measure skewed mononucleotide frequencies by:

ATS =
fA − fT

fA + fT
and GCS =

fG − fC
fG + fC

where fN denotes the observed frequency of nucleotides A, T, G and C [40].

2.3. Comparative Analysis of the Non-Coding Divergent Region of the Trypanosomatid Family

Self-dot plot analyses were generated in Geneious using the EMBOSS 6.5.7 software Dottup
suite add-on [38]. The repetitive portion of the non-coding divergent region of 42 trypanosomatid
species were visualised as a dense block of identity in a dot matrix homology search comparing each
species against its own DNA sequence. The divergent region of Endotrypanum herreri, Trypanosoma

vivax (Liem strain), Trypanosoma copemani and Trypanosoma cruzi (Silvio strain) were not available
from the sequence reads for subsequent analyses. Additionally, REPuter was also used to identify
repeat sequences including direct and palindromic repeats within the divergent region of these
42 trypanosomatid species [41]. A minimum repeat size of 60 bp and 15 bp was chosen respectively for
each repeat identification. Tandem repeats in all five species were identified using Tandem Repeats
Finder version 4.09 with default settings [42].

2.4. MSA Phylogenetic Analysis

A phylogenetic analysis was performed using the entire coding region from the maxicircle of
46 trypanosomatid species to investigate the evolutionary relationships between members of the
Trypansomatidae. All sequences were aligned using the MUSCLE algorithm implemented in the
Seaview software package [43]. Phylogenetic relationships were inferred using the maximum likelihood
optimality criterion using PhyML version 3.0. For ML trees, the best-fit model of evolution, GTR+I+G
was selected using jModelTest 2.1 under the Bayesian information criterion [44]. Bootstrap support
for clade topologies was estimated following the analysis of 1000 pseudo-replicate datasets using a
heuristic tree search.

2.5. Alignment-Free FFP Analysis

The alignment-free FFP analysis was performed on the maxicircle coding region genome of
46 trypanosomatid species using the command line software FFP version 3.1.9 [35]. To determine
the optimal length of k-mer, the FFPvprof utility was used to determine the average lower word
length limit and the FFPvreprof utlity was used to determine the average upper word limit of all
46 trypanosomatid species [20]. The optimum k-mer length can be identified from the overlapping
region of length ranges (i.e., average of the upper and lower length limit). To determine the lower
k- mer length limit, FFPvprof calculates the number of k-mers (and length) that occur at least twice
between the dataset. To determine the upper k-mer length limit, FFPreprof calculates the relative
entropy frequency (REF) between the expected and observed frequencies of specified k-mer lengths.
Following optimisation, the UNIX-style command line pipeline was used to generate a distance matrix,
which is used for the subsequent phylogenomic inference using the program Phylip version 3.697 [45].
Bootstrap support for clade topologies was estimated using the FFPboot utility following the analysis
of 1000 pseudo-replicate datasets.

2.6. Estimating Divergence Time

Divergence dates of the trypanosomatid family were estimated using the Realtime method [1]
and the General Time Reversible model [2] of the MEGA7 package. The maximum likelihood of this
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timetree was computed using one calibration constraint; the divergence of Leishmania enriettii and
Leishmania macropodum approximately 40 MYA [46,47]. The maxicircle sequence of the monoxenous
trypanosomatid Paratrypanosoma confusum served as an outgroup.

3. Results

3.1. Assembly of Data from Illumina and Hybrid Illumina/Pacbio Reads

The initial assemblies of Illumina paired-end reads using the SPAdes assembler resulted in the
generation of twelve maxicircle genomes from the trypanosomatid family. Of these, we used the same
Illumina dataset of eight species; L. aethiopica, L. amazonensis, L. braziliensis, L. guyanensis, L. infantum,
L. mexicana, L. tropica and T. brucei rhodesiense in addition to their corresponding PacBio data for a hybrid
assembly. The assemblies from both short-read and combination short- and long-read data resulted
in a high-quality assembly of the maxicircle kDNA. A comparison of the final contig generated from
paired-end reads to the hybrid revealed a 100% sequence identity between the coding region, reflecting
the excellent accuracy of the maxicircle genome assembled from whole gene sequence generated by
both SGS and TGS (Table 1). Comparison of the non-coding divergent region revealed a sequence
identity >99% between the contigs generated from paired-end reads to the hybrid. The long-read
lengths of the PacBio data were extremely valuable for the de novo assembly of the maxicircle, allowing
us to overcome the problems caused by the repetitive nature of the divergent region. The difference in
sequence identity of the divergent region is due to the increased resolution of the hybrid approach,
yielding a more accurate estimate of the length of the divergent region than that of Illumina reads
alone. Compared to that of the hybrid approach, SGS reads of L. aethiopica, L. amazonensis, L. braziliensis,
L. guyanensis, L. infantum, L. mexicana, L. tropica and T. brucei rhodesiense assembled only 20%, 11%, 20%,
43%, 49%, 46%, 96% and 88% of the divergent region produced from TGS respectively.

Table 1. Comparison of the short-read Illumina and hybrid Illumina/PacBio assembly of various
trypanosomatid species showing output length and sequence identity (%).

Coding Region Non-Coding Region Overall

Size (bp) % Identity Size (bp) % Identity Size (bp) % Identity

L. aethiopica (Illumina) 16 210
100

304
100

17 264
100

L. aethiopica (Hybrid) 16 210 1552 18 571

L. amazonensis (Illumina) 16 381
100

527
99.7

17 941
100

L. amazonensis (Hybrid) 16 381 4621 23 616

L. braziliensis (Illumina) 16 232
100

1121
98.5

18 118
99.9

L. braziliensis (Hybrid) 16 232 5745 23 012

L. guyanensis (Illumina) 16 235
100

1607
100

18 753
100

L. guyanensis (Hybrid) 16 235 3694 20 986

L. infantum (Illumina) 16 277
100

628
99.5

18 287
100

L. infantum (Hybrid) 16 277 1280 18 637

L. mexicana (Illumina) 16 472
100

736
99.7

17 946
100

L. mexicana (Hybrid) 16 472 1606 18 696

L. tropica (Illumina) 16 229
100

1582
97

18 800
99.5

L. tropica (Hybrid) 16 229 1644 19 020

T. brucei rhodesiense (Illumina) 14 905
100

2785
97

18 200
99.5

T. brucei rhodesiense (Hybrid) 14 905 3131 18 583

3.2. Genomic Organisation and Patterns of the Maxicircle

Sequence analysis of the maxicircle from representative species of the genera Leishmania, Porcisia,
Endotrypanum, Zelonia, Leptomonas, Crithidia, Herpetomonas, Angomonas, Blechomonas, Trypanosoma

and Paratrypanosoma revealed a conserved region typical for the maxicircle. The conserved region
includes; 12S rRNA (large subunit), 9S rRNA (small subunit), seven subunits of NADH dehydrogenase,
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(ND8, ND9, ND7, ND1, ND3, ND5 and ND5), three subunits of cytochrome c oxidase (COI, COII
and COIII), one subunit of the cytochrome bc1 complex (CYb) a single ribosomal protein (RPS12) and
four open-reading frames whose role is unknown (MURF1, MURF2, MURF4 and MURF5). There
was also two G-rich (G3 and G4) or C-rich (CR3 and CR4) pan-edited cryptogenes in Leishmania and
Trypanosoma species respectively. Analysis of the Phytomonas françai maxicircle revealed that the genes
for subunits I, II and III (COI, COII and COIII) of cytochrome c oxidase and cytochrome bc1 complex
(CYb) were missing (Figure 1).

Figure 1. Graphical map of Leishmania guyanensis and Phytomonas françai maxicircle genomes assembled
from Illumina and PacBio sequencing. Comparison of the maxicircle genome of (A) Leishmania

guyanensis and (B) Phytomonas françai. Phytomonas spp. is characterised by the loss of the three subunits
of the cytochrome c oxidase (COI, COII and COIII) and single subunit of cytochrome b (CYb).

The overall nucleotide frequency and skew throughout the maxicircle genome of all
46 trypanosomatid species is shown in Supplementary Materials S2. The overall AT-richness of
the maxicircle ranged from 58–82%, reflecting the AT-overabundance of the mitochondrial genome
as a whole. Of the clinically important L. braziliensis, T. brucei rhodesiense and T. cruzi (CL strain),
the GC skew and GC% content is represented in the top panel of Figure 2. From the GC content,
it was observed that the AT-richness of T. brucei rhodesiense and T. cruzi is primarily due to the repeat
region, where the GC% of the divergent region is predominately below average (dark blue lines). The
AT-richness of L. braziliensis is still high (80%), although the GC plot demonstrates that the AT-richness
in the divergent region is to a lesser extent less than that of T. brucei rhodesiense and T. cruzi, with the
AT-abundance seen throughout the entire genome. The AT skew is shown in the bottom panel of
Figure 2. The AT skew of all three species demonstrates the bias towards a T-rich sequence that is more
pronounced in the coding region compared to that of the DR, which demonstrates a bias towards an
A-rich nucleotide frequency.

A dot matrix search of the entire maxicircle sequence (left panel) and divergent region (right panel)
of L. braziliensis, T. brucei rhodesiense and T. cruzi (CL strain), versus itself is shown in Figure 3. The
comparative analysis for the remaining trypanosomatid species can be found in Supplementary
Materials S3. Based on the left panel of each graph, we can see a clear distinction between the
coding and non-coding region of the maxicircle sequence, which is highlighted in a black outline.
The box structures located on and residing symmetrically around the line of identity are indicative of
a clustered organisation of repetitive sequences. Multiple diagonal lines seen in all three panels are
indicative of direct repeats. The length of the divergent region of the various trypanosomatid species is
significantly variable and thus responsible for the size difference of the complete maxicircle genome of
the kinetoplast.
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Figure 2. Circular confirmation of GC plot and GC skew of the maxicircle kinetoplast for Leishmania

braziliensis, Trypanosoma brucei rhodesiense and Trypanosoma cruzi. The outer ring indicates gene
arrangement and gene distribution. The middle circle represents the GC plot showing GC% content
(dark blue for below-average and red for above-average) and the inner circle represents the GC skew
(light blue for positive and orange for negative). The AT skew and corresponding gene arrangement
and distribution of each species is shown below the circular plot.

Figure 3. Self Dottup plot comparative analysis of the entire maxicircle genome (right panel) and
divergent region (left panel) of Leishmania braziliensis (A), Trypanosoma brucei rhodesiense (B) and
Trypanosoma cruzi (C) against their own sequences. The sequence of each species is placed on the axis
and full identity over a 10 bp-long window is represented by a dot. The main diagonal line represents
the sequence’s alignment with itself and the lines about the main diagonal represent repetitive patterns
within the maxicircle sequence.
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The repeat analysis demonstrated that a different number of the various repeats were observed in
the species compared (Figure 4). In these divergent region sequences, the repeat analysis detected
tandem, palindromic, forward repeats. The various repeats found within the non-coding region
differed significantly between species (Supplementary Materials S4). Following suit with the overall
composition of the maxicircle, the forward, tandem and palindromic repeats all demonstrated a strong
bias towards an AT-rich repeat in all trypanosomatid species compared. Tandem repeats identified
were highly abundant and densely interspersed throughout the divergent region. The majority of
tandem repeats are arranged in clusters composed of predominately short AnTn repeats.

Figure 4. Analysis of total repeated sequences in the maxicircle divergent region of various
trypanosomatid species. Totals of three repeat types; (Blue) Number of tandem repeats;
(Orange) Number of forward repeats; (Grey) Number of palindromic repeats.

3.3. Phylogenetic Analyses

To assess how FFP-based phylogenies compares to the traditionally aligned-phylogenies,
the phylogenetic relationships showing the genetic distance between members of the Trypanosomatidae
based on the MSA- and AF-approach is shown in Figure 5A,B. The sequences of 46 trypanosomatid
species were used to determine the optimal word length or k-mer for subsequent alignment-free
analyses. From the FFPvprof and FFPreprof analyses, the average lower world length (k-mer) limit of
the 45 species was 14 (k = 14) and the average upper world length limit was 30 (k = 30) leading to the
selection of k-mer lengths of 22 (Supplementary Materials S5).

In the inferred phylogenies, all Leishmania and Trypanosoma species formed two separate,
strongly supported monophyletic clades. The FFP analysis showed the same subgrouping of the
Trypanosomatidae, with all six subfamilies and eleven genera corresponding to the PhyML-generated
phylogenetic tree. The subfamily Leishmaniinae unites the monoxenous protozoans of insects
(genera Zelonia, Leptomonas and Crithidia) and dixenous protozoans of insects and vertebrates
(genera Leishmania, Endotrypanum and Porcisia). The monoxenous subfamilies Phytomonadinae,
Strigononadinae and Blechomonadinae include parasites of the genera Herpetomonas, Angomonas and
Blechomonas respectively. In agreement with a recent study [11], despite T. rangeli and T. lewisi belonging
to the same subgenus Herpetosoma, T. rangeli is more closely related to T. cruzi, clustering with the
Schizotrypanum clade of trypanosomes.
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Figure 5. Inferred evolutionary relationships between species of the trypanosomatid family using
aligned and alignment-free analysis of the maxicircle coding region. (A) PhyML-derived phylogeny
showing the relationships between members of the trypanosomatid family using a multiple sequence
alignment analysis. The maximum likelihood optimality criterion was used for the phylogenetic
inference of the dataset with 1000 bootstrap samples. (B) Featue frequency profiles (FPP)-estimated
phylogeny between species of the trypanosomatid family using an alignment-free analysis of the
maxicircle coding region. Branches in red represent species whose clustering differs from those in
(A). In both (A) and (B) a black diamond highlights a node that obtained a bootstrap value of 100%
confidence and the scale bars depict the number of nucleotide substitutions per position.

The discrepancies observed were the branching of the Salivarian trypanosomes, where T. brucei

brucei and T. brucei rhodesiense formed a clade basal to the T. vivax clade and between the monoxenous
A. deanei and P. françai. The distance matrix generated from the alignment-free analysis is listed in
Supplementary Materials S6.

3.4. Divergence Time Estimates of the Trypanosomatidae

The node depicting the separation of L. macropodum and L. enriettii was chosen as a calibration
marker. The divergence date was established at an average of 40 MYA, which is the time period when
Australia and South America became separated, representing a minimum date of divergence [46,47].
From this calibration point, a common ancestor to the Trypanosomatinae subfamily and specifically the
T. cruzi clade (T. cruzi and T. rangeli) was predicted to have appeared 150 MYA and 84 MYA respectively
(Figure 6). The dixenous members of the Leishmaniinae was predicted to have first appeared 95 MYA,
arising from a monoxenous ancestor.

25



Pathogens 2019, 8, 157

Figure 6. Phylogenetic time tree demonstrating the complex evolutionary relationships of the
trypanosomatid family using the coding region of the maxicircle kDNA. The maximum likelihood of
this tree was inferred using the GTR model. The time tree was calculated using a single calibration
date, illustrated by a solid black diamond (the separation of Leishmania macropodum and Leishmania

enriettii approximately 40 million years ago). Predicted divergence times of the various species are
displayed on the nodes of the tree. Monoxenous trypanosomatid species are highlighted in grey.

4. Discussion

In this study we applied the alignment-free analysis of frequency feature profiles (FFP) for the
phylogenomic analysis of the trypanosomatid family based on the entire maxicircle coding region
genome. For closely related organisms i.e., within a single genus, alignment-based methods are
preferred because in the most part, their genetic similarities allow a relatively straight-forward
alignment of high-quality [33]. However, in the context of looking at an entire family of organisms
(such as the Trypanosomatidae), the various members exhibit greater variation than species within
a single genus. Knowledge of these evolutionary processes demonstrates that there is going to be
genetic discrepancies (i.e., the loss of maxicircle genes in Phytomonas spp.) which is going to negatively
impact on the quality of any sequence alignment. Due to these less conserved sequences and scale
of the dataset (greater than 15 kb across 46 species), the alignment-free method is preferred for the
analysis of distant relatives, allowing the analysis of organisms which exhibit greater variation in the
number and order of genetic elements.

In accordance with published standards in the assessment of robustness (i.e., bootstrapping),
the percentile method validates the accuracy of a node, with a confidence value of >60% in support
of the observed clade [48]. The MSA and AF trees showed extremely similar and robust topologies
(Figure 5), demonstrating the suitability of the alignment-free FFP method for phylogenetic analyses
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of the Trypanosomatidae. All major clades (Leishmania, Endotrypanum, Porcisia, Zelonia, Leptomonas,
Crithidia, Herpetomonas, Phytomonas, Angomonas, Blechomonas, Trypanosoma and Paratrypanosoma, cluster
with their respective subgenera within the trypanosomatid family with high bootstrap confidence.
Analysing a large dataset from an entire family of parasites, a greater divergence is expected than a
typical phylogenetic analysis of a few, closely related genera, which can impact on the accuracy of the
sequence alignment. In addition, the overall running times of alignment-free phylogenetic inference
were shorter (run time less than one day compared to >3 days for alignment and PhyML analysis),
making it an attractive approach for large datasets >15 kb. However, important issues need to be
taken into consideration for AF-approaches, namely that optimal k-mer lengths must be determined
to establish accurate phylogenomic relationships between related organisms. Nevertheless, having
the advantage of not requiring pre-alignment of a large collection of maxicircle genome sequences,
FFP analysis allowed the rapid, accurate and robust phylogenetic analysis of a large group of diverse
species within the Trypanosomatidae.

Kinetoplastid parasites of the trypanosomatid family possess a unique, single, densely-packed
periflagellar network of DNA circles known as the kinetoplast [12,49]. In our analysis, both paired- end
short reads and a hybrid protocol using short- and long-read data resulted in the high- quality
assembly of the maxicircle genome (Table 1). The maxicircle sequences generated from SGS and
hybrid assemblies resulted in 100% identity between the coding region and >99% identity between the
divergent region (due to the difference in sequence length of the divergent region between Illumina
and hybrid assemblies) of each respective species. The hybrid protocol offered an alternative approach,
capable of overcoming the difficulties present in assembling complex genomic regions from short
sequencing reads. Our hybrid assemblies resulted in the resolution of the divergent region (DR),
generating highly contiguous, accurate assemblies of the DR, even when these regions contain a large
number of near-identical repeats.

Analysis of the repetitive sequences demonstrated that the various trypanosomatid species have
a variable number of repeat arrays throughout their divergent region (Figure 4 and Supplementary
Materials S4). The non-coding divergent region of the maxicircle remains the most poorly studied
region of kinetoplast DNA [16,50,51]. From our analysis, we can see that the overall DR structure is
composed almost entirely of various repeat arrays, with a clear distinction between the coding-region
of the maxicircle kDNA (Figures 3 and 4). The high repeat content of the divergent region posed
a substantial obstacle to the assembly and output length of the maxicircle kDNA with Illumina
short- reads alone. Compared to that of the hybrid approach, SGS reads of L. aethiopica, L. amazonensis,
L. braziliensis, L. guyanensis, L. infantum, L. mexicana, L. tropica and T. brucei rhodesiense assembled only
20%, 11%, 20%, 43%, 49%, 46%, 96% and 88% of the divergent region produced from TGS respectively.

Protozoan mitochondrial genomes often display higher AT% than mitochondrial genomes from
metazoans [12,52]. Thus, it is expected that in the mitochondrial homologue in trypanosomatids;
the kinetoplast will have a low GC%. The extreme overabundance of AT% in the maxicircle genome of
trypanosomatids is primarily due to the repetitive portion of the non-coding divergent region (Figure 2).
The AT skew demonstrates the bias towards an AT-rich maxicircle genome of trypanosomatid species.

The vast majority of maxicircles in the trypanosomatid family contain the same set of genes
and genomic organisation pattern. The notable exception to this is the plant parasite Phytomonas

françai, which lacks the respiratory chain complexes III and IV, including the three subunits of the
cytochrome c oxidase (COI, COII and COIII) and single cytochrome b (CYb), respectively (Figure 1).
The respiratory chain complexes III and IV are required to maintain a complete electron transport
chain in trypanosomatid parasites, playing a critical role in the biochemical production and synthesis
of adenosine triphosphate (ATP) [53,54]. It is speculated that the absence of these subunits is related to
the adaptation of Phytomonas spp. to the carbohydrate-rich medium of the host plant environment [55].
In the presence of this carbohydrate-rich medium, the cytochrome-mediated respiration complexes
of Phytomonas were lost after their function became nonessential and the presence of the glycolysis
metabolic pathway in glycosomes alone was sufficient for ATP production [55,56]. The feeding
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behaviour of the insect host is also speculated to have played a role in the loss of cytochromes in
Phytomonas [57]. Phytophagous hemipteran insects feed exclusively on the sap and juices of plants that
are rich in carbohydrates. This suggests a passive, mechanical transmission from plant to insect host
that does not require a metabolic shift from a carbohydrate to an amino acid metabolism [58]. Previous
studies have also demonstrated the absence of these respective subunits in Phytomonas serpens and
Phytomonas sp. HART1, demonstrating this respiratory deficiency is characteristic of these dixenous
plant trypanosomatids [55,57,58].

A second notable exception is the mammalian infecting Trypanosoma brucei evansi and Trypanosoma

brucei equiperdum [59]. Originally considered separate species due to their differences in host-range,
transmission and pathogenicity, recent data demonstrates that T. b. evansi and T. b. equiperdum represent
dyskinetoplastic subspecies of T. brucei, characterized by the complete or partial loss of their maxicircle
kDNA, although their taxonomic status is often debated [60–62]. Recent studies have shown that
mutations located in the nuclear-bound ATPase subunit γ of some T. b. evansi and T. b. equiperdum were
found to compensate for the total or partial absence of maxicircle kDNA, demonstrating an important
nuclear/kinetoplast interaction for the viability of these species [61].

The relationships between the monoxenous trypanosomatids and their dixenous relatives have
been extensively debated over the last few decades [63,64]. It was speculated that dixenous parasitism
of the Trypanosomatidae has independently evolved several times over the course of history from
the monoxenous ancestors, giving rise to the Trypanosoma, Leishmania, Endotrypanum, Porcisia and
Phytomonas lineages [63]. As such, it is impossible to answer questions surrounding the origins of the
trypanosomatid family without studying the non-pathogenic, monoxenous relatives, which is reflected
by the rising number of papers published in this field [46,65–69]. From the molecular data, several major
clades can be identified including; Leishmania, Endotrypanum, Porcisia, Zelonia, Leptomonas, Crithidia,
Herpetomonas, Angomonas, Blechomonas, Trypanosoma and Paratrypanosoma. All clades generated support
a recent proposal on the classification of the trypanosomatids, specifically the taxonomic validity of the
Endotrypanum/Porcisia genera and the establishment of the subfamily Trypanosomatinae to encompass
species of the trypanosomes [5,70]. Molecular clock analyses suggest that at least three lineages
independently acquired the ability to infect two hosts (i.e., dixenous parasitism) including plants
(Phytomonas spp.) and vertebrates (Trypanosoma and Leishmania/Porcisia/Endotrypanum) approximately
133, 190 and 95 MYA respectively. Thus, our analyses provide strong support for the multiple and
independent origins of the dixenous life-style of the trypanosomatids.

The supercontinents origin of the dixenous Leishmaniinae, where the dixenous members
first emerged from monoxenous ancestors during the continental separation of Gondwana is now
widely accepted [46,47,63]. As suggested by the supercontinents hypothesis of dixenous parasitism,
the earliest dixenous members of the Leishmaniinae first emerged in the late Cretaceous period
between 77–140 MYA, during the predicted breakup of Gondwana [19]. Based on our phylogenetic
analysis, the dixenous genera Leishmania, Endotrypanum and Porcisia emerged as distinct monophyletic
lineages from a common monoxenous ancestor approximately 95 million years ago (Figure 6).
Detailed extensively in our previous work [19], in summary the first emergence of dixenous parasitism
within the Leishmaniinae subfamily coincides with when the radiation of mammals first began during
the Cretaceous period [71].

The phylogenetic analysis of the trypanosomatid family supported the monophyletic lineage
of the trypanosomes, having evolved from a monoxenous ancestor with high statistical support
(Figure 5). Trypanosomes found in mammals (and humans) are grouped into two sections: Stercoraria
(including members of the subgenera Herpetosoma and Schizotrypanum), which develops in the posterior
portion of the insect host digestive tract and Salivaria (including members of the subgenera Duttonella

and Trypanozoon), which develops in the anterior region of the insect digestive tract [58]. Previous
analyses proposed an early divergence of salivarian trypanosomes, which involved the ancient split of
the trypanosomes into one clade containing all salivarian species and the other branch containing all
non-salivarian lineages [72–74]. Based on the SSU rRNA, it was proposed that the emergence of the
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salivarian lineage first appeared approximately 300 MYA, although the authors were cautious about
these date estimates due to the use of the SSU rRNA as the taxonomic marker [72]. Consistent with an
ancient salivarian divergence, molecular clock analyses based on the maxicircle phylogenies suggest
that the salivarian trypanosomes separated from other trypanosomes approximately 150 MYA (Figure 6).
It is speculated that early African trypanosomes were most likely gut parasites or commensals of early
insects, however the appearance of tsetse flies approximately 35 MYA facilitated the transmission to
mammals by these blood-feeding insects [75]. In addition, the use of the maxicircle coding region as a
taxonomic marker also provided strong support for the placement of Trypanosoma vivax with other
African salivarian trypanosomes including Trypanosoma brucei [64].

The analysis of the coding region of the maxicircle also sheds light on the evolution of the
T. cruzi clade, which encompasses most African, American and European trypanosomes from bats and
terrestrial mammals [74]. In recent years, the southern super-continent trypanosome hypothesis has
come under scrutiny, with some suggesting it can no longer be considered correct that T. cruzi first
emerged in the New World and T. brucei in the Old World following the continental split of Africa and
South America 100 MYA [47,76–78]. The new theory gaining the greatest support proposes that the
T. cruzi clade (T. cruzi and T. rangeli) evolved more recently than originally thought within a broader
clade of bat trypanosomes [73]. Our analysis suggests that the common ancestor of the T. cruzi clade
first appeared approximately 84 million years ago. This timeframe provides strong additional support
for the ‘bat-seeding’ hypothesis, suggesting that the common ancestor of the T. cruzi clade is likely
to have evolved following the diversification of bats approximately 70–58 million years ago [79,80].
Using a geological time point i.e., the divergence of L. enriettii and L. macropodum as the calibration
date facilitates suggestions on the emergence of the T. cruzi clade independently of the diversification
of bats. This is an important advancement for the ‘bat-seeding’ hypothesis, previously not feasible in
the absence of WGS data for L. macropodum, as it eliminates any bias or skew that may be introduced
through using the estimated time of divergence of the host species (i.e., a secondary calibration) [80].

5. Conclusions

In conclusion, the use of the entire coding region of the maxicircle kinetoplast DNA in
alignment-free analyses provided an exceptionally robust evolutionary insight into the relationships
and patterns within the trypanosomatid family. We believe the present study demonstrates the
applicability of AF-based approaches such as FFP to produce reliable and robust phylogenomic
analyses to establish and summarise the current evolutionary relationships of the Trypanosomatidae.
We suggest that future researchers aiming to analyse this diverse and widespread relationship should
consider using this described approach to deal with the ever-increasing amount of sequence data
that are becoming available. Ultimately, knowledge of these deep-rooted lineages is exceptionally
useful for future analysis involving reconstruction of any evolutionary scenario involving these
flagellated protozoans.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/8/3/157/s1,
Table S1: List of trypanosomatid species used in this study. Table S2: The overall nucleotide frequency and skew
throughout the maxicircle genome of various trypanosomatid species. Figure S3: Self Dottup plot comparative
analysis of the entire maxicircle genome (right panel) and divergent region (left panel) of various trypanosomatid
species. Figure S4: Analysis of repeated sequences in the maxicircle divergent region. Figure S5: Determination
of optimal feature/k-mer length (k) for 46 trypanosomatid species. Table S6: Comparison of distance matrices
showing genetic differences between maxicircle kDNA of various trypanosomatid species. Below diagonal:
genetic distance calculated from multiple sequence-alignment method, above diagonal: genetic distance calculated
from alignment-free FFP method.

Author Contributions: A.K. conceived, wrote and edited all drafts. J.E. provided major suggestions on content
and edits of the manuscript. D.S. provided additional feedback on edits and further suggestions on contents.
All authors read and approved the final version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

29



Pathogens 2019, 8, 157

References

1. Fraga, J.; Fernández-Calienes, A.; Montalvo, A.M.; Maes, I.; Deborggraeve, S.; Büscher, P.; Dujardin, J.C.;
Van der Auwera, G. Phylogenetic analysis of the Trypanosoma genus based on the heat-shock protein 70 gene.
Infect. Genet. Evol. 2016, 43, 165–172. [CrossRef] [PubMed]

2. Kostygov, A.Y.; Yurchenko, V. Revised classification of the subfamily Leishmaniinae (Trypanosomatidae).
Folia Parasitol. 2017, 64. [CrossRef] [PubMed]

3. Jackson, A.P. Genome evolution in trypanosomatid parasites. Parasitology 2015, 142, S40–S56. [CrossRef]
[PubMed]

4. Kaufer, A.; Ellis, J.; Stark, D.; Barratt, J. The evolution of trypanosomatid taxonomy. Parasites Vectors 2017, 10,
287. [CrossRef] [PubMed]

5. Maslov, D.A.; Opperdoes, F.R.; Kostygov, A.Y.; Hashimi, H.; Lukes, J.; Yurchenko, V. Recent advances
in trypanosomatid research: Genome organization, expression, metabolism, taxonomy and evolution.
Parasitology 2018, 146, 1–27. [CrossRef] [PubMed]

6. Ghedin, E.; Bringaud, F.; Peterson, J.; Myler, P.; Berriman, M.; Ivens, A.; Andersson, B.; Bontempi, E.; Eisen, J.;
Angiuoli, S.; et al. Gene synteny and evolution of genome architecture in trypanosomatids. Mol. Biochem.

Parasitol. 2004, 134, 183–191. [CrossRef] [PubMed]
7. Hamilton, P.B.; Stevens, J.R.; Gaunt, M.W.; Gidley, J.; Gibson, W.C. Trypanosomes are monophyletic: Evidence

from genes for glyceraldehyde phosphate dehydrogenase and small subunit ribosomal RNA. Int. J. Parasitol.

2004, 34, 1393–1404. [CrossRef]
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Abstract: A recently redescribed two-flagellar trypanosomatid Vickermania ingenoplastis is insensitive
to the classical inhibitors of respiration and thrives under anaerobic conditions. Using genomic and
transcriptomic data, we analyzed its genes of the core metabolism and documented that subunits of
the mitochondrial respiratory complexes III and IV are ablated, while those of complexes I, II, and V
are all present, along with an alternative oxidase. This explains the previously reported conversion of
glucose to acetate and succinate by aerobic fermentation. Glycolytic pyruvate is metabolized to acetate
and ethanol by pyruvate dismutation, whereby a unique type of alcohol dehydrogenase (shared
only with Phytomonas spp.) processes an excess of reducing equivalents formed under anaerobic
conditions, leading to the formation of ethanol. Succinate (formed to maintain the glycosomal redox
balance) is converted to propionate by a cyclic process involving three enzymes of the mitochondrial
methyl-malonyl-CoA pathway, via a cyclic process, which results in the formation of additional ATP.
The unusual structure of the V. ingenoplastis genome and its similarity with that of Phytomonas spp.
imply their relatedness or convergent evolution. Nevertheless, a critical difference between these two
trypanosomatids is that the former has significantly increased its genome size by gene duplications,
while the latter streamlined its genome.

Keywords: Vickermania ingenoplastis; Phytomonas; metabolism; genome sequencing

1. Introduction

Trypanosomatids (Euglenozoa: Kinetoplastea: Trypanosomatidae) are parasites of an-
nelids, arthropods, plants, and vertebrates, with leeches and insects serving as transmission
vectors. The best-known trypanosomatids are dixenous (=circulating between two hosts,
Leishmania, Phytomonas, and Trypanosoma spp.) and infect vertebrates, including humans
and plants [1,2]. Nevertheless, the vast majority of species are monoxenous (=confined
to a single host, usually an insect) [3]. Monoxenous Trypanosomatidae are ancestral and
significantly more diverse [4–6].

Virtually all trypanosomatids are mono-flagellated (including an “amastigote” stage
in some life cycles, which has an extremely short flagellum [7]) and use their flagella
for attachment, movement, production of the extracellular vesicles, and environment
sensing [8–11]. The only exception to this rule is members of the recently established genus
Vickermania, V. ingenoplastis and V. spadyakhi [12]. These flagellates are adapted to the life
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in the fly midgut, to which they do not attach. Instead, they move constantly, resisting
the midgut peristaltic flow within the fly host. To this end, Vickermania has disconnected
duplication of flagella from the cell cycle and developed a mechanism to join the newly
growing flagellum with the old one. As such, these trypanosomatids possess two flagella
for a significant period of their life cycle.

In contrast to most other trypanosomatids, the metabolic activity of the V. ingenoplastis
mitochondrion is strongly reduced. Cytochrome-mediated respiration was found to be
missing, and energy metabolism to be based mainly on the fermentative glycolysis with
acetate and ethanol as the major end-products and propionate and succinate as minor
products. Interestingly, the switch from aerobic to anaerobic conditions had minimal
effects [13]. Several enzymes of the Krebs cycle were not detected, and the presence of
fumarate reductase activity was interpreted to indicate that CO2 fixation and reverse flux
through part of the Krebs cycle enables growth under anaerobic conditions [14]. This
would be a unique feature for trypanosomatid parasites, which are generally considered
to be (strictly) aerobic [15]. Respiration was not inhibited by cyanide, while malonate
and salicyl-hydroxamic acid strongly reduced succinate oxidation. Taken together, these
observations demonstrated that V. ingenoplastis lacks the mitochondrial respiratory complex
IV, has an inactive complex III, while complex II and an alternative oxidase seem to be
functional [16]. All these biochemical observations were experimental. Armed with the
recently obtained genomic data for this species [17], we reanalyzed the metabolic potential
of V. ingenoplastis, explain some earlier contradictory observation and provide a coherent
framework for its unique metabolism. In particular, we documented that V. ingenoplastis
has lost genes coding for the subunits of the respiratory complexes III and IV, increased a
number of genes involved in carbohydrate metabolism, and lost the capacity to oxidize
fatty acids and a number of aromatic and branched amino acids.

2. Results
2.1. Global Comparison between Vickermania ingenoplastis and Leishmania Major Genomes

The genome of V. ingenoplastis was reassembled de novo using different programs,
resulting in its significant improvement from the previously published version [17]. The
obtained assembly is 34.3 Mbp (in contrast to the original 35.3 Mbp, hereafter the data of
the previous assembly are given in parentheses) in 241 scaffolds (340) with N50 of 591 kb
(376 kb) and the longest contig of 2.4 Mb (1.6 Mb). The new assembly is not only more
contiguous but also more complete as judged by the higher total number of annotated
protein-coding genes (9562 vs. 8619 reported previously) and improved benchmarking
universal single-copy orthologs (BUSCO) scores. The percentage of complete BUSCOs
increased from 84.6 to 93.1%, and only 4% of BUSCOs are missing compared to 11% in the
previous assembly.

The genome of V. ingenoplastis contains high copy numbers of the glycolytic path-
way genes, such as those encoding hexokinase, as well as glycosomal and cytosolic
glyceraldehyde-3-phosphate dehydrogenases. This suggests that the irreversible loss
of the mitochondrial oxidative phosphorylation in V. ingenoplastis (see below) may have led
to severe metabolic stress, by which the expression of a number of the glycolytic enzymes
was upregulated by massive amplification of the corresponding genes. This has led, on the
one hand, to a reduction in unique metabolic genes (97 Leishmania major orthologues were
not found, Table S1), and on the other hand, a compensation for this loss by an expansion
of the genome from 6500 to 8500 genes typically present in Leishmaniinae to 9562 genes in
V. ingenoplastis. Most of these genes resulted from gene duplications to form multi-copy
gene families (for example, cell surface proteins amastins), the largest of them with copy
numbers reaching 200 (Tables S2 and S3). Out of 486 proteins predicted to be involved
in the general metabolism of trypanosomatids, 87 have no orthologues in the genome of
V. ingenoplastis, while it encodes many metabolic genes in high copy numbers. The highest
copy numbers were scored for glycosomal glyceraldehyde dehydrogenase (39), cytosolic
glyceraldehyde dehydrogenase (38), and hexokinase (19). The genome of V. ingenoplastis
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contains an additional 3612 genes that are not present in the L. major genome. Excluding all
the genes annotated as coding for hypothetical or viral origin proteins, 620 unique genes
were retained (Table S4). Of note, the expression of metabolic genes was further confirmed
by whole-transcriptome analysis (Table S2).

2.2. Mitochondrial Enzymes of Oxidative Phosphorylation: Complexes I and II

Genes encoding subunits of complexes I (NADH dehydrogenase) and II (succinate
dehydrogenase) are invariably present (Table S5), suggesting that these complexes are fully
operational. NADH dehydrogenase is a large complex, the subunits of which are encoded
by both the mitochondrial and nuclear genomes [18,19]. Vickermania ingenoplastis appears
to be endowed with most, if not all, of its essential nuclear-encoded subunits. In the case
of succinate dehydrogenase, entirely encoded in the nuclear genome, its two catalytic
subunits (the flavoprotein and FeS-containing subunits) are present, along with a large
battery of auxiliary proteins identified in Trypanosoma cruzi [20].

2.3. Mitochondrial Enzymes of Oxidative Phosphorylation: Complexes III and IV

We identified numerous deletions in the maxicircle kDNA, affecting complexes III
and IV. Interestingly, these deletions are accompanied by the corresponding ablation of
the complementing nuclear-encoded subunits of these complexes (Table S5). For complex
III, not only the mitochondrial-encoded cytochrome b, but also the ubiquinol cytochrome
c reductase, cytochrome c1, the Rieske FeS protein, and complex III core protein [21] are
absent. Of note, two members of the mitochondrial processing peptidase family that have
been shown to be core subunits of the complex III (orthologues of the α-MMP or β-MMP)
have been retained in V. ingenoplastis, likely reflecting their additional functions [22]. For
complex IV (cytochrome oxidase), not only all three mitochondrial-encoded subunits (COXI,
COXII, and COXIII) but also the nuclear-encoded subunits 4, 5, 6, 7 and 10 are absent,
along with the cytochrome oxidase assembly protein COX15, involved in the synthesis of
heme a [23] and the electron transport protein SCO1/SCO2, a metallochaperone, essential
for the assembly of the catalytic core of cytochrome c oxidase [24]. Finally, the gene
for cytochrome c, which transports electrons between complexes III and IV, is absent in
the nuclear genome, whereas a gene for the alternative oxidase is prominently present.
Interestingly, the same genes have been lost from the genome of Phytomonas spp. [25],
further supporting the evolutionary relatedness of these genera [12].

We conclude that electrons entering the respiratory chain via NADH or succinate pass
through the functional complexes I and II and reach coenzyme Q (ubiquinone), from where
they are transferred to molecular oxygen via the alternative oxidase.

2.4. Mitochondrial Enzymes of Oxidative Phosphorylation: Complex V

Although complexes III and IV of the respiratory chain are completely missing, the
ATP synthase (complex V) appears to be fully operational. The kinetoplast-encoded subunit
of the F1F0 ATPase (subunit 6) is present in the maxicircle kDNA, along with all other
nuclear-encoded subunits, including 11 auxiliary proteins [26] (Table S5).

2.5. Cytochrome o

The respiration of V. ingenoplastis was shown to be cyanide insensitive, with cy-
tochrome (cyt) o being suggested as an alternative cyanide-resistant terminal oxidase [16].
However, this was not confirmed experimentally, and no gene for this enzyme has been
described in trypanosomatids so far. The spectral characteristics of Cyt o inversely correlate
with that of reduced Cyt b. This allows us to propose that the suspected Cyt o was a variant
of Cyt b, not properly integrated into complex III, and subjected to auto-oxidization. As a
consequence, this gene was lost over time. The alternative oxidase, encoded by six copies
in V. ingenoplastis, might be responsible for the inhibition of respiration by SHAM [27].
Thus, far, an alternative oxidase has been documented in various euglenozoan lineages,
including Bodo, Trypanosoma, Phytomonas, and Angomonas, as a single-copy gene [25,28,29].
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2.6. Krebs Cycle

Our genome analysis indicates that, except for the catabolic NAD-dependent isocitrate
dehydrogenase, which has been replaced by an anabolic NADP-dependent isoenzyme,
all other Krebs cycle enzymes (citrate synthase, aconitase, isocitrate dehydrogenase, 2-
oxoglutarate dehydrogenase, succinyl-CoA ligase, succinate dehydrogenase, fumarate
hydratase and malate dehydrogenase) and subunits of the pyruvate dehydrogenase com-
plex are present. The presence of an NADP-dependent isocitrate dehydrogenase, rather
than an NAD-dependent enzyme, resembles the situation in other trypanosomatids and
predicts that the Krebs cycle in V. ingenoplastis functions not as a real cycle [30,31], but CO2
fixation and reverse flux through a part of the cycle may endow this flagellate with aerobic
fermentation (Figure 1).

2.7. Carbohydrate Metabolism

The Vickermania ingenoplastis genome contains all genes of the glycolytic pathway,
with many of them predicted to possess a peroxisome targeting signal (Table S6). In
addition, a whole battery of peroxisome assembly factors is present. Both observations
strongly imply the presence of glycosomes, as in all other trypanosomatids [32]. The
high copy numbers for several of the glycolytic genes suggest that the corresponding
enzymes are abundantly present. This agrees with previous observations of numerous
microbodies (likely, glycosomes) in the electron micrographs of V. ingenoplastis [14] and the
fact that glucose consumption via the glycolytic pathway is Vickermania’s principal source
of energy [13]. Pyruvate, the end-product of this pathway, is oxidized in the mitochondrion
by the pyruvate dehydrogenase complex and the resulting acetyl-CoA is excreted in the
form of acetate, the major end-product of V. ingenoplastis [13]. We have also documented
the presence of Zn-containing alcohol dehydrogenase in the analyzed genome (Figure 1),
an enzyme previously reported only from Phytomonas sp. [33]. This enzyme is likely
responsible for the production of ethanol, since classical alcohol dehydrogenases are absent
from all trypanosomatids.

Propionate, the other end-product of carbohydrate metabolism, is normally not pro-
duced by trypanosomatids, but only by some anaerobic eukaryotes [34] and V. ingenoplas-
tis [13]. Moreover, a ratio of excreted end-products (succinate and propionic acid over
acetate, two to one) is reminiscent of that observed in many propionic-acid producing
anaerobic eukaryotes, such as the liver fluke Fasciola hepatica. A ratio of 2:1 is required
to maintain the intracellular redox balance. This kind of fermentation is called “malate
dismutation” [35]. Cytosolic malate (or pyruvate) is partly oxidized (via pyruvate) to
acetate and partly reduced to succinate and propionate in the mitochondrion [34,36]. Succi-
nate production requires the presence of the enzyme fumarate reductase, which, in most
anaerobic eukaryotes, is a membrane-bound mitochondrial enzyme, similar or identical to
the mitochondrial succinate dehydrogenase, except that it uses rhodoquinone, rather than
ubiquinone, as the redox carrier, by which the enzyme is able to run in the reverse direction.
In trypanosomatids, the presence of rhodoquinone has never been reported. Thus, the func-
tioning of such a rodoquinone-dependent fumarate reductase was considered unlikely [36].
However, trypanosomatids are unique in that succinate can be readily formed within the
highly reduced matrix of the glycosomes [32]. It is formed from phosphoenolpyruvate and
CO2 via oxaloacetate, malate, and fumarate by the glycosomal NADH-dependent fumarate
reductase (Figure 1). The two moles of NAD+ formed in this pathway serve to equilibrate
the glycosomal NAD+/NADH balance. Anaerobically growing V. ingenoplastis now has
the option to either excrete the succinate, as do all other trypanosomatids or to transport
succinate into the mitochondrion, where it is converted to propionate in a cyclic process
that contains three enzymes of the mitochondrial methyl-malonyl-CoA pathway (the “pro-
pionate cycle”). This way, the formation of each mole of propionate is accompanied by the
formation of 1 mole of ATP by substrate-level phosphorylation.
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Figure 1. The pathways of core metabolism in Vickermania ingenoplastis as compared to that of Leishmania major. Boxed
metabolites are nutrients (in gray) or end-products (in black). PPP, pentose-phosphate pathway. Enzymes: 1, hexokinase;
2, phosphoglucose isomerase; 3, phosphofructokinase; 4, fructosebisphosphate aldolase; 5, triosephosphate isomerase; 6,
glyceraldehyde-3-phosphate dehydrogenase; 7, glycosomal phosphoglycerate kinase; 8, glycerol-3-phosphate dehydroge-
nase; 9 glycerol kinase; 10, glycosomal adenylate kinase; 11, glucosamine-6-phosphate deaminase; 12, mannose-6-phosphate
isomerase; 13, phosphomannomutase; 14, GDP-mannose pyrophosphorylase; 15, phosphoglycerate mutase; 16, enolase;
17, pyruvate kinase; 18, phosphoenolpyruvate carboxykinase; 19, malate dehydrogenase; 20, fumarate hydratase; 21,
NADH-dependent fumarate reductase; 22, malic enzyme; 23, alanine aminotransferase; 24, aspartate aminotransferase; 25,
pyruvate phosphate di-kinase; 26, citrate synthase; 27, 2-ketoglutarate dehydrogenase; 28, succinyl-CoA ligase; 29, succinate
dehydrogenase; 30, acetate:succinate CoA transferase; 31, pyruvate dehydrogenase; 32, citrate lyase; 33, acetyl-CoA syn-
thetase; 36, ribulokinase; 37, ribokinase, 38, xylulokinase; 39, glucoamylase; 40, invertase; 41, glyoxalase I; 42, glyoxalase II;
43, D-lactate dehydrogenase; 44, GDP-mannose 4,6-dehydratase and GDP-L-fucose synthase; 45, phosphoacetylglucosamine
mutase and glucosamine-1-phosphate acetyl transferase/UDP-N-acetylglucosamine transferase; 46, alcohol dehydrogenase
GroES-like domain/zinc-binding dehydrogenase; 47, pyruvate decarboxylase; 48, methylmalonyl-CoA epimarase; 49,
methylmalonyl-CoA mutase; 50, propionyl-CoA carboxylase. Modified from [25].

Thus, under anaerobic conditions, the glucose oxidation in Vickermania ingenoplastis
leads to the formation of 1 mole of pyruvate in the cytosol and 1 mole of succinate in
the glycosome, along with 2 moles of ATP by substrate-level phosphorylation. Half
of the pyruvate is transported into the mitochondrion and oxidized by the pyruvate
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dehydrogenase complex to acetyl-CoA and (via the acetate: succinate CoA transferase—
succinyl-CoA ligase cycle) acetate with the net synthesis of an additional 1/2 mole of ATP.
The other half of the pyruvate is decarboxylated by a cytosolic pyruvate decarboxylase
to acetaldehyde and then reduced to 1/2 mole of ethanol. The latter reaction serves to
reoxidize the NADH produced in the mitochondrial pyruvate dehydrogenase reaction.
Thus, here, redox balance is maintained by a mechanism that should be called “pyruvate
dismutation”. Glycosomal succinate is either excreted or decarboxylated to propionate
in the mitochondrion with the concomitant formation of 1 mole of ATP. According to
this scheme, the overall oxidation of 1 mole of glucose leads to the formation of 0.5 mole
ethanol, 0.5 mole acetate, 1 mole of (succinate + propionate), and 3.5 moles of ATP. The
anaerobic production of 3.5 moles of ATP per 1 mole of glucose consumed must be the
explanation of why V. ingenoplastis is able to survive and grow under completely anaerobic
conditions. In this respect, it is important to note that the bloodstream form of the African
trypanosomes produce only 2 moles ATP per 1 mole of consumed glucose aerobically, while
under anaerobic conditions (or when oxygen consumption is inhibited by SHAM) when
only 1 mole ATP per 1 mole glucose is produced, the trypanosomes die [37]. No L-lactate
is formed because a gene for L-lactate dehydrogenase is missing.

2.8. Hexose-Monophosphate Shunt and Gluconeogenesis

The enzymes of the hexose monophosphate pathway, as well as those involved in glu-
coneogenesis (except for the fructose-1,6-bisphosphatase), are present in the V. ingenoplastis
genome (Table S2). There is no evidence for the synthesis of glycogen, and no genes for
the formation of storage polysaccharides were identified. Nevertheless, the presence of
several mannosyl transferases suggests that mannans, rather than glycogen, could serve as
polysaccharide storage.

2.9. Sensitivity to Drugs

Vickermania ingenoplastis is sensitive to metronidazole and fexinidazole [14]. Both
chemicals require enzyme-mediated reduction by hydrogenases and nitroreductases to gen-
erate cytotoxic species [38]. Genes encoding both enzymes, an iron-containing hydrogenase
and a nitroreductase, were found in the analyzed genome.

2.10. Beta-Oxidation and Synthesis of Fatty Acids

The oxidation of fatty acids to carbon dioxide and water requires their activation
through the linkage to coenzyme A. Subsequently, β-oxidation involves peroxisomes and
mitochondria, whereby long-chain fatty acids are shortened first in the glycosomes, after
which they are exported to the mitochondrion, where the resulting acetyl-CoA is further
oxidized in the Krebs cycle either by acyl-CoA oxidase present in the glycosomes or by an
isofunctional acyl-CoA dehydrogenase in the mitochondria [28]. The subsequent reactions
are catalyzed by a single trifunctional enzyme in peroxisomes and by two separate enzymes
in the mitochondria of most eukaryotes. These two latter enzymes are absent in Vickermania
and Phytomonas spp. Thus, it is unlikely that a complete β-oxidation pathway is operational
in Vickermania. Similarly, L-Leu cannot be oxidized to acetyl-CoA because isovaleryl-CoA
dehydrogenase and 3-methylcrotonoyl-CoA carboxylase are absent.

However, the synthesis of fatty acids is possible due to the presence of genes encoding
acetyl-CoA synthetase and acyl carrier protein. Since in all other trypanosomatids, type I
fatty acid synthesis is absent, here it proceeds via elongase(s) that act on butyryl-CoA [39].
Several fatty acyl-CoA synthases (ligases) are present (Table S7). Of the four L. major
fatty acyl dehydrogenases, only one is found in V. ingenoplastis (Table S8). Moreover, out
of three other β-oxidation enzymes, namely enoyl CoA hydratase, 3-hydroxyacyl-CoA
dehydrogenase and 3-ketoacyl-CoA thiolase, only the latter was identified. To oxidize the
acetyl-CoA formed by β-oxidation, a functional Krebs cycle is required, as well. Therefore,
complexes I and II are of vital importance for Vickermania. However, the absence of NAD-
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isocitrate dehydrogenase prevents the complete oxidation of acetyl-CoA to carbon dioxide
and water, and, thus, Vickermania is likely unable to oxidize fatty acids to completion.

2.11. Amino Acid Metabolism

In other trypanosomatids, the amino acids Glu, Pro, and Thr may serve as energy
sources in the absence of carbohydrates, such as glucose [28]. The presence of mitochon-
drial Glu and Pro dehydrogenases in the V. ingenoplastis genome suggests that it is also
able to utilize these two amino acids. In contrast, most trypanosomatids rely on a catabolic
Thr dehydrogenase to produce ammonia and 2-ketobutyrate, which is then irreversibly
converted to propionyl-CoA and formate, Leishmaniinae and Phytomonas spp. use Thr de-
hydratase [28]. Vickermania ingenoplastis apparently uses the first pathway, which includes
a mitochondrial Ser hydroxymethyltransferase, or Ser/Thr dehydratase.

The enzyme isovaleryl-CoA dehydrogenase participates in Val, Leu, and Ile degrada-
tion in other trypanosomatids [40]. It is absent in V. ingenoplastis, as well as kynureninase
involved in the oxidation of Trp. Phe cannot be converted into Tyr because two of the
three enzymes present in other trypanosomatids have been lost in both Vickermania and
Phytomonas spp. [25] (Table S9). Similarly, a cobalamine-independent methionine synthase
was absent from their genomes.

2.12. Catalase and Heme Synthesis

Catalase is present, yet it differs from its counterparts documented in Leishmani-
inae [41,42] or Blastocrithidia spp. [43]. It remains to be investigated further why a gene
encoding this important enzyme was acquired at least three times independently in the
evolution of Trypanosomatidae.

All three heme-synthetic enzymes of prokaryotic origin (protoporphyrinogen oxidase,
coproporphyrinogen III oxidase, and ferrochelatase) that are present in other Leishmani-
inae [44] have been lost (or never acquired) in V. ingenoplastis.

3. Discussion

Trypanosomatids are famous for their remarkable adaptability to different environ-
mental conditions. This is held as an explanation for the great variety of hosts (leeches and
insects for the monoxenous, and arthropods, vertebrates, and plants for the dixenous para-
sites) that can be infected with these flagellates [5,6]. With the change of a host or switch
between life cycle stages, trypanosomatids display unseen flexibility in metabolism [15,45].
Their insect-dwelling stages have an oxidative metabolism, in which amino and fatty
acids serve as energy substrates. This is the case for the amastigotes of Leishmania or the
epimastigotes and promastigotes of trypanosomes. All these stages require the presence
of a fully active mitochondrion [46,47]. The other end of the spectrum is represented by
aerobic fermentation of carbohydrates, with the mitochondrial metabolism reduced to a
minimum. Examples of the latter are the bloodstream stages of African trypanosomes or
their dyskinetoplastic cousins, T. equiperdum and T. evansi [48–50]. In the vast majority
of trypanosomatids, such metabolic changes are reversible, and parasites go back and
forth between an active and a less active mitochondrion during the switch of the life cycle
stages. An exception to this rule is the plant trypanosomatids, belonging to the genus
Phytomonas [51]. In these species, the switch back from aerobic fermentation to oxidative
metabolism is blocked because several essential mitochondrial and nuclear metabolic pro-
teins have been irreversibly lost. It was proposed that these deletions have occurred in
order to make Phytomonas spp. insensitive to cyanide, which is present in plant tissues [25],
an explanation implausible in the case of V. ingenoplastis, though.

Our genome analyses of V. ingenoplastis have confirmed the presence of most of the
enzymes of carbohydrate metabolism, necessary for the production of all the major end-
products under aerobic and anaerobic conditions [13] (Figure 1). Both Phytomonas spp. and
V. ingenoplastis resemble each other in that they metabolize glucose to acetate, succinate and
ethanol in varying amounts, depending on the oxygen availability. Ethanol production can
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be facilitated by isopropanol dehydrogenase (uniquely present in these species) converting
acetaldehyde into ethanol [33,52]. However, Phytomonas and Vickermania differ in that
Phytomonas excretes pyruvate and glycerol [53], similar to the bloodstream form of the
African trypanosomes. In these species, glycerol is produced in the reversal of the glycerol
kinase reaction via highly active glycosomal glycerol kinase [54]. Vickermania ingenoplastis
lacks this enzyme (the annotated glycerol kinase is likely a xylulose kinase rather than
a glycerol kinase). Instead, it excretes propionate using enzymes of the methylmalonyl-
CoA pathway and the propionate cycle, which is absent in Phytomonas spp. (and in most
other trypanosomatids).

In this work, we demonstrate that V. ingenoplastis is similar to Phytomonas spp. also
in regard to the gene losses. This suggests that either these species belong to two closely
related taxa, or they have been shaped by convergent evolution. Vickermania ingenoplastis
resembles Phytomonas spp. not only because of the parallel loss of genes encoding subunits
of complexes III and IV (questioning hypothesis that cyanide was a driving force of this
process) but also because they lost numerous genes encoding enzymes involved in β-
oxidation of fatty acids, the oxidation of aromatic, long or branched-chain amino acids.
As an adaptation to these combined gene losses, Phytomonas spp. and V. ingenoplastis have
drastically augmented their capacity for carbohydrate metabolism either by an increase
in the copy number of glycolytic genes and/or the overall number of glycosomes in the
cytosol [12,14,55]. Nevertheless, a critical difference between these two trypanosomatids is
that V. ingenoplastis has increased its genome size by gene duplications, while Phytomonas
spp. has done exactly the opposite [17,25].

Notably, V. ingenoplastis and Phytomonas spp. share a unique gene that encodes a Zn-
containing NAD(+)-dependent alcohol dehydrogenase/isopropyl alcohol dehydrogenase
(iPDH), an enzyme with a broad substrate specificity acting on primary and secondary
alcohols [33,56]. In Phytomonas, the presence of iPDH facilitates the accumulation of ethanol
as an end-product of its glycolysis [53]. Conversely, V. ingenoplastis excretes ethanol as one
of the end-products of its carbohydrate metabolism [13]. The iPDH gene, not found in
the majority of trypanosomatids, has been acquired via horizontal gene transfer from a
bacterium and was proposed as a Phytomonas-specific marker enzyme [33,56]. The only
other trypanosomatid possessing this gene (but as a pseudogene) is Blechomonas ayalai [28].
In conclusion, we postulate that Vickermania and Phytomonas are either closely related or
convergently evolved trypanosomatids.

4. Materials and Methods
4.1. Genome Reassembly and Analysis of Its Completeness

The genome of V. ingenoplastis was reassembled using sequencing data reported
previously [17] with MaSuRCA assembler v. 3.3.9 with the default settings, followed by
two rounds of polishing using the assembler-associated Polca software [57]. This pipeline
was not tested by us previously [17]. It resulted in a more contiguous assembly, which was
used in the current study. For the assembly polishing, trimmed paired-end Illumina reads
were mapped onto the genome assembly using the Burrows–Wheeler alignment tool (BWA)
v. 0.7.17 with the default settings [58]. The assembly annotation was performed using
a Companion server and the genome of T. brucei as a reference [59]. The basic assembly
statistics and the completeness of the resulting assembly were assessed using QUAST
v. 5.0.2 [60] and BUSCO v. 4.0.5 with the eukaryote_odb10 database [61], respectively.

4.2. Gene Expression Analysis

PolyA-enriched RNA library was sequenced on Illumina HiSeq 2500 platform with
read length 151 bp, paired-end. Raw data available at NCBI SRA under BioProject accession
number PRJNA675748 (SRR13015660). Sequencing reads were trimmed using Trimmomatic
v. 0.39 [62] and mapped onto reference genome assembly with Bowtie2 v. 2.3.4.1 [63] with
“—end-to-end—no-unal—sensitive” options. Read counts per gene were obtained with
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(for sorted bam file) and BEDtools [64]. Per gene RPKM, values were calculated using a
custom python script.

4.3. Analysis of Metabolic Pathways

Metabolic pathways of Vickermania ingenoplastis were analyzed as described previ-
ously [28,65], using “all against all” BLASTp searches with an E-value cutoff of 10−20 and
previously published (but reassembled) genomic data [17]. In some cases, a stricter E-value
cutoff of 10−50 was used in order to distinguish between true orthologous proteins and
more distant homologs, which are not necessarily functional orthologues.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-0
817/10/1/68/s1, Table S1: Leishmania major proteins not found in Vickermania ingenoplastis genome
by BLASTp (hereafter, threshold 10−20). Table S2: Presence/absence for orthologues of 458 genes
encoding L. major metabolic proteins in V. ingenoplastis by BLASTp. Expression (RNA-seq data) is
indicated as RPKM values, and Expression level (over genome). The color coding for the expression
level is green (below 5%), yellow (5–25%), orange (25–75%), and red (over 75%). Table S3: Copy
numbers of genes coding for metabolic enzymes in V. ingenoplastis. Table S4: Enzymes unique
to V. ingenoplastis (absent from L. major genome) after exclusion of hypothetical or viral proteins.
Table S5: Subunits of the respiratory chain complexes in L. major, T. brucei, and V. ingenoplastis.
Table S6: Enzymes of the carbohydrate metabolism in L. major and V. ingenoplastis. Genes absent in
V. ingenoplastis are highlighted in red. Table S7: Enzymes of fatty acid oxidation in B. saltans, L. major,
T. brucei, and V. ingenoplastis. Table S8: Enzymes present in L. major but absent in both V. ingenoplastis
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41. Kraeva, N.; Horáková, E.; Kostygov, A.; Kořený, L.; Butenko, A.; Yurchenko, V.; Lukeš, J. Catalase in Leishmaniinae: With me or
against me? Infect. Genet. Evol. 2017, 50, 121–127. [CrossRef]
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Bates, P.A.; et al. Comparative genomics of Leishmania (Mundinia). BMC Genom. 2019, 20, 726. [CrossRef]

46



pathogens

Concept Paper

Genomics and High-Resolution Typing
Confirm Predominant Clonal Evolution down to
a Microevolutionary Scale in Trypanosoma cruzi

Michel Tibayrenc 1,* and Francisco J. Ayala 2

1 Maladies Infectieuses et Vecteurs Ecologie, Génétique, Evolution et Contrôle, MIVEGEC (IRD 224-CNRS
5290-UM1-UM2), Institut de Recherche pour le Développement, BP 34394 Montpellier CEDEX 5, France

2 Catedra Francisco Jose Ayala of Science, Technology, and Religion, University of Comillas,
28015 Madrid, Spain; fjayala2018@gmail.com

* Correspondence: michel.tibayrenc@ird.fr

Received: 23 March 2020; Accepted: 7 May 2020; Published: 8 May 2020
����������
�������

Abstract: Trypanosoma cruzi, the agent of Chagas disease, is a paradigmatic case of the predominant
clonal evolution (PCE) model, which states that the impact of genetic recombination in pathogens’
natural populations is not sufficient to suppress a persistent phylogenetic signal at all evolutionary
scales. In spite of indications for occasional recombination and meiosis, recent genomics and
high-resolution typing data in T. cruzi reject the counterproposal that PCE does not operate at
lower evolutionary scales, within the evolutionary units (=near-clades) that subdivide the species.
Evolutionary patterns in the agent of Chagas disease at micro- and macroevolutionary scales are
strikingly similar (“Russian doll pattern”), suggesting gradual, rather than saltatory evolution.

Keywords: Chagas disease; parasitic protozoa; clonality threshold; genetic recombination;
phylogenetic signal; Russian doll pattern

1. Preliminary Recalls about the Predominant Clonal Evolution (PCE) Model

The predominant clonal evolution (PCE) pattern does not mean that genetic recombination is
either absent, or of little evolutionary significance [1], but rather, that it is not effective enough to erase a
persistent and highly detectable phylogenetic signal at all evolutionary scales. The definition of clonality
in PCE is therefore based on severe restriction to genetic recombination, a definition that is shared
by many authors working on pathogen population genetics (see many references in [2]). The criteria
selected for stating that the phylogenetic signal is reliable are the classic, widely accepted, means used
in the articles analyzed by us in the present study—(i) mutual corroboration by different markers
(see Table 1 in [3]); (ii) posterior probabilities when Bayesian analysis is concerned; (iii) bootstrap,
with the limit value of 0.70 considered as significant [4].

PCE is therefore not rejected by the sole detection of genetic exchange, hybridization and
meiosis [5,6]. As recalled many times [7], the PCE model is compatible with such traits. Which makes it
possible to definitely and specifically challenge the PCE hypothesis is the absence of a stable phylogenetic
signal at any evolutionary scale and a population structure that meets panmictic expectations,
particularly lack of a statistically significant linkage disequilibrium (nonrandom association of genotypes
occurring at different loci) [7].

We have coined the term “near-clades” [8] to designate, within pathogen species, genetic
subdivisions that are discrete and stable, but that could be somewhat clouded by occasional genetic
exchange. As a matter of fact, “true” clades are supposed to be strictly separated from each other.
Now in virtually all pathogen species, even if PCE obtains, as noted above, occasional bouts of genetic
exchange are recorded. The term “clade” therefore is not adequate.
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2. Trypanosoma cruzi and the PCE Model

Trypanosoma cruzi is the parasite responsible for Chagas disease in the New World. It has been
the object of early, pioneering studies dealing with its isoenzyme variability, making it possible to
characterize its strains [9]. The interpretation of this isoenzyme diversity in population genetic terms
has made it possible to propose that this parasite has a predominantly clonal population structure [10].
The evidence for it is as follows—at the level of the whole species, several multilocus genotypes occur
at frequencies that are at variance with panmictic expectations, and are widely distributed in various
ecosystems and hosts. A highly significant linkage disequilibrium is recorded [10]. The species is
subdivided into at least six main “discrete typing units” or DTUs [11,12], namely Tc I to VI. Evolutionary
speaking, these DTUs amount to near-clades [8]. More recently, an additional discrete typing unit/near
clade has been described under the name of TcBat. It has been isolated exclusively from bats and
is widespread over vast geographical areas and time spans [12]. The available data do not make it
possible to test our PCE model within TcBat.

3. T. cruzi PCE Challengers

Obstacles to genetic recombination and the presence of a ubiquitous, stable, phylogenetic signal
at the level of the whole T. cruzi species is no longer under debate. However, the PCE model in T. cruzi

has been challenged with two lines of arguments, namely—(i) it is based on outdated markers that
lack resolution [13]. This is not a valid argument—markers that lack resolution should favor the null
hypothesis of panmixia (random genetic exchange) through a mechanism of statistical type II error
(impossibility to reject the null hypothesis, not because this null hypothesis is true, but because of a
lack of resolution of the used means to test it) rather than the working hypothesis of clonality (Figure 1).
(ii) The presence of genetic subdivisions (=“near-clades”) within T. cruzi would be “self-evident”,
which amounts to saying that the outcome of any population genetics and phylogenetic analysis is
self-evident. Evidencing obstacles to recombination at the level of the whole species is therefore trivial
and vain [14]. However, high-resolution genomic typing will show that similar patterns of obstacles to
genetic exchange are not recorded at lower evolutionary scales, under the level of the near-clades [14].
This last argument aims at specifically challenging the “Russian doll model” [15], which states that
PCE is verified at all evolutionary scales, and within-near-clade population structure is a miniature
form of the population structure of the whole species (Figure 2).

 

Figure 1. The impact of marker resolution on population genetics and phylogenetic analysis. If a
marker with low resolution is used (a), the lesser genetic subdivisions of the species (right part of the
figure) will show limited or null genetic variability, which may make it impossible to reject the null
hypothesis of panmixia, due to a statistical type II error (after [16]).
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Figure 2. “Russian doll” model. When population genetic analysis is performed with adequate markers
(of sufficient resolution) within each of the near-clades that subdivide the species under study (large tree,
left), they reveal a miniature picture of the whole species, with the two main predominant clonal
evolution features, namely, linkage disequilibrium and lesser near-clades (small tree, right). This is
evidence that within the near-clades, predominant clonal evolution also operates (after [2]).

At this microevolutionary level, within each of the main genetic clusters (near-clades) that
subdivide the species, two evolutionary models would imply that the Russian doll pattern is not
verified. They both deal with lack of restriction to genetic recombination:

(a) Biological speciation—each of the near-clades correspond to cryptic species that are genetically
isolated from each other, but within which genetic exchange is random, except for physical
obstacles (time and/or space) to this random gene flow (see Figure 3). This hypothesis of speciation
has been invoked to claim that the main subdivisions (Savannah, Killifi, Forest) within Trypanosoma

congolense are not evidence for PCE, because they could correspond to cryptic “species”. However,
the authors did not clearly refer to a model of biological speciation [17]; and

 

  
Figure 3. Cryptic biological speciation: the evolutionary lines that subdivide the species are genetically
isolated from each other. However, within each of them, genetic recombination occurs randomly,
except when physical obstacles (space and/or time) occur (after [18]).
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(b) Progressive clonality—this situation refers to the case where the amount of genetic exchange is
inversely proportional to the evolutionary distance between any two given genotypes [16]. If the
genotypes are either identical or very similar, genetic exchange is abundant (homogamy, selfing).
If they are distantly related, genetic exchange is either severely limited or lacking (Figure 4).
Such an evolutionary model is believed to be frequent in bacteria [19].

 

Figure 4. “Progressive clonality”. The frequency of genetic exchange is inversely proportional to the
evolutionary distance between any two different genotypes. It is virtually random among identical or
very closely related genotypes (homogamy, selfing) and is progressively inhibited as genetic distances
increase (after [16]).

It is clear that, first, (a) and (b) mean that genetic recombination is not limited or is poorly limited
at microevolutionary scales (under the level of the near-clade); second, the means to distinguish
the Russian doll model from either (a) or (b) is to give evidence for the presence of PCE traits
(linkage disequilibrium and, most of all, constant phylogenetic signal—see Figure 2) within each of the
near-clades that subdivide the species under study. However, this demands the use of genetic markers
with a sufficient resolution. If this is not the case, lack of resolution of the markers could lead to a
wrong hypothesis of panmixia due to a statistical type II error (see Figure 1).

4. New Analyses with High-Resolution Typing Challenge the Challengers

Our previous articles did already include the analysis of studies based on high-resolution markers
and genomics data. However, to address the criticisms that (i) our model is based on outdated markers
that lack resolution [13]; (ii) our model will not be verified at lower evolutionary scales [14], we have
reconsidered the problem of PCE in T. cruzi in the light of numerous new published articles. This makes
it possible to reliably test the Russian doll model within T. cruzi near-clades, and to illustrate some
important aspects of the PCE model that are frequently misunderstood.

A wealth of studies show that within the near-clade TcI, in various countries, Russian doll patterns
with a highly detectable phylogenetic signal are present. This is against the hypotheses of biological
speciation (Figure 3) and progressive clonality (Figure 4).
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In the Atlantic forest region of Brazil, the analysis of 107 wild strains, all identified as TcI and
isolated from Didelphis sp., were analyzed with 27 microsatellite loci (hence coded by nuclear genes),
while a subset of this sample was analyzed with 10 maxicircle loci (that are equivalent to mitochondrial
genes) [20]. The double tree obtained (Figure 5) shows that this TcI sample is strongly subdivided into
various lesser near-clades, with several significant bootstrap values. Some discrepancies are recorded
between the two trees, which can be explained by either occasional introgression [20] or different
evolutionary patterns, or both. The main fact is that this TcI sample exhibits a highly detectable
phylogenetic signal, with a clear Russian doll pattern.

 

Figure 5. Double phylogenetic tree based on nuclear genes (left) and mitochondrial genes (right) in
a sample of TcI Brazilian strains (after [20]). The TcI discrete typing unit/near clade, itself a discrete
subdivision of the species T. cruzi, is clustered into various lesser near-clades. Several of these lesser
near-clades are supported by significant bootstrap values (numbers along the branches); example—top
lesser near-clade—bootstrap 96,6.

In Brazil, 78 TcI strains isolated from various hosts, including Didelphis sp., primates, rodents, bats,
triatomine bugs, collected over five ecologically diverse biomes, were analyzed with the sequencing of
six housekeeping nuclear genes (Multilocus Sequence Typing or MLST), 25 microsatellite loci and one
maxicircle gene (COII), thus combining slow- and fast-evolving markers [21]. The phylogenies based
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on individual housekeeping genes exhibit moderate levels of incongruence. However, the concatenated
tree shows a clear structuration into several lesser near-clades, many of them being supported by
significant bootstrap values (Figure 6). This clustering can be explained by neither geographical
repartition nor host specificity.

 

Figure 6. Concatenated Multilocus Sequence Typing (MLST) tree in a sample of TcI Brazilian strains
(after [21]). Similarly to Figure 5, a different sampling of Brazilian strains of TcI shows various lesser
near-clades within this near-clade. Many of them are supported by bootstrap values that are above the
limit of 0.70 used in the present paper [4].
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In Venezuela, 246 TcI human strains, some of them being isolated after an outbreak of oral
transmission, were typed with 23 microsatellite loci [22]. The tree obtained (Figure 7) again shows the
presence of various lesser near-clades with several significant bootstrap values.

 

 

Figure 7. Multilocus microsatellite phylogenetic tree of 246 TcI Venezuelan strains. In Venezuela, the
TcI near-clade is also subdivided into many lesser near-clades. Black circles indicate nodes with >60%
bootstrap support [22].

In Bolivia, 199 clones isolated from 68 sylvatic TcI strains from both the lowlands and the highlands
of the country were typed with 26 microsatellite loci and 10 maxicircle (=mitochondrial) loci [23].
The microsatellite and maxicircle phylogenies show some discrepancies, which the authors explain by
introgression events. However, they broadly agree, which shows that these two very different parts of
the genome do not evolve independently (linkage disequilibrium). When microsatellite diversity is
considered, high levels of linkage disequilibrium are recorded, including within each subpopulation of
the sample. The microsatellite phylogeny shows strong clustering patterns (lesser near-clades) that are
not explained by either host specificity or geographical separation (Figure 8).
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Figure 8. A microsatellite phylogenetic tree of sylvatic TcI strains in Bolivia (after [23]). In Bolivia
also, TcI selvatic strains show clustering into many lesser near-clades. Closed grey triangles are
adjacent to nodes that receive >60% bootstrap support. Genetic separation accounts only partly for this
clustering pattern.

In Ecuador, a population genomics survey has revealed within the near clade TcI two distinct
genetic clusters (=lesser near-clades) [6]. One shows clear indications of meiosis, whereas the other one
does not. However, as already exposed, the isolated observation of meiosis is not in itself sufficient to
conclude a panmictic pattern and to challenge the PCE model. As a matter of fact, in [6], (i) the evidence
of two distinct clusters (=near-clades) within the near-clade TcI is in itself a Russian doll pattern; (ii) the
occurrence of meiosis proves to be an exceptional event (3 meioses/1000 mitoses [6]); (iii) although the
difference in population structure between the two clusters is undisputable, the number of different
individuals remains weak—eight individuals, since several samples correspond to laboratory clones of
the same isolate. This limited sample size leads to the risk of a statistical type II error with possible
erroneous hypothesis of panmixia; (iv) in the first population (Bella Maria locality), even if one
considers only the eight isolates that are supposed to exhibit meiosis, in spite of this limited sample
size, the phylogenetic signal still is highly detectable—“support is unambiguous for main clusters and
high within subclusters, except where last branch lengths are quite short in Cluster 2” (P. Schwabl,
personal communication) (see Figure 9). This is evidence that genetic exchange is not frequent and
not effective enough to erase a clear phylogenetic signal. This is the very definition of PCE. This is
even more evident when including the whole Bella Maria population, which comprises an isolate that
pertains to the second cluster and is phylogenetically quite distinct—see Figure 9.
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Figure 9. Two lesser near-clades within the TcI near-clade in Ecuador. In spite of clear indications of
meiosis in the top cluster, a clear phylogenetic signal is evidenced at the level of the whole sample and
within each of the two lesser near-clades (after [6]). “Support is unambiguous for main clusters and
high within subclusters, except where last branch lengths are quite short in Cluster 2” (P. Schwabl,
personal communication).

When other T. cruzi near-clades are considered, within TcII, a phylogenetic signal has been
evidenced by genomic data [24]. The study dealt with a limited number (seven) of TCII strains isolated
in Minas Gerais (Brazil) and surveyed for both nuclear and mitochondrial genomes. Phylogenies based
on the nuclear and mitochondrial genomes show that the majority of branches are shared by both
sequences. This gives evidence for the fact that nuclear and mitochondrial genomes do not evolve
independently (linkage disequilibrium). The strength of the results is diminished by the limited number
of strains. However, clustering (lesser near-clades) is apparent among these strains (Figure 10B in [24]).

Lastly, 19 stocks representative of the 6 T. cruzi near-clades (TcI-VI) were analyzed for 335 distinct
satellite DNA sequences [25]. The Bayesian phylogeny shows that each of the six near-clades is strongly
divided into many lesser near-clades (Figure 10A) with highly significant bootstrap values (Figure 10B).
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(A) 

 

(B) 

Figure 10. (A) The analysis by 335 independent satellite DNA sequences of 19 T. cruzi strains reveals
various lesser near-clades within each of the six T. cruzi near-clades (after [25]). (B) (Original figure
communicated by J.C. Ramírez). The lesser near-clades within each of the six T. cruzi near-clades are
supported by highly significant bootstrap values (J.C. Ramírez, personal communication).
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5. Concluding Remarks

Genomics and high-resolution typing data show that evolutionary patterns at a microevolutionary
level (within near-clades) look like a miniature picture of the evolutionary pattern of the full T. cruzi

species. This is especially well ascertained for the near-clade TcI, for which more data are available.
However, data from other near-clades are consistent with this Russian doll pattern [15]. The fact that
evolutionary patterns are similar at micro- and macroevolutionary scales suggests that the agent of
Chagas disease undergoes progressive, gradual, rather than saltatory, evolution.

The indications for meiosis within TcI in Ecuador [6] undoubtedly constitute a very relevant piece
of information about T. cruzi evolution. However, this does not challenge the hypothesis of a Russian
doll pattern within TcI and the PCE hypothesis in T. cruzi. As a matter of fact, the existence of occasional
bouts of introgression and hybridization at the level of the whole species [23,26,27] does not challenge
PCE in T. cruzi, since these occasional events do not break the prevalent PCE pattern (presence of
a stable and detectable phylogenetic signal and of near-clades). This maintenance of a detectable
phylogenetic signal corroborated by various genetic markers (congruence criterion) corresponds to the
“clonality threshold”, which is the main trait that specifically gives evidence for PCE [2]. As a matter of
fact, beyond this clonality threshold, genetic exchange and recombination are efficiently countered by
PCE, and near-clades diverge in an irreversible way. Quite similarly, occasional meiosis events within
TcI [6] do not challenge PCE at the within near-clade level, since they do not hamper the persistence of
a stable and detectable phylogenetic signal and of lesser near-clades within this near-clade, as clearly
evidenced by the many cases exposed in this article (Figures 5–10).

These results show that molecular epidemiology (typing of multilocus genotypes and of lesser
near-clades) remains possible within each of the six T. cruzi near-clades, since the stability of genotypes
is maintained by PCE at this evolutionary level.

It remains to be seen whether genetic clustering and lesser near-clades within each of the six T. cruzi

near-clades exhibit constant patterns over space and time, in different ecosystems and hosts, and so
behave like simili-taxa, a pattern that is observed for example in the yeast Cryptococcus neoformans [2].
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Abstract: Trypanosomatids of the subfamily Strigomonadinae bear permanent intracellular bacterial
symbionts acquired by the common ancestor of these flagellates. However, the cospeciation pattern
inherent to such relationships was revealed to be broken upon the description of Angomonas ambiguus,
which is sister to A. desouzai, but bears an endosymbiont genetically close to that of A. deanei. Based
on phylogenetic inferences, it was proposed that the bacterium from A. deanei had been horizontally
transferred to A. ambiguus. Here, we sequenced the bacterial genomes from two A. ambiguus isolates,
including a new one from Papua New Guinea, and compared them with the published genome of the
A. deanei endosymbiont, revealing differences below the interspecific level. Our phylogenetic analyses
confirmed that the endosymbionts of A. ambiguus were obtained from A. deanei and, in addition,
demonstrated that this occurred more than once. We propose that coinfection of the same blowfly
host and the phylogenetic relatedness of the trypanosomatids facilitate such transitions, whereas
the drastic difference in the occurrence of the two trypanosomatid species determines the observed
direction of this process. This phenomenon is analogous to organelle (mitochondrion/plastid) capture
described in multicellular organisms and, thereafter, we name it endosymbiont capture.

Keywords: genome; bacterial endosymbionts; Trypanosomatidae; Angomonas

1. Introduction

The flagellates of the family Trypanosomatidae are well known for human pathogens,
such as Trypanosoma brucei, T. cruzi, and various Leishmania spp., yet the majority of try-
panosomatid genera are intestinal parasites of insects [1]. In the process of adaptation to
this omnipresent and extremely diverse group of hosts, trypanosomatids acquired many
peculiar features, the study of which illuminated not only the evolution of parasitism
in this group, but also the evolutionary strategies of eukaryotes in general [2,3]. One of
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the most intriguing phenomena is the presence of bacteria in the cytoplasm of some of
these flagellates [4]. Such symbiotic relationships originated in trypanosomatids several
times independently and range from recently established and unstable ones to those that
demonstrate a high level of integration [5–8]. Mutualistic nature of these endosymbioses is
demonstrated by the metabolic cooperation between the bacteria and their trypanosomatid
hosts, removing the dependence of the latter on the environmental availability of essential
nutrients, such as heme, some amino acids, and vitamins [9–12].

The first discovered and, consequently, most studied group of endosymbiont-bearing
trypanosomatids is the subfamily Strigomonadinae, comprising seven described species
of the genera Angomonas, Strigomonas, and Kentomonas [7,13]. All of these species have
intracytoplasmic bacteria Candidatus Kinetoplastibacterium spp. belonging to the family
Alcaligenaceae (Betaproteobacteria: Burkholderiales), and, as judged by their respective
phylogenies, the origin of the endosymbiosis was a single event followed by a prolonged
coevolution [14]. However, the description of Angomonas ambiguus revealed a violation
of the co-speciation pattern: being a sister species to A. desouzai, this flagellate contained
an endosymbiont not discernible from that of Angomonas deanei by the sequences of the
16S ribosomal RNA gene and the internal transcribed spacer [7]. This discrepancy was
reflected in the name of the described trypanosomatid (meaning “ambiguous” in Latin).
The endosymbionts of both A. deanei and A. ambiguus were classified into a single species,
Ca. Kinetoplastibacterium crithidii [7]. When the same discordance was later shown in the
phylogenies of trypanosomatids and their endosymbionts based on the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) gene, it was proposed that A. ambiguus obtained its
endosymbiont from A. deanei by horizontal transfer [15].

In this work, we address these complex evolutionary relationships by analyzing the
genomic sequences of two strains of A. ambiguus and their respective endosymbionts
from geographically distant locations (Brazil and Papua New Guinea) using comparative
genomic and phylogenetic tools. Our results not only confirm the transition of bacteria
between the two Angomonas species, but also demonstrate that this was not a singular event.

2. Results
2.1. Genomic Sequences

The assemblies for the trypanosomatid hosts of the strains TCC2435 and PNG-M02
consisted of 7753 (N50 = 22.5 kb) and 1740 contigs (N50 = 133.9 kb), with total lengths
of 21.2 Mb and 23.7 Mb being similar to those of Angomonas spp. genomes (21–24 Mb)
sequenced previously [16,17].

The genome assembly for the endosymbiont of Angomonas ambiguus TCC2435 (here-
after referred to as TCC2435 symbiont) contained 14 contigs with the total size of 803,474 bp
and N50 of 126 kb. However, the contigs 8 and 12, comprising the ribosomal operon
(~5.6 kb) and the EF-Tu gene (~1.2 kb), respectively, displayed a significantly higher cov-
erage (Table S1) suggesting that they were present in more than one copy. Given that in
the genomes of Ca. Kinetoplastibacterium spp. the first sequence invariantly has 3 copies
and the second one has 2 (except for the very divergent Ca. K. sorsogonicusi), we estimate
that the actual genome size should be bigger by at least 12.4 kb, i.e., ~816 kb. A similar
genome length was obtained for Ca. K. crithidii from A. ambiguus PNG-M02 (hereafter
referred to as PNG-M02 symbiont), the assembly of which contained a single scaffold of
816,901 bp. These values are smaller than that for the genome of the endosymbiont of A.
deanei TCC036E (821,930 bp; hereafter referred to as TCC036E symbiont) used here as a
reference, but are within the known size range for the genomes of bacteria from Angomonas
spp. and Strigomonas spp. (810–830 kb) [16,17].

The GC content of the genomes of the PNG-M02 and ATCC2435 symbionts was 30.33%
and 30.65%, respectively. These values are very close to those for the genomes of Ca. K.
crithidii ATCC036E (30.96%) and the symbionts from Strigomonas spp. (31.23–32.55%) [16].
Similarly to other Ca. Kinetoplastibacterium spp. [16,18] and bacterial endosymbionts in
general [19,20], Ca. K. crithidii from A. deanei and the two A. ambiguus strains showed a
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very high level of gene order conservation with no detectable rearrangements (Figure 1
and Figure S1).

Figure 1. Comparison of the genomes of three Ca. K. crithidii strains. The rings in the outside-in
direction mean: (i) genomic coordinates of scaffolds; (ii) predicted genes (protein-coding in grey,
rRNA in red, tRNA in blue, tmRNA in orange, ncRNA in green, and pseudogenes in black); (iii) GC
skew plot (negative values in red and positive ones in blue). The lines in the central area connect
orthologous genes between the genomes in a pairwise manner.

The overall genome sequence identity in the TCC2435/TCC036E, TCC2435/PNG-M02,
and PNG-M02/TCC036E pairs was 90.8%, 90.4%, and 90.3%, respectively. These values
are much higher than the interspecific similarity between the genomes of Strigomonas spp.
symbionts (83–85%) or Ca. K. crithidii and Ca. K. desouzaii (73%) [16]. In agreement
with the smaller size, the two bacterial genomes studied here were predicted to code for
slightly smaller numbers of proteins: 729 and 726 for TCC2435 and PNG-M02 symbionts,
respectively, as compared to 733 for the TCC036E symbiont (Table S2). However, the
number of annotated pseudogenes in the two newly sequenced genomes was higher, with
most of such sequences being frameshifted (Table S2). The distribution of the pseudogenes
did not show any hotspots (Figure 1). Only 39 tRNA genes were predicted in the TCC2435
symbiont genome (which may be due to assembly fragmentation), whereas the genomes
of PNG-M02 and TCC036E symbionts featured 43 and 44 such genes, respectively. The
inspection of the tRNA lists for the three genomes revealed that they all differed from each
other, but the differences consisted only in the number of redundant tRNAs, i.e., those with
the same anticodon (Table S3).

2.2. Analysis of Orthologous Groups (OGs) of Proteins

Only minor differences in gene content were revealed between the three analyzed
endosymbiont genomes (Figure 2). The number of OGs present or absent only in one of
the three genomes negatively correlated with the assembly quality, suggesting that at least
some of the differences may be artifactual. Thus, the genome of the PNG-M02 symbiont
assembled to a single contig based on PacBio and Illumina reads displayed the lowest
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numbers, whereas those for the fragmented assembly of the TCC2435 symbiont were the
highest (Figure 2).

Figure 2. Sharing of orthologous groups of proteins encoded in the genomes of the three Ca. K.
crithidii strains.

A detailed inspection of the “unique” genes revealed that most of them either repre-
sent pseudogenes with a degraded sequence, which leads to clustering them into separate
OGs, or potentially spurious short ORFs with no BLAST hits in NCBI nr database (Ta-
ble S4). After exclusion of annotated or suspected pseudogenes and sequences with no
BLAST hits, only two “unique” genes remained, both in the TCC036E symbiont genome: a
helix-turn-helix domain-containing protein and tetraacyldisaccharide 4′-kinase. Each of
these two genes is present (but not invariably) in other Ca. Kinetoplastibacterium spp.,
suggesting their dispensability. The first one, appearing to be a transcription factor (based
on blast results), is absent from the genomes of endosymbionts of all Strigomonas spp.
The second gene codes for an enzyme phosphorylating a precursor of lipopolysaccharide
(component of the outer membrane) and is absent from the genomes of Ca. K. galatii and
Ca. K. oncopelti. This agrees with the previous observation that the functional category
“cell wall, membrane, and envelope biogenesis” is overrepresented among lost and pseu-
dogenized genes in the genomes of Strigomonadinae symbionts [16]. Similar results were
obtained after the inspection of the OGs missing from one of the three genomes: most of
them were associated with the synthesis of the cell wall or lipopolysaccharide (Table S4). In
addition, the ribosome-associated translation inhibitor RaiA (also absent from the genomes
of endosymbionts of all Strigomonas spp.) was not detected in the TCC036E symbiont
genome, and a short hypothetical protein was absent from the genome of TCC2435 sym-
biont, although a potential homolog could be detected with an increased e-value threshold
(Table S4).

2.3. Phylogenetic Analyses

For each of the two phylogenomic datasets used (431 and 1549 single-copy genes
for bacteria and trypanosomatids, respectively), maximum-likelihood and Bayesian trees
showed identical topology with all branches or all but one bearing maximal statistical
supports (Figure 3). In accordance with the previous inferences, Kentomonas sorsogonicus
represents here the earliest branch within the subfamily Strigomonadinae [13], whereas its
bacterium, Ca. K. sorsogonicusi, occupies the same position among the endosymbionts of
this trypanosomatid subfamily [18]. The relationships within the genus Strigomonas and
their respective endosymbionts are also correlated, suggesting cospeciation of these two
groups of organisms. The situation is different for the third genus of Strigomonadinae:
although Angomonas ambiguus and A. desouzai represent sister taxa, the bacteria hosted by
the former species are paraphyletic in respect to that of A. deanei (Figure 3). This suggests
a single horizontal endosymbiont transfer from A. ambiguus to A. deanei, in contrast to
the previous proposal that the transfer had the opposite direction [15]. The alternative
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explanation of this figure implies two independent endosymbiont switches from A. deanei
to A. ambiguus and is less parsimonious.

Figure 3. Juxtaposed maximum-likelihood phylogenomic trees of endosymbiotic bacteria and their respective trypanoso-
matid hosts. Outgroups are shown in grey. Dashed lines connect endosymbionts with their hosts, while colored branches
point to the discrepancy between their phylogenies. Numbers at branches indicate bootstrap support and Bayesian posterior
probability values, respectively. Scale bars show the number of substitutions per site. Organism codes: Lmaj, Leishmania

major; Ksor, Kentomonas sorsogonicus; Scul, Strigomonas culicis; Sonc, S. oncopelti; Sgal, S. galati; Ades, Angomonas desouzai;
AambP and AambT, A. ambiguus strains PNG-M02 and TCC2535, respectively; Adea, A. deanei; Aars, Achromobacter arseni-

toxydans; Tequi, Taylorella equigenitalis; CKsor, Candidatus Kinetoplastibacterium sorsogonicusi; CKbla, Ca. K. blastocrithidii;
CKonc, Ca. K. oncopeltii; CKgal, Ca. K. galatii; CKdes, Ca. K. desouzaii; CKcri, CKcriP, and CKcriT, Ca. K crithidii TCC036E,
PNG-M02, and TCC2435, respectively.

In order to clarify the situation, we performed an additional phylogenetic analysis
using GAPDH gene sequences of Ca. Kinetoplastibacterium spp. This allowed investigating
the relationships of these bacteria on a much larger set of strains, available from a previous
study [15]. The phylogenetic trees inferred using maximum likelihood and Bayesian
approaches displayed almost identical topologies differing only in the presence of a single
very short branch with a very short length (Figure 4). They were congruent with the
previously published GAPDH tree [15] and confirmed the unity of the symbionts from
A. deanei and A. ambiguus, representing the same four subclades (Kcr1–Kcr4). As in the
previous inference, all sequences of the endosymbionts from A. ambiguus from Brazil
(isolates TCC1765, TCC1780, and TCC2435) nested within the Kcr3 subclade and displayed
100% identity to some sequences of the endosymbionts from A. deanei originating from the
same country. However, Ca. K. crithidii from the Papuan A. ambiguus isolate PNG-M02
represented a separate lineage, sister to the KCr3+Kcr4 group. The identity of its GAPDH
sequence to those of other Ca. K. crithidii was only ~91%, almost the same as the observed
minimum within this bacterial species (90.8%). Interestingly, the endosymbiont of A. deanei
PNG-M01, obtained from the same host species and the same locality as PNG-M02, was
not related to the latter and nested within the KCr3 + Kcr4 group (Figure 4).
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Figure 4. GAPDH-based maximum-likelihood phylogenetic tree of Ca. Kinetoplastibacterium spp. The endosymbionts of
Angomonas ambiguus are highlighted in grey, the isolates from Papua New Guinea are boxed. The labels in black rectangles
indicate individual subclades of Ca. Kinetoplastibacterium crithidii. Numbers at branches indicate bootstrap supports and
Bayesian posterior probabilities, respectively. Scale bar show the number of substitutions per site. The tree is rooted with
the sequences of Strigomonas spp. endosymbionts.
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3. Discussion

Mutualistic endosymbioses of prokaryotes with eukaryotes are quite diverse in terms
of involved taxa, time of origin, and level of interdependence, with the latter two factors
usually being correlated: evolutionary older relationships demonstrate a higher level of
integration [21]. In insects, whose relationships with prokaryotes have been studied quite
intensively, symbionts permanently residing in the cytoplasm of the host cells usually
display perfect co-evolutionary patterns in contrast to bacteria that do not have such a
restriction and, therefore, can switch hosts and/or be replaced by other species [22]. In
agreement with this trend, Ca. Kinetoplastibacterium spp. also show cospeciation with
their trypanosomatid hosts and the only exception concerns the A. deanei–A. ambiguus pair,
which shares a single endosymbiotic bacterium, Ca. K. crithidii. This was first detected
using 16S rRNA gene sequences [7] and later confirmed by the analysis of bacterial GAPDH
gene sequences [15].

Although being a rare phenomenon, the replacement of permanent endosymbionts is
well known in insects [22] and presumably also occurs in ciliates [23,24]. The new bacterium
in such a case originates from either a free-living or a facultatively symbiotic species and
restores deteriorated functions of the old endosymbiont, whose genome degraded due
to Muller’s ratchet [25]. The situation with the bacteria of Angomonas spp. is drastically
different: both of them represent equally ancient endosymbionts and the replacement is
combined with horizontal transfer between two related host species. This may appear
unprecedented, but only when considering typical bacterial endosymbionts. A remarkable
analogy can be found in mitochondria and plastids, the two kinds of organelles with
prokaryote ancestry. The organellar capture (replacement of a mitochondrion or plastid of
one species by that of another) also known as mitochondrial/plastid introgression (when it
refers to genomes) has been described in a wide range of animals and plants and is usually
associated with the formation of a hybrid zone between two species [26,27]. These species
often have significantly different abundance levels resulting in asymmetrical introgression
due to the contrast effects of genetic drift on small and large populations [28]. In general,
introgression is driven by the prevalence of interspecific gene flow over the intraspecific one.
In the case of mitochondria, this condition is met when dispersal is exerted predominantly
by males (in some animals) or pollen (in conifers), not contributing the organelle to the
progeny (due to maternal inheritance) and, thus, the intraspecific organellar gene flow for
the colonizing species is close to zero [29,30].

Since the outcome of the interspecific interaction between A. deanei and A. ambiguus
is similar to organellar capture, henceforth we will refer to it as endosymbiont capture.
In order to understand the mechanism of this phenomenon, we summarize here the
available data.

Out of the three Angomonas spp. described to date, A. deanei has the highest prevalence
and the widest (potentially cosmopolitan) distribution. It was documented in various
countries of Africa and South America, as well as in Papua New Guinea, Turkey, Czechia,
and Russia [15,31,32]. Meanwhile, South America is currently the only known area for
A. desouzai, whereas A. ambiguus, the rarest of the three species, has been also reported
from Africa and Papua New Guinea [15,31,32]. All three species occur mostly in blowflies
(Calliphoridae), although two clades of A. deanei apparently prefer Muscidae [15]. While
it is unclear whether the single records of A. deanei and A. desouzai from Syrphidae [7]
represent nonspecific infections, the first isolate of A. deanei from the predatory bug Zelus
leucogrammus [33] undoubtedly is such a case [34].

Here, we sequenced and analyzed the genomes of Ca. K. crithidii from two A. ambiguus
strains and compared them with the previously published genome of the endosymbiont
from A. deanei TCC036E [16]. The three genomes display very similar sizes and GC content,
a high level of nucleotide sequence identity and no significant differences in gene content.
Based on these features, the three bacterial endosymbionts can be considered as members
of a single species. Previously, the discussion of the discordance in the phylogenies
of endosymbionts and their trypanosomatid hosts was based only on data concerning
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Brazilian strains, whereas here we also included those from a geographically distant area—
Papua New Guinea. Our phylogenomic analysis confirmed the unity of the symbionts
from A. deanei and A. ambiguus, but, due to the small number of included isolates, its
results were inconclusive regarding the direction of the endosymbiont transfer. However,
the phylogenetic analysis based on the bacterial GAPDH gene sequences allowed taking
advantage of a larger Ca. K. crithidii sampling. It not only confirmed that the endosymbiont
of A. deanei was captured by A. ambiguus but also demonstrated that this occurred more
than once.

With little doubt, the occurrence of Angomonas spp. in the same blowfly hosts and the
relatedness of the trypanosomatids are the factors that facilitate endosymbiont capture. It
was demonstrated that A. deanei colonizes the host rectum and forms massive aggregates
in the area of rectal papillae [32]. Presumably, upon mixed infections, cells of two different
species may come into a close contact and attempt to undergo sexual process. In contrast to
multicellular organisms, its successful completion is not required to create a new heritable
nucleus-symbiont combination. Of note, a sex-independent (grafting-based) mechanism of
chloroplast capture has been proposed for plants [35].

By analogy to organelle capture, the reported very low prevalence of A. ambiguus [15]
explains the phenomenon to be observed as a unidirectional process with this species being
an acceptor. The reason why only A. deanei but not A. desouzai, being more closely related
to A. ambiguus, is observed as a donor may be also related to their relative abundance.
However, we cannot exclude that this is just due to the small number of A. ambiguus strains
analyzed to date. Importantly, the endosymbiont capture is a repeated process (there were
at least two independent cases) and its incidence may depend on the local demographic
situation. The identical GAPDH sequences of Ca. K. crithidii of A. ambiguus and several A.
deanei strains from South America indicate a recent event in agreement with the data on the
current drastically different prevalence of these two species in that area. Meanwhile, the
sequences of this gene in the endosymbionts of the Papuan isolates of both trypanosomatid
species obtained from the same population of blowflies were significantly different and
positioned distantly on the phylogenetic tree. This might be a result of a relatively ancient
endosymbiont capture. Regrettably, for the moment other isolates of these two species
from Papua New Guinea and data on their prevalence in that region are not available.

In sum, the replacement of endosymbionts of Angomonas ambiguus by those of An-
gomonas deanei is a repeated process analogous to organelle capture described in multicellu-
lar organisms and apparently shares with the latter one of the underlying mechanisms.

4. Materials and Methods
4.1. Trypanosomatid Strains: Origin and Cultivation

In this work, two axenically cultivated strains of Angomonas ambiguus were used:
(i) PNG-M02 from the blowfly Chrysomya megacephala collected in Nagada, Papua New
Guinea [31]; and (ii) TCC2435 representing a clonal culture of TCC1780 isolated from C.
albiceps in Campo Grande, Brazil [7]. The cultures were maintained at 27 ◦C in RPMI 1640
cultivation medium at pH 7.0 supplemented with 10% (v/v) fetal calf serum, 10 µg/mL of
hemin, 100 units/mL of penicillin, and 100 µg/mL of streptomycin. In addition to cultures,
DNA of the non-cultivated A. deanei strain PNG-M01 (from the same host species and
location as PNG-M02) available from an earlier study [31] was used for PCR amplification
of the bacterial GAPDH gene.

4.2. Genome Sequencing, Assembly, and Annotation

DNA extraction from both strains of A. ambiguus was performed by the classical
phenol-chloroform method, without preceding separation of the endosymbiont and try-
panosomatid cells. Sequencing of TCC2435 DNA was performed using Roche 454 GS-FLX
Titanium (1.37 mln single-ended reads, 550 Mbp), and Illumina MiSeq (13 mln 2 × 250 bp
paired-end reads) platforms. DNA of PNG-M02 strain was sequenced at Wellcome Sanger
Institute using Illumina MiSeq and HiSeq 2500 technologies (2,4 mln 2 × 250 bp and
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14.7 mln 2 × 125 paired-end reads, respectively) as well as PacBio RS II sequencing system
(13,977 long reads, 321 Mbp). The corresponding raw reads are available from Gen-
Bank under the following accession numbers: ERS4809514 (PNG-M02) and SRR14208463,
SRR14216068, SRR14216074, and SRR14209298 (TCC2435).

After processing the raw reads generated by Illumina and 454 platforms with Trim-
momatic V. 0.39 [36] and those from the PacBio system with SMRT Analysis Suite (Pacific
BioSciences, Menlo Park, CA, USA), the data quality was assessed using the FastQC v.
0.11.9 software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc, accessed on
30 April 2020). Since the BLAST search against available genomic sequences of trypanoso-
matids revealed that the PNG-M02 sample was contaminated with DNA from Crithidia
fasciculata, the data were filtered by mapping the preprocessed reads to the C. fasciculata
genome Cf-C1 (TritrypDB v. 40) using BBmap v. 38.84 with the settings recommended
for contaminant reads removal (http://sourceforge.net/projects/bbmap/, accessed on
6 May 2020). The genomic assembly for the PNG-M02 strain was made with hybridSPAdes
v. 3.14.1 [37] using both Illumina and error corrected PacBio reads. The endosymbiont
genome was identified using blastn and the closest known endosymbiont genome Ca.
K. crithidii TCC036E. Two different assemblies were made for the strain TCC2435 with
Newbler v. 2.7: (i) trypanosomatid-focused using only Illumina data (with “-large” option);
and (ii) endosymbiont-focused using both 454 and Illumina reads. Genes were predicted
with Companion [38] and Glimmer v. 3 [39] for the bacteria and their hosts, respectively.
Gene annotation for the endosymbionts was performed with PROKKA v. 1.14.5 [40].
The assembled genome sequences have been deposited in GenBank under the Bioproject
accession PRJNA673871.

4.3. Synteny Analysis of Bacterial Genomes

The single-scaffold genomic sequences of Ca. K. crithidii TCC036E (GCA_000340825.1)
and Ca. K. crithidii PNG-M02 were circularized using Circlator v. 1.5.5 [41] and the dnaA
gene was selected as a start in their linear representation. The scaffolds of Ca. K. crithidii
TCC2435 genome were reordered and inverted to match the two abovementioned ones,
following tripartite genome alignment and synteny analysis using Mauve v. 2015-02-13 [42].
Visualization of genomic alignment was prepared with Circos v. 0.69-9 [43].

4.4. Phylogenomic Analyses

Analyses of protein OGs were performed with OrthoFinder v. 2.3.11 [44] with the
default settings. In addition to the sequences obtained in this work, the bacterial dataset
(BD) comprised the previously published genomes of all six Ca. Kinetoplastibacterium
spp. as well as those of Achromobacter arsenitoxydans and Taylorella equigenitalis, which were
used here as outgroups (Table S5). The trypanosomatid dataset (TD) included previously
published genomic sequences for Strigomonadinae and L. major Friedlin, which served
as an outgroup (Table S5), as well as the generated earlier draft sequence of Kentomonas
sorsogonicus [18]. Out of the total 1645 (BD) and 17,990 (TD) inferred protein OGs, 431
and 1549, respectively, included one protein per species and were used for the subsequent
phylogenomic analyses. The amino acid sequences were aligned using Muscle v. 3.8.31 [45],
trimmed with Gblocks v. 0.91b [46] and concatenated with FASconCAT-G v.1.04 [47]. The
resulting supermatrices contained 133,474 (BD) and 658,788 (ED) positions with respective
gap proportions of 0.4% and 5%. Maximum likelihood analyses were performed in RAxML
v.8.2.11 [48] with automated selection of the substitution schemes for the partitioned model,
linked edge lengths, and 100 bootstrap pseudoreplicates for branch support estimation.
Bayesian inference was performed in MrBayes v. 3.2.6 [49] with “mixed” prior for amino
acid substitution matrix and rate heterogeneity modelled using 4 discrete Γ-categories. Rel-
ative rates, substitution models, and Γ-distribution shape were unlinked across partitions.
The analysis was run for 1,000,000 generations with every 100th tree sampled, and other
parameters set by default.

69



Pathogens 2021, 10, 702

4.5. Amplification and Phylogenetic Analysis of GAPDH Gene

The bacterial GAPDH gene of the strain PNG-M01 was amplified and sequenced
using the newly designed primers KAGF1 (5′-ATTTTAAGAGCTCATTACGAAGGT-3′)
and KAGR1 (5′-GATCTTGCCCTACGCAAATC-3′). The obtained sequence was deposited
in GenBank under the accession number MW161049. Other sequences of this gene from
the endosymbionts of Angomonas and Strigomonas available in the GenBank were collected
(Table S6) and aligned with MAFFT v. 7.471 using L-INS-I algorithm [50]. Maximum
Likelihood analysis was accomplished in IQ-TREE v. 2.0.5 [51] with the best substitution
model (TIM2 + F + I) selected by the built-in ModelFinder [52]. The statistical support of
branches was estimated by the standard bootstrap method with 1000 pseudoreplicates.
Bayesian inference was accomplished in MrBayes v. 3.2.7 under the GTR + I model with
run parameters as described above.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10060702/s1, Figure S1: MAUVE alignment of three genomes of Ca. Kineto-
plastibacterium spp., Table S1: Read coverage of the genomic contigs of the TCC2435 symbiont,
Table S2: Summary statistics on the genes encoded in the three Ca. K. crithidii genomes, Table S3:
Comparison of lists of tRNA genes in the genomes of endosymbionts from Angomonas spp., Table
S4: Presence and absence of OGs in the genomes of Ca. K. crithidii, Table S5: Previously published
genomic sequences used in the phylogenomic analyses, Table S6: GAPDH gene sequences from Ca.
Kinetoplastibacterium sequences retrieved from GenBank for phylogenetic analysis.
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Abstract: In kinetoplastids, the first seven steps of glycolysis are compartmentalized into a glycosome
along with parts of other metabolic pathways. This organelle shares a common ancestor with the
better-understood eukaryotic peroxisome. Much of our understanding of the emergence, evolution,
and maintenance of glycosomes is limited to explorations of the dixenous parasites, including the
enzymatic contents of the organelle. Our objective was to determine the extent that we could leverage
existing studies in model kinetoplastids to determine the composition of glycosomes in species lacking
evidence of experimental localization. These include diverse monoxenous species and dixenous
species with very different hosts. For many of these, genome or transcriptome sequences are available.
Our approach initiated with a meta-analysis of existing studies to generate a subset of enzymes
with highest evidence of glycosome localization. From this dataset we extracted the best possible
glycosome signal peptide identification scheme for in silico identification of glycosomal proteins from
any kinetoplastid species. Validation suggested that a high glycosome localization score from our
algorithm would be indicative of a glycosomal protein. We found that while metabolic pathways
were consistently represented across kinetoplastids, individual proteins within those pathways may
not universally exhibit evidence of glycosome localization.

Keywords: evolution; kinetoplastid; organelle; metabolic pathway; glycolysis; gluconeogenesis;
meta-analysis; peroxisome targeting sequence; PTS1; PTS2

1. Introduction

An accurate understanding of eukaryotic biology requires representation of studies from the
widest possible spectrum of organisms. For instance, within the phylum Euglenozoa, studies of species
of the order Trypanosomatida continually reveal new pathways and regulatory mechanisms that change
what we believe to be true of the characteristics of eukaryotic organisms (e.g., new post-translational
protein modifications [1], polycistronic transcription of eukaryotic nuclear genomes [2,3], genome-scale
mRNA trans-splicing [4], and RNA editing [5]). The parasitic protozoan Trypanosomatida species
that are insect transmitted and cause diseases in mammalian hosts are the best studied. However,
comparisons between these species and their neighbors would be very useful in order to better
understand the evolution of novel pathways and events within eukaryotic biology. These comparisons
include those between the dixenous, well-studied Trypanosomatida species and others of the same
order, many of which are monoxenous and/or have different hosts. Additional useful comparisons
are between different orders of the class Kinetoplastea, of which Trypanosomatida belongs, including
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Parabodonida and the free-living Eubodonida [6], and between classes of Diplonemea, Euglenoidea,
and Kinetoplastea of the phylum Euglenozoa.

One feature common to eukaryotes is the partitioning of enzymatic pathways and material into
membrane-bound compartments or organelles. Some of these, such as a nucleus, are common to all
eukaryotes. Others are unique to a subset of eukaryotic organisms. In Kinetoplastea and Diplonema,
the first seven steps of glycolysis are compartmentalized into an organelle called the glycosome
along with parts of other metabolic pathways [7]. The glycosome originates from the same common
eukaryotic ancestor as peroxisomes, organelles found in a wider range of eukaryotes with which it
shares similar biogenesis and import machinery [8]. Interestingly, while Kinetoplastea and Diplonema
possess glycosomes (as defined by their inclusion of glycolytic enzyme content) but not peroxisomes,
the opposite is true for the closely related Euglenoidea [9].

Our understanding of the complement of glycosome-localized metabolic enzymes is centered
on experiments cataloguing them in Trypanosoma brucei, and to a lesser extent Trypanosoma cruzi and
Leishmania spp.—all dixenous organisms capable of causing human and livestock disease (e.g., [10–12]).
As the Trypanosoma and Leishmania genera are phylogenetically distinct, the fact of apparent overlap in
their glycosome enzyme composition suggests a high degree of conservation [13]. However, pioneering
studies in the kinetoplastid relative Diplonema [14,15] suggest that beyond the seven common glycolytic
enzymes, their glycosomes lack other enzymes that are glycosomal in the well-studied kinetoplastid
species. Our question is whether evolution and maintenance of glycosome contents may be influenced
by organism life cycle and lifestyle as much or more than phylogeny, which would require probing
their composition in monoxenous and free-living species, and in dixenous organisms with hosts other
than mammals. The answer to this question is confounded by the probability of dual localization of
enzymes [12], duplication and separate localization of paralogues (e.g., [16,17]), and the reality of the
intracellular connectedness of peroxisomes with other membrane-bound compartments that muddies
the waters of subcellular fractionation experiments [18].

Our study objective was to determine the extent that we could leverage existing experimental
studies in model kinetoplastids to determine the composition of glycosomes in species for which no
experimental evidence is available. This objective required a better in silico identification scheme
for signals within predicted proteins that could classify their localization as likely glycosomal.
We anticipated that signal-to-noise ratio would still be a challenge in our output. However, enough
laboratory-based glycosome composition studies in three species plus enough kinetoplastid sequenced
genomes are now available to make our intermediate-throughput analysis possible. Our final work
demonstrated that an iterative approach combining automated analysis with manual protein evaluation
and annotation can be beneficial in uncovering localization patterns of glycosome proteins among
the kinetoplastids.

2. Results

2.1. Meta-Analysis of Existing Studies

In order to establish a starting population of proteins for which glycosomal localization is well
supported by experimental evidence, we performed a meta-analysis that included as many different
information types as possible. We included studies in species Trypanosoma cruzi and Leishmania donovani

in addition to T. brucei where most work is performed (Figure 1, [10–12,19–22]). These three species,
all dixenous mammalian parasites, are still similar in lifestyle relative to the full complement of
species containing glycosomes. The studies performed in these species utilized a variety of methods.
The methodologies for establishing localization or organelle content on a global scale have strengths
and weaknesses. Isolation of purified organelles followed by mass spectrometry has revolutionized
our understanding of the protein composition of subcellular compartments and structures. However,
it is important to remember that proteins will not be equally identifiable by mass spectrometry, as some
lack ideal cleavage sites and positions for liberation of peptides of appropriate size and composition,
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and sample preparation will favor the identification of some proteins over others [23]. Conversely,
methods involving fluorescent tagging of proteins followed by microscopy are problematic if tags
on the N- or C-terminus effectively block terminal transit peptides and localization signals. There is
no perfect single method for this sort of analysis, thus combining results of studies using different
methodologies can be useful.

 

 

Kinetoplastea

Euglenozoa

Euglenoidea
Euglena gracilis T

freshwater
Eutreptiella gymnastica T

marine waters

Trypanosomatida
Diplonemea
Diplonema papillatum G

marine waters
Parabodonida
Trypanoplasma borreli G

leeches, fish

Eubodonida
Bodo saltans G

freshwater
marine waters

Protkinetoplastida
Neobodonida

PHYLUM CLASS ORDER

Leishmania major G
sandfly, mammal

Leishmania tarentolae G
sandfly, gecko
Endotrypanum

monterogeii G
sandfly, sloth
Crithidia fasciculata G
mosquito
Leptomonas spp. (2) G
sandfly

Lotmaria passim G
honeybee

Phytomonas spp. (3) G
heteroptera, plant

Herpetomonas

muscarum G
Drosophila

Blechomonas ayalai G
flea

contains glycosome
contains peroxisome

Trypanosoma cruzi G
reduviid, mammal

Trypanosoma brucei G
tsetse fly, mammal

Trypanosoma vivax G
fly mouth, mammal

Angomonas spp.* (2) G
reduviid

Strigomonas spp.* (3) G
mosquito

Paratrypanosoma

confusum G
mosquito

Figure 1. Lifestyle of Euglenozoa species for which glycosome targeting was analyzed. Hosts or
environments for these species are shown in color. Blue indicates water environments of free-living
species, green indicates hosts of a dixenous lifestyle, and purple indicates insect hosts of a monoxenous
lifestyle. For some genera, number of species analyzed is included in brackets. Species included in
the initial meta-analysis of glycosome localization are compartmentalized in a grey background box.
G, genomic DNA was analyzed. T, translated transcriptomic data was analyzed. Asterisk indicates
genus with bacterial symbiont.

We incorporated data of three types. Most studies involved glycosome purification followed by
protein composition analysis by mass spectrometry or other methods. When necessary for these studies,
we took protein datasets prior to any culling by prediction of peroxisome targeting sequences (PTS1 and
PTS2, see below) that the authors may have performed. The second type of data came from the TrypTag
project in which T. brucei proteins are endogenously tagged with GFP (Green Fluorescent Protein) at
one of their native loci [21,24]. Microscopy images of the TrypTag GFP localization pattern within the
cell were individually analyzed for each protein for which TrypTag tagging had been successful at its
N-terminus, and compared with the distinctive visual pattern of multiple oval-shaped glycosomes
shown and described in [24]. The final source of data incorporated was a protein’s presence in the
resource PeroxisomeDB [19] for any trypanosomatid species. Peroxisome DB is no longer updated,
as entries for literature utilized for the resource cease prior to 2010. We treated this as an “archival”
source of glycosome localization evidence based off of early individual protein studies in which the
protein was determined to be glycosomal.

After inclusion of proteins from all sources, 302 proteins were determined to be glycosomal in
at least one study. We subtracted 92 as being part of the import/export machinery or part of the
protein composition of the glycosome membrane, as we were instead focused on proteins found in
the matrix of the glycosome. We eliminated duplicates when observed. The remaining 209 proteins
were then considered as possible glycosome matrix proteins (Table S1). This list consists of 188 that are
likely metabolic enzymes and 21 that are hypothetical proteins with no discernable identifying motifs
according to TriTrypDB [25]. We also were unable to find any motifs with common motif-finders.

We ranked these enzymes in order of reliability of the data that suggests glycosomal localization.
We utilized Bayesian-guided data reliability weight assignments. A glycosomal signal pattern of a
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tagged protein received a high weight, while a non-glycosomal fluorescence pattern, being less reliable,
received a lesser negative weight. Protein studies received a range of individual rankings (Materials
and Methods). It is certainly true that another weighting scheme could have resulted in the inclusion
or exclusion of lower-ranking proteins from our final group; however, most of these proteins would be
retained in our final collection regardless of alternative weight assignment to various studies.

We decided on a cut-off weight (a value of 5) that, except for 1 enzyme (Hypothetical protein
Q38C56), exhibited evidence in more than one species. The total number of proteins in our Glycosome
Conserved Enzyme Collection (GCEC) is 57 (Table 1). Not surprisingly, the seven first steps of the
glycolytic pathway (including triose phosphate isomerase) were clustered within the first 28 highest
proteins scored for reliability of glycosome localization. Other known glycosomal pathways were also
well-represented such as the pentose phosphate pathway, purine metabolism, and pathways shared with
peroxisomes such as fatty acid metabolism. Clearly, as over a hundred proteins are typically identified
as potentially glycosomal in any single proteomic study, this list is not comprehensive. Furthermore,
individual studies have characterized glycosomal proteins that are not in GCEC. For instance, it is
explicitly shown that several superoxide dismutase enzymes are glycosomal from individual T. brucei

studies, yet this protein does not appear extensively in the global studies of our meta-analysis, so
that it is not included by our methods [16,17]. Interestingly, 8 proteins (14%) with sufficient evidence
to appear on the list are hypothetical (Table 1). The systematic approach to localization provided
by TrypTag has been helpful in bringing these proteins to light, as the fluorescence pattern of their
tags all indicated glycosomal localization. TrypTag localization was the only evidence for glycosome
localization in six proteins in the master Table S1. In addition to two that are hypothetical, the others are
an aspartate carbamoyltransferase that, while found soluble in Leishmania in 1981, may be glycosomal
in T. brucei, as it is part of a pyrimidine biosynthesis pathway with other glycosome components [26].
Others are a ribonucleoside-diphosphate reductase (purine biosynthesis), a mannosyltransferase that
likely participates in glycosylphosphatidylinositol-anchor biosynthesis (possibly appearing localized
to glycosomes based on the ER’s glycosome associations), and a protein with putative phosphatase
activity. Other phosphatases have been identified as glycosomal [27].

After establishing the enzymes that would be part of the GCEC, we categorized them into major
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways by assigning them KEGG designations
(Table 1). Our goal was to limit the number of pathway categories to allow for patterns to emerge, yet
avoid the level of category breadth that erases the essential metabolic depth. Kinetoplastid UniProt
accession numbers were used to retrieve primary KEGG reference orthologs and putative pathway
associations. Pathways retrieved were organized top to bottom, highest to lowest specificity for
any given enzyme. Generally, the top metabolic pathway was retained for our purposes but in
some cases more specific subclasses were used, (i.e., urea cycle). Ultimately, nine major KEGG
pathways were identified that were represented by two or more enzymes and eight pathways were
represented by only one enzyme. Proteins deemed hypothetical could not be categorized due to lack
of orthologous sequences.
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Table 1. Glycosome Conserved Enzyme Collection (GCEC). Proteins from Trypanosoma cruzi,
Trypanosoma brucei, and Leishmania donovani global studies of glycosome composition, evidence of
localization of endogenous tagged proteins from the TrypTag project, and historical input of glycosome
proteins in PeroxisomeDB culled from individual studies prior to 2010. Proteins are grouped by
major KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway inclusion. Presence of a targeting
signal within the protein is indicated in the PTS1/PTS2 (Peroxisome Targeting Sequence 1/2) column
(glycosome PTS1 or conserved peroxisome targeting signal 2, PTS2). It was not possible to assign a best
KEGG reference orthologue for all proteins.

KEGG Reference
Ortholog

Major KEGG Pathway Name of Protein
PTS1/
PTS2

K18561 Glycolysis NADH-dependent fumarate reductase PTS1
Glycolysis UDP-glc 4’-epimerase PTS1

K00850 Glycolysis
ATP-dependent 6-phosphofructokinase,

glycosomal
PTS1

K00844 Glycolysis/gluconeogenesis Hexokinase 1 PTS2
K01810 Glycolysis/gluconeogenesis Glucose-6-phosphate isomerase PTS1

K00134 Glycolysis/gluconeogenesis
Glyceraldehyde 3-phosphate

dehydrogenase
PTS1

K01006 Glycolysis/gluconeogenesis Pyruvate phosphate dikinase PTS1
K00927 Glycolysis/gluconeogenesis Phosphoglycerate kinase PTS2
K01792 Glycolysis/gluconeogenesis Aldose 1-epimerase PTS1
K01623 Glycolysis/gluconeogenesis Fructose-bisphosphate aldolase
K01803 Glycolysis/gluconeogenesis Triose phosphate isomerase
K03841 Gluconeogenesis Fructose-1,6-bisphosphatase PTS1
K01610 Gluconeogenesis Phosphoenolpyruvate carboxykinase [ATP] PTS1
K00026 Gluconeogenesis Glycosomal malate dehydrogenase PTS1

Gluconeogenesis UDP-glucose pyrophosphorylase

K00760 Purine metabolism
Hypoxanthine-guanine

phosphoribosyltransferase 1
PTS1

K00760 Purine metabolism
Hypoxanthine-guanine

phosphoribosyltransferase 2
PTS1

K00088 Purine metabolism Inosine-5’-monophosphate dehydrogenase PTS1
K00942 Purine metabolism Guanylate kinase PTS1
K00759 Purine metabolism Adenine phosphoribosyltransferase PTS1
K01490 Purine metabolism AMP deaminase PTS1
K00939 Purine metabolism Adenylate kinase PTS1
K00088 Purine metabolism Guanosine monophosphate reductase PTS1

K00036 Pentose phosphate pathway
Glucose-6-phosphate 1-dehydrogenase

(G6PD)
K00852 Pentose phosphate pathway Ribokinase
K01100 Pentose phosphate pathway Sedoheptulose-1,7-bisphosphatase PTS1
K01619 Pentose phosphate pathway Deoxyribose-phosphate aldolase PTS1
K00615 Pentose phosphate pathway Transketolase PTS1
K01057 Pentose phosphate pathway 6-phosphogluconolactonase

K00864
Glycerophospholipid

metabolism
Glycerol kinase PTS1

K00803
Glycerophospholipid

metabolism
Alkyl-dihydroxyacetone phosphate

synthase
PTS1

K00649
Glycerophospholipid

metabolism
Dihydroxyacetonephosphate

acyltransferase
PTS1
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Table 1. Cont.

KEGG Reference
Ortholog

Major KEGG Pathway Name of Protein
PTS1/
PTS2

K00006
Glycerophospholipid

metabolism
Glycerol-3-phosphate dehydrogenase

(NAD(+))
PTS1

K00022 Fatty acid metabolism
Enoyl-CoA hydratase/Enoyl-CoA

isomerase/3- hydroxyacyl-CoA
dehydrogenase

PTS2

K08766 Fatty acid metabolism Carnitine O-palmitoyltransferase PTS1
K11262 Fatty acid metabolism Acetyl-CoA carboxylase

K11207 Redox maintenance
Trypanothione/tryparedoxin dependent

peroxidase 2
K01833 Redox maintenance Trypanothione synthetase
K00103 Redox maintenance L-galactonolactone oxidase PTS1
K00869 Terpenoid biosynthesis Mevalonate kinase PTS1

K01823 Terpenoid biosynthesis
Isopentenyl-diphosphate delta-isomerase

(type II) (idi1)

K00031
TCA cycle/glutathione

metabolism
Isocitrate dehydrogenase PTS1

K01438
Amino acid biosynthesis

(arginine)
Acetylornithine deacetylase PTS1

K01107
Insositol phosphate

metabolism
Inositol polyphosphate 1-phosphatase

K13421 Pyrimidine metabolism
Orotidine-5-phosphate
decarboxylase/Orotate

phosphoribosyltransferase
PTS1

K15731
RNA polymerase II
C-terminal domain

phosphatase

PTP1-interacting protein, 39
kDa/TFIIF-stimulated CTD phosphatase

PTS1

K09829 Steroid biosynthesis (ERG2) C-8 sterol isomerase-like protein PTS1

K10703
Long chain fatty acid

synthesis
Protein tyrosine phosphatase

N/A N/A Thymine-7-hydroxylase PTS1
N/A N/A Hypothetical protein (Q580K0) PTS1
N/A N/A Hypothetical protein (Q389Y7)
N/A N/A Hypothetical protein (Q38C56)
N/A N/A Hypothetical protein (Q386P8) PTS1
N/A N/A Hypothetical protein(Q388J7)
N/A N/A Hypothetical protein (Q38DM9)
N/A N/A Hypothetical protein (Q383Q3)
N/A N/A Hypothetical protein (Q38AC3)

2.2. An Adequate Algorithm for Glycosome Localization

It is well understood that many peroxisome proteins possess either a peroxisome targeting signal
(PTS1), which is the amino acid triplet [Serine-Lysine-Leucine] on their C-termini, or less commonly,
the less-conserved PTS2 very near their N-termini. The predictive power of the PTS1 signal for
glycosome localization was analyzed in the most stringent and comprehensive T. brucei glycosome
proteome study. The conclusion was that the PTS1 signal had a sensitivity of less than 40% and a
specificity of less than 50%, making it a remarkably poor predictor of localization [12]. One potential
reason for this is that the calculation did not differentiate glycosome membrane and surface proteins
from matrix proteins. At least some membrane proteins of peroxisomes originate in the ER [28],
and thus utilize an entirely different localization mechanism than the compartmentalized matrix
enzymes. A second reason is that presumably only the canonical PTS1 signal, ‘SKL’, was used in
the analysis. It is likely that in kinetoplastids, as in plants [29], certain conserved variations on the
canonical sequence are also functional targeting signals.
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A major motivation for setting the evidence bar very high for a protein to be included in the
GCEC dataset is that we subsequently used it to determine whether there were features of glycosome
signaling peptides that differed from the peroxisome targeting signals previously used to interrogate
collections of glycosome proteins [13]. The number of proteins utilized is similar to that used to
train the plant PTS1 prediction tool PredPlantPTS1 [30], as plant peroxisome proteins can possess
PTS1 sequences that are certain conservative substitutions of the consensus ‘SKL’. Our approach was
similar to that used to generate more recently derived plant PTS1 prediction algorithms [29]. If the
kinetoplastid glycosome targeting signal is similar to the PTS1 of plants, any length of input data from
three to 40 amino acids will yield similar results. The positive training dataset was the C-terminal 20
amino acids of the GCEC training dataset (using the orthologues from all three species). The negative
training dataset consisted of the remainder of the 35,640 proteins in the UniProt database from the same
species. After initial comparison, we concluded that only the last three amino acids would be utilized
in our glycosome-specific PTS1 predictor, for which amino acid composition preferences were marked
(Figure 2A). These amino acid composition preferences were used to establish the algorithm for our
PTS1 predictor for glycosomal proteins, which returns a numerical value from 7.35 (classical PTS1
‘SKL’ sequence; high likelihood of glycosome localization) to −23.9 (File S1). Cumulatively, the PTS1
proteins returned a mean score of 3.45 ± 3.85. For the negative dataset, the mean score is −4.40 ± 4.54.
Figure 2B presents the score distributions.

 

 

Figure 2. (A). The amino acid bias of the C-terminus of proteins in our Glycosome Conserved Enzyme
Collection (GCEC) training dataset from Trypanosoma cruzi, Trypanosoma brucei, and Leishmania donovani

(L. major homologues of L. donovani proteins were used in the amino acid bias calculations). The last three
amino acids of the proteins could harbor glycosome targeting signals (glycosome PTS1s). The position
of the first amino acid of the PTS1 is position 1, with the final amino acid of the protein being position 3.
(B). Frequencies of PTS1 scores for GCEC proteins (blue, positive set) and a dataset of non-glycosomal
proteins (red, negative set). Bars shown underneath the graph indicate mean and standard deviation of
each dataset. Cutoff values are shown as vertical dotted lines for pre-selected protein datasets (left) and
whole genome prediction (right).

Predication software cutoff values for classifying the last three amino acids of a protein as a
glycosome-specific PTS1 are user-selected. The cutoffmust account for the tradeoff between specificity
and sensitivity, with a higher cutoff value (maximizing specificity) being more appropriate for whole
genome prediction, and a lower cutoff value (minimizing false negative rates) more suitable for
examining localization of pre-selected protein sets [29]. In this work, we selected a cutoff value of
>4.1 for examination of our evidence-based list of proteins (Table S1) and 5 for perusal of complete
genome datasets. We based the value of 4.1 on the inflection point of the GCEC training set protein
curve after which score frequency sharply increased, and the value of 5 on the point at which the
frequency of the negative dataset approached zero in Figure 2B. While a prediction program for a
second, glycosome-specific N-terminal signal analogous to PTS2 was desired, only three proteins
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in the entire dataset had a “classical” PTS2; therefore, this dataset was not deemed appropriate for
development of such a tool.

2.3. Glycosome Localization Prediction of Orthologues of Gcec Proteins across Kinetoplastids

Both Leishmania and Trypanosoma species are represented by studies in our global analysis and
showed compositional overlap, so similar to earlier conjectures [13], we hypothesized that the contents
of the glycosomes are largely conserved between kinetoplastid species. Prediction of localization by
presence or absence of a signaling peptide will suggest whether that hypothesis is more or less likely
to be true. In order to utilize the glycosome-specific PTS1 prediction algorithm on kinetoplastids
that are not part of the major human infectious trypanosomatids, we collected homologues of the
57 GCEC proteins in available kinetoplastid genomes or transcriptomes. When the genome was
available in TriTryp [25], we accessed the genomes through the site’s BLAST portal as it allowed
verification of synteny for the genes. As expected, gene duplications were present in the Leptomonas
and Leishmania lineages prone to polyploidy. Some genes were missing entirely from specific genomes.
This may result from genome sequencing or assembly issues, or the genes may in fact be missing
from these species (Figure 3 blue boxes and Table S2). We assembled predicted homologues from all
available kinetoplastid genomes/transcriptomes for each of the GCEC proteins into File S2. We stress
that for species not represented in TriTryp, the protein of greatest sequence similarity to the T. brucei

representative of each GCEC protein may not in fact be a true orthologue, but merely a protein with a
conserved domain. This introduces potential but unavoidable noise into our analysis.

Predicted homologues and the training dataset were subject to PTS1 prediction using
our previously developed algorithm, and PTS2 prediction using the expanded identification
[HKQR][LVIFYA]{5}[HKQR][LVIFYA] [13] that started within the first 20 amino acids. Because
of the low specificity of the PTS2 sequence, we only considered a protein with a PTS2 signal likely if
the actual PTS2 domain was conserved in both sequence similarity and position, in that protein, in at
least than 75% of the interrogated kinetoplastid species. Proteins with a PTS1 or conserved PTS2 are
color-coded in pink in Figure 3, while proteins lacking such domains are colored cyan.

 

 

  

 Glycosomal proteins with PTS1/PTS2 score above threshold 
 Glycosomal proteins without PTS1/PTS2 
 Glycosomal proteins with PTS1/PTS2 score below threshold 
 No homologous proteins/ No information 
 Did not attempt 

Organisms 
Leishmania 

Endotrypanum 
Leptomonas 

Lotmaria 
Crithidia 

Angomonas 
Strigomonas 
Phytomonas 

Herpetomonas 
Blechomonas 
Trypanosoma 

Paratrypanosoma 
Trypanoplasma 

Bodo 
Diplonema 

Euglena 
Eutreptiella 

Figure 3. Map of glycosome targeting signal conservation across kinetoplastids, select euglinids and
Diplonema papillatum. Different species and isolates of a genus are given separate columns. Each row
represents one protein. Black rectangles in the D. papillatum column represent proteins for which we
did not attempt to find an orthologue. The proteins in yellow are those that across all kinetoplastids do
not possess a PTS1 or conserved PTS2. The D. papillatum entries that were used were those identified
in [15]. Specific putative proteins and orthologue Uniprot/TriTryp/NCBI/contig numbers represented
by each rectangle are found in Table S2. Organism columns are ordered loosely on phylogeny.
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The GCEC dataset also contained 16 proteins that contained no identifiable PTS1 or PTS2 across
any of the GCEC organisms, and these were labeled yellow in Figure 2. In only one instance, triose
phosphate isomerase, among all interrogated kinetoplastids and diplonema does an orthologue possess
evidence of a signaling peptide where none existed in the GCEC organism enzymes. For this enzyme,
a PTS1 is apparent in diplonema only. However, a potential cryptic PTS2 is present from approximate
amino acids 48 to 55 in 17 of the 23 kinetoplastid species and isolates examined (cryptic because of its
downstream position relative to the amino terminus). In the case of peroxisomes, a subset of proteins
with very high experimental evidence of localization also lack identifiable targeting signals, and poorly
understood or unknown import mechanisms are normally invoked for those proteins. It appears,
then, that glycosomal proteins fall into two classes. The ones that have no identifiable signal among
our GCEC species universally have no signal among kinetoplastids, while the others primarily do
possess a targeting signal but it may be absent in orthologues of some species. We suggest that if
an enzyme of the GCEC dataset is lacking a signal normally present, it may be excluded from the
glycosomal contents and instead may be present in another cellular location. However, we cannot
exclude the possibility that these proteins sporadically acquire the ability to “piggyback” on other
proteins, or simultaneously acquire a yet-unidentified alternative localization signal to gain access to
the glycosomal matrix. Two enzymes, orotidine-5-phosphate decarboxylase involved in pyrimidine
metabolism, and mevalonate kinase of the terpernoid biosynthetic pathway, are the only ones for
which evidence of glycosome localization is universally conserved across kinetoplastids.

For perspective on how random the event of a “lost” localization signal is among kinetoplastids,
we included multiple species and/or isolates of genera when possible. Reassuringly, often (but not
always) when a GCEC enzyme is missing a PTS1 or PTS2 within a genus, the loss is consistent across
most or all orthologs of that genus (e.g., compare the loss of proteins across the three Phytomonas, three
Strigomonas, or two Angomonas species/isolates in Figure 3). We especially noted the propensity of the
PTS1 signal to not be present on homologues of pyruvate phosphate dikinase (glycolysis), ribokinase
and 6-phosphoglucolactonase (pentose phosphate pathway), and putative thymine-7-hydrolase in
species with a bacterial endosymbiont (Figure 1). This phenomenon suggests that some feature of
organismal metabolism within the genus or group may be the driving force for alternative localization.
Another validation of our approach to sorting out glycosomal localization by PTS1 or PTS2 is that the
localization signals are largely lost in orthologous proteins of the Euglenoidea class that possesses
peroxisomes rather than glycosomes (Figures 1 and 3, last columns).

We note that in no KEGG pathway category does a single kinetoplastid species ever entirely lose
representation within the glycosome signal-containing enzymes, even given that we are analyzing
only a subset of glycosomal proteins. We asked whether proteins of certain metabolic pathways are
more likely to conserve glycosome localization across the kinetoplastids than other pathways. Figure 4
tallies all of the orthologues of GCEC dataset enzymes into their respective KEGG pathway categories.
One observed trend is some categories such as redox maintenance, pentose phosphate pathway, and
the “hypothetical” proteins – those possessing no easily identifiable motifs – possess disproportionally
more proteins that lack an identifiable PTS1 or PTS2 among all species. This is likely due to, in the
case of the hypothetical proteins, a lack of traditional targeting signal across all orthologues of most
hypothetical proteins. It is difficult to conjecture as to what this might mean. We also note that between
KEGG pathway categories, there appear to be differences in the relative degree to which a glycosomal
PTS1/PTS2 signal is conserved. For instance, a higher proportion of glycophospholipid metabolism
enzymes conserve their signaling motifs relative to the proportion of pentose phosphate pathway
and purine metabolism proteins that have their signaling motifs conserved. With this limited dataset,
however, validation of these trends is likely not statistically possible. More proteins would be required
to confirm that enzymes of specific KEGG pathway categories possess different degrees of overall
localization with the glycosome. In summary, while we find that the metabolic pathways contributing
enzymes to the glycosome are entirely conserved, we have evidence of variability of localization of
specific enzymes among kinetoplastids.
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Figure 4. Major metabolic pathways of proteins of the Glycosome Conserved Enzyme Collection
(GCEC). All orthologues of the proteins in each metabolic pathway that possess a glycosome-specific
targeting signal 1 (PTS1) or a conserved peroxisome targeting signal 2 (PTS2) were classified as
“Targeting Signal”; black. Orthologues in which the signal was either not retained, or throughout the
orthologous group there was no evidence of either signal were both classified as “Missing Targeting
signal”; grey. When an orthologuous protein was not found in a kinetoplastid, it was considered
“Homologous protein not found”; white.

2.4. Utilizing the PTS1 Signal Algorithm in Other Datasets

With the results of Figure 3 in hand, we next asked how many enzymes possessing some degree of
experimental evidence of glycosome localization scoring below the top GCEC (Table S1) additionally
had signal peptide evidence of glycosome localization. An enzyme was considered positive if at least
one of the three species (T. brucei, T. cruzi, and L. major) had a glycosome-specific PTS1, or else if all
three of the species had a PTS2 in which the motif began within the first 20 amino acids in order to
capture potential contributions of sequences that are near neighbors to the final three amino acids.
Before applying these standards, we removed twenty-two proteins that, visualized in the TrypTag
collection, were obviously targeted to either the nucleus, flagella, mitochondria, or kinetoplastid. While
there is a possibility that these proteins could be dual-localized, they also could be part of published
glycosome proteomes because cellular compartments physically interact with each other [18] and
perfect separation or purification of organelles is not possible.

Of the 126 remaining non-GCEC enzymes, 38 had targeting signals (Table 2), which constitutes
30% of the total. We then asked whether these additional enzymes could be classified with KEGG
designations that were either already represented in our GCEC or else specific to peroxisomal pathways.
This would constitute further evidence of glycosomal localization for these proteins. We used the same
strategy for applying KEGG designations as for GCEC enzymes of Table 1, except that this time some
enzymes could not be as precisely defined or lacked orthologues in well-studied systems and could be
part of any number of KEGG pathways. Two of the 13 proteins deemed “hypothetical” within the
interrogated 126 proteins again also appeared within the signal-peptide containing dataset. In all,
23 enzymes (60%) could be assigned to one of the major KEGG pathways that were represented among
the GCEC proteins. Overall then, there is good evidence that the proteins in Table 2 are also localized
to the glycosome, at least in the species in which localization signals are present.
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Table 2. Additional kinetoplastid proteins with both experimental evidence and a signal sequence
indicating localization to the glycosome. Proteins are grouped by major KEGG pathway inclusion.
It was not possible to assign a best KEGG orthologue for all proteins.

KEGG Reference
Ortholog

Major KEGG Pathway Name of Protein
PTS1/
PTS2

K00845 Glycolysis Glucokinase PTS1
K01809 Glycolysis/gluconeogenesis Phosphomannose isomerase PTS1
K17497 Glycolysis/gluconeogenesis Phosphomannomutase-like protein PTS1
K00849 Glycolysis/gluconeogenesis Galactokinase-like protein PTS1
K02564 Glycolysis/gluconeogenesis Glucosamine-6-phosphate isomerase PTS1

K00927 Glycolysis/gluconeogenesis
Pas-domain containing phosphoglycerate

kinase
PTS1

K01443 Glycolysis/gluconeogenesis
N-acetylglucosamine-6-phosphate

deacetylase-like protein
PTS1

K00863 Glycolysis/gluconeogenesis Dihydroxyacetone kinase 1-like PTS1

K01518 Purine metabolism
Kinetoplastid-specific phospho-protein

phosphatase
PTS1

K00759 Purine metabolism Adenine phosphoribosyltransferase PTS1
K00853 Pentose phosphate pathway L-ribulokinase PTS1

K06128
Glycerophospholipid

metabolism
Lysophospholipase PTS1

Fatty acid metabolism Acyl-CoA binding protein PTS1

K00311 Fatty acid metabolism
Electron transfer flavoprotein-ubiquinone

oxidoreductase
PTS1

K13356 Fatty acid metabolism Fatty acyl- CoA reducatase PTS1
K00632 Fatty acid metabolism 3-ketoacyl- CoA thiolase PTS2

Fatty acid epoxide hydrolase Epoxide hydrolase PTS1
K04283 Redox maintenance Trypanothione-disulfide reductase PTS1
K11185 Redox maintenance Tryparedoxin peroxidase PTS1

Redox maintenance Dj-1 family protein PTS1
K04564 Redox maintenance Iron superoxide dismutase PTS1
K04564 Redox maintenance Iron superoxide dismutase PTS1

Redox maintenance
2-oxoglutarate (2og) and Fe(II)-dependent

oxygenase superfamily protein
PTS1

K01940 Urea cycle Arginino-succinate synthase PTS1
K01438 Urea cycle Acetylornithine deacetylase-like PTS1
K01745 Amino acid degradation Histidine ammonia-lyase PTS1
K02614 Amino acid degradation Thioesterase-like superfamily PTS1

Peptide cleavage Peptidase T PTS2
Protein cleavage Carboxypeptidase M32 PTS2

K02150 pH regulation V-ATPase, subunit E PTS1
Pyrophosphate and poly
phosphate metabolism

Acidocalcisomal exopolyphosphatase PTS1

K02218 Signal pathway regulation Casein kinase I, isoform 2 PTS2
K01676 TCA cycle Fumarate hydratase, class I (FHM) PTS2

K00972
Amino and nucleotide sugar

metabolism
UDP-N-acetylglucosamine

pyrophosphorylase
PTS1

N/A Hypothetical protein (Q4DBW4) PTS1
N/A Hypothetical protein (Q57TT5) PTS1
N/A Hypothetical protein (Q381V8) PTS1

Finally, we turned our attention to the question of how extensive the predictive power of the
possession of a PTS1 is when interrogating genomes for likely glycosomal proteins. As only 62% of
GCEC enzymes have a PTS1, clearly it cannot be used to identify the entire complement of glycosome
proteins. However, we wanted to establish how likely it is that a protein found in a genome database
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with a PTS1 score above a certain level using our glycosome-specific algorithm is indeed targeted
to the glycosome. We used the higher-stringency PTS1 cutoff score of 5 or greater to interrogate the
dataset of the 81,604 Uniprot Kinetoplastid proteins. This dataset is biased towards organism genomes
that previous investigators were interested in capturing, and thus includes the unusual mix of putative
proteins of Leishmania spp., both lineages of the hybrid T. cruzi strain CL Brener, T. brucei brucei,
Trypanosoma theileri, and Bodo saltans. However, it is convenient and representative of available datasets.

Of those 81,604 Uniprot Kinetoplastid proteins, only 572 had a PTS1 score of 5 or more (Table S3).
As there was no way to further evaluate the proteins that were hypothetical, they were removed.
Four hundred twenty-six proteins possessing some identifiable motif remained that were manually
evaluated: 202 were actually in our GCEC (Table 1) or were likely orthologues. This number increased
to 287 proteins when including all proteins with some experimental evidence of glycosome localization
(i.e., found in Table S1). Twenty-two entries had evidence of mitochondrial localization by virtue of the
word “mitochondrial” in its name or else are a known mitochondrial protein or a homologue. In other
organisms, a subset of mitochondrial protein mRNAs exhibit localization to ribosomes physically
associated with mitochondria, and mitochondrial proteins synthesized in the cytosol are most likely
highly associated with specific chaperone proteins [31]. It is reasonable to conjecture that in either of
these contexts, a PTS1 may exist on a mitochondrial protein that may not be competent to deliver that
protein to the glycosome. In conclusion, 76% of the proteins possessing a PTS1 score of 5 or higher had
some other evidence of glycosomal localization, or its absence from Table S1 could be explained by a
PTS1 overridden by mitochondrial localization (Table S3).

One category of glycosomal proteins that was absent from the set with PTS1 values of 5 or
higher were the peroxin (PEX) peroxisome protein import and biogenesis complex proteins. These
proteins, best characterized in yeast, mammals, and plants, are loosely conserved in glycosomes
and characterized to varying extents [32]. The highest-scoring peroxin of the Uniprot Kinetoplastid
proteins was PEX13.1 with a PTS1 score of 4.3. This strengthens our theory that matrix proteins are
more likely to require a PTS1 or PTS2 to be properly localized than glycosome membrane proteins
or complexes that may derive from the likely glycosome biogenesis involving the ER or even the
mitochondrion [28,33]. In the case of PEX13.1, the protein is dual localized, and its PTS1, “TKL”,
is known to be important for its glucose-dependent glycosome localization [34]. We also analyzed the
remaining ~100 proteins to determine how many possessed domains indicating a role in pathways
clearly unrelated to glycosome function. (e.g., nucleic acid binding or processing; ribosome protein
subunit). We estimate these proteins to comprise less than 25% of this protein list (highlighted in
Table S3). This is a considerably better predictive outcome than was anticipated by the previously
described assessment that for glycosomes, a PTS1 signal has a sensitivity of less than 40% and a
specificity of less than 50% [12].

2.5. Similarities of Protein Compositions of the Glycosome with the Peroxisomes and the Mitochondrion

It is known that some basic metabolic pathways are conserved between peroxisomes and
glycosomes, such as elements of fatty acid metabolism. We wished to generate a more specific picture
of the enzyme conservation between these two organelles. We compared GCEC proteins and those with
lower degrees of experimental evidence but that possess PTS1 or a conserved PTS2 within the first 20
amino acids (proteins of Tables 1 and 2), to peroxisome metabolic enzymes from recent proteomic studies
in mammal and plant [35,36]. Figure 5 shows the nine enzymes that are present in both organelles.
The data suggest that particular enzymatic steps of fatty acid and glycerophospholipid metabolism and
terpenoid biosynthesis, and superoxide dismutase activity may have been compartmentalized fairly
early in the evolutionary history of the peroxisome/glycosome. This does not preclude the possibility
that these activities are also present at other subcellular locations, as we know to be true of proteins of
the pentose phosphate pathway, for example (evidence summarized in [37]).
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Figure 5. Overlap in glycosome and peroxisome metabolic pathway and enzyme composition. Proteins
with experimental evidence of glycosome and peroxisome localization in the kinetoplastid and
mammalian/plant systems, respectively, are arranged by metabolic pathway.

Finally, we looked at the rather obvious overlap between metabolic pathways with components
existing in both the glycosome and the mitochondrion. For instance, elements of fatty acid metabolism
and enzymes involved in scavenging reactive oxygen species are found in both organelles. Therefore,
it is possible that PTS1-containing proteins that we exclude from our analysis because of mitochondrial
localization evidence may, in fact, dual-localize. However, many of the 22 proteins in the UniProt PTS1
> 5 population that we deemed mitochondrial are proteins of the electron transport chain localized
to the mitochondrion membrane, or are related to electron transport. This pathway is not present
in glycosomes, so we believe that other mechanisms override the strong PTS1 that would otherwise
localize these proteins to the glycosome. Likewise, all of the proteins that we removed from the analysis
resulting in Table 2 are proteins that, when tagged, exhibited mitochondrial localization patterns
and/or were known mitochondrial proteins in at least one organism. Also, a possible feature of having
a PTS2 is the potential for strong representation of the amino acid arginine. This amino acid is also
over-represented in the beginning of many mitochondrial proteins [38,39]. Therefore, the degree of
parallel or integrated processing [33] and/or dual localization is unresolved.

3. Discussion

Environmental influences and organism lifestyle profoundly affect energetic flux through anabolic
and catabolic metabolic pathways, and regulatory and protective processes. Examples of this can
be found in the kinetoplastids, which include free living and monoxenous and dixenous parasites
with a wide host range that is likely still incompletely defined [6]. For instance, the absence of the
protective enzyme catalase in dixenous but not monoxenous kinetoplastid genomes may be a result
of a requirement for low levels of the differentiation signal hydrogen peroxide for the dixenous
organisms [40].

Most analysis of glycosomes has occurred in the dixenous T. brucei. The importance of glycolysis
to T. brucei survival is life stage-dependent. Glycosome matrix enzyme composition of cells of the life
stage replicating in the amino acid-rich tsetse fly gut differs substantially from those of the replicating
life stage in the glucose-rich mammalian bloodstream, a concept nicely illustrated by 2D electrophoresis
of purified glycosome lysate in 1990 [20]. This change in response to available nutrients is hypothesized
to be the major environmental pressure that maintains a glycosome that contains metabolic as well
as oxidative enzymes. Efficiency in establishment of, and changes to, gene product abundances
is advantageous. In T. brucei, it appears that during changes in nutrient availability and life stage,
selective turnover of entire glycosomes occurs. Concurrently, glycosomes containing a different enzyme
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composition are generated [41,42]. Glycolytic compartmentalization presumably allows T. brucei to
utilize this process to achieve rapid adaptation.

A complicating factor for this explanation of why glycosomal contents are maintained throughout
the kinetoplastid lineage is the fact that the metabolic remodeling of T. brucei is very extreme between
its replicative stages in its mammalian and insect hosts [43]. Metabolic studies demonstrate that
dixenous mammalian kinetoplastids that replicate intracellularly, rather than in the bloodstream as
T. brucei does, do not have as radical a metabolic transformation, [43]. Even T. brucei may experience
alternative metabolic states when in fatty tissues rather than in the blood [44]. Furthermore, it is more
difficult to envision that the capacity for rapid metabolic adaptation is as much an evolutionary force
for organisms that spend their entire existence in a single life stage, a single host, or in an environment
such as saltwater. Finally, pathways such as purine metabolism are also represented in the glycosome.
What is the reason for retaining compartmentalization of these pathways across kinetoplastids?

Our findings serve as building blocks from which we can begin addressing questions of the origins
and maintenance of glycosomes. We have obtained a collection (the consolidation of Tables 1 and 2)
of glycosome matrix enzymes with high experimental evidence and/or targeting signal evidence of
glycosome localization. We have demonstrated the feasibility of using the presence of PTS1 to identify
additional glycosome matrix protein candidates in genomes and transcriptomes of kinetoplastid
species, and we expect the number of testable transcriptomes and genomes to increase in number
in the coming years [6]. Finally, for many glycosome-containing organisms with publicly available
transcriptomes or genomes, we have performed an initial analysis of potential glycosome matrix
proteins that may be present or absent in each particular genome (Figure 3). For instance, there are two
hypoxanthine-guanine phosphoribosyltransferase paralogues in T. brucei and in the Leishmania species
that we analyzed, both targeted to the glycosome. While we could only find one homologue in T. cruzi

and some kinetoplastids, in others, only one of the two paralogues retained its PTS1, suggesting an
expanded localization of this enzyme beyond the glycosome.

A bias of our approach is that our GCEC is derived from experimental studies in a few specific
organisms, especially T. brucei proteome studies. If enzymes are compartmentalized into the glycosomes
of monoxenous kinetoplastids, but not in the disease causing dixenous organisms, they are absent from
our high-confidence lists. In the future it may be possible to interrogate several of the better-annotated
monoxenous genomes such as Leptomonas pyrrhocoris [45] for PTS1-containing proteins to detect these
potential glycosomal enzymes and even additional KEGG pathways that may be partially contained
within kinetoplastid glycosomes.

Immediate and long-term future directions emerging from this research are apparent. In the
short-term, with Table 2 proteins or future glycosome proteome studies of monoxenous organisms
added to our GCEC dataset, we could re-train the PTS1-finding algorithm in an iterative approach to
better understand this import signal. In tandem, we could utilize the genetically malleable T. brucei

to better define appropriate PTS1 cutoff values for prediction of glycosome localization. For this
approach, we would genetically tag and modify several PTS1s that score in the intermediate (~4–5.5)
range for potential glycosome proteins, and microscopically visualize whether localization changes
upon sequence modification. A similar approach was used to better define PTS1 in plants [29].

Longer term, several compelling research directions include characterizing the proteins of unknown
function that reliably appear among the proteins purifying with glycosomes (Tables 1 and 2). The fact
that so many hypothetical proteins in the GCEC have no PTS1 or conserved PTS2 raises the possibility
that perhaps they are membrane proteins that are not part of a glycosome compartmentalized metabolic
pathway. Alternately, of course, they could simply possess yet-unidentified signals or piggyback on
other glycosome proteins for entry. As a first step, their essentiality could be assessed fairly easily
in a variety of kinetoplastids. It would also be intriguing to define a glycosome-specific version of
PTS2, although multiple additional glycosome proteomic studies on a variety of kinetoplastids would
likely be necessary to acquire the number of proteins needed to pull such a targeting signal out of the
noise. Perhaps most globally applicable, one thing that we noted was the continued presence of a PTS1
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on the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase in one euglenoid species and
glucose-6-phosphate isomerase in another, despite a widespread loss of PTS1 on the balance of the
glycosomal glycolytic and gluconeogenesis pathway enzymes in the euglenoids. Interestingly, there is
increasing evidence, particularly in yeast, of glycolytic proteins including glyceraldehyde-3-phosphate
dehydrogenase being at least partially localized to the peroxisome [46]. A better understanding of
the protein composition of glycosomes and the composition of the peroxisomes of closely related
organisms may be important for understanding the purpose of compartmentalizing glycolytic enzymes
among eukaryotes as a whole.

4. Materials and Methods

4.1. Scoring of Meta-Analysis

A repository of potential glycosomal proteins was created using tables and other data
from glycosome purification and proteomic studies for three organisms: T. brucei, T. cruzi, and
Leishmania donavani. Tables of likely glycosomal proteins in these studies were mined for those that
were parts of enzymatic pathways or had no assigned function. The Peroxisomedb.org site’s Protein
Families folder [19] was mined for our organisms of interest. Evaluation of protein localization in
the TrypTag study initiated from an initial list of potentially glycosomal proteins from Dr. Samuel
Dean, TrypTag co-developer, that we independently evaluated for the glycosome tagging pattern
of oval-shaped organelles described in [24] using publicly available TrypTag images. Subsequently,
TrypTag images of tagged versions of all of the remainder of Table S1 were individually analyzed the
same way when available.

Weighting of these studies was as follows: presence in [19] 1 point if yes, 0 points if no; presence
in [22] 0.5 points for each life stage—procyclic and/or bloodstream forms—that it was observed in,
0 points if not found; presence in [20] 2 points if yes, 0 points if no; presence in [12] 2 points if yes,
0 points if no; presence in [11] 2 points if yes, 0 points if no, presence in [10] 2 points if yes, 0 points if
no; glycosome localization pattern upon N-terminal tagging in TrypTag [21] 3 points if yes, 0 points if
information was not available (tagging on the N-terminus was unsuccessful or not attempted), and −2
points if localization of signal from the N-terminus tagged protein was other than glycosomal (we
utilized a lesser negative score for non-glycosomal localization because multiple non-relevant factors
can lead to non-targeting of a tagged protein while a false positive is rare). As a C-terminal tagging
could obscure a terminal peroxisome targeting signal 1, it was ignored. The cut-off score of 5 points
was used, as it requires of a protein more than just inclusion in two T. brucei proteomic studies to reach
this score. Sixty-four proteins made the cut-off value. These proteins were eventually decreased to 57
after combining T. brucei-specific duplications and the removal of glycosomal transporters from the list,
as they were not deemed metabolic enzymes.

4.2. Categorization of Proteins into Metabolic Pathways

The proteins identified in our current analysis were categorized into groups based on the pathway
in which they are involved (e.g., glycolysis/gluconeogenesis proteins). Kinetoplastid UniProt accession
numbers were converted to KEGG identifiers using the Convert ID tool in the KEGG Mapper utility.
The entries retrieved contained a KEGG reference ortholog and pathways ascribed to the given enzyme.
Typically, the top most pathway retrieved was retained as the most broadly descriptive pathway for
the search protein. As clusters of enzymes operating in more discrete sub-pathways were identified
broad metabolic categories were replaced with specific sub-categories, such as the urea cycle in the
degradation of multiple amino acids. The major category “Redox maintenance” is not a KEGG-derived
pathway but was used to group the glutathione-based antioxidant cycle (glutathione metabolism) with
the enzymes involved in detecting and metabolizing reactive oxygen species. BLASTP (Basic Local
Alignment Search Tool for standard protein-protein search) search was used to identify orthologs of
the hypothetical sequences but no orthologs were identified.
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4.3. Identification of Orthologues in Other Organisms

Outside of the Trypanosoma and Leishmania genera, we identified additional sequenced genomes of
glycosome-containing species and selected 21 for analysis. In addition, we also analyzed Trypanosoma

vivax because of its presumably simpler lifestyle than T. brucei, T. cruzi, and Leishmania tarentolae, as its
non-insect host is non-mammalian. Typically, paralogues were identical or nearly identical, and only
one was selected for further analysis. We then performed analysis utilizing automated search functions
and manual review to identify orthologues.

For the organisms Blechomonas ayalai, Bodo saltans, Crithidia fasciculata, Endotrypanum monterogeii,
Leishmania tarentolae, Leptomonas pyrrhocoris, Leptomonas seymouri, Paratrypanosoma confusum,
and Trypanosoma vivax, protein mining and homology searches of the T. brucei protein were done
using TnBLAST at TriTryp [25] from August through October 2019, as this platform allowed for
assurance of synteny. For the organisms Angomonas deanei, Angomonas desouzai, Phytomonas serpens,
Phytomonas isolate EM1, Phytomonas isolate Hart 1, Lotmaria passim, Strigomonas culicis, Strigomonas

galati, Strigomonas oncopelti, and Herpetomonas muscarum, the T. brucei orthologue of each GCEC protein
was used to TBLASTN whole genome shotgun assembled contigs deposited in NCBI for the presence
of Open Reading Frames (ORFs) with high sequence similarity. The best matched contigs were then
analyzed using NCBI-ORF Finder to identify the high-similarity ORF. The ORFs were then aligned
with the T. brucei standard using CLUSTAL-omega software to evaluate protein start and end positions
and sequence similarity of all parts of the putative proteins. If partial and complete ORFs were
present, the most complete ORF was selected. The best matched ORF was taken as the most likely
orthologous proteins for that species/isolate. If the ORFs were fragmented into more than one contig,
individual amino acid sequence fragments were manually joined to produce a single protein sequence.
For Trypanoplasma borreli, the draft assembled genome was downloaded from the ENA database
(accession SAMEA1948381) and searched as was performed for the Euglenoid species below.

In the cases of Diplonema and Euglenoid species, genome assembly has remained
challenging [47–49]. However, transcriptomes are available for two Euglenoids. For Eutreptiella

gymnastica (NCBI SRA accession SRX549022) and Euglena gracilis [50], sequences were retrieved from
raw or previously assembled transcriptomic data. When necessary, we assembled the transcriptomic
data using Trinity [51]. We then searched for homologues of the T. brucei 64 consensus glycosome
proteins in these assembled genomes with NCBI’s BLAST+ [52]. For Diplonema papillatum, only the
protein sequences identified in a previous study were used [15].

4.4. Development of Glycosome Targeting Signal 1 (PTS1) Algorithm

Our PTS1 score is derived directly from an additive log-odds score in each position. Site-specific
frequencies qi,j for each amino acid j at position i were calculated from the GCEC protein set, and
corresponding negative frequencies pi,j from the 35,640 other Uniprot proteins from T. brucei, T. cruzi,
and L. major. Pseudocounts were added in computing the qi,j to prevent zero valued frequencies.
The PTS1 score is then

∑

ln(qi,j/pi,j) for the observed amino acids (j) at the last three C-terminal sites.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/4/281/s1,
Table S1. Complete list of putative enzymatic proteins with experimental evidence of glycosome localization
from Trypanosoma brucei, Trypanosoma cruzi, and Leishmania donovani global studies of glycosome composition.
Leishmania major is used as the representative Leishmania species in the listed orthologues of the dixenous
human-disease causing typanosomatids. Studies represent those that define glycosome proteomes, provide
evidence of localization of endogenous tagged proteins from the TypTag project, or that are reflected in the input
of glycosome proteins in the Peroxisome database culled from individual studies prior to 2010. Table S2. Specific
putative proteins and orthologue identities (Uniprot/TriTryp/NCBI contig numbers) used to determine glycosome
targeting signal conservation across kinetoplastids, select euglinids and Diplonema papillatum. Contigs listed may
be one of several that contain an identical or near-identical amino acid sequence for that specific protein. Different
species or isolates of a genus are listed in separate columns. Each row represents one protein of our Glycosome
Conserved Enzyme Collection. Black rectangles in the D. papillatum column represent proteins for which we did
not attempt to find an orthologue. The D. papillatum entries that were used were those identified in [15]. A gene
with its C-terminus at the extreme end of the contig may not be the complete gene; these are indicated by an
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asterisk when noted. Table S3. Kinetoplastid UniProt entries with PTS1 scores of 5 or higher. File S1. Code for
PTS1 predictor. File S2. Fasta files containing Trypanoplasma borreli, Euglena gracilis, and Eutreptiella gymnastica
mRNA coding sequence for orthologues of Glycosome Conserved Enzyme Collection proteins derived from
publicly available genomic or transcriptomic data.
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Abstract: In this work, we studied the biochemical properties and evolutionary histories of catalase
(CAT) and ascorbate peroxidase (APX), two central enzymes of reactive oxygen species detoxification,
across the highly diverse clade Eugenozoa. This clade encompasses free-living phototrophic and
heterotrophic flagellates, as well as obligate parasites of insects, vertebrates, and plants. We present
evidence of several independent acquisitions of CAT by horizontal gene transfers and evolutionary
novelties associated with the APX presence. We posit that Euglenozoa recruit these detoxifying
enzymes for specific molecular tasks, such as photosynthesis in euglenids and membrane-bound
peroxidase activity in kinetoplastids and some diplonemids.

Keywords: Euglenozoa; ascorbate peroxidase; catalase; enzymatic activity; phylogeny

1. Introduction

Aerobic metabolism is associated with the undesirable production of reactive oxygen species
(ROS) due to the leakage of electrons to molecular oxygen [1]. The ROS molecules include free radicals,
such as superoxide anion (O2

•−) or hydroxyl radical (•OH), and non-radical molecules, e.g., hydrogen
peroxide (H2O2) [2]. In the eukaryotic cell, respiration in mitochondria and photosynthesis in plastids
are the main ROS producers. However, ROS may accumulate as a by-product in any cell compartment
where aerobic metabolism occurs. While molecular oxygen shows relatively low reactivity towards
most cellular components, its partially reduced forms are much more reactive. Oxidative damage of
proteins, lipids, and nucleic acids happens when the level of ROS exceeds the physiological threshold
under oxidative stress conditions [3]. Hydrogen peroxide is often used as a second messenger in cell
signaling pathways and its accumulation has long been documented to play an important role in
mediating programmed cell death—apoptosis or (at very high concentrations) necrosis [4]. Hence,
both the production and removal of ROS must be strictly controlled. This is why enzymatic and
non-enzymatic mechanisms for ROS detoxification are employed by virtually every cell [5].

The family of enzymatic antioxidants comprises catalase (CAT), ascorbate peroxidase (APX),
superoxide dismutase (SOD), glutathione peroxidase (GPX), and peroxiredoxin (PrxR) [6–8]. Both CAT
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and APX are heme-containing enzymes widely distributed among aerobes. As such, the APX
activity was documented in higher plants and a range of protist lineages, including chlorophytes,
rhodophytes, stramenopiles, and euglenozoans [9–11]. The structure and function of APX have been
well described in plants, which usually carry several isoforms [12]. While APX requires ascorbate
for ROS detoxification, with four reactions of the ascorbate–glutathione cycle necessary for ascorbate
regeneration, CAT represents a system for direct ROS dissociation by conversion of H2O2 molecules
into water and molecular oxygen. This enzyme requires one molecule of H2O2 to bind at the CAT
active site in order to generate a reaction intermediate that binds the second molecule of H2O2 [13].
The affinities of APX and CAT for H2O2 are in µM and mM ranges, respectively, reflecting that they
belong to two fundamentally different classes of peroxidases [14]. Having a low affinity to H2O2,
CAT is most effective at high concentrations of peroxide [15].

ROS scavenging systems are classified according to their subcellular localization, which is
primarily determined by the organelle-specific targeting signals found in the N- and C-termini of
the corresponding proteins. Soluble forms are found in the cytosol, mitochondria, and plastids,
while membrane-bound isoforms are found in microbodies (including peroxisomes and glyoxysomes)
and plastid thylakoids [16–18]. Usually, multiple systems are present in a given cellular compartment
and cooperate to scavenge for ROS [19]. CAT occurs in either soluble or membrane-bound forms,
and is typically localized in the peroxisomes and mitochondria, where H2O2 production is most
significant [20].

Kinetoplastids and euglenids possess yet another mechanism for scavenging ROS centered on
the glutathione analog trypanothione, that is unique to these protists [21]. The trypanothione system
reduces H2O2 via tryparedoxin and tryparedoxin peroxidase. Since CAT and the selenium-containing
GPX are absent in the kinetoplastid flagellates (for exceptions, see below), trypanothione is particularly
important in this group of organisms [22]. For the same reasons, APX appears to be a key enzyme
for redox homeostasis in these flagellates [23]. In addition, trypanosomatids also lack the whole
thioredoxin/thioredoxin reductase pathway, and it was proposed that trypanothione actually substitutes
it. However, in the absence of CAT, trypanothione and thioredoxin systems co-exist in Euglena gracilis,
indicating that these systems are not entirely redundant [24–26].

It was shown that, under stress, plants boost the activity of all of their ROS scavenging enzymatic
systems, namely CAT, APX, SOD, GPX, and PrxR [16]. Interestingly, an increase in the APX activity can
compensate for the loss of the CAT activity in plants and prevent the accumulation of intracellular ROS,
suggesting the functional overlap of both systems [5]. Indeed, in tobacco, the CAT and APX machineries
are (to some extent) functionally redundant, as one can compensate for the lack of another [27]. Given the
complex pattern of antioxidant systems in the euglenozoan protists, we performed detailed phylogenetic
and functional analyses of their APX proteins, dissected their co-occurrence with CAT, and identified
multiple acquisitions of these nearly ubiquitous enzymes from unrelated sources.

Euglenozoa are as diverse as can be, and they comprise free-living, parasitic, and photosynthetic
species, having clinical, economical, and environmental importance. Yet, how euglenozoans actually
cope with ROS is still poorly understood. Given the complex pattern of antioxidant systems in
euglenozoan protists, we performed phylogenetic and biochemical analyses of their APX and CAT to
shed more light on the importance of these nearly ubiquitous enzymes.

2. Results

2.1. Euglenozoans Encode Unique HPXs and CAT of Different Origins

An extensive phylogenetic analysis of the APX domain-containing sequences revealed the subdivision
of sequences derived from Euglenozoa into several clades (Figure 1; File S1). They are well-separated
from heme (HPX) and cytochrome c peroxidases (CCP), suggesting a sub-functionalization of the
HPX superfamily early in the eukaryotic evolution. All studied sequences can be divided into the
following clades: (i) diplonemid peroxidases, which are invariably predicted as mitochondrion-localized
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(in turquoise) (Supplementary Table S1), form a moderately supported sister lineage to mitochondrial
CCPs; (ii) a sequence from the diplonemid Lacrimia lanifica forms a sister branch to the
kinetoplastid-specific hybrid APX-CCP proteins (hAPX-CCPs, in blue). While the kinetoplastid
hAPX-CCP orthologues carry a mitochondrial targeting signal, the L. lanifica sequence possesses a
peroxisomal targeting signal (Supplementary Table S1), which should navigate the corresponding
protein to the glycosomes [28]; (iii) APXs of the diplonemids Artemidia motanka, Namystynia karyoxenos,
and Sulcionema specki are nested inside the plastid/cytosolic APX clade along with various algae,
parasitic chytridiomycota, and filter-feeding choanoflagellates, all of which carry a PTS2 signal,
strongly indicating their glycosomal localization (in bright orange); (iv) a clade, consisting solely of
sequences from the diplonemids A. motanka and N. karyoxenos, branches inside the plastid hAPX-CCPs
cluster, close to the plastid-targeted euglenid APX (in dark green). Consistent with the absence of
plastid in diplonemids, their APXs are predicted to be cytosolic (Supplementary Table S1); (v) a small
clade contains an additional APX homolog from the plastid-carrying euglenids, otherwise specific for
Chloroplastida (in light green); (vi) all remaining 29 diplonemid and six euglenid sequences constitute
five independent clades that are unrelated to known APX sequences (in black). In the absence of
an appropriate reference ortholog, we cannot infer their function, and thus we denoted them as
Euglenozoa-specific HPX. We predict these proteins to be targeted to a range of cellular compartments,
including mitochondria, glycosomes, and the secretory organelles (Supplementary Table S1).

Figure 1. Maximum-likelihood phylogeny of heme peroxidases possessing APX domains in Euglenozoa.
Taxa representing euglenozoan sequences are marked by symbols according to the graphical legend.
Full tree in Newick format can be found in File S1.

It was previously shown that kinetoplastid flagellates acquired their CAT enzyme at least two
times independently from bacteria. As revealed by the phylogenetic analysis, CAT of Leishmaniinae
and the Blastocrithidia/“jaculum” clade derive from different bacterial groups [29,30], and this was
confirmed here using a larger dataset (Figure 2A; File S2). While euglenids, studied so far, do not
encode CAT [11,31], we wondered whether the same pattern applies to diplonemids, which constitute
a sister clade to kinetoplastids [32,33]. For this purpose, we took advantage of the transcriptomic
data derived from the axenic cultures of several diplonemid species [26]. As supported by maximum
likelihood, the CAT sequences of Diplonema japonicum, N. karyoxenos, Rhynchopus humris, A. motanka,
and S. specki are nested within eukaryotes with maximum support, consistent with the ancestral origin
of their CAT (Figure 2B). However, yet another diplonemid, Diplonema papillatum, has apparently
gained its CAT by horizontal gene transfer from an alpha-proteobacterium (Figure 2A,C). Hence,
the inspected euglenozoans have acquired CAT from at least three distinct bacterial sources, while the
genes of the majority of studied diplonemids are clearly of eukaryotic origin. This shows an unusual
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propensity of this group of protists to functionally replace CAT with homologs from bacteria that they
likely prey upon.

Figure 2. Maximum-likelihood phylogeny of catalases in Euglenozoa. (A) Unrooted tree showing
ancestral origin of diplonemid CAT branching within eukaryotes and three horizontal gene transfer
events in Blastocrithidia/“jaculum”, Leishmaninae and D. papillatum. Full tree in Newick format can
be found in File S2. (B) Subtree showing the ancestral diplonemid CAT. (C) Subtree showing the
D. papillatum CAT related to alpha-proteobacteria. UFBoot support values are shown when ≥ 80.
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2.2. APX Activity Widely Varies Among Species

To corroborate computational results by biochemical evidence, we measured the CAT and APX
activities separately in total cell lysates. In a good correlation, D. papillatum lacks both APX genes and
the corresponding biochemical activity (Figure 3).

Figure 3. Biochemical and transcriptomic analysis. Comparison of (A) APX and (C) CAT activities,
(B) APX and (D) CAT expression levels, and (E) oxygen uptake in Diplonema papillatum cultivated in
nutrient-rich (R) and nutrient-poor (P) medium, Rhynchopus humris, Blastocrithidia sp. P57, Leptomonas

seymouri cultivated at 14 ◦C (14), 23 ◦C (23) and 34 ◦C (34), Crithidia thermophila cultivated at 14 ◦C (14),
23 ◦C (23) and 34 ◦C (34), Novymonas esmeraldas, Trypanosoma brucei, Euglena gracilis cultivated in light
(L) and dark (D), and Euglena longa. Species names in grey denote organisms, in which corresponding
enzyme was not identified. Activity U is defined as the amount of the enzyme which catalyzes the
conversion of 1 µmol of ascorbate (APX) or H2O2 (CAT) per 1 min. Each experiment was performed in
two biological replicates. Statistical significance of differences between organisms was evaluated by an
unpaired t-test. * statistically significant (p < 0.05). Note that respiration value in light-grown E. gracilis

is masked by photosynthetic oxygen consumption (grey bar).
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Surprisingly, in R. humris and Blastocrithidia sp. P57 very low APX activity was detected,
despite the fact that both species apparently lack the corresponding gene. Leptomonas seymouri,
Crithidia thermophila (both cultivated at a standard temperature of 23 ◦C), and Novymonas esmeraldas

possess the kinetoplastid-specific hAPX-CCP, and consistently, specific activities of 39 ± 10, 48 ± 19,
and 206 ± 69 mU/mg, respectively, were documented in these species. (Figure 3A; Supplementary
Table S2). It should be noted that the activity of N. esmeraldas APX is comparable to that of the
full-length APX of Leishmania major [34]. Although the APX activity changed when L. seymouri and
C. thermophila were shifted to 14 ◦C and 34 ◦C, the limit temperatures at which both organisms are
able to grow, the change was not statistically significant (Figure 3A). Interestingly, gene expression
followed the same pattern in both species with the highest number of transcripts at 14 ◦C and their
decrease with elevated temperature (Figure 3B; Supplementary Table S2).

When E. gracilis is grown under light conditions, promoting photosynthesis, it exhibits high APX
activity of 625 ± 176 mU/mg (Supplementary Table S2), which is still 4-times lower than the activity
reported for the pea plastids [35]. When the E. gracilis culture was transferred from light to dark,
its color changed from green to pale reddish and the photosynthetic activity ceased. Although a low
amount of APX transcripts were still present in these conditions, the enzymatic activity dropped below
the limit of detection (Figure 3B; Supplementary Table S2). Consistent with the localization of APX in
the plastid, neither the dark-grown E. gracilis nor the non-photosynthetic Euglena longa exhibit any
APX activity (Figure 3A,B; Supplementary Table S2).

2.3. The Catalytic Center of APX is Altered in Euglenozoans

The primary APX sequences from selected representatives, namely the plastid-bearing Arabidopsis

thaliana, Glycine max, and E. gracilis, and the plastid-lacking L. major, L. seymouri, C. fasciculata,
and N. esmeraldas possess the domains required for the H2O2-reducing APX activity (Figure 4;
Supplementary Figure S1).

Figure 4. Schematic alignment of APX sequences from selected taxa. APXs from organisms studied
previously are boxed in grey. Important amino acid residues are highlighted by different colors
explained in the graphical legend.

The critical residues that coordinate binding of H2O2 by APX are R158, W161, and H162 (numbering
according to the alignment in Supplementary Figure S1) [36], with the active site composed of the
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catalytic triad H293, W325, and D354 [37]. However, in the catalytic center of the studied APX sequences
W325 is invariably replaced with L325, except for the APX of A. thaliana (Supplementary Figure S1).
Furthermore, we have identified residues critical for the heme and ascorbate binding, the number
of which being species-specific (Figure 4; Supplementary Figure S1). Regarding the heme binding
residues, in all analyzed sequences (except for A. thaliana), H299 substitutes R299, similarly to the
multiple isoforms of cytosolic APX [36]. Surprisingly, when compared to the model A. thaliana APX
sequence, the proximal and distal cation-binding sites have been significantly changed or lost altogether,
respectively, in all inspected euglenozoans and G. max (Figure 4; Supplementary Figure S1).

2.4. CAT Activity is Temperature-Dependent

In consonance with the absence of the CAT-encoding gene in euglenids [25] and T. brucei [38],
we did not detect any CAT activity in these species (Figure 3C; Supplementary Table S2). N. Esmeraldas

exhibited the CAT activity of 10 ± 2.4 U/mg, but with the employed methodology we failed to detect
any activity in Blastocrithidia sp. P57 and R. humris, despite the fact that corresponding transcripts were
expressed (Figure 3C,D; Supplementary Table S2). While the rich and poor cultivation medium has a
significant impact on the metabolism of D. papillatum, the CAT activity remained stable under different
conditions (Figure 3C; Supplementary Table S2).

Recently, it has been demonstrated that the human CAT and its orthologue from a monoxenous
(insect-hosts only) trypanosomatid C. fasciculata have very different temperature optima [39]. In order
to investigate the thermal properties of euglenozoan CAT in more detail, we examined its activity in
C. thermophila and L. seymouri, both at their optimal cultivation temperature of 23 ◦C, as well as at 14 ◦C
and 34 ◦C. These monoxenous species were selected because they have the highest expression and
activity of CAT among the studied euglenozoans (Figure 3C,D; Supplementary Table S2), and are also
thermo-tolerant, being able to withstand temperature changes [40,41]. In both species, the elevated
temperature lowered CAT activity (Figure 3C). Nevertheless, the increased temperature caused a
mild increase (1.5- and 3.7-times in C. thermophila and L. seymouri, respectively) in the mRNA level
of CAT. The resulting pattern of CAT activity and transcription is rather complex. In both species,
lower temperature generally resulted in increased CAT activity (Figure 3C), although the correlation
between temperature and transcription levels was different for C. thermophila and L. seymouri (Figure 3D).

2.5. Respiration Rate Does Not Correlate with CAT and APX Activities

We assumed that organisms with high oxygen uptake require highly active systems for effective
ROS detoxification. If so, CAT was the best candidate for this role, since its activity is not linked to
any other system and it can provide direct and rapid reduction of H2O2. However, we did not find
any correlation between the presence or activity of the CAT or APX detoxification systems and the
rate of respiration (Figure 3E; Supplementary Table S2). Although it has the highest oxygen uptake,
E. longa encodes neither CAT nor APX in its transcriptome (presumed to be highly representative [42]),
and, correspondingly, their activities were lacking (Figure 3). Consistently, the dark-grown E. gracilis

does not display any APX activity, with its respiration rate only slightly lower than that of E. longa

(Figure 3E). Since oxygen consumption was masked by photosynthesis in the illuminated E. gracilis with
fully developed plastids, we could not properly evaluate respiration in this case. The CAT activity of
D. papillatum was not significantly influenced by the cultivation conditions (rich versus poor medium),
even with increased respiration rate in the latter (Figure 3E). The respiration rate of thermostable
C. thermophila and L. seymouri was lowest at 14 ◦C, however the enzymatic activities were highest
(Figure 3A,C,E).

3. Discussion

The complex phylogenetic pattern, diversity, and distribution of CAT and APX in euglenozoans
testify to their importance for these protists. Indeed, E. gracilis contains a photosynthesis-specific APX
shared with other phototrophic euglenophytes, along with a putative plastidial APX acquired from and
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limited to Chloroplastida (Figure 1). Moreover, both diplonemids and euglenids encode a novel clade of
peroxidases with an unknown function, while most kinetoplastids share a unique hAPX-CCP enzyme
exhibiting both the APX and CCP activities [43]. Surprisingly, the kinetoplastid Blastocrithidia sp. P57
and the diplonemid R. humris apparently lack hAPX-CCP, so the low APX activity in both species must be
assigned to another, possibly horizontally transferred, yet unidentified enzyme. Another such example
is CAT in D. papillatum that was gained horizontally from an alpha-proteobacterium (Figure 2C).
The distribution of APX and CAT in diplonemids is best explained by a scenario, in which the
predecessor of these marine protists lacked both enzymes, which were reacquired by horizontal gene
transfer from either prokaryotic or eukaryotic sources (Figures 1 and 2). The importance of possessing
such detoxifying systems is highlighted by the fact that this has occurred independently in several
euglenozoan lineages.

For a long time, APX was considered characteristic for photosynthetic organisms, while CAT was
thought to be ubiquitous in the aerobic systems [44]. However, the distribution of these enzymes in
euglenozoans challenges both claims. Evidence for the presence of APX and prominent absence of CAT
in Trypanosoma cruzi and Leishmania major suggest that the former contributes to the ROS scavenging
also in these parasites [34]. The absence of CAT in certain parasitic trypanosomatids is likely due to an
adaptation to their dixenous (two-hosts) lifestyle, as the transition in the development from the insect
to the mammalian stages of T. brucei and Leishmania spp. seem to rely on H2O2 production [39,45,46].
However, the lack of CAT in dixenous kinetoplastids is not universal, as exemplified by Trypanoplasma

borelli harboring a glycosomal CAT [47].
CAT and APX complement each other’s function in tobacco [27], so to clarify the evolutionary

context of their functional differentiation in euglenozoans, we searched for the CAT and APX sequences
in genomes and/or transcriptomes of representatives, for which such data are available. From these
organisms, only T. brucei, E. gracilis, and E. longa lack both the CAT genes and corresponding activity
(Figure 3C,D). However, despite the presence of CAT transcripts in R. humris and Blastocrithidia sp. P57,
respective enzymatic activity was below our detection limit (Figure 3C), which is not consistent with
the detection of low CAT activity via heme-dependent oxygen production [29]. Our methodology is
based on a spectrophotometric measurement of a decrease in H2O2 (for CAT) and ascorbate (for APX)
levels. Although the sensitivity of oxygen detection appears to be significantly higher than that for the
spectrophotometric detection of H2O2 reduction, we used the latter method in order to have consistent
comparison for the CAT and APX enzymes. The kinetic parameters of CAT suggest yet another
explanation for the lack of measurable activity in R. humris and Blastocrithidia sp. P57. The low affinity
of CAT to H2O2 implies that it is responsible for the removal of excessive ROS when their concentration
is high, while high-affinity APX modulates low concentration of ROS, necessary for cell signaling [14].
Thus, it is plausible that under the applied experimental setup R. humris and Blastocrithidia sp. P57 were
not exposed to the conditions in which ROS would exceed a threshold and upregulate CAT activity.

Since at least E. longa and T. brucei have neither CAT nor APX activity, the plant-like pattern
with APX complementing the lack of CAT does not apply to the euglenozoan protists. In E. gracilis, a
high APX activity was limited to the phototrophic growth conditions and, supposedly, the plastid.
The corresponding APX contains two homologous catalytic domains, forming an intramolecular
dimeric structure and a class II plastid-targeting bipartite sequence [48]. Previously, the APX activity
was demonstrated to be cytosolic [48], which is most likely an artifact of the procedure, given the
presence of the encoded targeting sequence and recent proteomic evidence [49]. We propose that
the high APX activity in E. gracilis, comparable with that in plant plastids [35], mainly mitigates
photosynthetic ROS production in plastids, rather than amends the absence of CAT. Furthermore,
the APX activity in plastid-lacking protists, assayed herein, is 3–18-times lower when compared to the
phototrophic E. gracilis, suggesting that its expression in these species does not meet conditions where
high amounts of ROS need to be combatted.

The catalytic properties of APX depend on the architecture of its domains, substrate binding and
orienting sites. Our results show that not all previously described catalytic amino acids are conserved.
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For instance, a substitution of W for L within the catalytic triad at position 325 can apparently be
tolerated and it does not affect the enzymatic activity, since G. max APX (with L325) shows activity
comparable to the A. thaliana orthologue (with W325) [50,51]. Uniquely, APXs of L. major, L. seymouri,
and N. esmeraldas (and, probably, other representatives of Leishmaniinae [52]) possess the N-terminal
anchoring trans-membrane domain that modulates their catalytic activity. While full-length proteins
exhibit specific APX activities comparable to the cytosolic counterparts, deletion of this domain from
L. major caused a 5-fold decrease in activity [34]. This highlights the importance of membrane tethering
for enzyme architecture or substrate accessibility for this type of APX. On the other hand, the absence
of several cation-binding residues has no effect on enzymatic activity, suggesting that they may be
either redundant or not critical.

ROS production is a phenomenon, accompanying aerobic life, as both photosynthesis and
respiration are major sources of ROS. However, we did not document a direct link between the rate of
oxygen consumption and the activity of studied peroxidases. High ROS production via respiration
is considered to recruit the CAT and APX systems to limit ROS reactivity [53]. However, we posit
that this correlation may not be as straightforward. An increase in oxygen uptake was documented
in D. papillatum, cultivated in the nutrient-poor medium, yet this had no effect on its CAT activity.
Surprisingly, in thermostable C. thermophila and L. seymouri, elevated temperature triggered an increase
in respiration, but a decrease in the activities of both CAT and APX. That transcript abundance did not
follow the same pattern as activity can be explained by the key role of post-transcriptional regulation in
the gene expression of euglenids and trypanosomatids [54–58]. Indeed, weak-to-moderate correlation
has been observed between transcript abundance and protein levels in both trypanosomatids and
Euglena. This suggests an important role of mRNA turnover, translational efficiency and protein
degradation in modulating biological responses in these protists [57]. All euglenozoan protists are
known for polycistronic transcription and the important role of post-transcriptional processes. Hence,
the rather weak correlation between transcript levels and enzymatic activities of CAT and APX is
not unexpected.

To conclude, despite the fact that the ROS detoxification systems in plants are upregulated
under different conditions, we documented a similar activity pattern only for CAT in thermostable
kinetoplastids, but not in the other studied euglenozoans. When present, these peroxidases appear
to be constitutively transcribed, yet the extent of their enzymatic activity varies widely across the
examined species. CAT and APX are retained (or horizontally acquired) only in a subset of studied
protists, which is reflected in their complex phylogenies.

4. Materials and Methods

4.1. Sequence Searches and Phylogenetic Analyses

CAT sequences from D. papillatum were found by tBLASTn [59] search in an unpublished genome
and transcriptome assembly using kinetoplastid sequences, identified previously [29], as queries.
The D. papillatum sequences served as queries for searches in the transcriptomes of other diplonemid
species – Diplonema japonicum, Rhynchopus humris, Lacrimia lanifica, Sulcionema specki, Artemidia motanka,
and Namystynia karyoxenos.

APX sequences were downloaded from RedOxiBase [60] and GenBank [61] databases. These served
as queries and references for APX identification in all studied euglenozoans and other protists.
To distinguish between APX and cytochrome c peroxidases, with which they share the common
phylogenetic origin [43], all euglenozoan sequences were submitted to the InterProScan [62]. Only those
with identified APX domains or strong affiliation to the reference APX clades were retained for further
phylogenetic analysis.

Sequences were clustered (50% identity and 80% coverage) using MMseqs2 [63]. Datasets were
aligned by MAFFT [64] and poorly aligned positions were discarded by trimAl [65] using -gt 0.5 option.
Maximum likelihood trees were inferred from the alignments using the LG + C20 + F + G model and
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the posterior mean site frequency method [66], LG + F + G guide tree in the IQ-TREE software [67]
and employing the strategy of rapid bootstrapping followed by a “thorough” maximum likelihood
search with 1000 bootstrap replicates.

4.2. Localization Predictions

To assess a putative subcellular localization of all studied euglenozoan proteins, PrediSi [68],
NommPred (in kinetoplastid setting; [69]), TargetP v.2.0 [70], and MultiLoc2 (in fungal and animal
settings; [71]) tools were employed. Glycosomal predictions were determined by an in-house
python script based on previously identified targeting signals in kinetoplastids [28]. The number
of transmembrane domains was predicted by TMHMM [72] or Phobius [73], implemented in the
Geneious Prime software [74].

4.3. Transcript Expression Levels

Trimmed RNA-Seq reads were mapped onto the assembled transcriptomes using BBMap (part of
the BBTools suite; https://jgi.doe.gov/data-and-tools/bbtools/). The expression values for each transcript
were calculated as Fragments Per Kilobase of transcript per Million mapped reads (FPKM). From these,
TPM (Transcripts Per Million) values were calculated as FPKM / sum(FPKMs) × 106. For proteins with
several transcript models, mean TPM was calculated.

4.4. Strains and Culture Conditions

D. papillatum cells were inoculated into the nutrient-rich and nutrient-poor media, to a final
concentration 5 × 105 cells/mL. The nutrient-rich medium contained 36 g/L sea salts (Red Sea),
and 1% (v/v) horse serum (Sigma-Aldrich, St. Louise, USA), and 1 g/L tryptone (Duchefa Biochemie,
Amsterdam, Netherlands), while the nutrient-poor medium consisted of 36 g/L sea salts, 1% (v/v) horse
serum, and 0.01 g/L tryptone [75].

R. humris was cultivated in artificial sea water containing 3.6% sea salts (Sigma-Aldrich), enriched
with 1% (v/v) heat-inactivated horse serum (Sigma-Aldrich), and 0.025 g/L LB broth powder (Amresco,
Solon, USA) [76].

Blastocrithidia sp. P57 was cultivated in a medium composed of 40% (v/v) Schneider medium,
40% (v/v) RPMI medium, and 20% (v/v) inactivated fetal bovine serum (all Sigma-Aldrich).

L. seymouri and C. thermophila were cultivated at 23 ◦C in the Brain Heart Infusion medium
(Sigma-Aldrich) supplemented with 10 µg/mL of hemin (Jena Bioscience, Jena, Germany), 10% fetal
bovine serum, 100 units/mL of penicillin, and 100 µg/mL of streptomycin (all Sigma-Aldrich) [77].
For experiments at different temperatures (14 ◦C and 34 ◦C), cells were seeded at a concentration of
3 × 105 cells/mL and cultured for 72 h as described previously [40].

T. brucei (strain 29-13) was cultured at 27 ◦C in SDM79 medium (GE Healthcare, Chicago, USA)
containing 10% (v/v) heat-inactivated fetal bovine serum (Biosera, Nuaillé, France) and 2.5 mg/mL
hemin [78].

E. gracilis cells were cultivated statically at 27 ◦C under constant illumination (10 µm/m2s1) and
dark in liquid Hutner medium [79]. E. longa cells were cultivated statically under constant illumination
(10 µm/m2s1) at 27 ◦C in Cramer-Myers medium supplemented with ethanol (0.8% v/v) [80].

4.5. RNA Isolation, Sequencing and Read Processing

Total RNA of 5 × 107 cells from each L. seymouri and C. thermophila shifted to 14 ◦C was isolated
using the RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s instruction for
three independent biological replicates. Paired-end strand-specific cDNA libraries were sequenced
on Illumina NovaSeq platform (Macrogen Inc., Seoul, Korea). RNA-Seq reads were adapter and
quality trimmed using BBDuk (part of the BBTools suite). As described above, trimmed reads were
mapped onto previously assembled transcriptomes [40,41]. The raw sequencing data for L. seymouri
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and C. thermophila are available at NCBI (https://www.ncbi.nlm.nih.gov/) as BioProjects PRJNA611003
and PRJNA611063, respectively.

4.6. Protein Isolation

Five million cells of D. papillatum and R. humris were incubated with 2 mg of digitonin (AppliChem,
Darmstadt, Germany) at room temperature for 5 min. Aliquot of 106 lysed cells were used for activity
measurements. 5 × 108 T. brucei, L. seymouri, C. thermophila, N. esmeraldas, and Blastocrithidia sp. P57
cells were lysed on ice with 2% (w/v) dodecyl maltoside in 0.5 M aminocaproic acid (both AppliChem)
for 1 h with subsequent 30 min centrifugation at 21,300× g at 4 ◦C. 105 E. gracilis and E. longa cells were
disrupted using 200 mg of 1 mm silica spheres (Silica matrix C; MP Biomedicals, Irvine, USA), and cycle
of 3 × 15 s, 4.0 M/S on FastPrep-24 (MP Biomedicals) with cooling on ice between cycles. Residual
intact cells were separated from lysate by centrifugation at 1800× g for 10 min at 4 ◦C. Supernatant was
used for activity measurements.

Protein concentration in cell lysates was determined using Bradford assay [81].

4.7. Measurements of Activities

Both CAT and APX activity were measured at 25 ◦C in whole-cell lysates. CAT activity was
measured in total volume 1.3 mL that comprised 50 mM KPi pH 7.2, 0.005% (v/v) H2O2, and 10 µL
of kinetoplastid lysate (T. brucei, L. seymouri, C. thermophila, N. esmeraldas, or Blastocrithidia sp. P57)
or 100 µL of diplonemid lysate (D. papillatum or R. humris) or euglenid lysate (E. gracilis or E. longa).
Activity of CAT was monitored for 2–4 min as a decrease in absorbance at 240 nm in the cuvette for
UV-VIS spectra (Varian-Agilent Quartz Semi-Micro Cuvette Cell, Agilent, Santa Clara, USA). Activity
U was calculated as the amount of enzyme that reduces 1 µmol of H2O2 (ε240 = 43.6 M−1cm−1) per
1 min. Specific activity was calculated as U per mg of cell proteins.

APX activity was measured analogously to CAT activity with the addition of freshly prepared
15 µM ascorbate (AppliChem). The activity was monitored for 2–4 min at 274 nm as a decrease in
absorbance in the cuvette for UV-VIS spectra (Agilent). Activity U was calculated as the amount
of enzyme required for a reduction of 1 µmol of ascorbic acid (ε274 = 14,900 M−1cm−1) per 1 min.
Specific activity was calculated as U per mg of cell proteins.

In order to distinguish between H2O2 and ascorbate absorption spectra, we scanned absorbance
of each substrate from 200 to 350 nm. Both molecules had absorption peaks at 300 nm, the wavelength
at which CAT and APX activities are routinely detected [10,35]. After reducing the concentration of
both substrates compared to the original protocols, 0.005% (v/v) H2O2 displayed an additional peak at
240 nm. Thus, we picked this wavelength (240 nm) for CAT measurements, because ascorbate did not
absorb in this area. The control for CAT activity was the formation of oxygen that was visible in the
cuvette in the form of bubbles. Since ascorbate displayed only one absorption peak around 300 nm,
we adjusted the wavelength to 274 nm where 0.005% (v/v) H2O2 was not detected and only an increase
in reduced ascorbate was monitored. Our optimized assay for APX activity measurement was closest
to the protocol published previously [82], in which the concentration of ascorbate varied from 10 to
80 µM and oxidation of substrate was monitored at 265 nm with extinction coefficient for ascorbate
ε274 = 14,900 M−1cm−1.

Each experiment was performed in two biological replicates. Each biological replicate consisted
of 2–6 technical replicates. Statistical significance of differences between organisms was evaluated by
unpaired t-test.

4.8. Oxygen Uptake Analysis

Clark oxygen electrode (Oxytherm System; Hansatech Instruments, Norfolk, UK) was used for
measuring the oxygen consumption by intact cells. Each culture in the logarithmic growth phase
was diluted to a concentration of 106 cells/mL. The electrode chamber was filled with 1 mL of culture

105



Pathogens 2020, 9, 317

and oxygen consumption was recorded for 4–6 min. Final values were calculated as the difference in
oxygen consumption per 1 min caused by 106 cells.

Each experiment was performed in two biological replicates. Each biological replicate consisted of
two to six technical replicates. Statistical significance of differences between organisms was evaluated
by unpaired t-test.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/4/317/s1,
Figure S1: Full alignment of APX sequences from selected species. APX domains, signal and transit peptide,
and linker are boxed by a colored background corresponding to domain colors in Figure 4. Important amino
acid residues are highlighted in different colors corresponding to colors in Figure 4. Transmembrane domains are
underlined. Table S1: Predicted subcellular localization of euglenozoan sequences used in this study. Table S2:
Inferred expression levels and measurements of enzyme activities and oxygen uptake in studied euglenozoans.
File S1: Maximum-likelihood phylogenetic tree of Euglenozoa HPX possessing APX domains in Newick format.
File S2: Maximum-likelihood phylogenetic tree of Euglenozoa CAT in Newick format.
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Abstract: The order Trypanosomatida has been well studied due to its pathogenicity and the unique
biology of the mitochondrion. In Trypanosoma brucei, four DNA polymerases, namely PolIA, PolIB,
PolIC, and PolID, related to bacterial DNA polymerase I (PolI), were shown to be localized in
mitochondria experimentally. These mitochondrion-localized DNA polymerases are phylogenetically
distinct from other family A DNA polymerases, such as bacterial PolI, DNA polymerase gamma (Polγ)
in human and yeasts, “plant and protist organellar DNA polymerase (POP)” in diverse eukaryotes.
However, the diversity of mitochondrion-localized DNA polymerases in Euglenozoa other than
Trypanosomatida is poorly understood. In this study, we discovered putative mitochondrion-localized
DNA polymerases in broad members of three major classes of Euglenozoa—Kinetoplastea,
Diplonemea, and Euglenida—to explore the origin and evolution of trypanosomatid PolIA-D.
We unveiled distinct inventories of mitochondrion-localized DNA polymerases in the three classes:
(1) PolIA is ubiquitous across the three euglenozoan classes, (2) PolIB, C, and D are restricted
in kinetoplastids, (3) new types of mitochondrion-localized DNA polymerases were identified in
a prokinetoplastid and diplonemids, and (4) evolutionarily distinct types of POP were found in
euglenids. We finally propose scenarios to explain the inventories of mitochondrion-localized DNA
polymerases in Kinetoplastea, Diplonemea, and Euglenida.

Keywords: DNA replication; family A DNA polymerase; plant and protist organellar DNA polymerase;
Trypanosomatida; Kinetoplastea; Diplonemea; Euglenida; Prokinetoplastina
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1. Introduction

Members of the order Trypanosomatida have been extensively studied because of their
pathogenicity to humans. Trypanosoma brucei, Trypanosoma cruzi, and the species belonging to
the genus Leishmania cause African trypanosomiasis (sleeping sickness), American trypanosomiasis
(Chagas disease), and leishmaniasis, respectively [1]. Besides their significance as the causative
agents of deadly diseases, trypanosomatids are important for basic biological research due to the
complex architecture of their mitochondrial genomes (mtDNAs) and RNA-editing of mitochondrial
transcripts [2]. Trypanosomatids possess a unique mtDNA comprising two types of circular DNA
molecule—maxicircles and minicircles—interlocked with one another (so-called kinetoplast DNA or
kDNA). A single kDNA contains dozens of maxicircles and thousands of minicircles. Maxicircles
carry protein-coding genes and ribosomal RNA genes, of which transcripts need to be edited
post-transcriptionally by extensive insertions and deletions of uridines with the help of guide RNAs
(gRNAs) transcribed from minicircles. The structural complexity of kDNA is seemingly consistent
with a unique set of DNA polymerases required for kDNA replication. In the genus Trypanosoma,
phylogenetically diverse DNA polymerases were experimentally shown to be localized in mitochondria;
(i) PolIA, PolIB, PolIC, and PolID [3] belong to family A, the members of which bear the sequence
similarity to bacterial DNA polymerase I (PolI) [4], two of DNA polymerase beta in family X [5],
and a DNA polymerase kappa in family Y [6]. Besides PolIA-D in trypanosomatids, several DNA
polymerases of family A are known to be localized in mitochondria, such as DNA polymerase gamma
(Polγ) in animals and yeasts [7] and plant and protist organellar DNA polymerase (POP), which is also
targeted to the plastids of plants and algae [8–10].

Trypanosomatida, together with Eubodonida, Parabodonida, Neobodonida, and Prokinetoplastida,
are assembled to the class Kinetoplastea [11]. In principal, the characteristics of kDNA (and unique
gene expression from kDNA) in trypanosomatids seem to be ubiquitous across the members of
Kinetoplastea with modifications [12,13]. In the tree of eukaryotes, Kinetoplastea is further related to the
classes Diplonemea and Euglenida, and the family Symbiontida, forming the phylum Euglenozoa [11].
Diplonemid mitochondria contain numerous circular DNA molecules (minicircles) and each chromosome
possesses “gene module(s)” that are a piece of the coding regions [14,15]. Both 5′ and 3′ non-coding
regions of primary transcripts from gene modules are removed and the resulting transcripts were then
assembled into a mature mRNA by trans-splicing. After the removal of the 5′ and 3′ non-coding regions
described above, transcripts from certain modules undergo substitution RNA editing (cytidine-to-uridine,
adenosine-to-inosine and/or guanosine-to-adenosine) and/or appendage RNA editing at the 3′ end
(uridine and/or adenosine-appendage) [16]. The architecture of euglenid mtDNA seems to be simpler
than those of kinetoplastid/diplonemid mtDNA [17–19]. The mtDNA of Euglena gracilis, a representative
species of Euglenida, is composed of multiple linear DNA molecules, each of which carries one or two
full-length genes [18,19]. Although no sequence data are available, the mitochondrion of the euglenid
Petalomonas cantuscygni was reported to contain multiple DNA molecules in both linear and circular
forms based on electron microscopic observation [17]. Finally, our current knowledge of Symbiontida
is restricted to morphological information and small subunit ribosomal RNA gene sequences [20–22].
Importantly, no systematic survey of mitochondrion-localized DNA polymerases has been done for any
of the members of Euglenozoa except trypanosomatids.

In this study, we aim to retrace how the current inventory of mitochondrion-localized DNA
polymerases in trypanosomatids has been shaped during the evolution of Euglenozoa. We searched
for putative mitochondrion-localized DNA polymerases in diverse euglenozoans. Briefly, we detected
PolIA in all of the euglenids, diplonemids, and kinetoplastids examined here, except for a single case
of putative secondary loss. PolIB, C, and D are seemingly restricted to members of Kinetoplastea.
In addition, we detected novel DNA polymerases, named PolI-Perk1 and PolI-Perk2, and PolI-dipl,
all of which are apparently related to but distinct from PolIB-D, in the prokinetoplastid Perkinsela sp.
and diplonemids, respectively. In euglenids, three distinct types of POP were found and at least two
of them were most likely to be localized in mitochondria. According to the inventories of family A
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DNA polymerases in Euglenida, Diplonemea, and Kinetoplastea, we here discuss the evolution of
mitochondrion-localized DNA polymerases in Euglenozoa.

2. Results

Pioneering studies demonstrated that the previously described mitochondrion-localized DNA
polymerases, namely Polγ, POP, trypanosomatid PolIA–D belong to family A [10,23]. Thus, we surveyed
family A DNA polymerases in both public and in-house transcriptome data of four kinetoplastids, four
diplonemids, and six euglenids (14 species in total). We repeated the same search against the genome
data of two kinetoplatids, Bodo saltans and Perkinsela sp. As a result, 37 family A DNA polymerases
were identified in 14 euglenozoan species and then subjected to phylogenetic analyses along with
their homologs, including Polγ, POP, and trypanosomatid PolIA–D. Based on the phylogenetic affinity,
we classified the 37 newly identified family A DNA polymerases into nine POP, 13 PolIA, three PolIB,
a single PolIC, five PolID, and six “PolIBCD-related” DNA polymerases, named PolI-Perk1, PolI-Perk2,
and PolI-dipl (see below).

2.1. PolIA is Ubiquitous in Euglenida, Diplonemea, and Kinetoplastea

In the trypanosomatid Trypanosoma brucei, four distinct types of family A DNA polymerase—PolIA,
B, C, and D—are known to be involved in the maintenance of DNA in their mitochondria [3,24–26].
We found that all the species examined in this study (except Perkinsela sp.) possess sequences that
grouped robustly with trypanosomatid PolIA in the global phylogeny of family A DNA polymerases
(Figure 1). We here propose that euglenids, diplonemids, and kinetoplastids (except for Perkinsela sp.)
possess PolIA, which can be traced back to a single DNA polymerase in the common ancestor of the three
classes of Euglenozoa. In the PolIA clade, the homologs of kinetoplastids, diplonemids, and euglenids
formed individual subclades, and their monophylies were supported by maximum-likelihood bootstrap
values (MLBPs) of 68–93% and Bayesian posterior probabilities (BPPs) of 0.93 to 1.0, while the
relationship among the three subclades was not resolved with confidence (Figure 1). The PolIA
homologs found in this study were predicted to have the family A DNA polymerase domain (PF00476)
at their C-termini (Table S1), as seen in the Trypanosoma brucei homolog [3].

We recovered the complete N-termini of PolIA homologs in only four kinetoplastids, a single
diplonemid and two euglenids out of the 16 homologs examined in this study. None or only one out of
the four in silico programs predicted a mitochondrial targeting signal (MTS) at the N-termini of the
four kinetoplastid homologs (Figure 2). Although Trypanosoma brucei PolIA was shown to be localized
in mitochondria experimentally, its N-terminal MTS was not detected by in silico prediction [3].
This likely stems from the difficulty in predicting the mitochondrion-localized proteins in Trypanosoma

brucei based on the N-terminal amino acid sequences [27]. In contrast, three out of the four programs
predicted an MTS in the homolog of the diplonemid Flectonema neradi. For the Euglena gracilis homolog,
only a single program predicted an MTS in its N-terminus. Nevertheless, the study on the Euglena

gracilis mitochondrial proteome recognized PolIA as a mitochondrial protein [28]. The N-terminus of
the Peranema homolog was predicted to have an MTS by all of the four programs. The N-termini of the
rest of 14 PolIA homologs were incomplete and thus could not be subjected to the MTS prediction
(triangles; Figure 2). Considering the robust affinity between Trypanosoma brucei PolIA, of which
subcellular localization was experimentally confirmed [3], and the other PolIA homologs, we suspect
that all of the PolIA homologs identified in this study are mitochondrion-localized proteins.

113



Pathogens 2020, 9, 257

 

Figure 1. Maximum likelihood (ML) phylogenetic tree of family A DNA polymerases. ML bootstrap
values equal to or greater than 70% are shown at the corresponding nodes, except the value for the
clade of two Perkinsela sequences. Nodes marked by dots were supported by Bayesian posterior
probabilities (BPPs) equal to or greater than 0.95, but the BPPs smaller than 0.95 are shown for the
nodes of our interest. The bacterial sequences are shown in red. The euglenozoan sequences are in
blue. The sequences identified in this study are highlighted by stars.

114



Pathogens 2020, 9, 257

 

θ

Figure 2. Inventories of family A DNA polymerases in Euglenida, Diplonemea, and Kinetoplastea.
For each species examined here, the presence (absence) of each type is displayed by a circle/triangle
(a dash/cross). The circles and triangles represent sequences with the complete N-termini and those of
which N-termini were absent, respectively. The dashes and crosses represent the absences of homologs
in transcriptome and those in both transcriptome and genome, respectively. The sequences with the
complete N-termini were subjected to in silico prediction of the mitochondrial targeted signal (MTS) at
their N-termini by using TargetP [29], NommPred [30], PredSL [31], and MitoFates [32]. In the case of
the MTS being predicted, a subset (or all) of the quarters is filled (upper-right, TargetP; lower-right,
NommPred; lower-left, PredSL; upper-left, MitoFates). Stars, which are associated with the four DNA
polymerases of Trypanosoma brucei and POP_e1 of Euglena gracilis indicate the experimentally confirmed
mitochondrion-localization. The branching order in the Kinetoplastea clade, that in the Diplonemea
clade, and that in the Euglenida clade are based on Yazaki et al. (2017), Tashyreva et al. (2018), and
Bicudo and Menezes (2016), respectively [33–35].

The precise function of PolIA of Trypanosoma brucei has yet to be clarified experimentally [3].
PolIA showed a clear phylogenetic affinity to Polθ that is involved in DNA repair in the nuclear
genome (Figure 1) and was postulated to be involved in mtDNA repair [36]. Based on the proposed
function of Trypanosoma brucei PolIA, this DNA polymerase may be involved in mtDNA repair in
diverse euglenozoans.

2.2. PolIB, C, D, and “PolIBCD-Related” DNA Polymerases in Diplonemea and Kinetoplastea

Trypanosomatid PolIB, C and D were shown to be closely related to each other but remote
from PolIA in previous phylogenetic studies [10,23]. In this section, we describe the distribution
and evolution of PolIB, C, D and “PolIBCD-related” DNA polymerases in Euglenozoa. In brief,
the sequences which grouped directly with trypanosomatid PolIB, C or D were found only in the
kinetoplastids but not in the euglenids or diplonemids examined here.

In Figure 1, trypanosomatid PolID are grouped with the homologs of the eubodonid Bodo saltans,
the parabodonid Trypanoplasma borreli, the neobodonid Azumiobodo hoyamushi, and the prokinetoplastid
Perkinsela sp. together with an MLBP of 84% and a BPP of 0.97, indicating that PolID is ubiquitous in
Kinetoplastea. PolIB was detected in all of the orders of Kinetoplastea except for Prokinetoplastida,
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as B. saltans, Trypanoplasma borreli, and A. hoyamushi appeared to possess DNA polymerases that formed
a clade with trypanosomatid PolIB with an MLBP of 100% and a BPP of 1.00. The distribution of PolIC
is likely restricted to Trypanosomatida and Eubodonida, as only a single B. saltans homolog grouped
with trypanosomatid PolIC with an MLBP of 100% and a BPP of 1.00. All of the PolIB homologs
appeared to possess both 3′-5′ exonuclease domain (PF00929) and polymerase domain (PF00476)
(Figure 3; see Table S1 for the details). Only the polymerase domain (PF00476) was found in the four
PolIC homologs assessed here (Table S1). Although Trypanosoma brucei PolID has been reported to
possess both 3′-5′ exonuclease domain (PF01612) and polymerase domain (PF00476) [3], we detected
only the latter domain in the rest of the PolID homologs assessed here (including the homologs of
Trypanosoma grayi and L. major; Figure 3 and Table S1).

We identified novel family A DNA polymerases in Perkinsela sp. and diplonemids, both of which
formed a large clade with PolIB, C, and D (Figure 1; labelled as “K+D PolI”). All of the four diplonemids
examined here possess the DNA polymerases that formed a clade with an MLBP of 99% and a BPP
of 1.00 (designated as “PolI-dipl”), suggesting that this type of DNA polymerase has been inherited
vertically from an ancestral diplonemid. Both 3′-5′ exonuclease domain (PF01612) and polymerase
domain (PF00476) were conserved in three out of the four PolI-dipl homologs, while the former domain
was absent in the H. phaeocysticola homolog (only the domain structure of the Flectonema neradi homolog
is shown in Figure 3; the domain structures of other homologs are provided in Table S1). We found two
DNA polymerases in Perkinsela sp. (designated as “PolI-Perk1” and “PolI-Perk2”), which were tied
together with an MLBP of 46% and a BPP of 0.93 (Figure 1). Only the polymerase domain (PF00476)
was found in PolI-Perk1 and PolI-Perk2 (Figure 3 and Table S1). Overall, our phylogenetic analyses
failed to resolve the relationship among PolI-Perk1, PolI-Perk2, and four clades of PolIB, C, D, and
-dipl with confidence. If we believe the ML tree topology shown in Figure 1, PolI-Perk1 and -Perk2
belong to a novel type of DNA polymerase that is closely related to but clearly distinct from PolIB, C,
D, or -dipl. Alternatively, due to the lack of phylogenetic resolution, we cannot exclude the possibility
of PolI-Perk1 and -Perk2 (or PolI-Perk2 and -Perk1) being PolIB and C in Perkinsela sp., respectively.
Unfortunately, we cannot make any definite conclusions on the origins of PolI-Perk1 and -Perk2 in
this study.

We succeeded in recovering the N-termini of all of the PolIC and D homologs examined here,
and 10 out of the 12 homologs were predicted in silico to have an MTS by at least two out of the four
programs (Figure 2). Among the six PolIB homologs, the complete N-termini were available for all of
them except that of B. saltans, and MTS was robustly predicted at the N-termini of the Trypanosoma

brucei, L. major and A. hoyamushi homologs. Based on their phylogenetic affinity to the homologous
sequences in trypanosomatids (Figure 1) and in silico MTS prediction (Figure 2), we propose that
the newly identified PolIB, C, and D are localized in their mitochondria. The N-terminal sequences
of PolI-Perk1, -Perk2, and -dipl are available and at least two out of the four programs predicted an
MTS in their N-termini (Figure 2). Thus, the novel DNA polymerases found in Perkinsela sp. and
diplonemids are likely to be localized in their mitochondria.

PolIB, C, and D were experimentally shown to be essential for Trypanosoma brucei growth and
mtDNA replication in both procyclic and bloodstream forms [3,24–26]. Although the difference in
function among PolIB, C, and D is poorly understood, their functions in mtDNA replication are
unlikely to overlap one another [37]. All we can propose here is the simplest and most conserved
scenario—no substantial change in function has occurred to PolIB, C or D through the evolution
of Kinetoplastea. Regrettably, the amino acid sequences and domain structures are insufficient to
speculate about the precise functions of the novel mitochondrion-localized DNA polymerases in
Perkinsela sp. and diplonemids, which are absent in trypanosomatids.
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Figure 3. Domain structures of PolIB, C, D, and PolIBCD-related DNA polymerases. The domain
structures of PolIB, C, and D are represented by the corresponding homologs of Bodo saltans (Note that
the N-terminus of B. saltans PolIB is incomplete). As PolI-Perk1 and -Perk2 have been undescribed
prior to this study, we provide their domain structures. The domain structure of another previously
undescribed DNA polymerase identified in diplonemids (PolI-dipl) is represented by the Flectonema

neradi homolog. Two types of the 3’-5’ exonuclease domains are highlighted in different colors (PF01612
and PF00929 correspond to dark green and light green, respectively). The family A DNA polymerase
domains are shown in orange. The detailed domain structures of the kinetoplastid and diplonemid
PolIB, C, D, and PolIBCD-related DNA polymerases are described in Table S1.

2.3. POP in Euglenida

We surveyed family A DNA polymerase sequences in six euglenids, and identified POP homologs
from all of the species examined here, except Peranema sp. In total, nine POP homologs were found
in the five euglenids examined in this study. A phylogenetic analysis of POP alignment separated
the euglenid homologs into three distinct types, namely, “POP_e1,” “POP_e2,” and “POP_Rhabd”
(Figure 4). Euglena gracilis, Euglena longa, Eutreptiella gymnastica, and Rapaza viridis (members of
Euglenophyceae) share POP_e1, which grouped together with an MLBP of 79% and a BPP of 0.95.
Rhabdomonas costata appeared to possess two POP homologs (POP_Rhabd1 and _Rhabd2) that were
tied together with an MLBP of 100% and a BPP of 0.99. In the POP phylogeny, the clade of POP_Rhabd1
and _Rhabd2, and that of four POP_e1 homologs were branched subsequently from the root of
the entire POP clade (Figure 4). However, because the backbone of the clade is not supported, the
sister relationship between POP_e1 and POP_Rhabd cannot be excluded. POP_e2 was identified
in Euglena spp. and Eutreptiella gymnastica and formed a clade with an MLBP of 97% and a BPP of
1.00. The POP_e2 clade was separated from the POP_e1 or POP_Rhabd homologs but grouped with
the plastid-localized POP homologs in chlorarachniophytes with an MLBP of 99% and a BPP of 1.00
(Figure 4). As reported for the previously studied POP homologs, POP_e1 and POP_e2 appeared to
possess both 3’-5’ exonuclease domain and polymerase domain (Figure 5; see Table S1 for the details).
POP_Rhabd1 and _Rhabd2 seemingly lack the 3’-5’ exonuclease domain (Figure 5 and Table S1).

POP homologs are often localized in both mitochondria and plastids in photosynthetic species [38,39].
The N-termini of three out of the four POP_e1 homologs were completed and predicted to function as an
MTS by at least two out of the four in silico programs (Figure 2). On the other hand, neither SignalP [40] nor
TMHMM [41] predicted the N-terminal amino acid sequence of Euglena gracilis POP_e1 as a typical plastid
targeting signal (PTS). Importantly, POP_e1 was detected as a part of the mitochondria proteome [28],
while not recognized as the plastid-localized protein [42]. These results consistently suggest that the
POP_e1 homologs found in this study are mitochondrion-localized. The two POP_Rhabd homologs were
predicted to have an MTS by at least three out of the four programs (Figure 2), suggesting that the two
DNA polymerases in Rhabdomonas costata are localized in the mitochondria. Based solely on the sequence
data, we have little insight into the difference in function between the two mitochondrion-localized DNA
polymerases in euglenids, PolIA and POP_e1/POP_Rhabd.
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Figure 4. ML phylogenetic tree of plant and protist organellar DNA polymerase (POP). ML bootstrap
values equal to or greater than 70% are shown at the corresponding nodes. Nodes marked by dots were
supported by Bayesian posterior probabilities equal to or greater than 0.95. The bacterial sequences are
shown in red. The euglenozoan sequences are in blue. The three types of POP identified in euglenids
(POP_e1, POP_e2, and POP_Rhabd) are shaded in blue. Mitochondrion- and plastid-localized POP in
chlorarachniophytes are shaded in orange and light green, respectively.
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Among the three POP_e2 homologs, we completed the N-terminus of the Euglena gracilis homolog.
Only a single program predicted an MTS in the N-terminus of the Euglena gracilis POP_e2, and this is
insufficient to propose its mitochondrial localization. Likewise, no PTS was predicted at the N-terminus
of Euglena gracilis POP_e2. Indeed, Euglena gracilis POP_e2 was recognized as neither a mitochondrial
nor plastid protein in the proteomic studies [42]. Thus, we conclude that the POP_e2 homologs are
localized in the cytosol.

 

Figure 5. Domain structures of the POP homologs in euglenids. The domain structures of POP_e1
and POP_e2 are represented by the Euglena gracilis homologs. The two POP homologs identified in
Rhabdomonas costata (POP_Rhabd1 and POP_Rhabd2) possess only the family A DNA polymerase
domain (shown in orange). The 3’-5’ exonuclease domain (PF01612) is shown in dark green. The
detailed domain structures of the POP homologs identified in this study are described in Table S1.

3. Discussion

This study unveiled that PolIA is ubiquitously distributed among Euglenida, Diplonemea, and
Kinetoplastea. Thus, we firmly conclude that this type of family A DNA polymerase was obtained in
the common ancestor of these three classes and has been inherited vertically to the extant descendants.
We also propose that Perkinsela sp., which is an obligate intracellular organism of Paramoeba, lost
PolIA secondarily. There is a room for arguing whether PolIA is absolutely absent in Perkinsela sp.
However, family A DNA polymerases were surveyed in both the transcriptome and genome data
of this species, and there may be little chance to overlook a PolIA gene in the high-quality genome
data in particular [43]. Consequently, we propose that a loss of PolIA occurred on the branch leading
to Perkinsela sp. The conservation of PolIA in Kinetoplastea implies the importance of this DNA
polymerase for kDNA maintenance in Euglenozoa. There is a study experimentally demonstrating
that PolIA was shown to be dispensable under normal growth conditions in Trypanosoma brucei [3].
We suspect that the dispensability of PolIA varies among the life stages of the trypanosome development.

In contrast to the ubiquity of PolIA among Euglenida, Diplonemea, and Kinetoplastea, PolIB, C,
and D were identified in the members of Kinetoplastea alone. To our knowledge, no high-quality
genome data is publicly available for any of the diplonemids or euglenids. However, it is unlikely
that none of the DNA polymerases of interest were overlooked in the transcriptome data of the four
diplonemids and six euglenids examined here. Thus, we conclude that PolIB, C, and D are restricted
in Kinetoplastea. In addition, we identified PolI-Perk1 and -Perk2 in Perkinsela sp., and PolI-dipl in
diplonemids, both of which were previously undescribed. As PolIB, C, D, -Perk1, -Perk2, and -dipl
formed a “K+D PolI” clade with high statistical support, these DNA polymerases can be traced back to
a single ancestral mitochondrion-localized DNA polymerase in the common ancestor of the classes
Kinetoplastea and Diplonemea. We here propose that the ancestral DNA polymerase in the two classes
was similar to the extant PolI-dipl, and, after the separation of the two classes, the ancestral type of the
mitochondrion-localized DNA polymerase has been kept as PolI-dipl in Diplonemea, but has diverged
into PolIB, C, D, -Perk1, and -Perk2 during the evolution of Kinetoplastea. So far, it is reasonable to
propose that the common ancestor of Kinetoplastea possessed PolID, which was found in all of the
members of Kinetoplastea examined in this study. On the other hand, the precise evolutions of PolIB,
C, -Perk1, and -Perk2 remain unclear because of two obstacles discussed below.
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Firstly, the relationship among PolIB, C, D, -Perk1, and -Perk2 was essentially unresolved in the
phylogenetic analyses and makes it difficult to infer how the particular types of DNA polymerase
emerged during the divergence of Kinetoplastea. Future phylogenetic analyses with improved sequence
sampling may provide a better resolution for the relationship among PolIB, C, D, -Perk1, and -Perk2.
Secondly, there is a certain level of uncertainty about the inventories of mitochondrion-localized DNA
polymerases in members of Kinetoplastea. The absence of PolIC, -Perk1, and -Perk2 in Neobodonida and
Parabodonida needs to be reexamined after the genome data become available from the representative
species of the two orders. Likewise, the inventory of mitochondrion-localized DNA polymerases in
the class Prokinetoplastida relies entirely on Perkinsela sp. in this study. Thus, we need to examine
(1) the absence of PolIB and/or C, and (2) the ubiquities of PolI-Perk1 and -Perk2 in members of
Prokinetoplastida in the future.

At least one of the three phylogenetically distinct types of POP were detected in all of the
euglenids examined in this study, except for Peranema sp. It is difficult to conclude that Peranema sp.
truly lacks any POP homolog, as we only surveyed family A DNA polymerases in its transcriptome
data. We predicted that POP_e1 and POP_Rhabd are localized in mitochondria and POP_e2 is a
cytosolic protein. Unfortunately, the current data remain uncertain regarding the POP evolution in
Euglenida. For instance, we cannot be sure whether the ancestral euglenid possessed a POP homolog
for DNA replication in the mitochondrion. If we hypothesize the absence of POP in the ancestral
euglenid, a straightforward interpretation of the distribution of the two distinct types of POP over
the tree of Euglenida [33] is that POP_Rhabd and POP_e1 emerged separately (1) on the branch
leading to Rhabdomonas costata and (2) the common ancestor of Euglenophyceae, respectively. In the
future, the timing of POP_e1 emergence needs to be revised by incorporating the presence/secondary
loss/absence of this type of POP in the early-branching (heterotrophic) species in the tree of Euglenida
(e.g., Peranema sp.). When the presence/secondary loss of POP_e1 is confirmed in a heterotrophic
species, the emergence of POP_e1 should be pushed back to a more ancient branch than that leading to
the ancestral euglenophycean species in the tree of Euglenida. In addition, there is a possibility for an
alternative scenario assuming that POP_e1 and POP_Rhabd, which were not so distant from each other
in the POP phylogeny (Figure 3), evolved from a single POP in the ancestral euglenid. To understand
the evolution of mitochondrion-localized POPs in euglenids better, we need to know the inventories of
POP in phylogenetically broad euglenids, particularly those of early-branching species.

The proteome data from Euglena gracilis suggest that POP_e2 is a cytosolic protein. Although
the cytosolic DNA polymerases are not of prime interest in this study, we here discuss the origin of
POP_e2 briefly. The POP phylogeny recovered the intimate evolutionary affinity between POP_e2 and
the plastid-localized POP in chlorarachniophytes (Figure 3). It is noteworthy that the POP homologs
of euglenids and chlorarachniophytes appeared to be distant from those of Pyramimonas parkeae and
members of Ulvophyceae that are close relatives of the algal endosymbionts which gave rise to the
plastids in the two algal groups of interest [44,45]. Thus, no endosymbiotic gene transfer can be
invoked in the evolution of POP_e2 in euglenids or plastid-localized POP in chlorarachniophytes.
As Euglenida and Chlorarachniophyta are distantly related to each other in the organismal tree of
eukaryotes [11], we propose that a POP gene may have been exchanged between the two distant
groups, albeit the direction of the gene transfer remains uncertain. Alternatively, an as-yet-unknown
eukaryote may have donated a POP gene to Euglenophyceae and Chlorarachniophyta separately. If so,
we need to understand the precise diversity of POP in eukaryotes to pinpoint the donor of the ancestral
POP_e2 gene.

4. Materials and Methods

4.1. Sequence Data Preparation

We obtained the transcriptome data of the following members of Euglenozoa from NCBI
Sequence Read Archive [46]: Three kinetoplastids (Bodo saltans, GenBank accession number ERP001594;
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Trypanoplasma borreli ATCC 50836, SRR10580962; Azumiobodo hoyamushi, SRR10586159), three diplonemids
(Diplonema ambulator, SRR5998378; Rhynchopus euleeides, SRR5998382; Flectonema neradi, SRR5998375),
four euglenids (Euglena gracilis, ERR974915, SRR3195326; Euglena longa, SRP148531; Eutreptiella gymnastica

NIES-381, SRR1294408 and Rhabdomonas costata PRJNA550357), and a green alga (Pyramimonas parkeae,
DRR036722). The raw sequence reads were trimmed by fastp v0.19.7 [47] with the -q 20 -u 80 option and
then assembled by Trinity v2.8.4 [48]. The assembled genome data of Perkinsela sp. CCAP 1560/4 (LFNC01)
and Bodo saltans strain LakeKonstanz (CYKH01) were downloaded from the GenBank database [46].
We searched for the nucleotide sequences encoding family A DNA polymerases in the 14 assembled
transcriptome/genome data described above by TBLASTN [49] using the DNA polymerase domain of
Escherichia coli DNA polymerase I (KHH06131; the portion corresponding to the 491th–928th amino acid
residues) as a query. We retrieved the sequences matched to the query with E-values equal to or less than
1 × 10−4 as the candidates of family A DNA polymerases.

We repeated the procedures described above on our in-house transcriptome data of the diplonemid
Hemistasia phaeocysticola and two euglenids (Rapaza viridis and Peranema sp.). The transcripts encoding
the putative family A DNA polymerases were amplified by reverse transcription PCR and the resultant
amplicons were sequenced by using the Sanger method. The nucleotide sequences determined in this
study were deposited to GenBank/DDBJ/EMBL accession numbers LC516826–LC516833.

4.2. Phylogenetic Analysis of family A DNA Polymerases

We found 37 putative family A DNA polymerase sequences in 14 euglenozoan species (four
kinetoplastids, four diplonemids, and 6 euglenids) in this study. These sequences were aligned with
other family A DNA polymerases, including PolIA, B, C, and D in Trypanosoma brucei, Trypanosoma grayi,
and Leishmania major, DNA polymerase γ, θ, and ν, POP, plastid replication and repair enzyme complex
(PREX) in Apicomplexa, bacterial PolI, and bifunctional 3’-5’ exonuclease/DNA polymerase [10,23].
These family A DNA polymerases were sampled to include at least three sequences representing each
clade in the previous phylogenetic trees. The amino acid sequences were aligned by MAFFT v7.407 [50]
with the L-INS-i model. Ambiguously aligned positions were discarded manually, and gap-containing
positions were trimmed by using trimAI v1.4 [51] with the -gt 0.9 option. The final alignment comprised
100 sequences with 426 unambiguously aligned amino acid positions. We subjected this alignment to
the maximum-likelihood (ML) phylogenetic analysis by IQ-TREE v1.6.12 [52] using the LG + C20 + F +
Γ model. The guide tree was obtained by the LG + I + Γ model that was selected by ModelFinder [53].
The statistical support for each bipartition in the ML tree was calculated by 100 non-parametric
bootstrap replicates.

The family A alignment was also analyzed with Bayesian method by PhyloBayes v4.1 [54] using
the CAT + GTR model. Four Markov chain Monte Carlo (MCMC) chains were run for 25,000 cycles
with burn-in of 2500 (maxdiff = 0.144933). Subsequently, the consensus tree with branch lengths and
BPPs was calculated from the remaining trees.

4.3. Phylogenetic Analysis of POP

We found 9 transcripts encoding POP in 5 euglenid species. Their putative amino acid sequences
were added to the alignment that was generated and analyzed in Hirakawa and Watanabe (2019) [10].
In total, 58 POP sequences and 28 family A DNA polymerase sequences belonging to non-POP
subfamilies were re-aligned by MAFFT v7.407 with L-INS-i model. After the trimming of gap-containing
positions by using trimAI with the -gt 0.8 option, the final “POP” alignment comprised 86 sequences
with 509 unambiguously aligned amino acid positions. The ML and ML bootstrap analyses were
performed as described above.
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The POP alignment was also analyzed with Bayesian method by PhyloBayes v4.1 [54] using the CAT
+GTR model. Four MCMC chains were run for 100,000 cycles with burn-in of 10,000 (maxdiff = 0.286478).
Subsequently, the consensus tree with branch lengths and BPPs was calculated from the remaining trees.

4.4. In silico Prediction of Subcellular Localization and Functional Domains of Family A DNA Polymerases

The mitochondrial localization of the family A DNA polymerases identified in this study were
predicted based on their N-terminal sequences by the four different programs, TargetP 1.1 [29],
NommPred [30], PredSL [31] and MitoFates [32]. In addition, the Euglena gracilis POP_e1 and
POP_e2 sequences were subjected to SignalP v3.0 [40] and TMHMM v2.0 [41] to evaluate their plastid
localization. Functional domains were searched by HMMER v3.3 [55] with the Pfam database [56].

5. Conclusions

In the current study, we provide the inventory of mitochondrion-localized DNA polymerases
in phylogenetically broad members of Euglenozoa. The current study demonstrates that the three
major classes of Euglenozoa (i.e., Kinetoplastea, Diplonemea, and Euglenida) possess distinctive sets
of mitochondrion-localized family A DNA polymerases (summarized in Figure 2). Unfortunately, the
inventory of mitochondrion-localized DNA polymerases lends no direct support to solve a ‘big question’
in the evolution of Euglenozoa—how have the distinctive mtDNA architectures emerged and been
maintained in Euglenozoa? However, we believe that, in the long run, the results presented here can
be a foundation for future studies on the evolution of euglenozoan mitochondria.

To further investigate the early evolution of mitochondrion-localized DNA polymerase inventory and
mtDNA architecture in Euglenozoa, the sequence data from the family Symbiontida are indispensable.
This lineage was seemingly separated prior to the divergence of Kinetoplastea, Diplonemea, and
Euglenida [21,22], but neither the mtDNA data nor genome/transcriptome are currently available.
In addition, heterotrophic members of Euglenida are necessary to be studied. This study includes
only two heterotrophic euglenids (Peranema sp. and Rhabdomonas constata), but these species may not
be sufficient to represent the diversity of the basal branches in the Euglenida tree [33]. Finally, recent
culture-independent studies suggested the presence of previously undescribed lineages that branched
after the separation of diplonemids but prior to the divergence of the known kinetoplastids [57–61].
One of these undescribed lineages was found to possess a diplonemid-like mtDNA architecture by
sequencing its genome amplified from a single cell (isolate D1) [61]. We retrieved a single family A DNA
polymerase sequence, which showed a weak phylogenetic affinity to PolID, in the sequence data of
isolate D1 (see the Supplementary Materials). The undescribed lineages mentioned above are critical to
understanding the transition of the mitochondrion-localized DNA polymerase inventory and mtDNA
architecture in Euglenozoa.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/4/257/s1,
Figure_S1.pdf: ML phylogenetic tree of family A DNA polymerases including the DNA polymerase of the
genome data from a single diplonemid-like cell (isolate D1). Table_S1.xlsx: The results of domain searches
on the family A DNA polymerases identified in this study. Harada_FamADNApol_ali.nxs: The amino acid
sequence alignment in nexus format used for the global phylogeny of family A DNA polymerases (Figure 1).
Harada_FamADNApol_ali2.nxs: The amino acid sequence alignment in nexus format used for the global
phylogeny of family A DNA polymerases including the sequence of a diplonemid-like organism (isolate D1;
Figure S1). Harada_POP_ali.nxs: The amino acid sequence alignment in nexus format used for the POP phylogeny
(Figure 3).
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Abstract: Maxicircles of all kinetoplastid flagellates are functional analogs of mitochondrial genome of
other eukaryotes. They consist of two distinct parts, called the coding region and the divergent region
(DR). The DR is composed of highly repetitive sequences and, as such, remains the least explored
segment of a trypanosomatid genome. It is extremely difficult to sequence and assemble, that is why
very few full length maxicircle sequences were available until now. Using PacBio data, we assembled
17 complete maxicircles from different species of trypanosomatids. Here we present their large-scale
comparative analysis and describe common patterns of DR organization in trypanosomatids.

Keywords: divergent region; maxicircle; kinetoplast; trypanosomatids; repeats; genomic
rearrangements; mitochondrion

1. Introduction

Trypanosomatids are unicellular parasitic organisms with a single large mitochondrion per
cell [1,2]. Mitochondrial DNA of trypanosomatids is a network of concatenated circular molecules
of two types: maxicircles and minicircles [3]. Minicircles are exclusive to trypanosomatids, these
relatively small, but numerous, molecules are directly involved in U-insertion/deletion editing system
as they encode gRNAs [4,5]. There are thousands of minicircles present in a single mitochondrion [6–8].
In contrast, maxicircles are much larger (25–50 kbps) and present in up to 100 copies [9]. It is highly
likely that both molecule populations are heterogeneous in the cell [10–17]. Maxicircles are functional
equivalents of mitochondrial genome of other eukaryotes. Mitochondrial genes are compactly located
in the so-called coding region (CR) of a maxicircle, which is typically about 16 kbps, and demonstrate
high level of synteny between species [18–21]. The rest of maxicircle’s molecule is termed the divergent
region (DR), sometimes also called the variable region [22–25].

The DR was shown to be composed of repetitive sequence elements and, therefore, extremely
hard to sequence and assemble [26–28]. Most of the previous comparative studies were based not
on the direct nucleotide sequence analysis, but rather on hybridization techniques, which allowed
to estimate sequence homology between fragments of maxicircles only roughly [19,25,29]. These
experiments showed that the DR sequences of maxicircles vary significantly between species/strains,

127



Pathogens 2020, 9, 100

while, in contrast, the CRs preserve a high level of synteny. The nature of this variation remained
unclear. Only few fragments from DR were directly sequenced following PCR amplification, molecular
cloning and Sanger sequencing. For example, the analysis of 2.76 kb fragment from DR of Leishmania

tarentolae revealed that various repetitive elements are grouped into larger clusters, which, in turn, are
repeats themselves. Most repetitive units within clusters are not perfect repeats, as they share 65–100%
sequence identity [26]. The DR was proposed to regulate gene expression, however, a putative origin
of replication, topoisomerase II binding sites, and heterogeneously sized transcripts were documented
in this region, arguing that its role may be more complex [22].

With the development of sequencing technologies some maxicircles were sequenced
completely [12,30–32]. However, even paired-end Illumina sequencing was often not sufficient to
assemble the complete maxicircle, and, because of that, most studies were focused only on coding
region with short flanks [11,13,18], and even the most recent assembly from Illumina data had recovered
only 3.5 kb of DR (as in [32]). Analysis of 3.5-kb and 5-kb regions of DR of Trypanosoma lewisi, flanking
12S and ND5 genes, respectively, revealed that these loci have different patterns of repeats [31]. Keeping
up with authors’ terminology, we will call them sections I and II, respectively. Section I is composed of
short highly repetitive units, while section II is a series of tandem duplications of a longer sequence.
The repeat units in DR tend to be organized in a head-to-tail orientation, frequently forming nearly
perfect clusters of tandem repeats.

Arguably, an even more interesting observation is the ability of DR to evolve quickly. Massive
structural rearrangements were observed in cultures of Leishmania spp. under various conditions [33–35].
Of note, molecular studies of these rearrangements have never been done with full length
maxicircle sequences.

Repeated sequences, especially tandem repeats and large duplications, complicate the assembly
process and result in errors even in the coding sequences. Nevertheless, sufficiently long reads can
help to overcome this hurdle [36]. In the current work, we used PacBio reads to assemble maxicircles,
thus, contributing to the collection of known DR structures. We present here sequences of 17 new
full-length maxicircles, more than double of what has been available before, and brief comparative
analysis of their DR structures, revealing common patterns and specific features of this region.

2. Results

2.1. Complete Maxicircle Assembly Overview

Using our custom pipeline to assemble PacBio reads containing 12S and/or ND5 mitochondrial genes
we recovered 17 full-length mitochondrial maxicircle sequences of different trypanosomatid species.

Maxicircles have different sizes. The shortest sequence in this study of 23,201 bp belongs to
Trypanosoma brucei (Lister 427), while the longest one of 47,384 bp is from T. cruzi (Dm28c). Table 1
demonstrates that size variation of maxicircles primarily reflects the differences in length of the DR,
which is consistent with previous observations [18,19,21]. The CRs of all assembled maxicircles
are similar in length and exhibit a high level of synteny. Some minor length variations between
the CRs can be explained by the editing patterns (variable length of the edited domains) of some
cryptogenes. As such, the shortest CR sequences were documented in Trypanosoma spp., where
cryptogenes undergo the most extensive RNA editing [4,5], while the longest CR sequences were in
monoxenous trypanosomatids, whose cryptogenes have reduced editing domains [37–39].

128



Pathogens 2020, 9, 100

Table 1. Overview of assembled maxicircles. Brief statistics shows the basic assembly parameters: total
maxicircle length, divergent region length, coding region length, average coverage per nucleotide, and
total number of reads, included in the assembly and GenBank accession number.

Species (Strain) Length, bp DR, bp CR, bp Coverage Reads
GenBank
Accession

Leishmania (Viannia)
guyanensis (204-365)

27,631 11,485 16,146 8.2 39 MN904521

Leishmania (Leishmania) mexicana (215-49) 27,138 10,860 16,278 10.6 36 MN904523

Leishmania (L.) aethiopica
(209-622)

29,037 12,978 16,059 5.1 20 * MN904514

Leishmania (L.) infantum
(193-S1775)

29,512 13,313 16,199 21.7 94 MN904522

Leishmania (L.) tropica (216-162) 29,557 13406 16,151 20.1 64 MN904525

Leishmania (L.) amazonensis (210-660) 33,779 17,521 16,258 10.0 37 MN904515

Leishmania (L.) donovani
(193-S616)

34,088 17,883 16,205 8.9 31 MN904519

Leishmania (L.) donovani (FDAARGOS_361) 33,278 17,238 16,040 16.0 61 MN904520

Leishmania (L.) donovani (Pasteur) 36,676 20,521 16,155 17.2 62 MN904518

Leishmania (V.) braziliensis
(208-905)

26,728 10,568 16,160 13.9 89 MN904516

Leishmania (V.) braziliensis
(208-954)

29,618 13,442 16,176 20.1 87 MN904517

Trypanosoma brucei (Lister 427) 23,201 8391 14,810 9.1 33 * MN904526

Trypanosoma cruzi (TCC) 39,883 24,498 15,385 25.7 93 MN904528

Trypanosoma cruzi (Dm28c) 47,384 32,012 15,372 27.9 98 MN904527

Leptomonas pyrrhocoris (H10) 31,564 15,450 16,114 19.9 47 MN904524

Herpetomonas megaseliae 29,680 14,463 15,217 17.7 57 MN904513

Crithidia expoeki (BJ08_175) 25,722 8594 17,128 26.78 57 MN904512

* Assembled maxicircle contig was not marked as ‘circular’ by Canu assembler.

The DRs of maxicircles are much more variable in size, reflecting the dynamics of this structure in
evolution. This difference is over 20 kbps for maxicircles of different trypanosomatid species. Even
within the phylogenetically compact group of Leishmania spp., the DR length between the two strains
of L. braziliensis and three strains of L. donovani vary by ≈3 kbps.

2.2. Nucleotide-Level Analysis of the DR Sequences

PCA (Principal Component Analysis) of triplet frequencies demonstrated that even on the level of
very small sequence elements (triplets) the DR has species-specific composition and the clustering is
generally consistent with phylogenetic relationships of the species (Figure 1). Importantly, despite
the documented length variation between strains and species, their triplet spectrum remains very
stable. For example, while the length variation between the DRs of Leishmania donovani strains and
L. infantum is about 4500 bp, they cluster together on the PCA plot. The same is true for T. cruzi strains,
which possess even more dramatic DR length difference. The most parsimonious explanation for this
observation is that the level of repeat arrays is very unstable, despite the fact that the structure of small
repetitive units of the DR is species-specific. Rearrangements at this level may account for the DR
length variation and can happen frequently, due to the recombination between stable repetitive units.

Next, we analyzed the pattern of k-mer frequencies in maxicircles for small values of k (Figure 2).
This analysis revealed the regularity of DR structure at a very basic level of short perfect repeats. For
example, Leishmania amazonensis has 160 exact matches of 5’-TTAAATTAAATTAAATTAAATTAAA-3’
sequence in the 33,779 bp-long maxicircle, and this sequence is a pentamer of the ‘TTAAA’ block itself.
The DR of L. pyrrhocoris H10 has only 45 perfect repeats of 5’-ATATTGAAAATAAAGTGCTAGATA-3’
sequence in its maxicircle of approximately the same length, and this sequence is not composed of
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smaller units. In the DRs of T. cruzi TCC maxicircles, the most frequent 24-mer is repeated only 25 times,
implying more diffused organization of repeated units.

Such a small-scale regularity appears to be changing quickly and does not reflect phylogenetic
relationships between species. Three L. donovani strains have maxicircles, which are located close to
each other on the PCA axis (Figure 1), exhibit different patterns of k-mer occurrences (Figure 2).

 

Figure 1. Principal component analysis of triplet spectra of maxicircles. Triplet frequency vectors were
calculated for the coding region (green) and divergent region (red) of each maxicircle. One and two
principal components were chosen to show on the scatter plot. Lama = Leishmania amazonensis; Hmeg
= Herpetomonas megaseliae; Laet = Leishmania aethiopica; Cexp = Crithidia expoeki; Lbra2 = Leishmania

braziliensis (208-905); Lbra = Leishmania braziliensis (208-954); Ldon1 = Leishmania donovani (Pasteur);
Ldon2 = Leishmania donovani (193-S616); Ldon3 = Leishmania donovani (FDAARGOS_361); Lguy =
Leishmania guyanensis; Linf = Leishmania infantum; Lmex = Leishmania mexicana; Lpyr = Leptomonas

pyrrhocoris; Ltro = Leishmania tropica; Tbru = Trypanosoma brucei; Dm28c = Trypanosoma cruzi (Dm28c);
TCC = Trypanosoma cruzi (TCC).
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Figure 2. Number of occurrences of most frequent k-mer in maxicircle for values of k = 16, 24, 36, 48,
64, and 96. Species abbreviations are the same as for Figure 1.

2.3. Large-Scale Divergent Region Architecture

Previous studies of sequences, derived from the DRs of Leishmania spp., revealed that they are
composed almost exclusively of repeats. These repeats are grouped in arrays or clusters [26,40].
In addition to Leishmania, these were also studies in Strigomonas oncopelti (called then Crithidia

oncopelti) [41]. Here, we built full maps of divergent region of 17 different species using the MUMmer
package to identify homologous regions and to show global patterns of DR organization.

Dotplots of six maxicircles, depicting variants of DR organization in studied species, are shown in
Figure 3. Dotplots of other assembled maxicircles are shown in Figure A1. There are some common
traits of the DR architecture. Firstly, repetitive elements are always arranged in a head-to-tail way.
Secondly, there are two elements, which can be usually distinguished in the DR sequences. Hereafter,
we will denote them as P5 and P12, according to their proximity (P) to the ND5 and 12S genes,
respectively. Both elements are composed of repeated sequences, but these sequences have a different
length of the repeat (periodicity), structure, and pattern of repetitions. The P5 is a tandem repeat with
a large period, but small number of repetitions. In contrast, the P12 element is composed of highly
repetitive units with a small period, which are organized in repeat arrays of varying length. Arrays are
frequently interspersed by repeat units of a radically different type, the I-elements, which are dissimilar
to repeats forming the arrays (Figure 3b, red arrow). The I-elements are common in Leishmania

maxicircles, where they clearly demarcate arrays’ borders. According to the number of arrays in the
P12 element, the DRs can be pentameric (Leishmania infantum or Leptomonas pyrrhocoris; see Figure 3b,d),
or tetrameric (Leishmania guyanensis, see Figure 3a). In some species the I-element is absent. In
these cases, arrays of repeats are not visually separated on dotplots and appear as single-tandem
clusters (for example, the P12 element of L. amazonensis and T.cruzi, Figure 3c,e, respectively). Such
clusters, however, are not perfect tandem repeats, as the repeated units diverge with varying percent
of sequence identity.

The general architecture of the DR, described above, however, undergoes major changes in
some species. In T. brucei, which seems to have rather small DR, the P5 element is reduced to a
short non-repetitive sequence. Very similar reduction of the P5 element was also documented in
Herpetomonas megaseliae (Figure A2c).

The complete maps of the DRs (Circos plots) for the six species are shown in Figure 4; maps for
the rest of the assembled genomes are presented in Figure A2. The repeats have various degree of
sequence similarity. This can be exemplified by the P12 element of, for example, Leishmania guyanensis

(Figure 4a) or L. aethiopica (Figure A2a). The most striking case in this regard is T. brucei (Figure 4f),
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in which the sequence similarity between most repeats is below 70%, with only few repeat units in
the middle of the DR sharing about 90% of sequence identity. The P5 element of most Leishmania spp.
ends with an almost perfect tandem repeat, which is very GC-rich and is dimeric in most genomes.
A single copy of array repeat unit at the beginning of the P12 element is present in all Leishmania

genome analyzed. This unit is marked by the black arrows in Figures 3b and 4b.

 

Figure 3. Dotplots of maxicircles of Leishmania guyanensis (a); L. infantum (b); L. amazonensis (c);
Leptomonas pyrrhocoris (d); Trypanosoma cruzi strain TCC (e); T. brucei (f). Green and blue arrows denote
12S rRNA and ND5 genes, respectively. All plots show full maxicircle starting with the ND5 gene at
(0,0). Red and black arrows in (b) indicate the I-element and a single-copy array repeat unit, respectively.
Dot plots of other assembled maxicircles can be found in Figure A1.

 

Figure 4. Circos plots of the divergent region (DR) of Leishmania guyanensis (a); L. infantum (b);
L. amazonensis (c); Leptomonas pyrrhocoris (d); Trypanosoma cruzi strain TCC (e); T. brucei (f). Green and
blue arrows denote the 12S rRNA and ND5 genes, respectively. Outer tracks are histograms of 24-mer
frequency; middle tracks indicate tandem repeats; and the inner tracks are GC-content profiles. Ribbons
inside the circle connect homologous regions; color represents percent of sequence identity in range
[80%; 100%] in the order red, yellow, green, and blue. Violet arcs denote inverted repeats.
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In contrast, there are some species with almost identical regions in their DRs. For example, five
arrays of repeats from the pentameric P12 element of Leishmania infantum share over 95% identity
in their sequences (Figure 4b). In L. amazonensis, highly similar blocks of much smaller size are also
detected in the P12 element (Figure 4c).

Of note, the GC profiles of most Leishmania spp. DRs are very regular (e.g., the repeat arrays
within the P12 element have a distinct pattern), while three Trypanosoma spp. and three monoxenous
trypanosomatids analyzed here have less regular GC profiles of their P12 element.

Repeat units within arrays in the P12 element can form either perfect or separated by short indels
tandems. Interestingly, no tandems can be detected in both T. cruzi maxicircles (Figures 4e and A2d)
even with rather relaxed mreps settings. Inverted repeats could be detected in all DR sequences. There
was no discernable common pattern of their localization. Almost invariably, these repeats are very short
with identity between complementary parts reaching 85–91%. Very frequently, the inverted repeats
were detected only in some copies of repeat units within arrays, and were missing from neighboring
units because of the sequence divergence.

Special kinds of sequences in the DR of some species can be revealed with the k-mer frequency
plots. Blue bars on outer track histograms in Figure 4 indicate that a 24-mer starting at the current
sequence position is repeated over 40 times in Leishmania infantum, L. amazonensis, and Leptomonas

pyrrhocoris. These are always extremely AT-rich sequences composed of a single repeated motif.
Interestingly, unique non-repetitive sequences can also be present in the DRs, mostly on the border
between the P5 and P12 elements.

2.4. Comparative Analysis and Dynamics of DR Structure

Structural rearrangements in the DRs have been described earlier [33–35]. Here, we compared the
full DRs of maxicircles in order to reveal structural variations between strains and species. The DR
structures for three strains of L. donovani are presented in Figure 5. The P12 element is octameric,
pentameric, and trimeric in the Pasteur, 193-S616, and FDAARGOS_361 strains, respectively. Both the
number of arrays in the P12 element and the size of each array vary significantly. Most proximal to the
12S rRNA gene array in the FDAARGOS_361 strain is big, while in the Pasteur strain all eight arrays
are rather small in size. Thus, the P12 element appears mainly responsible for the overall maxicircle
size variation.

Sequence similarity between units of arrays also differ between three L. donovani strains.
For example, in the Pasteur strain, all eight repeat arrays are almost identical (Figure 5d), while
in the 193-S616 strain most repeats share less than 90% identity, with only three blocks of tandem
repeats having higher similarity (Figure 5e, blue ribbons).

Next, we compared the DR structures in different strains and species in order to reveal most
conservative sequence elements. In all the cases, the highest similarity was between the 12S rRNA and
ND5 genes, flanking the DR sequences. In addition, there were also sequence elements inside the DR,
which shared over 80% identity between the strains (Figure 6a,b) or even the species (Figure 6c). These
elements were usually localized in the P12 element of the DR, and only in L. braziliensis low similarity
was detected between tandem repeats of the P5 element. The locations of homologous elements in the
P12 coincide with the layout of repeat arrays, indicating that repeat arrays are built from repeat units
with different degrees of conservation. More conserved units tend to be in the beginning of each array.
Different strains of Leishmania donovani demonstrate the highest degree of sequence similarity in their
DRs (Figure 6d,e).
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Figure 5. Dotplots and corresponding Circos plots of the DR of Leishmania donovani strains: Pasteur
(a,d); 193-S616 (b,e); FDAARGOS_361 (c,f) Circos plots are presented in the same way as in Figure 4.

 

 

Figure 6. Circos plots comparing the DRs of two species or strains: T. cruzi strains TCC (left contig) and
Dm28c (right contig) (a); L. braziliensis strains (b); Leishmania tropica (left contig) and L. aethiopica (right
contig) (c); L. donovani strains 193-S616 (left contig) and FDAARGON_361 (right contig) (d); L. donovani

strains 193-S616 (left contig) and Pasteur (right contig) (e).
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2.5. Quality Control of Maxicircle Assemblies

Since PacBio sequencing datasets, used in this study, targeted primarily nuclear genomes and,
therefore, were not enriched for mitochondrial DNA, we occasionally observed low coverage of the
final maxicircle assembly (below 10 reads). Inspecting coverage profiles in Integrated Genome Browser
(IGB), we noticed that generally, but not always, less covered regions of the maxicircle were from the
DR. We carefully examined all the assemblies and discarded one for L. panamensis, which did not meet
our quality criteria. Two maxicircle contigs (marked in Table 1) were not circularized by the Canu
assembler, but had a detectable sequence overlap, which included a copy of the ND5 gene and this
allowed us to close the circle correctly.

For two species (L. donovani FDAARGOS_361 and L. pyrrhocoris H10) we used available Illumina
paired-end sequencing reads to assess the quality of assemblies. We found that Illumina reads align
well on both of our assemblies, supporting all nucleotides of the maxicircle sequences. For L. donovani

strain FDAARGOS_361, mapping the paired-end reads (150 + 150 with average insert size of 180 bp)
onto our assembly produced a profile with uneven coverage of the maxicircle sequence. For Leptomonas

pyrrhocoris H10 we used the 150 + 150 paired-end reads with average insert size of 940 bp. In this case
the coverage profile did not differ between the coding and divergent regions [42] (Supplementary
Figure S1). We explain this by the cumulative effect of the sequencing insert size (longer reads improve
repeat resolution) and the complexity of the DR (the L. donovani DR has more homogeneous repeat
units and, as such, is a more difficult reference for the read mapping).

We also compared the maxicircle of Leishmania donovani strain Pasteur with that from the GenBank
(CP022652), which was produced by the HGAP3 assembly algorithm from the same PacBio reads. The
GenBank sequence contains duplicated nucleotides on the 5’ end, which overlap with ≈4000 bp on
the 3’ end of the assembly. After trimming, both sequences had nearly equal length and high level of
sequence identity, though identity percent dropped slightly in the DR, indicating that the choice of the
PacBio assembly method may influence the resultant sequence, especially in the low-covered regions.
Supplementary Figure S2 demonstrates synteny of both assemblies.

3. Discussion

Here we present the sequences of 17 new full trypanosomatid maxicircles. The big problem
of maxicircle sequencing is the divergent region, which remains difficult to assemble even using
the modern NGS techniques [31,32]. In the current work we used PacBio datasets to assemble
maxicircles, but even with this technique the assemblies often suffered from the low coverage in their
DR. Nevertheless, in most cases we had a sufficient number of reads to reconstruct the sequence of a
full maxicircle.

Our analysis revealed the common architectural pattern of the DR organization. We described
two regions with different structure, the P5 and P12 elements, according to their proximity to the ND5

and 12S genes, respectively. Previously, similar structures have been described for T. lewisi [19] as
sections I and II [31]. The section I (which is P12 in our terms) was composed of short, highly repetitive
units; while section II (P5 in our terms), consisted of several large duplications. This appears to be a
common architecture of the DR of maxicircles.

The difference in DR length is connected to the massive rearrangements in the P12 element,
which is built from the repetitive elements, further organized in arrays. Numbers and lengths of such
arrays are species-specific and can change quickly. Sequence rearrangements in the 12S-proximal
clusters of the Leishmania spp. DRs were investigated previously [34,40] and the current work confirms
previous findings, stipulating that the P12 compartment is very dynamic. Of note, differences in the P12
region also determine DR length variation in different isolates of Trypanosoma brucei [22]. The driving
forces of such quick rearrangements remain to be investigated further. While the mechanism of these
changes remains unclear, the DR will stay unreliable as a putative genetic marker for trypanosomatid
identification, because its stability in isolated cultures over time has never been investigated.

135



Pathogens 2020, 9, 100

It has been also proposed that there can be different structural classes of maxicircles within the
same pool of kDNA [10,18,34], but our findings can neither confirm, nor disprove this. In most cases
we might have insufficient coverage to detect alternative maxicircle variants that can be present, taking
into account that the proportion of alternative variant can be as low as 2%. On the other hand, our
results confirm that the 12S-proximal region is very dynamic, varying between phylogenetically close
strains of Leishmania donovani and L. braziliensis. Inverted repeats are detected frequently in this region,
possibly indicating its high recombination potential. Moreover, we detected a few PacBio reads bearing
ND5 and/or 12S rRNA sequences, which were not included in the final assembly by the software
used. These reads can originate from rare maxicircle variants, but current datasets have insufficient
sequencing depth to confirm this.

Repeat units in the P12 locus are both species-specific and conservative, strongly supporting the
conclusion that these arrays are not junk DNA. It is plausible to suggest that these repeat arrays contain
binding sites for some transcription factors or DNA maintenance proteins, which may stabilize such
DNA-protein complexes. In this case, structural rearrangements of the P12 element can play a role in
nucleoid remodeling, controlling access of proteins to the coding region loci. The P5 element appears
to be more conservative in terms of organization, and in Leishmania spp. it is present in a form of a
GC-rich tandem repeat. In some species it can be reduced or absent, indicating that this structural
pattern is not crucial for maxicircle replication or transcription.

It has been suggested that a putative replication origin and promotor sequences are located in the
DR [12,22]. For example, imperfect palindrome sequences and motifs with high sequence similarity to
the CSB3 blocks of minicircles were documented in some repeat copies of the T. brucei P12 element [22].
It has been proposed that they can serve as maxicircle replication origins. In our work, we did not
detect any sequence homology with minicircular CBS3 blocks in the DRs of assembled maxicircles. We
did detect various inverted repeats and imperfect palindromes, scattered in the DR, but their exact
biological role remains to be investigated further.

4. Materials and Methods

4.1. Complete Maxicircle Assembly

In order to assemble full-length maxicircles, we used the available PacBio datasets deposited in the
SRA NCBI database. Information on accession numbers of sequences, used in this work, is summarized
in Table 2.

Table 2. Sources of used datasets. Accession numbers for raw data used to assemble maxicircle
sequences in this study. All accessions numbers are for the PacBio reads, if not specified otherwise.

Species (Strain) BioProject Run Accession Number

Leishmania (L.) mexicana (215-49)

PRJNA484340

SRR7867272, SRR7867273,
SRR7867284,SRR7867285

Leishmania guyanensis (204-365)
SRR7867261, SRR7867262,
SRR7867269-SRR7867271

Leishmania (L.) aethiopica (209-622)
SRR8377733, SRR7867274,
SRR7867278-SRR7867281

Leishmania (L.) infantum (193-S1775) SRR7867264-SRR7867268

Leishmania (L.) tropica (216-162) SRR7867286-SRR7867292

Leishmania (L.) amazonensis (210-660)
SRR7867275-SRR7867277,

SRR8377732

Leishmania (V.) braziliensis (208-905)
SRR7880312; SRR7880319;

SRR7880320
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Table 2. Cont.

Species (Strain) BioProject Run Accession Number

Leishmania (V.) braziliensis (208-954) SRR7880309-SRR7880311

Leishmania (L.) donovani (193-S616)
SRR7880313, SRR7880314,

SRR7880316

Leishmania donovani (1S line, FDAARGOS_361) PRJNA231221
SRR5932752-SRR5932754,

SRR5932751 (Illumina, paired-end)

Leishmania donovani (1S2D line, Pasteur) 2 PRJNA396645 SRR5902665-SRR5902672

Trypanosoma brucei (Lister 427) PRJEB18945 ERR1794935-ERR1794915

Trypanosoma cruzi (TCC) PRJNA432753 SRR6822075

Trypanosoma cruzi (Dm28c) PRJNA433042 SRR6809376

Leptomonas pyrrhocoris (H10) PRJNA598933 1

Herpetomonas megaseliae PRJEB7883
ERR1036240-ERR1036242,
ERR1046607-ERR1046611

Crithidia expoeki (BJ08_175) Assembled sequence 3

1 Sequence was assembled from PacBio data generated in our lab. 2 GenBank CP022652 (Ramasamy, G.; McDonald, J.;
Sur, A.; and Myler, P., BioProject PRJNA396645, unpublished). 3 Sequence was assembled from PacBio data generated
in [43].

Reads were downloaded and converted to the fasta format. For quality control, all reads below
10 kbps were discarded. A local database for Blastn (from local installation of NCBI-Blast suite 2.3.0+)
was built from these reads and searched for the 12S and ND5 maxicircle gene sequences, using sequences
of Leptomonas pyrrhocoris, Trypanosoma cruzi, T. brucei, Leishmania amazonensis, L. tarentolae, and Crithidia

expoeki as queries. Parameters for Blastn search were “-evalue 1e-10 -word_size 5 -outfmt 6”. Reads
producing alignments with alignment length over 1000 were selected for further analysis. Assembly
was performed with the Canu v1.8 assembler [44] with the “genomeSize = 50 k”. For Leishmania

donovani and Leptomonas pyrrhocoris H10, we also tested the assembly protocol with different values of
the “genomeSize” parameter (in a range of 20–100 k with a step of 10 k) and it did not influence the
final contig sequence. To eliminate overlaps, the resultant sequences were trimmed using the nucmer
tool from MUMmer v3.23 package [45] with settings “nucmer -maxmatch -nosimplify contigs.fasta
contigs.fasta; show-coords -lrcTH out.delta”.

4.2. Maxicircle Annotation

Assembled maxicircles were annotated in a semi-automatic mode. We checked the synteny of
maxicircle genes using Blastn searches for ND1, ND4, COI, Cyb, 9S, MURF2, and COII genes. These
genes are not (or almost not) edited and, therefore, are good markers for automated annotation.
We concluded that all assembled maxicircles preserved gene order documented for trypanosomatid
maxicircles [21].

The best scoring match was used to determine the initial annotation coordinates for the 12S and
ND5 genes, followed by the manual curation. For the convenience of further analysis, we rotated all
maxicircle sequences, so that each assembly started from the ND5 gene, followed be the DR, 12S, and
rps12 genes.

4.3. Quality Control of the Assemblies

Assemblies were checked by two criteria: (i) read coverage is sufficient throughout the assembly,
and (ii) final maxicircle has perfectly assembled CR. The PacBio reads were mapped on the assembly
with bwa mem algorithm of bwa v0.7.12 [46], with the settings “-x pacbio -B 3 -O 3,3 -L 7,7”. Alignment
files were processed with SAMtools v1.9 [47]. For two isolates, Leishmania donovani FDAARGOS_361
and Leptomonas pyrrhocoris H10, the Illumina paired-end sequencing data were used to verify PacBio
assemblies. Illumina reads were mapped with Bowtie2 v2.3.4.1 [48] with the following settings “-X 700
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–very-sensitive –end-to-end –no-unal”. Coverage profiles were analyzed with SAMtools and custom
python script, sorted bam files were inspected in IGB [49].

4.4. Analysis of Repeats

Frequency of each k-mer in a sequence was calculated using a custom python script. Repeated
sequence regions were determined with the “repeat-match” from the MUMmer package. Regions with
high level of sequence identity were found by the nucmer tool of the same package. Tandem repeats
were identified using mreps v2.6 [50] with “-res 3 -minsize 40 -maxsize 6000 -minperiod 10 -maxperiod
4000” options. Inverted repeats were found with einverted from the EMBOSS package v6.6.0.0 [51]
with “-match 3 -mismatch -4 -gap 12 -threshold 33”.

4.5. Plotting DR Maps

Resulting outputs of repeat and homology search algorithms were plotted using Circos [52].
Format conversion was performed with the python/awk scripts. The outer track of each Circos plot
is a histogram showing the number of times a 24-mer, staring at the current position, appears in a
maxicircle (24-mer frequency plot). Track min and max values were adjusted to show all 24-mers
that appear 4–40 times (drawn with green colors), 24-mers with frequency value above 40 were also
shown, but the height of the bars was fixed (drawn with blue). Tandem repeats were drawn as purple
segments on the middle track of each Circos plot. The GC profiles (in window of 100 bp with a
step of 1), were plotted in green on the inner track. Regions with sufficient sequence identity were
drawn as colored ribbons, denoting the percent of sequence identity. Only regions over 100 bp and
with minimal sequence identity of 80% were shown. The color of each ribbon was calculated by
mapping sequence identity value in range [80, 100] to 11-class ‘Spectral’ color palette of ColorBrewer2
(http://colorbrewer2.org/#type=diverging&scheme=Spectral&n=9), which sets red, green, and blue
colors for values around 80%, 90%, and 100%, respectively. Dotplot diagrams of maxicircles were
generated with mummerplot in MUMmer v3.23.

5. Conclusions

We assembled and analyzed 17 complete maxicircles from different trypanosomatid species.
Our analysis was focused on most arcane part of a maxicircle—the divergent region. This region is
composed of repeated sequences, difficult to sequence and assemble, even with the modern NGS
methods. Comparative analysis allowed us to infer the high-level architecture of the DR and describe
some species-specific structural features. Our findings are consistent with previous works, which were
focused on low-level sequence features, and shed light on how these low-level elements are organized
and how they evolve.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/2/100/s1,
Figure S1: Assembly quality control by read mapping on assembled contig. Screenshots from IGB with opened
coverage tracks for bam files are shown. Red segment shows the borders of divergent region. (a) Mapping
Illumina HiSeq paired-end reads (SRA: SRR5932751) with average insert size of 180 bp on Leishmania donovani
strain FDAARGOS_361 maxicircle. (b) Mapping Illumina HiSeq paired-end reads with average insert size of
940 bp on Leptomonas pyrrhocoris H10 maxicircle. Figure S2: Comparison of L. donovani strain Pasteur assemblies.
Assembly produced by our pipeline (with Canu) is on the left, maxicircle assembled with HGAP3 (GeneBank:
CP022652) is on the right. Both assembled sequences are rotated to begin with the ND5 gene (0 coordinate), so the
upper part of the diagram corresponds to the CR and the lower one is the DR. Ribbon colors reflects the percent of
sequence identity between regions in a range between 98% and 100%. Dark green corresponds to nearly 100%
sequence identity, light green is the middle of interval (99%), red—identity near 98%. Only regions longer than
500 bp are shown.
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Appendix A Appendix

Dotplots and Circos plots for species not included into the main text.

 

Figure A1. Dotplots of maxicircles of Leishmania aethiopica (a); L. tropica (b); L. mexicana (c);
Trypanosoma cruzi strain Dm28c (d); Crithidia expoeki (e); Herpetomonas megaseliae (f); L. braziliensis
strain 208-954 (g); L. braziliensis strain 208-905 (h). All plots show full maxicircle starting with the ND5
gene at (0, 0).
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Figure A2. Circos plots of the DR of Leishmania aethiopica (a); Leishmania tropica (b); Leishmania
mexicana (c); Trypanosoma cruzi strain Dm28c (d); Crithidia expoeki (e); Herpetomonas megaseliae (f);
Leishmania braziliensis strain 208-954 (g); Leishmania braziliensis strain 208-905 (h). Green and blue
arrows indicate 12S and ND5 genes, respectively. The outer track is a histogram of 24-mer frequency;
the middle track shows tandem repeats; the inner track is a GC content profile. Ribbons inside the circle
connect homologous regions; the color represents percent of sequence identity in the range [80%; 100%].
Violet arcs denote inverted repeats.
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Abstract: The Leishmania donovani species complex consists of all L. donovani and L. infantum strains
mainly responsible for visceral leishmaniasis (VL). It was suggested that genome rearrangements
in Leishmania spp. occur very often, thus enabling parasites to adapt to the different environmental
conditions. Some of these rearrangements may be directly linked to the virulence or explain the
reduced efficacy of antimonial drugs in some isolates. In the current study, we focused on a large-scale
analysis of putative gene conversion events using publicly available datasets. Previous population
study of L. donovani suggested that population variability of L. donovani is relatively low, however
the authors used masking procedures and strict read selection criteria. We decided to re-analyze
DNA-seq data without masking sequences, because we were interested in the most dynamic fraction
of the genome. The majority of samples have an excess of putative gene conversion/recombination
events in the noncoding regions, however we found an overall excess of putative intrachromosomal
gene conversion/recombination in the protein coding genes, compared to putative interchromosomal
gene conversion/recombination events.

Keywords: gene conversion; Leishmania donovani species complex; whole-genome sequencing;
concerted evolution

1. Introduction

The Leishmania donovani species complex consists of all L. donovani and L. infantum strains
responsible for visceral leishmaniasis (VL) [1,2]. Besides VL, atypical cutaneous manifestations caused
by both species of the complex have been also reported [3,4]. While L. donovani is considered to be an
anthroponotic agent, L. infantum is zoonotic, with dogs and numerous wild mammals being involved
in the disease transmission [5]. Both species are widespread with known major foci for L. donovani and
L. infantum being the India/East Africa and the Middle East, respectively [6]. Although L. chagasi in
the New World was historically referred to as a separate species, recent studies have demonstrated
that it is a mere subpopulation of L. infantum [7], which had been probably spread in the Americas
via migration in the 15th–16th century [8]. The clinical manifestations of the leishmaniasis caused by
L. donovani spp. complex differ depending on the immune status of the infected individuals, parasite
strains and transmitting sand fly vector’s species [4,9].
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It was suggested that genome rearrangements in Leishmania spp. occur very often, thus enabling
parasites to adapt to the different environmental conditions [10,11]. Some of these rearrangements may
be directly linked to the virulence [12,13] or explain the reduced efficacy of antimonial drugs in some
isolates [14]. Below, we will discuss some prominent examples attributed to genome rearrangements
in trypanosomatids, with a particular focus on Leishmania spp.

Lipophosphoglycan (LPG) is one of the most abundant surface glycoconjugates, which is mainly
involved in parasite colonization of the vector’s midgut [15]. The LPG molecules are differentially
modified during the development, facilitating proper parasites’ migration, evasion of the host immune
system, and promoting the host specificity [16,17]. Tandem arrangement of the genes, encoding LPG
modifying enzymes, provides a strong evidence of gene conversion in Leishmania spp. [18,19]. Of note,
this model of organization is also conserved in monoxenous (=one host [20,21]) relatives of Leishmania

of the subfamily Leishmaniinae [22].
Variant surface glycoproteins (VSGs) facilitate immune evasion, while VSG-encoding genes define

antigenic variation in trypanosomes [23]. These genes have likely evolved as a result of several gene
conversion events [24,25].

One of the essential virulence factors, the glycoprotein 63 (GP63), is encoded in a variable number
of copies in different species of Leishmania [26]. All Leishmania spp., sequenced thus far, harbor at least
two long, as well as variable numbers of short GP63-encoding sequences. This suggests that mosaic
gene conversion has a high impact on the evolutionary history of these species [26,27]. Other prominent
examples of this process in Leishmania are genes encoding cysteine proteases [28], hsp70 gene cluster [29],
amastins and A2-A2rel gene clusters [30,31].

In the current study we focused on a large-scale analysis of putative gene conversion events
using publicly available datasets. Previous population study of L. donovani suggested that population
variability of L. donovani is fairly low, however the authors used masking procedures and strict read
selection criteria [14,32]. We decided to reanalyze DNA-seq data without masking sequences, because
we were interested in the most dynamic fraction of the genome. A substantial variability of some
regions of the L. donovani genome was documented. The majority of samples have an excess of putative
gene conversion events in the noncoding regions, however we found an overall excess of putative
intrachromosomal gene conversion/recombination in the protein coding genes, compared to putative
interchromosomal gene conversion/recombination events.

2. Results

2.1. Analysis of Leishmania donovani DNA-seq Data

We studied five types of read configurations (Figure 1) in 28 Leishmania donovani genomes.
The number of B-type reads (putative intra-chromosomal gene conversion events, see Materials and
Methods for definitions) is approximately equal to that of the S-type reads (sole mapped reads) and
substantially greater than that for the C- and D-type reads (inversion and putative inter-chromosomal
gene conversion events, respectively) (Tables 1 and 2). The fraction of B-type and S-type reads that
overlap with protein-coding genes is also similar and significantly larger than the corresponding values
for the C- and D-type reads.
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Figure 1. Schematic representation of A—(paired end reads), B—(putative intrachromosomal
gene conversion events), C—(inversions), D—(putative interchromosomal gene conversion events),
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Table 1. The numbers and fractions of filtered reads in Leishmania donovani (28 samples). The total
number of unfiltered A-type reads is 459,792,248.

Read Types
Overlap with Protein-Coding

Region (Fraction)

No Overlaps with
Protein-Coding

Region (Fraction)

B 489 (35%) 927 (65%)
C 117 (27%) 308 (73%)
D 125 (21%) 473 (79%)
S 513 (36%) 901 (64%)

Table 2. Pairwise comparisons of different types of filtered reads in Leishmania donovani. The 2-tail
Fisher exact test was used.

Read Types C D S

B 0.0068 6.9 × 10–10 0.3460
C 0.0168 0.0009
D 5.3 × 10−12

To test the possibility that the reason for the observed B-type reads prevalence are because of
errors of read mapping with numerous mismatches (for example, low-quality sequencing), we have
analyzed reads with the similarity level 90–95%. We found only a few reads that were largely located
in noncoding DNA (Table 3). Thus, it is unlikely that low-quality reads make a substantial contribution
to the B-type reads located in protein-coding genes.

Table 3. The number of filtered reads with numerous mismatches (the similarity level 90–95%).

Read Types Overlap with Protein-Coding Region
No Overlaps with

Protein-Coding Region

B 1 21
C 1 12
D 2 17
S 14 45

2.2. Gradient of Putative Recombination Events Across Protein-Coding Genes

Polarity is one of the properties of gene conversion: in almost all cases the frequency of conversion
exhibits a gradient “across” the gene [33–35]. Here, we studied a distribution of reads across
protein-coding genes and 500 bases of flanking regions (Figure 2). The frequency of reads (B, C, D,
and S) in the 3′ and 5′ UTRs was substantially lower, compared to the coding regions. We observed a

147



Pathogens 2020, 9, 572

polarity of B- and D-type reads with an increased number of reads toward 3′ end of the protein-coding
sequences. C- and S-type reads are distributed more uniformly (Figure 2). We compared the distribution
of reads in protein coding regions (bins 2, 3 and 4), and the difference between the distributions of B-
and S-type reads is statistically significant (Pχ2 = 0.029, a modified χ2 test, see Materials and Methods).
No other significant pairwise differences were detected. We also compared the distribution of reads in
protein coding regions (bins 2, 3 and 4) to the uniform distribution using the Pearson’s χ2 test, the B-type
read distribution was significantly different from the uniform distribution (Pχ2 = 0.006) whereas C-, D-
and S-type read distributions were not significantly different from the uniform distribution.Pathogens 2020, 9, x FOR PEER REVIEW 4 of 13 
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Figure 2. Distribution of B-, C-, D- and S-type reads across protein-coding genes. Number of reads is
shown on the Y axis. Bins 1 and 5 correspond to 500 bases of 5′ and 3′ noncoding regions. Protein-coding
regions were split into three 33% terciles. Bins 2, 3 and 4 correspond to the first, second and third
terciles. We allowed overlaps with protein coding regions for bins 1 and 5 (5′ and 3′ flanking regions),
these bins were not used for statistical analyses. All reads that overlap with more than one bin were
removed from bins 2, 3 and 4.

2.3. Analyis of B-Type Reads and Putative Adenylate Cyclase Proteins

We extracted B-type reads that overlap with protein-coding genes and do not overlap with
S/C/D-type reads. A total of 137 protein-coding genes that overlap with such B-type reads were
identified (Supplementary file Table S2). A total of 67 protein-coding genes overlap with two or more
B-type reads (Supplementary file Table S2). The gene encoding the XP_003861613.1 protein (conserved
in many Kinetoplastida genomes) has the highest number of overlaps with B-type reads (16 reads,
Supplementary file Table S2). This gene does not have paralogous sequences in the Leishmania donovani

genome and it varies across different L. donovani strains (~1–2% divergence at the protein level and
18 amino acid deletion/insertion in the first half, Supplementary file Figure S1). The detected B-type reads
are likely to represent recombination events across analyzed strains. These B-type reads are located in the
3′ flanking region and at the very end of the coding region (Supplementary file Table S2). The presence
of structural variations in the 3′ region of the protein-coding gene is the most likely explanation of the
observed pattern of numerous overlapping B-type reads [14,32]. Indeed, systematic analysis of the raw
reads suggested that a long insertion (approximately 740 bases) in the 3′ flanking region near the end
of the protein-coding region explains the observed B-type reads pattern (Supplementary file Figure S2).

Next we performed BLASTP searches of 137 protein-coding genes that overlap with such
B-type reads (Supplementary file Table S2) against all proteins from the Leishmania donovani genome.
Each BLASTP output was analyzed manually. Some of these protein-coding genes represent multigene
families. An example of such a family is a putative adenylate cyclase protein (XP_003858707.1,
XP_003858708.1, XP_003858709.1; the protein annotation was taken from a GenBank description of
the homolog KPI87396; the BLASTP output is shown in the Supplementary Figure S3). One B-type
read was found in the gene encoding the XP_003858707.1 sequence and another B-type read was
found in gene encoding the XP_003858708.1 sequence (Figure 3 and Supplementary file Table S2).
We extracted members of this protein family in other representatives of the subfamily Leishmaniinae [36].
A reconstructed phylogenetic tree suggested a complex evolutionary history of this multigene family,
exemplified by the presence of multiple paralogs in the analyzed genomes (Figure 4).
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Figure 3. Schematic representation of regions of high and low similarity between XP_003858707.1,
XP_003858708.1 and XP_003858709.1 sequences. Details are shown in the Supplementary Figure S3.
Low similarity regions (less than 25% identity) are shown in green and high similarity regions (over
75% identity) are shown in red. Blue arrows represent two detected B-type reads.
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Figure 4. Maximum-likelihood phylogeny for the complete sequence alignment of the adenylate
cyclase protein family. GenBank accession numbers precede species/isolate designations. The tree
is drawn to scale, the scale bar denotes the number of substitutions per site. The bootstrap values
(1000 replicates) are shown at the nodes.

We also performed a phylogenetic analysis of two regions of unusually high conservation
(XP_003858708.1 positions 336–510 and 721–806, Figure 3 and Supplementary file Figure S3). Analysis
of the reconstructed phylogenetic tree (Figure 5) detected a group of nearly identical Leishmania donovani

paralogous genes, this group was expected due to the choice of two analyzed regions (Figure 3 and
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Supplementary file Figure S3). In addition, three species-specific groups of nearly identical sequences
from L. tarentolae, L. major and L. panamensis have been documented (Figure 5). Such tight species-specific
clusters are likely to be the result of recurrent gene conversion events [37–39]. Of note, the vast majority
of these adenylate cyclase genes form tandemly arranged paralogous gene clusters which may promote
gene conversion events (as evident from the TriTryp.DB IDs: L. donovani BPK282A1: LdBPK_090280.1,
LdBPK_090290.1, LdBPK_090300.1; L. tarentolae: LtaP09.0320, LtaP09.0330, LtaP19.0800, LtaP30.0010;
L. major Friedlin: LmjF.09.0320, LmjF.09.0330, LmjF.09.0340; L. panamensis MHOM/COL/81/L13:
LPAL13_090008100, LPAL13_090008200, LPAL13_090008300; all TriTryp.DB names are listed in the
Supplementary file Table S3). The detected four species-specific groups of nearly identical sequences
(Figure 5) do not exist in the phylogenetic tree for the complete sequence alignment (Figure 4),
suggesting that putative recurrent gene events are highly specific for the two regions of this multigene
family (Figure 3).
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Figure 5. Maximum-likelihood phylogeny for two highly similar regions (positions 457–625 and
1114–1212) of the adenylate cyclase proteins. GenBank accession numbers precede species/isolate
designations. The tree is drawn to scale, the scale bar denotes the number of substitutions per site.
The bootstrap values (1000 replicates) are shown at the nodes. Major deviations (putative gene
conversion events) from the tree inferred from the complete sequence alignment (Figure 4) are marked
by black lines.
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2.4. Analysis of Sacharomyces cerevisiae

We found only a few filtered reads in the yeast dataset (Table 4). This result suggests that the
employed filtering procedure produces results that cannot be explained by whole-genome sequencing
artifacts, because sequencing procedures and platforms were highly similar for both studied species.

Table 4. The number of filtered reads in Saccharomyces cerevisiae (10 samples). The total number of
unfiltered A-type reads is 158,344,992.

Read Types Overlap with Protein-Coding Region
No Overlaps with

Protein-Coding Region

B 0 0
C 0 3
D 1 0
S 0 1

3. Discussion

Comparison of the Saccharomyces cerevisiae and Leishmania donovani datasets suggests that the
observed excess of B-type reads in L. donovani is not the result of sequencing/mapping artifacts.
We propose that this excess is due to the recombination events. At least some of these events are likely
to be gene conversion between members of multigene families, as illustrated by the example of the
adenylate cyclase proteins (Figures 4 and 5). This frequent recombination events are consistent with
the recent study [32], which revealed greater genetic diversity, including extensive structural variation,
than was previously suggested by geographically-focused studies [40]. It should be noted that there is
an important methodological difference between our and previously published studies—the filtering
procedures used in the latter were rather strict. Removal of these filters uncovered a substantial
genomic variability of Leishmania isolates (Table 1). However, the usage of the strict filters is a justified
and correct approach in order to estimate genetic distances between various samples.

Genetic recombination involves classical crossing-over and gene conversion. Polarity is one of the
properties of gene conversion: in many cases the frequency of gene conversion exhibits a gradient
across the gene monitored [33–35,41–43]. The frequency of conversion is usually dependent on its
location. An interpretation of conversion polarity is that it is caused by the existence of specific
initiation sites for recombination, located at the high end of the polarity gradient [34,43,44]. Here we
show that the polarity gradient for the studied L. donovani is high at the 3′ end of the gene, implying
that promoters of protein-coding genes less frequently contain initiation sites compared to the 3′ ends.
An example of a putative gene conversion event is shown in Figure 3, where almost identical regions
are located in the second half of the protein alignment. Gene conversion was observed in several
Leishmaniinae species (Figure 5), implying a high frequency of these events. A substantially higher
frequency of B-type reads compared to D-type reads (Table 1) is likely to be explained by the expected
higher frequency of intrachromosomal gene conversion/recombination in the protein coding genes
compared to interchromosomal gene conversion/recombination events. This is likely to be due to the
presence of tandemly arranged multigene families that is a well-known property of the L. donovani

genome [40].
The functional importance of so-called “concerted evolution” (frequent gene conversion events

and unequal crossing-over) remains obscure [45]. For example, it appears that the rate of unequal
crossing-over is much higher for rodent polyubiquitin genes than for their human kin, although
there is no doubt that the function and conservation of these genes remain exactly the same during
the evolution of mammals [46]. Proponents of the concerted evolution hypothesis suggest that the
concerted pattern of fixation permits the establishment of biological novelty and species discontinuities
in a manner not predicted by the classical genetics that is largely based on concepts of natural selection
and genetic drift [47]. However the functional importance of frequent gene conversion events is still
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an important evolutionary question and systematic analysis of these events in Leishmania spp. may
help to answer it.

This is further exemplified by the case of trypanosomatid receptor adenylate cyclases [21],
which are predicted to govern parasite–host interactions [48]. These proteins are extremely well studied
in Trypanosoma brucei, where they have been implicated in quorum sensing regulation of differentiation
in this species [49]. Some members of this protein family negatively regulate social motility in the
procyclic stage of the trypanosome life cycle [50]. Nevertheless, the role of these proteins in Leishmania

biology is under researched. Their expression was documented to be restricted to the sandfly-dwelling
promastigotes in the case of L. donovani [51]. Our finding that gene conversion may have shaped
the repertoire of these receptor proteins in different Leishmania spp. testifies to their importance and
warrants future investigations into their functional role(s).

4. Materials and Methods

4.1. Datasets

We studied DNA-seq data for Leishmania donovani and Saccharomyces cerevisiae. For L. donovani,
we used complete genomic data for the isolate BPK282A1 [52]. Reads were downloaded from the
European Nucleotide Archive (ENA) (www.ebi.ac.uk/ena/data/view/PRJEB2086, 30 genomes). In the
original study [40] the reference genome was masked at regions that were repetitive, duplicated, close
to contig edges, structurally variable, or potentially mis-assembled. Five criteria masked a total of
6,358,203 bases out of the 32,444,998 bases reference genome sequence for L. donovani BPK282, resulting
in SNPs (single-nucleotide polymorphisms) being called at 26,086,795 or 80.4% of the total nuclear
genome [53]. We did not implement any of those filters because we were interested in the most
dynamic fraction of the genome. For S. cerevisiae, we used DNA-seq data for isolate S288C (assembly
R64, www.ncbi.nlm.nih.gov/genome/15). Read data are available under study ERP000140 at the ENA
(www.ebi.ac.uk/ena/data/view/SRX155705, 10 genomes). In both cases, sequence reads were generated
using the same Illumina HiSeq 2000 platform and standard protocols.

4.2. Data Binning and Filtering

We used the SMALT program (www.sanger.ac.uk/science/tools/smalt-0) for the mapping of paired
reads. Firstly, we indexed the reference genomic sequences (ref_genome): smalt_x86_64 index -k 20 -s
13 ref_genome ref_genome.fas and then used paired reads (sampl1 and sample2) with the following set
of parameters: smalt_x86_64 map -n 8 -f cigar -o output_file ref_genome sample1.fastq sample2.fastq

We analyzed five SMALT mapping configurations (A/B/S/C/D-types): (A-type) mates are in proper
orientation within the limits specified by the -i and -j options (the control set of properly aligned
reads, i = 500 and j = 0); (B-type) mates in proper orientation outside the limits specified by the -i
and -j options, but on the same chromosome (putative intra-chromosomal gene conversion events
and sequencing errors); (C-type) mates are not in proper orientations, but on the same chromosome
(mostly sequencing errors and inversion events that are known to be rare); (D-type) mates are mapped
to different chromosomes (putative inter-chromosomal gene conversion events and sequencing errors);
(S-type) a read was mapped as a single read (sole mapped read of a pair, sequencing errors although
this type of errors may be different from other configurations). Manual inspection of the B-type reads
suggested that two samples were obvious outliers (Supplementary Table S1). They were removed from
further analysis.

We applied only one filter. We removed all reads with 95% identity, min 60 bases ungapped region;
the percent identity for a B-type (or C-, or D-, or S-type) read should be equal or more 95% and more
than the best overlapping A type read (the minimal mapped ungapped region ≥60 bases for all reads).
This filter effectively removed errors of whole-genome sequencing procedures. All types of reads
were analyzed as single reads (for example, if one B-type read was filtered out and its mate was not
filtered, the second read was included in further analyses). After filtering, all overlapping reads were
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merged. If a merged set of reads (a merged read) overlapped with a known protein-coding sequence,
we assigned this merged read to the set of reads that overlap with protein coding genes. We used the
2-tail Fisher exact test to evaluate homogeneity of 2 × 2 contingency tables [54]. A modified χ2 test was
used for analyses of 2 × 3 contingency tables [54].

4.3. Phylogenetic Analysis

Evolutionary analyses were conducted in the package MEGA X [55] as described previously [56].
The phylogenies were inferred using the Maximum Likelihood method. The “Find Best Model (ML)”
function was used to determine the appropriate substitution model. The model with the lowest
Bayesian Information Criterion score was considered to best describe the substitution pattern for
that dataset and was subsequently chosen for phylogenetic analysis. Initial trees for the heuristic
search were obtained automatically by applying the Neighbor-Join and BioNJ algorithms to a matrix of
pairwise distances estimated using a JTT model, and then selecting the topology with superior log
likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences
among sites (2 categories (+G, parameter = 1.1990)). All positions with less than 90% site coverage
were eliminated. That is, fewer than 10% alignment gaps, missing data, and ambiguous bases were
allowed at any position. The multiple sequence alignment is presented in Supplementary file Figure S4.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/7/572/s1,
Table S1: L. donovani DNA-seq samples, Table S2: 137 L. donovani protein-coding genes that overlap with merged
B-type reads, Table S3: TriTryp.DB names of the putative adenylate cyclase proteins (Figures 4 and 5), Figure S1:
A BLASTP output for the XP_003861613.1 protein sequence (the multiple alignment format), Figure S2: Schematic
representation of an insertion in the 3′ flanking region near the end of the gene encoding XP_003861613.1. Figure S3:
A BLASTP output showing two conserved regions in XP_003858707.1, XP_003858708.1 and XP_003858709.1
protein sequences, Figure S4: Multiple sequence alignment used in this study.

Author Contributions: Conceptualization, I.B.R. and V.Y.; methodology, I.B.R.; software, I.B.R., I.A.S. and V.N.B.;
validation, I.B.R and V.Y.; formal analysis, I.B.R., I.A.S. and V.N.B.; investigation, I.B.R., A.C., I.A.S., V.N.B. and V.Y.;
resources, I.B.R., I.A.S., V.N.B. and V.Y.; data curation, I.B.R., A.C., I.A.S. and V.N.B.; writing—original draft
preparation, I.B.R., A.C. and V.Y.; writing—review and editing, I.B.R., A.C., I.A.S., V.N.B. and V.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the Intramural Research Program of the National Library of Medicine at
the National Institutes of Health (to I.B.R.); the European Regional Funds (CZ.02.1.01/16_019/0000759) and the
Russian Science Foundation (grant 19-15-00054 /analysis of adenylate cyclases) to V.Y.

Acknowledgments: We thank members of our laboratories for stimulating discussions.

Conflicts of Interest: Other authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Bruschi, F.; Gradoni, L. The Leishmaniases: Old Neglected Tropical Diseases; Springer: Cham, Switzerland,
2018; p. 245.

2. Burza, S.; Croft, S.L.; Boelaert, M. Leishmaniasis. Lancet 2018, 392, 951–970. [CrossRef]
3. Guerbouj, S.; Guizani, I.; Speybroeck, N.; Le Ray, D.; Dujardin, J.C. Genomic polymorphism of

Leishmania infantum: A relationship with clinical pleomorphism? Infect. Genet. Evol. 2001, 1, 49–59.
[CrossRef]

4. Thakur, L.; Singh, K.K.; Shanker, V.; Negi, A.; Jain, A.; Matlashewski, G.; Jain, M. Atypical leishmaniasis:
A global perspective with emphasis on the Indian subcontinent. PLoS Negl. Trop. Dis. 2018, 12, e0006659.
[CrossRef] [PubMed]

5. Quinnell, R.J.; Courtenay, O. Transmission, reservoir hosts and control of zoonotic visceral leishmaniasis.
Parasitology 2009, 136, 1915–1934. [CrossRef] [PubMed]

6. Ready, P.D. Epidemiology of visceral leishmaniasis. Clin. Epidemiol. 2014, 6, 147–154. [CrossRef]

153



Pathogens 2020, 9, 572

7. Lukeš, J.; Mauricio, I.L.; Schonian, G.; Dujardin, J.C.; Soteriadou, K.; Dedet, J.P.; Kuhls, K.; Tintaya, K.W.;
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