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Abstract: Trypanosomatids are unicellular protozoans of
medical and economical relevance since they are the
etiologic agents of infectious diseases in humans as well
as livestock. Whereas Trypanosoma cruzi and different
species of Leishmania are obligate intracellular parasites,
Trypanosoma brucei and other trypanosomatids develop
extracellularly throughout their entire life cycle. After their
genomes have been sequenced, various comparative
genomic studies aimed at identifying sequences involved
with host cell invasion and intracellular survival have been
described. However, for only a handful of genes, most of
them present exclusively in the T. cruzi or Leishmania
genomes, has there been any experimental evidence
associating them with intracellular parasitism. With the
increasing number of published complete genome
sequences of members of the trypanosomatid family,
including not only different Trypanosoma and Leishmania
strains and subspecies but also trypanosomatids that do
not infect humans or other mammals, we may now be
able to contemplate a slightly better picture regarding the
specific set of parasite factors that defines each organ-
ism’s mode of living and the associated disease pheno-
types. Here, we review the studies concerning T. cruzi and
Leishmania genes that have been implicated with cell
invasion and intracellular parasitism and also summarize
the wealth of new information regarding the mode of
living of intracellular parasites that is resulting from
comparative genome studies that are based on increas-
ingly larger trypanosomatid genome datasets.

Trypanosomatids: Distinct Life Cycles, but Not So
Divergent Genomes

Trypanosomatids (order Kinetoplastida) constitute a group of
early-branching unicellular eukaryotes, which includes several
human parasites responsible for diseases that affect over 20 million
people and cause countless infections in other mammals, primarily
in developing countries. Chagas disease (American trypanosomi-
asis), caused by 7. cruzi—sleeping sickness or Human African
Trypanosomiasis (HAT)—caused by Trypanosoma brucei gam-
biensis, Trypanosoma brucei rhodesiensis, and different forms of
leishmaniases, caused by various species of Leishmania, are
categorized amongst the most important neglected diseases
causing approximately 150,000 deaths annually. In addition,
Trypanosoma vivax, Trypanosoma congolense, and Trypanosoma
brucei are pathogenic species in livestock and responsible for
considerable production losses in South American and African
countries (www.who.int/topics/tropical_diseases/en/). In spite of
this large burden and the increasing efforts made by a relatively
small group of researchers, no suitable vaccines for these diseases
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are available and the treatment is limited to a few drugs that have
several undesirable side effects.

Kinetoplastids are protozoans characterized by the presence of
a single branched mitochondrion containing a unique mitochon-
drial DNA structure known as kinetoplast [1]. Being early-
branching eukaryotes, these organisms possess many peculiar
characteristics, some of them reminiscent of their prokaryotic
ancestors. Among the unusual features are genomic organization
consisting of large, unidirectional gene clusters that are polycis-
tronically transcribed [2], RNA polymerase I-mediated transcrip-
tion of protein coding genes [3], RNA trans-splicing coupled to
poly(A) addition [4,5], and extensive RNA editing of mitochon-
drial mRNAs [6]. Besides their medical relevance, these unusual
characteristics have driven the focus of intense research which
may, hopefully, result in the development of new forms of
treatment and disease prevention.

The life cycles of all Trypanosoma and Leishmania species that
cause human diseases depend on insect vectors (Figure 1).
Leishmania spp proliferates as promastigotes in the midgut of
phlebotomine sand flies and is transmitted to several species of
mammals as metacyclic promastigotes when the fly takes a blood
meal. In the mammalian host, Leishmania major is phagocytosed
by macrophages and, once in the phagolysossome, metacyclic
forms are converted into amastigotes, which multiply numerous
times before being released during cell lysis [7]. 7. cruz replicates
as epimastigotes in the midgut of different species of reduviid bugs
and develops into infective metacyclic trypomastigotes once they
reach the rectum and are excreted with the insect feces. In contrast
to L. major, which multiplies only inside mammalian host
macrophages, 7. cruzi trypomastigotes invade essentially any
nucleated cell type by a mechanism involving either lysosomal
recruitment at the parasite invasion site or invagination of the
plasma membrane followed by intracellular fusion with lysosomes.
Also in contrast to Leishmania spp, T. cruzi trypomastigotes are
able to escape from the phagolysosome into the cytosol where they
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Figure 1. The distinct life cycles of tritryp parasites. Panels A-C show the life cycles of T. cruzi, Leishmania spp, and T. brucei, respectively. In
each panel, some of the parasite stages present in their insect vectors, T. cruzi epimastigotes, Leishmania promastigotes, and T. brucei procyclic forms,
are shown on the left. Different sand fly species of the genera Lutzomyia and Phlebotomus are vectors for Leishmania. Triatoma infestans and Rhodnius
prolixus are the most important vector species in the transmission of T. cruzi to man, whereas different species of Glossing, also known as tse-tse fly,
are vectors of African trypanosomes. Leishmania and T. brucei parasites move from the fly midgut up to the mouthparts before being inoculated into
the human host as metacyclic, infective forms. Although Leishmania promastigotes achieve their journey in sand flies by being regurgitated from the
stomodeal valve to the mouthparts, T. brucei epimastigotes do not stay in the mouthparts, as they have to first migrate from the proventriculus to the
salivary glands where they develop into metacyclic forms and are expelled with the insect saliva. In contrast, T. cruzi infective metacyclic
trypomastigotes develop in the hindgut of the triatomine bug and, after being excreted with the insect feces, gain access to the mammalian host
bloodstream through skin wounds or the mucous membranes. On the right side of each panel, parasite forms present in the mammalian host, T. cruzi
trypomastigotes, and intracellular amastigotes, Leishmania intracellular amastigotes, and T. brucei bloodstream forms are shown. Whereas Leishmania
promastigotes are internalized by host phagocytes and reside into the phagolysosome, T. cruzi trypomastigotes actively invade a variety of
nonphagocytic cells and are able to escape from the phagocytic vacuole and multiply in the host cell cytoplasm. Although distinct developmental
forms of T. brucei are found in the mammalian host, namely stumpy and slender trypomastigotes, they remain extracellular during the entire parasite
life cycle and were represented here as bloodstream trypomastigotes. Panel D shows a phylogenetic analysis inferred from glycosomal
glyceraldehyde 3-phosphate dehydrogenase (gapdh) nucleotide sequences from 16 trypanosomatid species, with the species that have an
intracellular stage shown with a light blue color. The maximum likelihood tree was constructed with 849 nt (80% of gapdh coding sequences), using
SeaView v.04 and rooted at the Crithidia fasciculata/A. deanei clade, with the bootstrap values for 1,000 replicates shown in the major basal nodes.
doi:10.1371/journal.ppat.1004399.g001

differentiate into amastigotes [8]. After several rounds of cell
division, amastigotes differentiate again into trypomastigotes that
are released from the infected cell. 7. cruzi amastigotes
prematurely released from heavily infected cells can be also taken
up and replicate within neighboring cells (See [9] and [10] for
recent reviews on 1. cruzi and Leishmania internalization
processes). Different from T cruzi and Leishmania spp, T. brucei
develops extracellularly throughout its entire life cycle. It multiplies
as procyclic forms in the intestinal tract of the tsetse fly before
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being transformed into infective metacyclic forms in the salivary
glands. After being injected into the host during a blood meal, 7.
brucei proliferates in the bloodstream [11]. Therefore, unlike 7.
cruzi and Leishmania, which are able to hide inside mammalian
cells, T brucei needs to cope with the direct exposure to a strong
antibody response in the host. To achieve this, it acquired a
sophisticated immune evasion protocol, known as variant surface
glycoprotein (VSG) switching. VSGs are encoded by a large family
of T. brucei-specific genes whose monoallelic expression in
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bloodstream trypomastigotes results in a tightly packed surface
coat of variant glycoproteins that shields other invariant surface
proteins from the attack by the host immune system, allowing the
parasite to multiply indefinitely in the bloodstream [12]. Thus, the
lack of VSG genes in 7. cruzi and Leishmania correlates with their
ability to invade mammalian cells and by doing so, they do not
need to cope with the continuous attack by the host humoral
immune response.

The complete genome sequences of 7. brucer [13], T. cruzi
[14], and L. major [15], known as the tritryp genomes, represent a
landmark in the study of these parasites. In contrast to the 7.
brucei and L. major genomes, whose 25 and 33 Mb sequences
were assembled into 11 and 36 chromosomes, respectively, the
much larger CL Brener 7. ¢ruzi genome (55 Mb haploid genome)
has not been fully assembled, due to its repetitive and hybrid
nature and the high level of allelic polymorphism. Although
additional efforts resulted in the assembly of 41 pairs of
chromosomes [16]. the exact chromosome number in 7" cruz is
still not known. Despite a divergence period estimated between
200 to 500 million years, a conserved proteomic core derived from
about 6,200 genes and a surprisingly large conservation of gene
synteny were found between the tritryp genomes [17]. In the first
comparative analysis published together with the description of the
tritryp genomes, the authors remarked that the intracellular
parasites, L. major and T. cruzi, appear to share slightly more
genes than do 7. brucei and T. cruzi and considerably more than
do L. major and T. brucei. Whereas a total of 482 genes are shared
between L. major and T. cruzi, only 74 common genes are present
in the genomes of T. brucei and L. major [17]. Multigene families,
retroelements, and structural RNAs often present in regions of
synteny breaks were considered important elements that have
shaped each parasite genome accordingly to their life cycles.
Besides VSG genes, genes encoding elements of the RNA
interference (RNAi) machinery were found exclusively in the 7.
brucei genome [17,18]. Since a major role of RNAi silencing
pathways is to down-regulate transcripts derived from transposons
and repeats to maintain genome integrity, the absence of an RNAi
machinery in L. major seems compatible with their lack of active

transposons as well as with the mechanism of gene amplification
involving the production of extrachromosomal circular DNA
elements [19]. Like in other organisms, RNAi has been largely
used as a tool for functional studies in 7. bruce: [20]. In contrast,
due to the absence of functional RNAi machinery in 7. ¢ruzi and
L. major [21,19], functional genomics has evolved at a much
slower pace in these two parasites. However, with the recent
discovery that RNAi is functional in Leishmania (Viannia)
braziliensis and other members of the Viannia subgenus [19],
gene function studies in this Leishmania subgroup may start to
catch up. Even more importantly, the conservation of the RNA1
pathway in only a few Leishmania species may be correlated with
the presence of dsRNA virus, known as Leishmania RNA Virus
(LRV), with possible medical implications derived from recent
data showing that infection by Leishmania isolates bearing LRVs
results in metastatic forms of disease [19,22].

T. cruzi and Leishmania Genes Involved with Host
Cell Invasion and Intracellular Multiplication

Work from several groups has been dedicated to the charac-
terization of genes known as virulence factors in 7. ¢ruzi and in
different Leishmania species (Table 1) [23,24]. Two groups of
proteins present exclusively in Leishmania, the Promastigote
Surface Proteins (PSAs), also known as the GP46 family, and the
surface protein known as A2, both of which contain large amino
acid repetitive domains, have been extensively characterized
(Figure 2). PSAs are Leucine Rich Repeat (LRR)-containing
surface proteins that bind to host cell macrophages and protect
Leishmania infantum from complement-mediated lysis [25,26].
The A2 genes encode a family of 42 to 100 kDa proteins made up
almost entirely of 40 to 90 copies of a repetitive amino acid
sequence, mainly expressed in amastigotes of Leishmania donovani
and L. infantum, and that are known to be involved with parasite
visceralization [27,28]. Exogenous expression of A2 genes in L.
major, which possesses only a truncated A2 pseudogene, enhanced
the ability of L. major—infected cells to migrate out of the dermis
and increase parasite survival in visceral organs [29]. Similarly,

Table 1. T. cruzi and Leishmania genes involved with host cell invasion and intracellular survival.

Organism Gene Products Protein Class References
T. cruzi Transialidase (GP85, GP83, Tc85, FL160, ASP, GP82, GP90) Trans-sialidase superfamily [36,40,65-67]
GP35/50 Mucin protein [68]
GP63 Metallopeptidase [69]
Tc80 Serine protease [70]
Cruzipain (GP57/51) Cysteine protease [71]
Amastin Amastigote surface glycoprotein [35]
Oligopeptidase B Serine peptidase [72]
LYT1 Lytic factor [73]
Tryparedoxin peroxidase Antioxidant enzymes [74]
Leishmania GP63 metalloprotease [75]
Lipophosphoglycan Biosynthesis Enzymes LPG biosynthesis [76,77]
LIT1 Iron transporter [78]
LHRI Heme transporter [79]
A2 Amastigote-specific protein [29]
ISPs Inhibitor of serine peptidases [80]
Ascorbate peroxidase Antioxidant enzymes [81]

doi:10.1371/journal.ppat.1004399.t001
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Figure 2. Surface proteins present in Leishmania and T. cruzi. The figure shows six different surface molecules known to be present in
promastigote and amastigote forms of Leishmania (left) and trypomastigote and amastigote forms of T. cruzi (right). Each protein is represented by

the symbols indicated below the figure.
doi:10.1371/journal.ppat.1004399.g002

expression of A2 in Leishmania tarentolae, a lizard parasite which
is nonpathogenic to mammals, resulted in increased L. tarentolae
survival in mouse visceral organs [30].

Amastin genes, which are also present in 7" cruzi, are part of the
group of trypanosomatid genes with up-regulated expression in
amastigotes [31]. Initially characterized as 7. cruzi and Leish-
mania amastigote specific genes [32], amastin genes have been
identified in the genomes of other trypanosomatids, including the
insect parasites, Leptomonas seymouri, Angomonas deanei, and
Strigomonas culicis [33,34]. Evidence indicating a role of this
family of surface proteins related to intracellular survival and
parasite dissemination within the mammalian host has been found
recently in studies where amastin genes were overexpressed in the
low infective T ¢ruzi G strain, which has reduced levels of amastin
expression [35].

Mucins, Trans-sialidases (1'Ss), and Mucin Associated Surface
Proteins (MASPs) are products of the three largest and highly
heterogeneous gene families present in the 7. ¢ruzi genome [14].
TS catalyzes the transfer of sialic acid from sialylated donors
present in the host cells to the terminal galactose residues of
mucins present in the 7. c¢ruzi cell surface [36]. Whereas Mucin
and MASP genes are exclusively found in 7. ¢ruzi, TS genes are
also present in the genome of African trypanosomes, but not in
Leishmania spp. However, in contrast to 7. cruzi that has more
than 1,400 copies of TS genes, the TS-like gene family has only
nine members in 7. brucei [37], 17 members in T congolense [38],
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and about 100 members in Trypanosoma rangeli (E. Grisard,
personal communication). Considerably less copies of T'S are also
present in 7. rangeli, an insect parasite nonpathogenic for humans
that does not have TS activity [39]. Evidence for the involvement
of T. cruzi TS in the earlier steps of host cell invasion exit from the
parasitophorous vacuole to the cytoplasm and the subsequent
differentiation of trypomastigotes into amastigotes has been
described by several groups [40,41]. Thus, the massive expansion
of the TS gene family in 7. c¢ruzi compared to T. brucei, its
absence in Leishmania spp, and the lack of TS activity of the 7.
rangeli enzyme is likely to reflect not only the distinct niches these
different trypanosomatids occupy within the infected host but also
the distinct mechanisms of parasite internalization used by
intracellular parasites. Also in agreement with the role of TS in
T. cruzi is its large repertoire of genes encoding mucins, which
form a thick glycocalyx barrier at the surface of different forms of
the parasite [42]. Since mucins are the major acceptors of sialic
acid, the absence of mucin genes in 7. brucei [13] and the
presence of much fewer members of mucin genes in 7. rangeli
[39] are also consistent with the incapability of these two
Trypanosoma species to invade mammalian cells. Conversely, the
ability of 7. cruz to invade and multiply in the cytoplasm of
distinct host cell types has been also associated with its large
repertoire of MASP genes, which, similar to mucin genes, is a
highly polymorphic gene family [43,44] that is absent in T brucei
and has a much smaller allele repertoire in 7. rangeli [45].
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Comparative Genomics among Trypanosomatids
As a Tool to Identify a Gene Set Specific for
Intracellular Parasites

With the advent of next generation sequencing technologies, full
genome analyses of an increasingly large number of members of
the trypanosomatid family are being published, allowing us to dig
deeper into the analysis of the genetic similarities and differences
behind their distinct life styles. Surprisingly, comparative genome
analyses of sequences from two other Leishmania species, L.
mfantum and L. braziliensis, with the L. major genome revealed
not only a remarkable conservation in overall gene synteny, but
also no more than 200 genes presenting a differential distribution
between the three species [46]. Similar analyses that include
sequences from other species of the Viannia complex, also known
as New World Leishmania, Leishmania mexicana and Leishmania
amazonensis, confirmed that there is little variation in the overall
gene content and indicated that gene amplification as well as
variation in chromosome number and ploidy constitute major
sources of genomic variation across Leishmania species [47,48].
Since human leishmaniasis is characterized by a highly diverse
spectrum of clinical symptoms, these studies suggest that additional
factors besides differences in gene content across Leishmania
species are likely to play a role in determining disease phenotype.
Likewise, in spite of the fact that the lizard parasite L. tarentolae,
which belongs to a third subgenera, the Sauroleishmania, is
nonpathogenic to humans and does not multiply intracellularly,
comparative studies identified only 95 predicted coding sequences
unique to L. (S) tarentolae [49]. Furthermore, also highlighting
our scarce understanding of the biology of intracellular parasites,
most of the genes that are present in pathogenic Leishmania
species and absent in L. tarentolae encode hypothetical proteins or
proteins with unknown function.

Comparative genomic analyses between two T. cruzi strains,
CL Brener and Sylvio X-10 strain [50], which belong to two
phylogenetically distinct groups as well as from Trypanosoma
cruzi marinkellei, a bat-associated parasite of the subgenus
Schizotrypanum [51], also revealed few differences in their
genome content. Again, copy number variation within the large
multigene families appears to be a major determinant of
subspecies variation in Trypanosoma. Similar to mammals
infected by T. cruzi, bats infected by T. cruzi marinkellei contain
intracellular amastigotes in cardiac, skeletal, and stomach muscle
cells. Therefore, differences found in the genomes of T. cruzi, T.
cruzi marinkellei, and the various T. brucei subspecies, such as
the absence of MASP and mucin genes in T. brucei, can be
associated with the lack of capacity of 7. brucei to invade host
cells. On the other hand, the observations that all Trypanosoma
species, including T. cruzi, T. cruzi marinkellei, and T. brucet,
have TS genes suggest that TS plays a role in the biology of
trypanosomatid parasites regarding not only host cell invasion
and intracellular survival but also parasite survival in the insect or
in the mammalian bloodstream. Indeed, in GPI-anchored
defective T. brucei, lack of surface TS strongly affects parasite
survival in the insect midgut [52].

Genome studies of trypanosomatids other than Trypanosoma
and Leishmania such as the recent sequence analysis of the
genomes of two monoxenic insect parasites, A. deanei and S.
culicis, again revealed strikingly conserved features when com-
pared to pathogenic trypanosomatids, such as gene families
encoding amastin and cysteine proteases. As expected, no
sequences homologous to VSG, mucin-like glycoproteins, and
TS genes were found [34]. Besides helping understand the distinct
life cycles of these organisms, the relevance of this study relies on
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the fact that these trypanosomatids bear endosymbiotic bacteria
and are considered excellent models for evolutionary studies,
specifically how a host protozoan coevolved with an intracellular
bacterium in a mutualistic relationship.

Another recent genome-wide study based on the complete
genome sequences of 27 protozoans, 17 of them obligate
intracellular parasites, six of them exclusively extracellular, and
four free-living protists, showed that the predicted proteome of
intracellular parasites have a higher content of repetitive sequences
compared to extracellular parasites and free-living protists [53].
Therefore, this study suggests that the ability to invade host cells
may have shaped the expansion and maintenance of amino acid
repeats in the proteome of intracellular parasites. Indeed,
tandemly repeated amino acid sequences are characteristic of
many surface proteins of other intracellular protozoan parasites
such as Plasmodium spp, that have been implicated with binding
to host receptors and immune-evasion mechanisms [54]. Similarly,
several Leishmania spp and T. cruzi proteins containing repeated
amino acid motifs have been described as targets of B cell immune
response, and a bias towards the expression of these proteins in the
amastigote stage further suggests their involvement with intracel-
lular parasitism [55,56].

Genome mining of the Trypanosomatid sequence databases
can still provide new sets of valuable information about 7. cruzi
and Leishmania genes that may be part of their intracellular
survival gene kit. We analyzed the predicted protein sequences
from 15 trypanosomatids for which the genome sequences are
available and that were divided into two groups according to
their ability to invade and survive inside mammalian host cells.
As shown in Table S1, the first group is formed by species that
have an intracellular stage and the second group includes
trypanosomatids that are either nonpathogenic to mammals or
that do not have an intracellular stage. From a total of 13,609
OrthoMCL clusters identified in the analyzed dataset, 3,340 were
present only in intracellular parasites and approximately 1.0% of
them (37 clusters) are shared between the two 7. cruzi strains (CL
Brener and Sylvio X-10), T cruzi marinkellei, and six species of
Leishmania (Figure 3). Over 60% of these clusters contain genes
annotated as hypothetical proteins with no functional character-
ization (Table S2). Among the few proteins in this group that
have been characterized as virulence factors, we identified kinases
and phosphatases that are known to play important roles in host
cell invasion in 7. cruzi [57,58] and differentiation and
proliferation of amastigotes in L. mexicana [59], L. donovani,
and L. major [60]. Also present in this group are mannosyl-
transferases and a putative fatty acid transporter. Mannan
constitutes over 80% of the cellular carbohydrate content of
Leishmania intracellular amastigotes [61], and the involvement of
this sugar modification has been highlighted in studies with
parasite mutants deficient in mannan metabolism which are
unable to infect macrophages [62]. Increased fatty acid uptake is
required in response to changes in the metabolism of intracellular
parasites since a dramatic shift from carbohydrate- to lipid-
dependent energy metabolism has been observed in Leishmania
and Trypanosoma as an adaptation to the intracellular environ-
ment [63,64]. Not surprisingly, the small number of common
genes found between Trypanosoma and Leishmania is in
agreement with the distinct mechanisms of host cell invasion
adopted by these organisms as well as differences in the
intracellular niches they occupy within their host cells.

By delivering more and more genomic sequence information,
trypanosomatid genome databases will still provide a large
portion of the foundations for our studies on the molecular basis
of the intracellular life style of these parasites. Yet, experimental
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Figure 3. Common genes present exclusively in intracellular parasites. After identifying orthologous proteins, by performing an all-versus-
all alignment between the amino acid sequences, the results of the pairwise alignments were used as input to the OrthoMCL software V1.4 with its
default parameters. Specific OrthoMCL clusters of intracellular and extracellular/apathogenic trypanosomatids and functional enrichment analysis

based in genome annotation were performed using in-house PERL scripts.

doi:10.1371/journal.ppat.1004399.g003

approaches based on genetic manipulation of these parasites are
more necessary than ever to better characterize such a distinctive
gene set. It is noteworthy the increasingly large difference in the
pace with which these genomes are being explored, due to the
faster advancement of genetic manipulation tools developed for
T. brucei. For T. cruzi and Leishmania, efforts towards genome-
wide experimental characterizations of sequences that can be
associated with their intracellular life style are, therefore, much
welcome.

References

1. Stevens JR (2008) Kinetoplastid phylogenetics, with special reference to the
evolution of parasitic trypanosomes. Parasite 15: 226-232.

2. Teixeira SM, El-Sayed NM, Araujo PR (2011) The genome and its implications.
Adv Parasitol 75: 209-230.

3. Rudenko G, Bishop D, Gottesdiener K, Van der Ploeg LH (1989) Alpha-
amanitin resistant transcription of protein coding genes in insect and
bloodstream form Trypanosoma brucei. Embo J 8: 4259-4263.

4. Matthews KR, Tschudi C, Ullu E (1994) A common pyrimidine-rich motif
governs trans-splicing and polyadenylation of tubulin polycistronic pre-mRNA
in trypanosomes. Genes Dev 8: 491-501.

5. LeBowitz JH, Smith HQ, Rusche L, Beverley SM (1993) Coupling of poly(A) site
selection and trans-splicing in Leishmania. Genes Dev 7: 996-1007.

6. Hajduk S, Ochsenreiter T (2010) RNA editing in kinetoplastids. RNA Biol 7:
229-236.

7. Smith DF, Peacock CS, Cruz AK (2007) Comparative genomics: from genotype
to disease phenotype in the leishmaniases. Int ] Parasitol 37: 1173-1186.

8. Brener Z (1973) Biology of Trypanosoma cruzi. Annu Rev Microbiol 27: 347
382.

9. Fernandes MC, Andrews NW (2012) Host cell invasion by Trypanosoma cruzi:
a unique strategy that promotes persistence. FEMS Microbiol Rev 36: 734-747.

10. Ueno N, Wilson ME (2012) Receptor-mediated phagocytosis of Leishmania:
implications for intracellular survival. Trends Parasitol 28: 335-344.

I1. Fenn K, Matthews KR (2007) The cell biology of Trypanosoma brucei
differentiation. Curr Opin Microbiol 10: 539-546.

12. Horn D, McCulloch R (2010) Molecular mechanisms underlying the control of
antigenic variation in African trypanosomes. Curr Opin Microbiol 13: 700-705.

13. Berriman M, Ghedin E, Hertz-Fowler C, Blandin G, Renauld H, et al. (2005)
The genome of the African trypanosome Trypanosoma brucei. Science 309:
416-422.

14. El-Sayed NM, Myler PJ, Bartholomeu DC, Nilsson D, Aggarwal G, et al. (2005)
The genome sequence of Trypanosoma cruzi, etiologic agent of Chagas disease.
Science 309: 409-415.

PLOS Pathogens | www.plospathogens.org

Supporting Information

Table S1 Proteome dataset used to identify orthologous

sequences.

DOCX)

Table S2 Conserved OrthoMCL clusters in intracellular
trypanosomatids.

(XLSX)

Acknowledgments

We are indebted to Gregory Kitten for critically reviewing the manuscript.

15. Ivens AC, Peacock CS, Worthey EA, Murphy L, Aggarwal G, et al. (2005) The
genome of the kinetoplastid parasite, Leishmania major. Science 309: 436-442.

16. Weatherly DB, Bochlke C, Tarleton RL (2009) Chromosome level assembly of
the hybrid Trypanosoma cruzi genome. BMC Genomics 10: 255.

17. El-Sayed NM, Myler PJ, Blandin G, Berriman M, Crabtree J, et al. (2005)
Comparative genomics of trypanosomatid parasitic protozoa. Science 309: 404—
409.

18. Ngo H, Tschudi C, Gull K, Ullu E (1998) Double-stranded RNA induces
mRNA degradation in Trypanosoma brucei. Proc Natl Acad Sci U S A 95:
14687-14692.

19. Lye LF, Owens K, Shi H, Murta SM, Vieira AC, et al. (2010) Retention and loss
of RNA interference pathways in trypanosomatid protozoans. PLoS Pathog 6:
¢1001161.

20. Kolev NG, Tschudi C, Ullu E (2011) RNA interference in protozoan parasites:
achievements and challenges. Eukaryot Cell 10: 1156-1163.

21. DaRocha WD, Otsu K, Teixeira SM, Donelson JE (2004) Tests of cytoplasmic
RNA interference (RNAi) and construction of a tetracycline-inducible T7
promoter system in Trypanosoma cruzi. Mol Biochem Parasitol 133: 175-186.

22. Hartley MA, Kohl K, Ronet C, Fasel N (2013) The therapeutic potential of
immune cross-talk in leishmaniasis. Clin Microbiol Infect 19: 119-130.

23. Teixeira SM, de Paiva RM, Kangussu-Marcolino MM, Darocha WD (2012)
Trypanosomatid comparative genomics: Contributions to the study of parasite
biology and different parasitic diseases. Genet Mol Biol 35: 1-17.

24. McCall LI, McKerrow JH (2014) Determinants of disease phenotype in
trypanosomatid parasites. Trends Parasitol 30: 342-349.

25. Kedzierski L, Montgomery J, Bullen D, Curtis J, Gardiner E, et al. (2004) A
leucine-rich repeat motif of Leishmania parasite surface antigen 2 binds to
macrophages through the complement receptor 3. J Immunol 172: 4902-4906.

26. Lincoln LM, Ozaki M, Donelson JE, Beetham JK (2004) Genetic complemen-
tation of Leishmania deficient in PSA (GP46) restores their resistance to lysis by
complement. Mol Biochem Parasitol 137: 185-189.

December 2014 | Volume 10 | Issue 12 | 1004399



27.

30.

31.

32.

34.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

Matlashewski G (2001) Leishmania infection and virulence. Med Microbiol
Immunol 190: 37-42.

. Zhang WW, Matlashewski G (2000) Analysis of antisense and double stranded

RNA downregulation of A2 protein expression in Leishmania donovani. Mol
Biochem Parasitol 107: 315-319.

. Zhang WW, Mendez S, Ghosh A, Myler P, Ivens A, et al. (2003) Comparison of

the A2 gene locus in Leishmania donovani and Leishmania major and its control
over cutancous infection. J Biol Chem 278: 35508-35515.

Mizbani A, Taslimi Y, Zahedifard F, Taheri T, Rafati S (2011) Effect of A2 gene
on infectivity of the nonpathogenic parasite Leishmania tarentolae. Parasitol Res
109: 793-799.

Teixeira SM, Russell DG, Kirchhoff LV, Donelson JE (1994) A differentially
expressed gene family encoding “amastin,” a surface protein of Trypanosoma
cruzi amastigotes. J Biol Chem 269: 20509-20516.

Rochette A, McNicoll F, Girard J, Breton M, Leblanc E, et al. (2005)
Characterization and developmental gene regulation of a large gene family
encoding amastin surface proteins in Leishmania spp. Mol Biochem Parasitol
140: 205-220.

Jackson AP (2010) The evolution of amastin surface glycoproteins in
trypanosomatid parasites. Mol Biol Evol 27: 33-45.

Motta MC, Martins AC, de Souza SS, Catta-Preta CM, Silva R, et al. (2013)
Predicting the proteins of Angomonas deanei, Strigomonas culicis and their
respective endosymbionts reveals new aspects of the trypanosomatidae family.

PLoS ONE 8: ¢60209.

. Cruz MC, Souza-Melo N, da Silva CV, Darocha WD, Bahia D, et al. (2012)

Trypanosoma cruzi: role of delta-amastin on extracellular amastigote cell
invasion and differentiation. PLoS ONE 7: ¢51804.

5. Dc-Rubin S8, Schenkman S (2012) T rypanosoma cruzi trans-sialidase as a

multifunctional enzyme in Chagas’ disease. Cell Microbiol 14: 1522-1530.
Montagna G, Cremona ML, Paris G, Amaya MF, Buschiazzo A, et al. (2002)
The trans-sialidase from the african trypanosome Trypanosoma brucei.
Eur J Biochem 269: 2941-2950.

Tiralongo E, Martensen I, Grotzinger J, Tiralongo J, Schauer R (2003) Trans-
sialidase-like sequences from Trypanosoma congolense conserve most of the
critical active site residues found in other trans-sialidases. Biol Chem 384: 1203~
1213.

Wagner G, Eiko Yamanaka L., Moura H, Denardin Luckemeyer D, Schlindwein
AD, et al. (2013) The Trypanosoma rangeli trypomastigote surfaceome reveals
novel proteins and targets for specific diagnosis. J Proteomics 82: 52-63.
Rubin-de-Celis SS, Uemura H, Yoshida N, Schenkman S (2006) Expression of
trypomastigote trans-sialidase in metacyclic forms of Trypanosoma cruzi
increases parasite escape from its parasitophorous vacuole. Cell Microbiol 8:
1888-1898.

Yoshida N (2006) Molecular basis of mammalian cell invasion by Trypanosoma
cruzi. An Acad Bras Cienc 78: 87-111.

Acosta-Serrano A, Almeida IC, Freitas-Junior LH, Yoshida N, Schenkman S
(2001) The mucin-like glycoprotein super-family of Trypanosoma cruzi:
structure and biological roles. Mol Biochem Parasitol 114: 143-150.
Bartholomeu DC, Cerqueira GC, Leao AC, daRocha WD, Pais IS, et al. (2009)
Genomic organization and expression profile of the mucin-associated surface
protein (masp) family of the human pathogen Trypanosoma cruzi. Nucleic Acids
Res 37: 3407-3417.

dos Santos SL, Freitas LM, Lobo FP, Rodrigues-Luiz GF, Mendes TA, et al.
(2012) The MASP family of Trypanosoma cruzi: changes in gene expression and
antigenic profile during the acute phase of experimental infection. PLoS Negl
Trop Dis 6: ¢1779.

Stoco PH, Wagner G, Talavera-Lopez C, Gerber A, Zaha A, et al. (2014)
Genome of the Avirulent Human-infective Trypanosome — Trypanosoma
rangeli. PLoS Negl Trop Dis 8: ¢3176.

Peacock CS, Seeger K, Harris D, Murphy L, Ruiz JC, et al. (2007) Comparative
genomic analysis of three Leishmania species that cause diverse human disease.
Nat Genet 39: 839-847.

Rogers MB, Hilley JD, Dickens NJ, Wilkes J, Bates PA, et al. (2011)
Chromosome and gene copy number variation allow major structural change
between species and strains of Leishmania. Genome Res 21: 2129-2142.

Real F, Vidal RO, Carazzolle MF, Mondego JM, Costa GG, et al. (2013) The
Genome Sequence of Leishmania (Leishmania) amazonensis: Functional
Annotation and Extended Analysis of Gene Models. DNA Res 20: 567-581.
Raymond F, Boisvert S, Roy G, Ritt JF, Legare D, et al. (2012) Genome
sequencing of the lizard parasite Leishmania tarentolae reveals loss of genes
associated to the intracellular stage of human pathogenic species. Nucleic Acids
Res 40: 1131-1147.

Franzen O, Ochaya S, Sherwood E, Lewis MD, Llewellyn MS, et al. (2011)
Shotgun sequencing analysis of Trypanosoma cruzi I Sylvio X10/1 and
comparison with T. cruzi VI CL Brener. PLoS Negl Trop Dis 5: ¢984.
Franzen O, Talavera-Lopez C, Ochaya S, Butler CE, Messenger LA, et al.
(2012) Comparative genomic analysis of human infective Trypanosoma cruzi
lineages with the bat-restricted subspecies T'. cruzi marinkellei. BMC Genomics
13: 531.

Nagamune K, Acosta-Serrano A, Uemura H, Brun R, Kunz-Renggli C, et al.
(2004) Surface sialic acids taken from the host allow trypanosome survival in
tsetse fly vectors. J Exp Med 199: 1445-1450.

PLOS Pathogens | www.plospathogens.org

53.

54.

56.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

70.

72.

73.

74.

76.

Mendes TA, Lobo FP, Rodrigues T'S, Rodrigues-Luiz GF, daRocha WD, et al.
(2013) Repeat-enriched proteins are related to host cell invasion and immune
evasion in parasitic protozoa. Mol Biol Evol 30: 951-963.

Hughes AL (2004) The evolution of amino acid repeat arrays in Plasmodium
and other organisms. J Mol Evol 59: 528-535.

. Pais FS, DaRocha WD, Almeida RM, Leclercq SY, Penido ML, et al. (2008)

Molecular characterization of ribonucleoproteic antigens containing repeated
amino acid sequences from Trypanosoma cruzi. Microbes Infect 10: 716-725.
Goto Y, Carter D, Guderian J, Inoue N, Kawazu S, et al. (2010) Upregulated
expression of B-cell antigen family tandem repeat proteins by Leishmania
amastigotes. Infect Immun 78: 2138-2145.

. Maeda FY, Cortez C, Yoshida N (2012) Cell signaling during Trypanosoma

cruzi invasion. Front Immunol 3: 361.

Orrego PR, Olivares H, Cordero EM, Bressan A, Cortez M, et al. (2014) A
cytoplasmic new catalytic subunit of Calcineurin in Trypanosoma cruzi and its
molecular and functional characterization. PLoS Negl Trop Dis 8: €2676.
Grant KM, Dunion MH, Yardley V, Skaltsounis AL, Marko D, et al. (2004)
Inhibitors of Leishmania mexicana CRK3 cyclin-dependent kinase: chemical
library screen and antileishmanial activity. Antimicrob Agents Chemother 48:
3033-3042.

Nascimento M, Zhang WW, Ghosh A, Houston DR, Berghuis AM, et al. (2006)
Identification and characterization of a protein-tyrosine phosphatase in
Leishmania: Involvement in virulence. J Biol Chem 281: 36257-36268.

Ralton JE, Naderer T, Piraino HL, Bashtannyk TA, Callaghan JM, et al. (2003)
Evidence that intracellular betal-2 mannan is a virulence factor in Leishmania
parasites. J Biol Chem 278: 40757-40763.

Garami A, Mehlert A, Ilg T (2001) Glycosylation defects and virulence
phenotypes of Leishmania mexicana phosphomannomutase and dolicholpho-
sphate-mannose synthase gene deletion mutants. Mol Cell Biol 21: 8168-8183.
Atwood JA 3rd, Weatherly DB, Minning TA, Bundy B, Cavola C, et al. (2005)
The Trypanosoma cruzi proteome. Science 309: 473-476.

Berman JD, Gallalee JV, Best JM, Hill T (1987) Uptake, distribution, and
oxidation of fatty acids by Leishmania mexicana amastigotes. J Parasitol 73:
555-560.

Schenkman S, Jiang MS, Hart GW, Nussenzweig V (1991) A novel cell surface
trans-sialidase of Trypanosoma cruzi generates a stage-specific epitope required
for invasion of mammalian cells. Cell 65: 1117-1125.

Ramirez MI, Ruiz Rde C, Araya JE, Da Silveira JF, Yoshida N (1993)
Involvement of the stage-specific 82-kilodalton adhesion molecule of Trypano-
soma cruzi metacyclic trypomastigotes in host cell invasion. Infect Immun 61:
3636-3641.

Magdesian MH, Tonelli RR, Fessel MR, Silveira MS, Schumacher RI, et al.
(2007) A conserved domain of the gp85/trans-sialidase family activates host cell
extracellular signal-regulated kinase and facilitates Trypanosoma cruzi infection.
Exp Cell Res 313: 210-218.

Yoshida N, Mortara RA, Araguth MF, Gonzalez JC, Russo M (1989) Metacyclic
neutralizing effect of monoclonal antibody 10D8 directed to the 35- and 50-
kilodalton surface glycoconjugates of Trypanosoma cruzi. Infect Immun 57:
1663-1667.

59. Kulkarni MM, Olson CL, Engman DM, McGwire BS (2009) Trypanosoma

cruzi GP63 proteins undergo stage-specific differential posttranslational
modification and are important for host cell infection. Infect Immun 77:
2193-2200.

Grellier P, Vendeville S, Joyeau R, Bastos IM, Drobecq H, et al. (2001)
Trypanosoma cruzi prolyl oligopeptidase Tc80 is involved in nonphagocytic
mammalian cell invasion by trypomastigotes. J Biol Chem 276: 47078-47086.

. Meirelles MN, Juliano L, Carmona E, Silva SG, Costa EM, et al. (1992)

Inhibitors of the major cysteinyl proteinase (GP57/51) impair host cell invasion
and arrest the intracellular development of Trypanosoma cruzi in vitro. Mol
Biochem Parasitol 52: 175-184.

“aler EV, Vaena de Avalos S, Haynes PA, Andrews NW, Burleigh BA (1998)
Oligopeptidase B-dependent signaling mediates host cell invasion by Trypano-
soma cruzi. Embo j 17: 4975-4986.

Manning-Cela R, Cortes A, Gonzalez-Rey E, Van Voorhis WC, Swindle J, et al.
(2001) LYT1 protein is required for efficient in vitro infection by Trypanosoma
cruzi. Infect Immun 69: 3916-3923.

Alvarez MN, Peluffo G, Piacenza L, Radi R (2011) Intraphagosomal
peroxynitrite as a macrophage-derived cytotoxin against internalized Trypano-
soma cruzi: consequences for oxidative killing and role of microbial
peroxiredoxins in infectivity. J Biol Chem 286: 6627-6640.

. Brittingham A, Morrison CJ, McMaster WR, McGwire BS, Chang KP, et al.

(1995) Role of the Leishmania surface protease gp63 in complement fixation, cell
adhesion, and resistance to complement-mediated lysis. J Immunol 155: 3102—
3111.

Spath GF, Epstein L, Leader B, Singer SM, Avila HA, et al. (2000)
Lipophosphoglycan is a virulence factor distinct from related glycoconjugates
in the protozoan parasite Leishmania major. Proc Natl Acad Sci U S A 97:

9258-9263.

. Vinet AF, Jananji S, Turco SJ, Fukuda M, Descoteaux A (2011) Exclusion of

synaptotagmin V at the phagocytic cup by Leishmania donovani lipopho-
sphoglycan results in decreased promastigote internalization. Microbiology 157:

2619-2628.

December 2014 | Volume 10 | Issue 12 | e1004399



78. Huynh C, Sacks DL, Andrews NW (2006) A Leishmania amazonensis ZIP neutrophil elastase promoting parasite survival in murine macrophages.

family iron transporter is essential for parasite replication within macrophage J Immunol 186: 411-422.

phagolysosomes. J Exp Med 203: 2363-2375. 81. Dolai S, Yadav RK, Pal S, Adak S (2009) Overexpression of mitochondrial
79. Miguel DC, Flannery AR, Mittra B, Andrews NW (2013) Heme uptake Leishmania major ascorbate peroxidase enhances tolerance to oxidative stress-

mediated by LHRI is essential for Leishmania amazonensis virulence. Infect induced programmed cell death and protein damage. Eukaryot Cell 8: 1721

Immun 81: 3620-3626. 1731.

80. Faria MS, Reis FC, Azevedo-Pereira RL, Morrison LS, Mottram JC, et al.
(2011) Leishmania inhibitor of serine peptidase 2 prevents TLR4 activation by

PLOS Pathogens | www.plospathogens.org 8 December 2014 | Volume 10 | Issue 12 | e1004399



