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Abstract

Trypanosomatidae are protozoans that include monogenetic parasites, such as the
Blastocrithidia and Herpetomonasgenera, as well as digenetic parasites, such as the
Trypanosomaand Leishmaniagenera. Their life cycles alternate between insect vectors and
mammalian hosts. The parasite’s life cycle involves symmetrical division and different
transitional developmental stages. In trypanosomatids, the cytoskeleton is composed of
subpellicular microtubules organized in a highly ordered array of stable microtubules
located beneath the plasma membrane, the paraflagellar rod, which is a lattice-like struc-
ture attached alongside the flagellar axoneme and a cytostome-cytopharynx. The complex
life cycle, the extremely precise cytoskeletal organization and the single copy structures
present in trypanosomatids provide interesting models for cell biology studies. The intro-
duction of molecular biology, FIB/SEM (focused ion beam scanning electron microscopy)
and electron microscopy tomography approaches and classical methods, such as negative
staining, chemical fixation and ultrafast cryofixation have led to the determination of t he
three-dimensional (3D) structural organization of the cells. In this chapter, we highlig ht the
recent findings on Trypanosomatidae cytoskeleton emphasizing their structural organiza-
tion and the functional role of proteins involved in the biogenesis and duplication of
cytoskeletal structures. The principal finding of this review is that all approaches listed
above enhance our knowledge of trypanosomatids biology showing that cytoskeleton
elements are essential to several important events throughout the protozoan life cycle.

Keywords: trypanosomatids, cytoskeleton, ultrastructure, microscopy, three-dimen-
sional reconstruction

1. Introduction

Trypanosomatids are uniflagellated protozoan parasites belonging to the Kinetoplastid order.
They are the etiological agents of several diseases [1] and exhibit particular features that
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differentiate them significantly from their mammalian host [2]. First, they have subpellicular
microtubules (SPMT), which are a network of organized stable microtubules that are closely
associated with the plasma membrane and to each other forming a corset that confers rigidity
to the cell body and help to determine the shape of the cell. Second, trypanosomatids have the
microtubule quartet (MtQ) of the flagellar pocket (FP) that encircles the flagellar pocket in a
helicoidal pattern [3]. Third, they have microtubule sets of cytostome-cytopharynx that forms a
gutter in this funnel invagination [4]. Fourth, trypanosomatids have a flagellum attachment
zone (FAZ) where the flagellum emerges from the flagellar pocket and remains attached to the
cell body [5]. Finally, they have a paraflagellar rod (PFR), a lattice-like structure that runs
parallel to the axoneme from the flagellar pocket to the flagellar tip [6].

Recent studies using techniques, such as electron tomography and focused ion beam-scanning
electron microscopy, that allow three-dimensional reconstruction of whole protozoan, allowed
for the accurate understanding of their subcellular morphology. High-resolution microscopy
studies have provided detailed cellular information regarding protein localization and pheno-
type after cytoskeleton-protein depletion aiming at the elucidation of protein function during
life cycle of trypanosomatids. Using FIB/SEM, one can examine a large number of whole cells
at the same time, which enables qualitative and quantitative studies about different morpho-
logical aspects of cytoskeleton elements during the life cycle of trypanosomatids. This chapter
aims to provide an overview of the topographical relationship among the cytoskeletal ele-
ments throughout the protozoan life cycle.

2. Subpellicular microtubules

The shape of cells in trypanosomatids is defined by SPMT. SPMT are a cage of stable microtu-
bules located underneath the plasma membrane and composed of� /� tubulin [7]. High-
resolution field emission scanning electron microscopy (FESEM) revealed a helicoidal pattern of
SPMT in the promastigote form of nonpathogenic Herpetomonas megaseliae; whereas in the procyclic
trypomastigote form of Trypanosoma brucei, it appears as a straight pattern [8] (Figure 1A–C).

In contrast to the microtubules of mammalian cells, SPMT are resistant to low temperatures
and drugs that usually promote microtubule depolymerization [10]; thus, SPMT contribute to
the stabilization of the trypanosomatids shape. Transversal ultrathin sections of Leptomonas
samuelifixed with glutaraldehyde and tannic acid showed that trypanosomatids ’ SPMT are
formed by 13 typical protofilaments [11]. Immunolabeling studies using T. bruceirevealed that
the region of tubulin polymerization is localized at the posterior region of the procyclic forms,
which is consistent with the identification of the plus end of microtubules at this region [12].

These SPMT are cross-linked to each other by short 6 nm thick filaments and to the plasma
membrane [9, 13] (Figure 1D). Molecular studies using T. brucei indicated the presence of
microtubule-associated proteins (MAPs) linking SPMT to each other [14]. These links are
particularly strong and are not disrupted by cell lysis. It is likely that they play a role in the
rigidity of the trypanosomes ’ cell bodies [15]. Moreover, a connection between SPMT and the
endoplasmic reticulum was observed in Leishmania amazonensis[16]. The transmission electron
microscopy image of thin sections showed that the distance between the SPMT of
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trypanosomatids is 44 nm and approximately 15 nm between SPMT and the plasma mem-
brane. The number of microtubules varies by the region of the cell body. In Trypanosoma cruzi
trypomastigotes, the posterior region where the Golgi apparatus is located has approximately
120 microtubules. At the cell extremities, approximately 40 microtubules were counted. In the
intracellular dividing amastigote, the highest number of microtubules, 222, was observed.
These data suggest that newly formed microtubules are inserted between preexisting microtu-
bules during the cell division, because the number of microtubules remained constant [17]. A
study on the biogenesis of subpellicular microtubules in T. bruceiindicated that new microtu-
bules are incorporated primarily in a region adjacent to the new FAZ and between the new and
the old FAZs during cell growth [18]. The addition of new microtubules into the FAZ region
facilitates the segregation of the basal bodies and consequently, mitochondrial genome segre-
gation. Furthermore, this incorporation promotes the formation of the membrane fold in
preparation for cell division [12, 19, 20].

Figure 1. Ultrastructural pattern of subpellicular microtubules (SPMT). (A –B) Field emission scanning electron micro-
graphs of whole-extracted H. megaseliaeand T. brucei, respectively, showing the SPMT. (A) The helical pattern of H.
megaseliaeSPMT and (B) The straight pattern of T. bruceiSPMT [8]. (C) Several images ofT. cruzi epimastigotes obtained
by focused ion beam scanning electron microscopy (FIB-SEM) were joined in order to emphasizing the SPMT cage
(arrows) underneath the plasma membrane [unpublished data from Wanderley de Souza]. (D) Promastigotes of H.
megaseliaewere extracted using Triton-X-100, revealing the parallel array of SPMT. Additionally, the fibrils connecting
SPMT to each other were observed (arrow) [9]. Scale bars: (A) 3.5� m and (B) 8 � m.
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Due to the rigidity of the SPMT cage beneath the cell membrane, endocytic events are limited
to sites where these microtubules are absent: the flagellar pocket and the complex cytostome-
cytopharynx.

3. Cytoskeletal elements associated with endocytic entry sites

3.1. Microtubules

The FP is an invagination close to the basal body and surrounds the site of flagellum exit. It is
found at the anterior and posterior regions of the cell body of T. cruzi epimastigotes and the
procyclic form of T. brucei, respectively. It is involved in cell polarity and cell division. The FP
membrane is compositionally and functionally distinct from both the cell body and flagellar
membranes, despite being continuous with them [21]. The absence of SPMT at the FP site
allows budding of endocytic and exocytic vesicles. It is also essential for defense against the
innate and acquired immune responses of the host [22, 23]. Trypanosomatids’ FP is precisely
positioned and it is closely related to cytoskeletal elements which are highly conserved
throughout trypanosomatids. Flagellar pocket architecture and composition have been
described in several studies; however, it was best analyzed in the African trypanosome, T.
brucei[22, 24–29]. Electron microscopy tomography revealed a set of MtQ that are nucleated
adjacent to the basal bodies [3] (Figure 2A and C). Their polarity is opposite (plus end at the
anterior of the cell) that of the subpellicular microtubules. MtQ encircles the FP and forms a
membrane dislocation, as a deep and longitudinal channel through which nutrients achieve
the lumen of the flagellar pocket [30] (Figure 2A). These microtubules are different from the
SPMT because they do not depolymerize in media with high salt concentrations [31]. The same
MtQ, with a helicoidal pattern located close to the FP, was observed in a 3D reconstruction ofT.
cruzi epimastigotes [4] (Figure 2B and C).

Several studies with T. bruceihave shown that FP is divided into several domains, such as the
neck of the FP. In the neck, MtQ joins SPMT and is associated with FAZ; thus, MtQ defines the
flagellum and flagellar pocket axes [32]. The flagellar collar is a horseshoe-shaped, electron-
dense cytoskeletal structure located in the flagellar neck; the first protein characterized at this
domain was BILBO1. Using RNA interference (RNAi)-mediated ablation of this protein in the
procyclic form of T. brucei, it was shown that BILBO1 is essential for flagellar pocket biogenesis
and cell survival [29].

T. bruceialso possesses a cytoskeletal feature of unknown function, named bilobe. TbMORN1
was the first protein described as an exclusive component of the bilobe [33]. The bilobe is
located near the Golgi apparatus; it is thought to function in Golgi apparatus replication and as
an adaptor during cytokinesis [34]. Recently, TbMORN1 depletion experiments suggested that
this protein allows access of endocytic tracers into the flagellar pocket [35].

Although T. cruzi epimastigotes and amastigotes uptake nutrients by endocytosis via the
flagellar pocket they primarily obtain nutrients from the cytostome-cytopharynx complex
[36–38]. The latter was also found in a free-living kinetoplastid, Bodo sp. [39] as well as in

�&�\�W�R�V�N�H�O�H�W�R�Q�������6�W�U�X�F�W�X�U�H�����'�\�Q�D�P�L�F�V�����)�X�Q�F�W�L�R�Q���D�Q�G���'�L�V�H�D�V�H����



Trypanosoma vespertilionisand Trypanosoma dionisii[15]. The cytostome is an opening in the
anterior region of the cell surface that is followed by a membrane invagination called
cytopharynx. Recently, using serial electron microscopy tomography and FIB-SEM to recon-
struct the entire length of the cytostome-cytopharynx present in T. cruzi, it was shown that this
invagination is supported by seven microtubules. A triplet of these microtubules was located
underneath the cytostome aperture membrane. A quartet of microtubules originated under-
neath the flagellar pocket membrane in a staggered formation and followed the preoral ridge
before reaching the cytopharynx invagination [4] ( Figure 3A). This quartet was different from
the MtQ described in T. brucei. These two sets of microtubules assisted the cytopharynx in
forming a “ gutter ” and creating a microtubule-free side where vesicles can bud or fuse.

Electron microscopy tomography and dual beam scanning electron microscopy are used to
observe epimastigotes ofT. cruzi that were synchronized using hydroxyurea, a compound that
induces G1/S cell cycle arrest, we observed that the cytostome-cytopharynx complex is
completely disassembled during cell division. This complex is formed de novofrom the flagel-
lar pocket membrane during cytokinesis. This experiment elucidated the biogenesis of this
structure [40] (Figure 3B1–B3).

Figure 2. Microtubule quartet (MtQ) is associated with the FP of Trypanosoma bruceiand T. cruzi. (A) Electron micrographs
showing the MtQ (brackets) forming a channel that permits endocytic tracers (red arrows) to enter into the T. bruceiFP
[30]; (B–C) the MtQ is nucleated near the basal bodies and encircles the FP (brackets)T. cruzi epimastigotes [4]. Scale bars:
200 nm.
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Figure 3. Ultrastructural changes of the cytostome-cytopharynx complex during the T. cruzi life cycle. (A-C1) Tomo-
graphic reconstruction of the cytostome-cytopharynx complex. (A) The cytostome-cytopharynx complex of epimastigotes
is sustained by a microtubule triplet (green) that extends from underneath the cytostome membrane and a microtubule
quartet (blue) that appears to start close to the flagellar pocket. It continues underneath the preoral ridge membrane [4].
(B) Cell division: (B1) in early G2, the cytopharynx was shorter. (B2) After this, the cytostome-cytopharynx complex
becomes fragmented during the G2 phase. The microtubules maintained their helical arrangement. The vesicles were
aligned with the microtubules, following the path of the cytopharynx. (B3) At the end of cytokinesis, both daughter cells
possess a complete cytostome-cytopharynx complex (3D model of the cell) [40]; (C) The metacyclogenesis process. (C1)
Some structures were omitted in order to highlight the structure of the cytopharynx (inset square). The reconstruction
revealed the enlarged proximal portion of cytopharynx. Despite this alteration, this invagination still has the two
microtubule sets and adjacent vesicles that were observed in the epimastigotes. Tomogram representing the intermediate
forms; (C2) sequence of cell images showing different portions of the cytostome-cytopharynx complex present in a late
intermediate form; the reconstruction shows the absence of the cytopharynx membrane; the microtubule triplet is still
present; (C3–4) negative staining of a metacyclic trypomastigote shows the presence of the microtubule triplet. The
cytostome-cytopharynx complex was not detected [41]. Flagellar pocket (FP-white), preoral ridge (POR-purple),
cytostome-cytopharynx (Cy-pink), vesicles (V-orange), flagella (F-yellow and light blue), kinetoplast (K-green), nucleus
(N-blue), and the Golgi complex (G-gold). Scale bars: 200 nm.
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The same methodology was used to obtain 3D reconstructions of the ultrastructural changes
present in the intermediate forms of T. cruzi during the metacyclogenesis process (differentia-
tion of epimastigotes into metacyclic trypomastigotes). It was shown that the migration of the
kinetoplast/flagellar pocket to the posterior region drags the cytostome aperture. Thus, the
invagination shortens from the end to the beginning. The late intermediate forms did not have
a cytopharynx membrane; only the accompanying microtubules remained in this form. In the
trypomastigote form, shorter microtubules were still observed [41] ( Figure 3C1–C4).

3.2. Microfilaments

The presence of actin has been confirmed in some trypanosomatids species. Nevertheless, little
is known about microfilament function or localization [7, 42]. In trypanosomatids, it does not
appear to polymerize into highly structured cytoskeletal microfilaments [43].

The trypanosomatids genome contains putative actin and actin-binding protein sequences [44].
However, to date, few studies have successful visualized microfilaments in trypanosomatids.
Sahasrabuddhe et al. visualized actin filaments in Leishmania spp. promastigotes using
immunogold and immunofluorescence approaches. They detected actin in the flagellar pocket,
flagellum, nucleus and kinetoplast (mitochondrial DNA, termed kDNA). The presence of actin i n
the flagellar pocket strongly suggests that it participates in endocytosis. Interesting, in Leish-
mania, actin also colocalized with SPMT. The study speculates that actin may cooperate with
SPMT to help maintain the shape of the cell. This study suggested that the actin present in
Leishmaniais a new isoform which may differ functionally and structurally from that of eukary-
otes [45]. Immunofluorescence microscopy observations showed that actin of T. brucei
colocalized with the endocytic pathway; however, in procyclic forms, actin was distributed
throughout the entire cell. The endocytic pathway and cell division are arrested in the actin-
depleted, bloodstream stage ofT. brucei[46] (Figure 4A–B). These observations suggest different
roles for actin during the life cycle of T. brucei.

Molecular methods confirmed the expression of actin in trypanosomes, although the role of
actin in T. cruzi has not been fully elucidated. Immunoblotting of parasite extracts with
polyclonal serum raised against a recombinant version of the T. cruzi actin protein confirmed
the presence of actin variants; the pattern of expression was different for each stage of the
parasite life cycle [43], as previously observed with T. brucei[46].

Using cytochalasin to depolymerize actin resulted in morphological changes to the cytoskele-
tal elements associated with the cytostome-cytopharynx ofT. cruzi epimastigotes; cytochalasin
treatment also impaired transferrin uptake [48]. Comparative genomic analyses suggested that
the actin-myosin system might function at the cytostome-cytopharynx during endocytosis
[44]. The first detailed characterization of actin (TcActin) and actin-binding proteins in T. cruzi
was carried out by De Melo et al.. The authors showed that TcActin was distributed in patch-
like cytoplasmic structures during all stages of the T. cruzi life cycle (Figure 4C–F) [47].
Recently, confocal microscopy analyses of several trypanosomatids (T. cruzi, T. brucei, L. major,
Angomonas deanei, Crithidia fasciculata, Herpetomonas samuelpessoai, Strigomonas culicisand
Phytomonas serpens) showed that these protozoa express actin, which is present diffusely
throughout the cytoplasm. In T. cruzi epimastigotes, actin seems to be localized at the
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cytopharynx [49], which may explain the disruption of endocytosis when epimastigotes are
treated with cytochalasin.

4. Paraflagellar structure and flagellum attachment zone

The trypanosomatid flagellum consists of an evolutionarily conserved axoneme. It is also com-
posed of peculiar elements such as the FAZ and the paraflagellar rod (PFR), a structure that is
attached to the flagellum. FAZ is a specialized cytoskeletal region that links most of the flagellar
membrane to the membrane of the cell body [5] (Figure 5A–C). The FAZ filament, the MtQ and
the bilobe structure also help to link the flagellum to the cell surface [34, 50] (Figure 2A).

This complex has a left-handed, helical conformation around the cell body and within the
microtubule array [51]. This region is considered a junctional complex and formed by lined
apposed macular structures. The FAZ is an essential structure; disruption of FAZ assembly can
lead to dramatic changes in morphogenesis.

The flagellum adhesion glycoprotein 1 (FLA1) was identified in T. brucei. FLA1 is critical for
flagellar attachment and RNAi depletion of FLA1 results in flagellum detachment, cytokinesis

Figure 4. Effect of actin RNAi on the bloodstream form of T. brucei(A–B) and the subcellular distribution of actin in T.
cruzi (C–H). (A) Electron micrograph of control bloodstream T. brucei(� TET). The flagellar pocket has budding vesicles.
(B) Electron micrograph of RNAi-induced cells (+TET). These cells show loss of vesicles budding from the flagellar pocket
membrane [46]; (C–F) Immunofluorescence confocal microscopy images ofT. cruzi epimastigote and trypomastigote
forms showing actin patches along the flagellum, and also spread all over the parasitic body [47].
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defects and cell death [52]. Studies inT. cruzi indicate that the glycoprotein GP72 (homologous
of FLA1) is an important molecule for flagellum attachment. When its gene is deleted, the
flagellum is no more attached to the protozoan body [53].

The first molecular component of the T. bruceiFAZ filament, FAZ1, was identified by screening
an expression library with a monoclonal antibody. The knockdown of this protein resulted in
disrupted FAZ and defects in cytokinesis. To date, FAZ1 is considered an essential protein
needed to correctly assemble the FAZ inT. brucei[54]. Recently, immunoprecipitation assays
detected a FLA-1 binding protein (FLA1BP). An RNAi approach targeting FLA1BP showed
that this protein is involved in anchorage assembly of the new flagellum. Also, cell growth of
these cultures was not disturbed [55]. RNAi knockdown of a coiled-coil-rich protein that
contains a C2-domain (CC2D/a protein associated with the flagellum cytoskeleton) impairs
the assembly of the FAZ filament; however, the formation of the four microtubules was not
affected [56]. These results confirmed the participation of the FAZ filament in both flagellum
attachment and cell morphogenesis.

Figure 5. (A) Drawing of the main components of the T. bruceitrypomastigote. The dashed diagonal line indicates the
region seen in (B) and (C) [60]. (B) Electron micrograph showing a transversal section of the FAZ and its relative position
to the microtubule quartet (MtQ-zone 7)) [60]. (C) Cartoon of the transversal section shown in (B) [60]. The connections
among the paraflagellar rod, subpellicular microtubules (green), and FAZ (red) are emphasized. The drawing also shows
the connection between the subpellicular microtubules, the microtubule quartet (MtQ-blue), and endoplasmic reticulum
(ER). (D–I) Scanning electron micrographs of a cleavage furrow in control (D–F) and CIF2 RNAi treated cells (G–I); (D–F)
control cells demonstrate a different direction for cytokinesis (arrows). It occurs from the posterior towards the anterior
regions [58]. Scale bars: 5� m.
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Recently, depletion of ClpGM6, a calpain-like protein localized to the FAZ of T. brucei
trypomastigotes, resulted in cells with a shorter FAZ. Consequently, these treated organisms
were also missing portions of the basal body, the kinetoplast, the Golgi complex and the flagellar
pocket. Cells produced long free flagellum, a characteristic phenotype of epimastigote-like cells
[57]. Despite a normal growth rate, this phenotype highlights FAZ as an important structure i n
orchestrating basal body positions and determining the plane of cytokinesis. Recently, during T.
bruceicytokinesis, a novel signaling pathway was described; it is composed of Polo-like kinase,
CIF1, CIF2 and Aurora B kinase [58]. These signaling molecules behave as cytokinesis initiation
regulators. In vivo studies show CIF2 interacting with CIF1. Furthermore, both of them colocalize
at the new FAZ tip during early cell cycle stages [58, 59]. By inhibiting typical anterior-to-
posterior cytokinesis, these studies characterized a backup cytokinesis pathway located at the
posterior end of the cell [59] (Figure 5D–I).

In live parasites, flagellar beating produces a wave that gives the appearance of an“ undulating
membrane” on the sides of the cell body linked to flagellum as consequence of the FAZ
arrangement. A detailed study using high-resolution microscopy to compare the swimming
behavior of several trypanosome species that infect livestock showed that the waveforms are
distinctive for each trypanosome species. This is due to variations in the microenvironment,
such as differences in viscosity [61]. Inside the flagellar membrane ofT. brucei, it was possible
to observe a filamentous structure connecting the membrane associated with the FAZ to the
proximal domain of the paraflagellar rod [31]. The paraflagellar rod is an extra-axoneme
structure unique to kinetoplastids, euglenoids and dinoflagellates [62–64]. Transmission elec-
tron microscopy observations showed the paraflagellar rod as a lattice-like structure that is
localized along the entire length of the axoneme once it exits from the flagellar pocket; it is
linked to the FAZ. The PFR has three distinct portions: proximal, intermediate and distal.
These portions are defined by their location relative to the axoneme (Figure 6A) [65].

Replicas of quick-frozen, freeze-fractured, deep-etched and rotary-replicated T. cruzi
epimastigotes examined by transmission electron microscopy (TEM) provided detailed obser-
vations of PFR in straight and bent flagella. Based on these observations, an animated model
for the PFR structure during flagellar beating was proposed [66] (Figure 6B–G). The PFR
structure is absent in the amastigote forms of Leishmaniaand other trypanosomatids [7].
Studies of the biogenesis ofL. amazonensisflagellum during amastigote-promastigote differen-
tiation show different stages of differentiation ( Figure 6H–L), initial stages of the process, the
early intermediate forms presented an expansion of the flagellar tip and the duplication of
flagellum was observed (Figure 6H). Interestingly, PFR formation was observed inside the
flagellar pocket (Figure 6J). In later stages of differentiation, intermediate cells display a longer
flagellum (even if shorter than in promastigotes) that contains a PFR (Figure 6K–L) [67]. Only
after this stage typical flagellar beating was observed, suggesting that the presence of PFR is a
prerequisite for flagellum motility [67].

The paraflagellar major proteins are PFR1 and PFR2; null mutant and RNAi ablation of PFR2
demonstrated that this protein is required for efficient flagellar beating in L. mexicanaand
T. brucei[68]. These parasites displayed an incomplete paraflagellar structure, showing that
this protein is essential for the correct assembly of PFR. Paraflagellar rod components can be
divided into four groups: (a) those involved in the formation of the lattice-like pattern; (b)
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those with a role in metabolism and in adenine nucleotide signaling; (c) those that participate
in calcium signaling; and (d) those with unknown function [69]. Some studies showed the
presence of calmodulin (CaM) within PFR; depletion of CaM resulted in catastrophic failure of
the PFR architecture and disruption of the links between PFR and axoneme [70].

The PFR inT. cruzi is composed of four proteins: PAR1–4 [71]. An important study indicated
PAR4 as the target of T. cruzi-specific CD8+ T cell responses. Over expression of PAR4
improved PAR4-specific CD8+ T cell responses and provided significantly enhanced protection
from infection; this chapter speculated that flagellar proteins can be used as antigens in potential
vaccines againstT. cruzi [72].

Figure 6. (A) Transmission electron microscopy images of a thin section showing the T. cruzi paraflagellar portions
relative to the axoneme: proximal (p), intermediary (in) and distal (d) [65]. (B) One frame of an animation showing the
flagellum in a bent state; (C) deep-etching replica image of the flagellum revealing the different portions of PFR in a bent
flagellum; (D) one frame of an animation based on the deep-etching replica of a curved flagellum; (E) one frame of an
animation showing a straight flagellum; (F) deep-etching replica image of the flagellum revealing the different portions of
PFR in a straight flagellum; (G) an animation frame based on the deep-etching replica of a straight flagellum. (H–L) Steps
of Leishmania amazonensisamastigote-promastigote differentiation; (B–G) [66]; (H) after 4 h of differentiation, the duplica-
tion of flagellum was observed with vesicles inside the flagellar pocket (arrowhead) and in flagellar tip (v). Scale bar: 200
nm; (J) at 6 h of differentiation, the PFR is observed inside the flagellar pocket. Scale bar: 200 nm; (K) at 24 h of
differentiation, the flagellum presented axoneme and paraflagellar rod. Scale bar: 500 nm; (L) higher magnification of H
showing the PFR [67].
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5. Conclusions

All the cytoskeletal structures and related proteins covered here are essential for the biology of
trypanosomatids. Advances in high-resolution microscopies and molecular biology have pro-
vided more information regarding protein localization and function in these protozoa. This
chapter provided an overview of unique and essentials cytoskeleton elements and proteins in
trypanosomatids that may provide alternative targets in the future for chemotherapeutic drugs.

Author details

Juliana Cunha Vidal1,2 and Wanderley de Souza1,2*

*Address all correspondence to: wsouza@biof.ufrj.br

1 Biophysics Institute of the Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

2 National Center of Structural Biology and Bioimage CENABIO, Rio de Janeiro, Brazil

References

[1] Morriswood B. Form, fabric and function of a flagellum-associated cytoskeletal structure.
Cells. 2015;4(4):726–47.

[2] Bastin P, Pullen TJ, Moreira-Leite FF, Gull K. Inside and outside of the trypanosome
flagellum: a multifunctional organelle. Microbes and Infection/Institute Pasteur. 2000;2
(15):1865–74.

[3] Lacomble S, Vaughan S, Gadelha C, Morphew MK, Shaw MK, McIntosh JR, et al. Three-
dimensional cellular architecture of the flagellar pocket and associated cytoskeleton in
trypanosomes revealed by electron microscope tomography. Journal of Cell Science.
2009;122(Pt 8):1081–90.

[4] Alcantara CL, Vidal JC, de Souza W, Cunha ESNL. The three-dimensional structure of the
cytostome-cytopharynx complex of Trypanosoma cruziepimastigotes. Journal of Cell Sci-
ence. 2014;127(Pt 10):2227–37.

[5] Vickerman K. On the surface coat and flagellar adhesion in trypanosomes. Journal of Cell
Science. 1969;5(1):163–93.

[6] de Souza W, Souto-Padron T. The paraxial structure of the flagellum of trypanosomatidae.
The Journal of Parasitology. 1980;66(2):229–36.

[7] Gull K. The cytoskeleton of trypanosomatid parasites. Annual Review of Microbiology.
1999;53:629–55.

�&�\�W�R�V�N�H�O�H�W�R�Q�������6�W�U�X�F�W�X�U�H�����'�\�Q�D�P�L�F�V�����)�X�Q�F�W�L�R�Q���D�Q�G���'�L�V�H�D�V�H����



[8] Sant'Anna C, Campanati L, Gadelha C, Lourenco D, Labati-Terra L, Bittencourt-Silvestre
J, et al. Improvement on the visualization of cytoskeletal structures of protozoan parasites
using high-resolution field emission scanning electron microscopy (FESEM). Histochem-
istry and Cell Biology. 2005;124(1):87–95.

[9] Souto-Padron T, de Souza W, Heuser JE. Quick-freeze, deep-etch rotary replication of
Trypanosoma cruziand Herpetomonas megaseliae. Journal of Cell Science. 1984;69:167–78.

[10] MacRae TH, Gull K. Purification and assembly in vitro of tubulin from Trypanosoma
brucei brucei. The Biochemical Journal. 1990;265(1):87–93.

[11] Soares TC, de Souza W. Fixation of trypanosomatids for electron microscopy with the
glutaraldehyde-tannic acid method. Zeitschrift fur Parasitenkunde. 1977;53(2):149–54.

[12] Robinson DR, Sherwin T, Ploubidou A, Byard EH, Gull K. Microtubule polarity and
dynamics in the control of organelle positioning, segregation and cytokinesis in the
trypanosome cell cycle. The Journal of Cell Biology. 1995;128(6):1163–72.

[13] de Souza W, Sant'Anna C, Cunha-e-Silva NL. Electron microscopy and cytochemistry
analysis of the endocytic pathway of pathogenic protozoa. Progress in Histochemistry
and Cytochemistry. 2009;44(2):67–124.

[14] Vedrenne C, Giroud C, Robinson DR, Besteiro S, Bosc C, Bringaud F, et al. Two related
subpellicular cytoskeleton-associated proteins in Trypanosoma brucei stabilize microtu-
bules. Molecular Biology of the Cell. 2002;13(3):1058–70.

[15] De Souza W. From the cell biology to the development of new chemotherapeutic
approaches against trypanosomatids: dreams and reality. Kinetoplastid Biology and Dis-
ease. 2002;1(1):3.

[16] Pimenta PF, De Souza W. Fine structure and cytochemistry of the endoplasmic reticulum
and its association with the plasma membrane of Leishmania mexicana amazonensis.
Journal of Submicroscopic Cytology. 1985;17(3):413–9.

[17] Meyer H, De Souza W. Electron microscopic study ofTrypanosoma cruziperiplast in tissue
cultures. I. Number and arrangement of the peripheral microtubules in the various forms
of the parasite's life cycle. The Journal of Protozoology. 1976;23(3):385–90.

[18] Sheriff O, Lim LF, He CY. Tracking the biogenesis and inheritance of subpellicular micro-
tubule in Trypanosoma brucei with inducible YFP-alpha-tubulin. BioMed Research Inter-
national. 2014;2014:893272.

[19] Robinson DR, Gull K. Basal body movements as a mechanism for mitochondrial genome
segregation in the trypanosome cell cycle. Nature. 1991;352(6337):731–3.

[20] Wheeler RJ, Scheumann N, Wickstead B, Gull K, Vaughan S. Cytokinesis in Trypanosoma
brucei differs between bloodstream and tsetse trypomastigote forms: implications for
microtubule-based morphogenesis and mutant analysis. Molecular Microbiology. 2013;
90(6):1339–55.

�0�R�U�S�K�R�O�R�J�L�F�D�O���D�Q�G���)�X�Q�F�W�L�R�Q�D�O���$�V�S�H�F�W�V���R�I���&�\�W�R�V�N�H�O�H�W�R�Q���R�I���7�U�\�S�D�Q�R�V�R�P�D�W�L�G�V
�K�W�W�S�������G�[���G�R�L���R�U�J����������������������������

����



[21] Borst P, Fairlamb AH. Surface receptors and transporters of Trypanosoma brucei. Annual
Review of Microbiology. 1998;52:745–78.

[22] Landfear SM, Ignatushchenko M. The flagellum and flagellar pocket of trypanosomatids.
Molecular and Biochemical Parasitology. 2001;115(1):1–17.

[23] Field MC, Carrington M. Intracellular membrane transport systems in Trypanosoma brucei.
Traffic. 2004;5(12):905–13.

[24] Tardieux I, Webster P, Ravesloot J, Boron W, Lunn JA, Heuser JE, et al. Lysosome recruit-
ment and fusion are early events required for trypanosome invasion of mammalian cells.
Cell. 1992;71(7):1117–30.

[25] Webster P, Russell DG. The flagellar pocket of trypanosomatids. Parasitology Today.
1993;9(6):201–6.

[26] De Souza W, Bunn MM, Angluster J. Demonstration of concanavalin A receptors on
Leptomonas pessoaicell membrane. The Journal of Protozoology. 1976;23(2):329–33.

[27] Coppens I, Opperdoes FR, Courtoy PJ, Baudhuin P. Receptor-mediated endocytosis in
the bloodstream form of Trypanosoma brucei. The Journal of Protozoology. 1987;34(4):
465–73.

[28] Soares MJ, de Souza W. Endocytosis of gold-labeled proteins and LDL byTrypanosoma
cruzi. Parasitology Research. 1991;77(6):461–8.

[29] Bonhivers M, Nowacki S, Landrein N, Robinson DR. Biogenesis of the trypanosome
endo-exocytotic organelle is cytoskeleton mediated. PLoS Biology. 2008;6(5):e105.

[30] Gadelha C, Rothery S, Morphew M, McIntosh JR, Severs NJ, Gull K. Membrane domains
and flagellar pocket boundaries are influenced by the cytoskeleton in African trypano-
somes. Proceedings of the National Academy of Sciences of the United States of America.
2009;106(41):17425–30.

[31] Sherwin T, Gull K. The cell division cycle of Trypanosoma brucei: timing of event markers
and cytoskeletal modulations. Philosophical Transactions of the Royal Society of London
Series B, Biological Sciences. 1989;323(1218):573–88.

[32] Field MC, Carrington M. The trypanosome flagellar pocket. Nature Reviews Microbiol-
ogy. 2009;7(11):775–86.

[33] Morriswood B, He CY, Sealey-Cardona M, Yelinek J, Pypaert M, Warren G. The bilobe
structure of Trypanosoma brucei contains a MORN-repeat protein. Molecular and Bio-
chemical Parasitology. 2009;167(2):95–103.

[34] Esson HJ, Morriswood B, Yavuz S, Vidilaseris K, Dong G, Warren G. Morphology of
the trypanosome bilobe, a novel cytoskeletal structure. Eukaryotic Cell. 2012;11(6):
761–72.

[35] Morriswood B, Schmidt K. A MORN repeat protein facilitates protein entry into the
flagellar pocket of Trypanosoma brucei. Eukaryotic Cell. 2015;14(11):1081–93.

�&�\�W�R�V�N�H�O�H�W�R�Q�������6�W�U�X�F�W�X�U�H�����'�\�Q�D�P�L�F�V�����)�X�Q�F�W�L�R�Q���D�Q�G���'�L�V�H�D�V�H����



[36] Porto-Carreiro I, Attias M, Miranda K, De Souza W, Cunha-e-Silva N. Trypanosoma cruzi
epimastigote endocytic pathway: cargo enters the cytostome and passes through an early
endosomal network before storage in reservosomes. European Journal of Cell Biology.
2000;79(11):858–69.

[37] Soares MJ. Endocytic portals in Trypanosoma cruziepimastigote forms. Parasitology
Research. 2006;99(4):321–2.

[38] Milder R, Deane MP. The cytostome ofTrypanosoma cruziand T. conorhini. The Journal of
Protozoology. 1969;16(4):730–7.

[39] Attias M, Vommaro RC, de Souza W. Computer aided three-dimensional reconstruction
of the free-living protozoan Bodo sp. (Kinetoplastida: Bodonidae). Cell Structure and
Function. 1996;21(5):297–306.

[40] Alcantara CL, Vidal JC, de Souza W, Cunha ESNL. The cytostome-cytopharynx complex
of Trypanosoma cruziepimastigotes disassembles during cell division. Journal of Cell
Science. 2016. DOI: 10.1242/jcs.187419

[41] Vidal, J.C., et al., Loss of the cytostome-cytopharynx and endocytic ability are late events
in Trypanosoma cruzi metacyclogenesis. J Struct Biol, 2016. 196(3):319–328.

[42] De Souza W. Basic cell biology ofTrypanosoma cruzi. Current Pharmaceutical Design.
2002;8(4):269–85.

[43] Cevallos AM, Segura-Kato YX, Merchant-Larios H, Manning-Cela R, Alberto Hernandez-
Osorio L, Marquez-Duenas C, et al. Trypanosoma cruzi: multiple actin isovariants are
observed along different developmental stages. Experimental Parasitology. 2011;127
(1):249–59.

[44] El-Sayed NM, Myler PJ, Bartholomeu DC, Nilsson D, Aggarwal G, Tran AN, et al. The
genome sequence ofTrypanosoma cruzi, etiologic agent of Chagas disease. Science.
2005;309(5733):409–15.

[45] Sahasrabuddhe AA, Bajpai VK, Gupta CM. A novel form of actin in Leishmania: molec-
ular characterisation, subcellular localisation and association with subpellicular microtu-
bules. Molecular and Biochemical Parasitology. 2004;134(1):105–14.

[46] Garcia-Salcedo JA, Perez-Morga D, Gijon P, Dilbeck V, Pays E, Nolan DP. A differential
role for actin during the life cycle of Trypanosoma brucei. The EMBO Journal. 2004;23
(4):780–9.

[47] De Melo LD, Sant'Anna C, Reis SA, Lourenco D, De Souza W, Lopes UG, et al. Evolu-
tionary conservation of actin-binding proteins in Trypanosoma cruziand unusual subcel-
lular localization of the actin homologue. Parasitology. 2008;135(8):955–65.

[48] Correa JR, Atella GC, Batista MM, Soares MJ. Transferrin uptake inTrypanosoma cruziis
impaired by interference on cytostome-associated cytoskeleton elements and stability of
membrane cholesterol, but not by obstruction of clathrin-dependent endocytosis. Exper-
imental Parasitology. 2008;119(1):58–66.

�0�R�U�S�K�R�O�R�J�L�F�D�O���D�Q�G���)�X�Q�F�W�L�R�Q�D�O���$�V�S�H�F�W�V���R�I���&�\�W�R�V�N�H�O�H�W�R�Q���R�I���7�U�\�S�D�Q�R�V�R�P�D�W�L�G�V
�K�W�W�S�������G�[���G�R�L���R�U�J����������������������������

����



[49] Souza LC, Pinho RE, Lima CV, Fragoso SP, Soares MJ. Actin expression in trypanosomatids
(Euglenozoa: Kinetoplastea). Memorias do Instituto Oswaldo Cruz. 2013;108(5):631–6.

[50] Gheiratmand L, Brasseur A, Zhou Q, He CY. Biochemical characterization of the bi-lobe
reveals a continuous structural network linking the bi-lobe to other single-copied organ-
elles in Trypanosoma brucei. The Journal of Biological Chemistry. 2013;288(5):3489–99.

[51] Portman N, Gull K. Proteomics and the Trypanosoma brucei cytoskeleton: advances and
opportunities. Parasitology. 2012;139(9):1168–77.

[52] LaCount DJ, Barrett B, Donelson JE. Trypanosoma brucei FLA1 is required for flagellum
attachment and cytokinesis. The Journal of Biological Chemistry. 2002;277(20):17580–8.

[53] Cooper R, de Jesus AR, Cross GA. Deletion of an immunodominantTrypanosoma cruzi
surface glycoprotein disrupts flagellum-cell adhesion. The Journal of Cell Biology.
1993;122(1):149–56.

[54] Vaughan S, Kohl L, Ngai I, Wheeler RJ, Gull K. A repetitive protein essential for the
flagellum attachment zone filament structure and function in Trypanosoma brucei. Protist.
2008;159(1):127–36.

[55] Sun SY, Wang C, Yuan YA, He CY. An intracellular membrane junction consisting of
flagellum adhesion glycoproteins links flagellum biogenesis to cell morphogenesis in
Trypanosoma brucei. Journal of Cell Science. 2013;126(Pt 2):520–31.

[56] Zhou Q, Liu B, Sun Y, He CY. A coiled-coil- and C2-domain-containing protein is
required for FAZ assembly and cell morphology in Trypanosoma brucei. Journal of Cell
Science. 2011;124(Pt 22):3848–58.

[57] Hayes P, Varga V, Olego-Fernandez S, Sunter J, Ginger ML, Gull K. Modulation of a
cytoskeletal calpain-like protein induces major transitions in trypanosome morphology.
The Journal of Cell Biology. 2014;206(3):377–84.

[58] Zhou Q, Gu J, Lun ZR, Ayala FJ, Li Z. Two distinct cytokinesis pathways drive trypano-
some cell division initiation from opposite cell ends. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2016;113(12):3287–92.

[59] Zhou Q, Hu H, Li Z. An EF-hand-containing protein in Trypanosoma bruceiregulates
cytokinesis initiation by maintaining the stability of the cytokinesis initiation factor
CIF1.The Journal of Biological Chemistry, 2016; 291(28):14395–409.

[60] Sunter JD, Gull K. The flagellum attachment zone: 'the cellular ruler' of Trypanosome
morphology. Trends in Parasitology. 2016;32(4):309–24.

[61] Bargul JL, Jung J, McOdimba FA, Omogo CO, Adung'a VO, Kruger T, et al. Species-
specific adaptations of Trypanosome morphology and motility to the mammalian host.
PLoS Pathogens. 2016;12(2):e1005448.

�&�\�W�R�V�N�H�O�H�W�R�Q�������6�W�U�X�F�W�X�U�H�����'�\�Q�D�P�L�F�V�����)�X�Q�F�W�L�R�Q���D�Q�G���'�L�V�H�D�V�H����



[62] Schlaeppi K, Deflorin J, Seebeck T. The major component of the paraflagellar rod of
Trypanosoma brucei is a helical protein that is encoded by two identical, tandemly linked
genes. The Journal of Cell Biology. 1989;109(4 Pt 1):1695–709.

[63] Hyams JS. The Euglena paraflagellar rod: structure, relationship to other flagellar com-
ponents and preliminary biochemical characterization. Journal of Cell Science. 1982;55:
199–210.

[64] Cachon M, Cosson MP. Ciliary and flagellar apparatuses and their associated structures.
Biology of the Cell/Under the Auspices of the European Cell Biology Organization.
1988;63(2):115.

[65] Farina M, Attias M, Souto-Padrón T, de Souza W. Further studies on the organization of
the paraxial rod of Trypanosomatids. J. Protozool, 1986;33:552–557.

[66] Rocha GM, Teixeira DE, Miranda K, Weissmuller G, Bisch PM, de Souza W. Structural
changes of the paraflagellar rod during flagellar beating in Trypanosoma cruzi. PloS One.
2010;5(6):e11407.

[67] Gadelha AP, Cunha-e-Silva NL, de Souza W. Assembly of the Leishmania amazonensis
flagellum during cell differentiation. Journal of Structural Biology. 2013;184(2):280–92.

[68] Santrich C, Moore L, Sherwin T, Bastin P, Brokaw C, Gull K, et al. A motility function for
the paraflagellar rod of Leishmania parasites revealed by PFR-2 gene knockouts. Molec-
ular and Biochemical Parasitology. 1997;90(1):95–109.

[69] Portman N, Gull K. The paraflagellar rod of kinetoplastid parasites: from structure to
components and function. International Journal for Parasitology. 2010;40(2):135–48.

[70] Ginger ML, Collingridge PW, Brown RW, Sproat R, Shaw MK, Gull K. Calmodulin is
required for paraflagellar rod assembly and flagellum-cell body attachment in trypano-
somes. Protist. 2013;164(4):528–40.

[71] Luhrs KA, Fouts DL, Manning JE. Immunization with recombinant paraflagellar rod
protein induces protective immunity against Trypanosoma cruziinfection. Vaccine.
2003;21(21–22):3058–69.

[72] Kurup SP, Tarleton RL. The Trypanosoma cruzi flagellum is discarded via asymmetric
cell division following invasion and provides early targets for protective CD8(+) T cells.
Cell Host & Microbe. 2014;16(4):439–49.

�0�R�U�S�K�R�O�R�J�L�F�D�O���D�Q�G���)�X�Q�F�W�L�R�Q�D�O���$�V�S�H�F�W�V���R�I���&�\�W�R�V�N�H�O�H�W�R�Q���R�I���7�U�\�S�D�Q�R�V�R�P�D�W�L�G�V
�K�W�W�S�������G�[���G�R�L���R�U�J����������������������������

����




