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Structural organization of Trypanosoma cruzi
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Since the initial description of Trypanosoma cruzi by Carlos Chagas in 1909, several research groups have used
different microscopic techniques to obtain detailed information about the various developmental stages found in
the life cycle of this intracellular parasite. This review describes the present knowledge on the organization of the
most important structures and organelles found in the protozoan, such as the cell surface, flagellum, cytoskeleton,
kinetoplast-mitochondrion complex, glycosome, acidocalcisome, contractile vacuole, lipid inclusions, the secretory

pathway, endocytic pathway and the nucleus.

Key words: Trypanosoma cruzi - ultrastructure - electron microscopy

Since its initial description in 1909, the morphology
of the various developmental stages of Trypanosoma
cruzi has been the subject of intense investigation (Cha-
gas 1909). A color drawing found in the original paper
describing 7. cruzi (Fig. 1) points to variations in the gen-
eral shape of the protozoan and the presence of several
structures that can be stained with Giemsa. It is impor-
tant to point out from a historic point of view that 7. cruzi
was one of the first cells to be examined by Transmission
Electron Microscopy (TEM) and has continued to be ex-
amined by almost all of the techniques developed over
the last 50 years, as recently reviewed (De Souza 2008).
In this review, I will briefly cover the main structures
and organelles found in 7. cruzi after 100 years of mor-
phological descriptions. In view of space limitations, I
will be necessarily telegraphic. However, I hope that the
illustrations presented will speak for themselves.

Due to the ability to obtain in vitro axenic cultures,
most of the studies on 7. cruzi have been done with the
epimastigote form. This is the proliferative developmen-
tal stage found in the intestine of the invertebrate host.
For a better understanding of the description of the vari-
ous structures and organelles found in 7. cruzi, a sche-
matic view based mainly on images obtained with the
electron microscope was provided in De Souza (2008,
Fig. 1). Below, I will describe the most relevant struc-
tural information of the following groups of structures/
organelles: the surface of the cell, flagellum, cytoskele-
ton and the metabolic organelles (that is, the kinetoplast-
mitochondrion complex, glycosomes, acidocalcisomes,
lipid inclusions, components of the secretory pathway
and components of the endocytic pathway).
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The cell surface

The surface of intracellular parasites such as 7. cruzi
initially interacts with cell surfaces in the vertebrate host
and then with the membrane of the parasitophorous vac-
uole. It is also through the cell surface that the protozoan
interacts with the epithelial intestinal cells of the inver-
tebrate host. Therefore, it is important to understand the
structural organization, the molecular array, the compo-
sition and the functional properties of all of the cell sur-
face components of pathogenic protozoa. Here we will
consider the cell surface to include the lipid bilayer and
the associated components that face the extracellular
medium and form the glycocalyx (also known as the cell
coat or the surface coat). The molecules found on the cell
surface of 7. cruzi include the mucins, transialidase and
the Tc85 family of glycoproteins, among others.

Scanning Electron Microscopy (SEM) is the most
commonly used electron microscopy approach to an-
alyze cell surfaces since it allows for the visualization of
the entire surface of the cell. Recently, detailed informa-
tion has been obtained with the use of a high resolution
field emission scanning electron microscope (Sant’Anna
et al. 2005). Using such an instrument, it is possible to
visualize specialized areas of the cell surface such as the
cytostome of epimastigotes, a structure involved in the
uptake of macromolecules from the medium through a
typical endocytic process. SEM has also been used to vis-
ualize the surface domains of the protozoan, especially
by examining the localization of gold-labeled lectins us-
ing backscattered electrons. For instance, Fig. 2 shows
that gold-labeled concanavalin A is preferentially local-
ized to the cytostome region of the epimastigote forms
of T. cruzi (Nakamura et al. 2005).

Conventional TEM of thin sections is the most com-
mon approach to analyzing the structural organization
of cells. However, this technique only gives a general
idea about the thickness and density of the glycocalyx. It
has been shown that the trypomastigote form of 7. cruzi
presents a thinner surface coat when compared to the
thick coat characteristic of the bloodstream form of 7iy-
panosoma brucei (Vickerman 1969, De Souza & Meyer
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Fig. 1: reproduction of the original drawings of the first description of Trypanosoma cruzi by Carlos Chagas in 1909 where developmental stages

found in both the invertebrate and invertebrate hosts were seen.

1975). The surface coat can be better visualized using cy-
tochemical methods that detect carbohydrate-containing
macromolecules (De Souza & Meyer 1975) (Fig. 3) as
well as with cationic dyes that bind to coat components
and are intrinsically dense. Some examples of the latter
are cationized ferritin particles and colloidal iron hydrox-

ide particles; additionally, some dyes are osmiophilic, as
in the case of ruthenium red (De Souza et al. 1977).

The quick-freezing, freeze-fracture, deep-etching
technique allows for simultaneous observation of the
protoplasmic face of the plasma membrane and a small
area of the actual cell surface. Fig. 4 shows an extensive
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Fig. 2: high resolution scanning electron microscopy of an epimas-
tigote form of Trypanosoma cruzi showing the cytostome (C), the
flagellum (F) and the flagellar pocket (FP). The arrow points to the
cytostome opening. Bar = 0.1 um (Nakamura et al. 2005).

area of the surface of 7. cruzi that has been visualized
using this approach. Another means for the visualiza-
tion of large areas of the actual cell surface is the use
of the fracture-flip technique. Fig. 5 shows an example
obtained by this method from the surface of trypomas-
tigote forms of 7. cruzi (Pimenta et al. 1989). It is clear
that the surface of trypomastigotes is very rugous. The
rugosities probably correspond to proteins exposed on
the protozoan surface. In the case of epimastigotes, the
surface lining the cytostome region is more rugous than
that covering the cell body and the flagellum.

The conventional freeze-fracture technique allows
for the examination of the inner portion of the plasma
membrane. Fig. 6 shows an example of an image ob-
tained from an epimastigote form of 7. cruzi (Martinez-
Palomo et al. 1976). The use of this technique revealed
that the plasma membrane is not homogeneous in terms
of the density and distribution of intramembranous par-
ticles (Fig. 6). Indeed, it is possible to identify at least
three macrodomains of the membrane (Martinez-Palo-
mo et al. 1976, De Souza et al. 1978, De Souza 2007): the
cell body, the flagellum and the flagellar pocket. Each
of these macrodomains possess specific microdomains
such as (i) the flagellar necklace, localized at the basal
portion of the flagellum; (ii) the zone of attachment of
the flagellum to the cell body, where a linear array of in-
tramembranous particles exist on both fracture faces of
the flagellar membrane lining the adhesion region (Fig.
6) and (iii) the cytostome region, observed in epimas-
tigote and amastigote forms of 7. cruzi. The cytostome
is an invagination of the plasma membrane followed by
a few specialized microtubules that penetrate so deeply
into the cell that they may reach the nuclear region. The
opening of the cytostome can reach a diameter of up to
0.3 um; however, it is significantly smaller in the deeper
portion, the cytopharynx, which resembles a funnel.
Freeze-fracture studies have shown that the membrane
lining the cytostome is delimited by a palisade-like array
of closely associated particles, corresponding to trans-
membrane proteins that remain unidentified thirty years
after the initial description of this structure. The delim-

A

Fig. 3: localization of carbohydrate-containing molecules (arrows)
on the surface of an intracellular amastigote form in division (a) and
in the flagellum of a trypomastigote form (b). Reaction product, ob-
tained using the periodic acid-thiosemicarbazide-silver proteinate
technique, is seen in association with the thin surface coat. Bar = 100
and 50 nm, respectively (De Souza & Meyer 1975).

ited area is nearly devoid of transmembrane proteins,
appearing smooth in freeze fracture replicas. However,
when the replicas are flipped, exposing the actual sur-
face, the membrane lining the cytostome appears very
rugous. As described above, this area contains a fibril-
lar material exposed on the surface. The combination of
freeze fracture and cytochemical data indicates that the
membrane lining the cytostome is rich in glycoconju-
gates that are not inserted in the membrane.
Freeze-fracture cytochemistry allows for the possibil-
ity of identifying components of the plasma membrane.
The most successful example of this involves the use of
digitonin and filipin to localize cholesterol and other 8-
hydroxy sterols. These compounds establish complexes
with sterols and induce the appearance of either cylin-
drical or protruding structures, in the case of digitonin
or filipin, respectively. These structures can be easily
recognized in freeze-fracture replicas. Fig. 7 shows the
distribution of filipin-sterol complexes in epimastigote
forms of 7. cruzi (Souto-Padron & De Souza 1983).
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Fig. 4: deep-etching view revealing portions of the plasma mem-
brane (PM) and the underlying layer of sub-pellicular microtubules
showing connections between them (arrows). Bar = 100 nm (Souto-
Padron et al. 1984).

Fig. 5: fracture-flip of the surface of the cell body (CB) and flagellum
(F) of the trypomastigote form of Trypanosoma cruzi. The suface ap-
pears with many rugosities. Bar = 100 nm (Pimenta et al. 1989).

The flagellum

A typical basal body located at the base of the unique
flagellum was observed in the first thin sections exam-
ined of all 7" cruzi developmental stages. Even in the so-
called amastigote form, a short flagellum is observed.
The flagellum shows the typical array of nine pairs of
peripheral microtubule doublets and one central pair
(Fig. 8). The first electron microscopy studies revealed
the presence of an intriguing structure in the flagellum
of trypanosomatids, which was designated as the parax-
ial or paraflagellar rod (PFR) due to its localization. The
use of tannic acid in conjunction with glutaraldehyde

Fig. 6: freeze-fracture image revealing a special organization of in-
tramembranous particles in the portion of the flagellar membrane in-
volved in the adhesion of the flagelllum to the cell body. Bar =100 nm
(Martinez-Palomo et al. 1976).

significantly improved the preservation of this structure
(Fig. 8). Subsequently, the use of quick-freezing, freeze-
fracture, deep-etching and rotary replication (Farina et
al. 1986, Souto-Padron et al. 1984) allowed the obser-
vation of several structures that were not visualized in
thin sections (Fig. 8). It was seen that the PFR is made
of a complex array of filaments linked to the axoneme.
Two regions designated as proximal and distal were
identified in the PFR. The proximal region is formed by
two plates, while the distal region is formed by several
plates. The plates are formed by an association of 25 nm
and 7 nm thick filaments that are oriented at an angle of
50° in relation to the major axis of the axoneme (Farina
et al. 1986). The PFR is composed of a large number of
proteins, most of which have not been yet characterized.
However, two major proteins have been characterized in
some detail. These proteins, known as PFR 1 and 2, have
molecular weights of 73 and 79 kDa, respectively. They
are highly antigenic and constitute targets for vaccine
and diagnostic kit development. The available evidence
indicates that the PFR is an essential structure for para-
site survival (Bastin & Gull 1999).

Atomic Force Microscopy (AFM) views of the fla-
gellum revealed the presence of a furrow that separates
the portion of the flagellum containing the axoneme
from that containing the PFR (Rocha et al. 2006). Pe-
riodic structures were seen to be associated with the
furrow (Fig. 9).

The cytoskeleton

Observation of thin sections of trypanosomatids by
TEM revealed the presence of sub-pellicular microtu-
bules distributed throughout the protozoan body, except
in the flagellar pocket region. Using conventional fixa-
tion techniques, it is possible to see that the microtubules
maintain a constant distance from each other (about 44
nm) and from the plasma membrane (about 12 nm). In fa-
vorable sections, it is possible to see some connections be-
tween these two structures. Profiles of the endoplasmatic
reticulum (ER) can be seen in between and below the
sub-pellicular microtubules (Pimenta & De Souza 1985).
When tannic acid is added to the glutaraldehyde solution,
the protofilaments that make up the microtubules can be
visualized (Baeta Soares & De Souza 1979).
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Fig. 7: freeze-fracture image of an epimastigote form of 7rypanosoma
cruzi incubated in the presence of filipin and then fixed. Filipin-sterol
compexes (asterisks) can be seen both in the flagellar membrane (F)
and in the membrane lining the cell body (CB). Bar = 100 nm (Souto-
Padron & De Souza 1983).

One approach to observing the whole cytoskeleton
of trypanosomatids is to lyse the protozoan on a water
surface followed by critical point drying. Alternatively,
cells can be lysed during drying, followed by adsorption
to a formvar and carbon-coated grid and negative stain-
ing. With both techniques, it is possible to obtain images
showing the helicoidal array of the microtubules. More
recently, informative images of the organization of the
sub-pellicular microtubules have been obtained using
high resolution SEM. The use of stable cold field emis-
sion SEMs produces images with excellent resolution
(Sant’Anna et al. 2005, De Souza et al. 2008).

Certainly the quick-freeze, freeze-fracture, deep-
etching and rotary replication technique is ideal for
revealing details of cytoskeletal organization (Souto-
Padron et al. 1984). This approach has yielded new
information about the organization of sub-pellicular
microtubules and the flagellum of trypanosomatids. In
relation to the sub-pellicular microtubules, it is possible

Fig. 8: different view of the flagellum of trypanosomatids as seen in longitudinal (a, d) and transversal (b, c¢) views of thin sections and replicas
of quick-frozen, freeze-fractured, deep-etched and rotary repilicated samples (). The axonemal (A) microtubules, as well as filaments which
make the paraflagellar rod structure (PFR), can be seen. Bridges connecting the axoneme to the paraflagellar rod (arrows) and the plates which
form the PFR are seen. Bar = 50 (a-c) and 100 nm (d, e) (Farina et al. 1986).
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to clearly see the filaments that connect microtubules to
each other, to the inner portion of the plasma membrane
and to profiles of the ER (Fig. 4).

Microfilaments have never been observed in the
cytoplasm of 7. cruzi. It was recently shown (Correa et
al. 2007, 2008) that cytochalasin B treatment leads to
morphological alterations in the cytoskeletal elements
associated with the cytostome-cytopharynx complex,
which is responsible for transferrin uptake. Comparative
genomic analysis identified a potential role for an actin-
myosin system in 7. cruzi, as this protozoan presents an
expanded myosin family and a CapZ F-actin capping
complex in addition to an actin gene. It has been sug-
gested that an actin-myosin system might function at the
cytostome. Actin and actin-binding proteins have been
characterized recently in 7. cruzi (De Melo et al. 2008).
TcActin was observed to exist in several patch-like cyto-
plasmic structures, present throughout the 7. cruzi stages.
Although the actin of 7' cruzi has a similar structure to
that found in higher eukaryotes, homology modeling
has revealed fundamental differences, predominantly in
the loops responsible for the oligomerization and inter-
actions with actin-binding proteins. As a consequence,
actin filaments have never been detected in 7. cruzi.

Fig. 9: AFM images of the flagellum region of slightly detergent-ex-
tracted cell. A furrow along the major axis of the flagellum is clearly
seen. At high magnification of the furrow, periodically organized pro-
trusions can be seen (arrowheads) (Rocha et al. 2006).

{‘ — a

The kinetoplast-mitochondrion complex

Early studies using electron microscopy (Meyer et
al. 1958) identified a dark, electron dense and slightly
bent inclusion, corresponding to a structure known at
that time as the kinetonucleus, which had been previ-
ously identified by light microscopy of stained cells.
This structure is now known as the kinetoplast. It is
situated close to the nucleus and its shape and structural
organization vary according to the developmental stage
of the protozoan. The remarkable molecular configu-
ration of the DNA contained in kinetoplast was only
revealed in the late 1960s and early 1970s (Shapiro &
Englund 1995, Lukes et al. 2002). It is now well estab-
lished that trypanosomatids possess unique and highly
ramified mitochondria. Subsequently, it was shown that
the dense structure is made of a special type of DNA
known as kinetoplast DNA (K-DNA). The first images
obtained using thin sections clearly revealed the organi-
zation of the K-DNA and showed that it was localized
to a specialized portion of the mitochondrion (Fig. 10).
K-DNA is located within the mitochondrial matrix, per-
pendicular to the axis of the flagellum. The kinetoplast
is always located close to the basal body. Filamentous
structures connect the kinetoplast to the basal body (Fig.
11) (Souto-Padron et al. 1984, Ogbadoiry et al. 2003).
Due to this connection, the position of the kinetoplast
defines the cellular region in which the basal body is
located and, consequently, the origin of the flagellum.
Recently, a protein designated pl66 was identified and
shown to be located in between the K-DNA disk and the
flagellar body (Zhao et al. 2008).

In addition to DNA electron microscopy, cy-
tochemistry using the ethanolic phosphotungstic acid
technique and ammoniacal silver (Souto-Padron & De
Souza 1978, 1979) demonstrated the presence of ba-
sic proteins in the kinetoplast, suggesting that these
proteins may neutralize the negatively charged DNA
molecules packed within this structure. More recently,
evidence from biochemical and molecular experiments
confirmed the presence of these basic proteins and in-
dicated that histone-H1-like proteins participate in the
condensation of K-DNA in Crithidia fasciculata and T.
cruzi (De Souza & Cavalcanti 2008).

Fig. 10: different views of the kinetoplast and the general organization of the trypomastigote (a), amastigote (b) and epimastigote (c) forms of
Trypanosoma cruzi. F: flagellum; K: kinetoplast; N: nucleus. The white arrows point to the area of adhesion of the flagellum to the cell body.
White arrowheads point to profiles of the endoplasmic reticulum. Bars = 1 pm (Rocha et al. 2006).



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 7104(Suppl. I), 2009 95

Fig. 11: anterior region of an epimastigote form of Trypanosoma cruzi
as seen in a replica of quick-frozen, freeze-fractured, deep-etched and
rotary replicated cells. The network of DNA molecules which make
the kinetoplast (K) is shown as well as filamentous structures (arrow)
connecting the basal bodies (BB) to each other and to the mitochon-
drial membrane. The axonemal microtubules which make the flagel-
lum (F) are also seen. Bar = 100 nm (Souto-Padron et al. 1984).

Two types of DNA rings are present in the kine-
toplast, the minicircles and the maxicircles. There are
several thousand minicircles, which range in size from
about 0.5-2.5 kb (depending on the species) and a few
dozen maxicircles, usually varying from 20-40 kb (Sha-
piro & Englund 1995, De Souza & Cavalcanti 2008).
They encode guide RNAs that modify maxicircle tran-
scripts by extensive uridylate insertion or deletion, a pro-
cess known as RNA editing. Maxicircles are structurally
and functionally analogous to the mitochondrial DNA in
higher eukaryotes that encodes rRNAs and the subunits
of respiratory complexes.

The glycosome

Examination of thin sections of several species of
trypanosomatids revealed the presence of spherical
structures with a homogeneous matrix, surrounded by
a unit membrane. Initially, they were designated as mi-
crobodies, in analogy to similar structures that had been
described in mammalian cells, particularly in hepato-
cytes. In the case of mammalian cells, it was shown that
these structures contained catalase, an enzyme involved
in the degradation of hydrogen peroxide formed in meta-
bolic reactions. For this reason, they were termed per-
oxisomes. Using a cytochemical approach, catalase was
also detected in the microbodies of C. fasciculata and in
Leptomonas samueli (Opperdoes 1987). A major break-
through in this area was the discovery that most of the
glycolytic pathway takes place in this organelle (Opper-
does & Borst 1977); thus it was eventually designated as
the glycosome. In other cell types, glycolysis takes place
in the cytosol. Since glycosomes found in the monoge-
netic trypanosomatids contain catalase, but those found
in the digenetic ones do not, they are now considered to
be a special type of peroxisome. Electron microscopy
cytochemistry aimed at the detection of basic proteins,
as previously described in the section regarding the ki-
netoplast, showed intense labeling of the glycosomes
(Souto-Padron & De Souza 1978). These observations

prompted biochemical studies that demonstrated that
the enzymes found in glycosomes have a higher isoelec-
tric point than the cytosolic glycolytic enzymes found
in other eukaryotic cells. In addition to catalase, the
peroxisomes of mammalian cells contain more than 50
different enzymes involved in various metabolic path-
ways such as peroxide metabolism, 3-oxidation of fatty
acids, ether phospholipid synthesis and others. There is
also evidence that additional metabolic pathways, such
as carbon dioxide fixation (Opperdoes & Cotton 1982),
purine salvage and de novo pyrimidine biosynthesis,
fatty acid elongation, isoprenoid biosynthesis and sterol
biosynthesis (Opperdoes 1987), take place in the glyco-
somes of trypanosomatids, although they occur in the
cytosol of other cells. The glycosome does not possess a
genome. Therefore, all proteins found in it are encoded
by nuclear genes, translated on free ribosomes and post-
translationally imported into the organelle.

The acidocalcisome

In the first observations of thin sections of 7. cruzi
and other trypanosomatids, vacuolar structures con-
taining electron-dense deposits were found. These were
designated as polyphosphate granules or volutin gran-
ules. Not until 1994 were these shown to be an organelle
capable of transporting protons and calcium and it was
henceforth named the acidocalcisome (Docampo et al.
2005). The appearance of this organelle depends on the
methodology used to process the samples for electron
microscopy. In conventional methods, most of the dense
content may disappear, leaving only a small electron-
dense dot associated with the membrane lining the or-
ganelle (Fig. 12). However, when cryofixation is used,
a much better preservation of acidocalcisome content
can be achieved. Indeed, a homogenous electron-dense
matrix was preserved when cells were quick frozen us-
ing a high-pressure freezing technique and submitted to
freeze-substitution (Miranda et al. 2000). The best way
to visualize the acidocalcisomes is to observe whole
cells dried on a grid using an electron microscope with
an energy filter, as shown in Fig. 12. Electron microsco-
py microanalysis has played a key role determining the
ionic composition of the acidocalcisome. Using X-ray
mapping, it has been shown that that acidocalcisomes
contain calcium, phosphorous, sodium, potassium and
zinc. In some trypanosomatids, iron has also been found
(Miranda et al. 2004).

The acidocalcisomes are involved in functions such
as (i) the storage of calcium, magnesium, sodium, po-
tassium, zine, iron and phosphorous compounds, es-
pecially inorganic pyrophosphate and polyphosphate,
as determined by biochemical analysis and by X-ray
microanalysis; (ii) pH homeostasis and (iii) osmoreg-
ulation, acting in close association with a contractile
vacuole (Docampo et al. 2005).

The contractile vacuole

Although the presence of a contractile vacuole is
very common in protozoa, there have been few reports
on such structures in trypanosomes. Following initial
light microscopy observations, a structure resembling
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Fig. 12: acidocalcisomes of Trypanosoma cruzi as seen in whole cells
(a) and in thin sections (b). When conventional methods of processing
of samples for electron microscopy are used part of the dense material
is released and the structure appears as partially empty. Bars = 1.0 um
and 100 nm, respectively (Miranda et al. 2004).

a contractile vacuole was characterized by electron mi-
croscopy. This structure is formed by several tubules
connected to a central vacuole located close to the fla-
gellar pocket (Linder & Stachelin 1977). More recently,
aquaporin, a protein involved in water transport, was
identified in the epimastigotes of 7. cruzi and shown to
be localized to both acidocalcisomes and the contractile
vacuole (Montalvetti et al. 2004). These structures seem
to be involved in process of osmoregulation. It has been
shown that fusion of acidocalcisomes to the contractile
vacuole takes place via a process mediated by cyclic aden-
osine monophosphate (Rohloff & Docampo 2008).

Lipid inclusions

Spherical structures with a variable diameter can be
observed in the cytoplasm of 7. cruzi. They are surround-
ed not by a typical unit membrane but by a phospholipid
monolayer. Some are electron transparent, while others
present a medium density. Most of them are highly con-
tracted when the cells are fixed in an osmium tetroxide
solution in immidazol buffer (Soares & De Souza 1987).
There is very little information about these structures.

The secretory pathway

The secretory pathway in 7. cruzi is formed by the
ER, Golgi complex and a system of vesicles that bud
from the Golgi cisternae and migrate toward the flagel-
lar pocket where they fuse and discharge their contents
into the flagellar pocket. ER cisternae are seen around
the nucleus and radiate towards all cell regions, especial-
ly the peripheral region where microtubules are located.
Both rough and smooth ER cisternae can be seen. The
Golgi complex is always located close to the flagellar
pocket and is has morphology similar to that described
in other cells. Labeling the Golgi complex with gold-
conjugated lectins revealed the presence of sugar-con-
taining molecules, indicating its involvement in protein
glycosylation, as has been reported for other eukaryotic
cells. Rab7, a small GTPase involved in membrane traf-
ficking, was also detected in the Golgi complex of try-
panosomes (Araripe et al. 2004).

The endocytic pathway

For most eukaryotic cells, including pathogenic pro-
tozoa, endocytosis is the basic mechanism by which
macromolecules are internalized. Endocytosed mol-
ecules are subsequently degraded in the endosomal-
lysosomal system, providing important precursors for
several key metabolic pathways. Trypanosomatids are
highly polarized cells, and endocytic activity is restrict-
ed to the flagellar pocket and cytostome regions (De
Souza et al. 2009). Studies of 7. cruzi have shown that
this protozoan exhibits certain peculiarities in its endo-
cytic pathway that distinguish it from other cells. First,
endocytosis only occurs when in the epimastigote form,
which is found in the digestive tract of the invertebrate
host and in axenic cultures maintained in vitro; endocy-
tosis is low or absent in metacyclic or bloodstream local-
ized trypomastigotes and in the intracellular amastigote
forms. Second, epimastigotes have two sites of macro-
molecule ingestion: the flagellar pocket and a highly
specialized structure known as the cytostome. Third, the
cargo of the endocytic vesicles is delivered to unusual
structures called reservosomes, which are localized at
the posterior region of the protozoan. 7. cruzi epimas-
tigotes have a specialized plasma membrane region in-
volved in endocytosis that starts at the opening of the
cytostome and projects towards the flagellar pocket (Fig.
13). Quantitative analysis of the ingestion of gold-labeled
macromolecules has shown that in epimastigote forms of
T. cruzi, about 85% of gold particles associate with the
cytostome (Porto-Carrero et al. 2000). Epimastigotes
that are incubated with acridine orange, a weak base that
concentrates in acidic compartments, accumulate dye
in the cytopharynx, suggesting that this compartment
has an acidic character. The presence of a P-type H'-
ATPase offers additional evidence of the acidic nature of
the cytostome (Vieira et al. 2005). Following binding to
the cytostome and flagellar pocket, macromolecules are
rapidly internalized and appear in small endocytic ves-
icles that bud from the deeper regions of this structure
(Soares & De Souza 1991). Vesicles with a clathrin-like
coat were first reported to bud from the Golgi complex.
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Fig. 13: a: thin section showing the cytostome (CY) of an epimastigote form of Trypanosoma cruzi in the initial step of ingestion of gold-labeled
transferrin (arrow); b-d: freeze-fracture, fracture-flip and label-fracture views of the cytostome of epimastigotes of 7. cruzi. The membrane
lining the cytostome has few intramembranous particles, is intensely labeled with gold-concanavalin A and display surface projections; CB: cell
body; e, f: reservosome of epimastigotes of 7. cruzi appears as spherical structures with a matrix rich in some components which accumulate
exogenous protein as horseradish peroxidase); F: flagellum; K: kinetoplast. Bars = 0.5 um (De Souza et al. 1978); Bars = 500, 100 and 100 nm,
respectively (Martinez-Palomo et al. 1976, Pimenta et al. 1989); Bar = 1.0 um.

Corréa et al. (2007, 2008) demonstrated that transferrin
uptake is dependent on membrane cholesterol and on
cytoskeletal elements that are associated with the cytos-
tome. In silico analysis revealed the presence of clathrin,
adaptin and clathrin self-assembly genes in its genome.
Moreover, clathrin expression in 7. cruzi was dem-
onstrated by western blot using polyclonal antibodies
raised against bovine clathrin heavy chain. TcClathrin
has thus been localized to Golgi complex and flagellar

pocket region. Curiously, agents that disturb receptor-
mediated endocytosis do not impair transferrin uptake
in epimastigotes (Correa et al. 2007, 2008). The fusion of
endocytic vesicles with the tubule-vesicular network can
be observed from the perinuclear region to the poste-
rior tip of the protozoan. This tubular structure has been
shown to be acidic by the use of acridine orange to probe
the pH of intracellular compartments. The cargo path-
way kinetics and pH suggest that this compartment may
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correspond to the epimastigote early endosome (EE).
The spatial distribution and morphology of the EE have
been detailed with a 3D reconstruction of a sequence of
ultrathin sections.

A gene homologous to mammalian Rab5, an EE mo-
lecular marker, was cloned and sequenced and its ex-
pression has been measured in all 7. cruzi developmen-
tal stages (Araripe et al. 2005). Its localization, however,
has not been examined.

The major protease of 7. cruzi, cruzipain, belongs to
the cysteine protease family. It is very active in epimas-
tigote forms and is concentrated in reservosomes. The
enzyme is a glycoprotein synthesized in the ER-Golgi
system in a proenzyme form and addressed to the en-
docytic pathway. The pro-peptide sequence is necessary
and sufficient to drive cruzipain to reservosomes (Sou-
to-Padron et al. 1990).

Macromolecules from the extracellular medium or
from the ER-Golgi system are concentrated in structures
known as reservosomes. These organelles are particu-
larly interesting because they are found exclusively in
the Schizotrypanum sub-genus, such as Trypanosoma
vespertilionis, Trypanosoma dionisii and T. cruzi. Reser-
vosomes are unique organelles that have a pivotal role in
life cycle of 7. cruzi. They were named for their unusual
capacity to accumulate all of the macromolecules that
are ingested by parasite through an endocytic process
(Soares et al. 1992). In particular, 7. cruzi epimastigotes
specify a class of endocytic organelles, the reservo-
somes, whose main function is to store macromolecules,
although they also concentrate lysosomal hydrolases.
Thus, reservosomes are also considered the main site of
protein degradation and regulation. Each epimastigote
form has several reservosomes, mainly located in the
posterior region of the cell (Fig. 13). They are surround-
ed by a unit membrane, with a mean diameter of 0.6 pm.
They are usually globular but may appear asymmetrical.
Ultrastructural cytochemical studies have shown that
the electron-dense portion of the reservosome matrix is
mainly composed of proteins while electron-lucent in-
clusions are likely to be lipids. Proteins, especially basic
proteins, can be localized using the ethanolic phospho-
tungstic acid technique in cells that have been previously
fixed in glutaraldehyde but not post-fixed in osmium tet-
roxide. Recently, the presence of internal vesicles both
in isolated reservosomes and in situ was demonstrated
using different TEM approaches (Sant’Anna et al. 2008).
Long membrane profiles transversing the lumen of the
reservosome were also observed. Another notable struc-
ture found was a rod-shaped electron-lucent structure
bound by a membrane monolayer.

Using the DAMP technique to evaluate pH by electron
microscopy, reservosomes were found to be comparable
to mammalian late endosomes (pre-lysosomes), with a
pH of 6.0, the presence of acid hydrolases and the lack of
a lysosomal molecular marker (Soares et al. 1992).

Reservosomes have been described as an exclusive
structure of epimastigote forms. While lipid and protein
uptake has never been demonstrated in either trypomas-
tigotes or amastigotes, intracellular organelles that share
many reservosomal features were recently described in

the mammalian stages of 7. cruzi (Sant’Anna et al. 2008).
Like reservosomes, these organelles are concentrated in
the parasite’s posterior region. They accumulate cruzi-
pain, its natural inhibitor chagasin and serine carboxy-
petidase. They are acidic and have a P-type H-ATPase.
Interestingly, rod-shaped electron-lucent lipid bodies,
similar to those that were recently characterized in the
reservosome lumen, were also found in hydrolase-rich
compartments in trypomastigotes and amastigotes. Col-
lectively, these results indicate that these compartments
are closely related. Nonetheless, they differ from reser-
vosomes in the ability to store external macromolecules.
Because of the low internal pH and the accumulation of
lysosomal hydrolases, we have proposed that epimastig-
ote reservosomes and the trypomastigote and amasti-
gote organelles should be considered lysosomal-related
organelles since they share fundamental properties with
mammalian lysosomes.

Reservosomes have been considered the ultimate
destination of macromolecules captured from the extra-
cellular medium as well as the site where parasite ma-
jor proteases accumulate. This organelle probably has
lysosomal functions, as classical lysosomes have never
been identified in 7. cruzi. Nevertheless, aryl sulfatase
activity, which is characteristic of lysosomes, has been
detected inside small vesicles distributed throughout the
cell bodies of epimastigotes and trypomastigotes (Adade
et al. 2007). The digestive function of these compart-
ments has not been addressed.

The nucleus

Initial observations revealed a nucleus enveloped by
a typical porous membrane, condensed chromatin dis-
persed throughout the nucleoplasm and a nucleolus typi-
cal of the epimastigote, but not the amastigote or trypo-
mastigote form (De Souza & Meyer 1974, Solari 1995,
Elias et al. 2001). It was also shown that the nuclear mem-
brane remains intact during the entire division process,
with the appearance of intranuclear microtubules, disper-
sion of the chromatin and the appearance of dense plates
whose number varies according to the trypanosomatid
species (Solari 1995). Still, there is no evidence that these
plates correspond to chromosomes, which have thus far
only been detected using a biochemical approach.

Perspectives

Electron microscopy will continue to provide im-
portant information on the structural organization of
trypanosomes as new technological advances are made.
I will comment here only on those approaches that are
likely to be the most relevant over the next few years.
First, there are very little data on the three-dimensional
distribution of the various structures during the proto-
zoan cell cycle. Certainly, important information can be
obtained by three-dimensional reconstructions of the
cell using both serial sections and electron microscopy
tomography of epoxy-embedded sections. Second, more
detailed information about some structures that can be
isolated, such as the flagellum and kinetoplast, can be
obtained using cryoelectron tomography. Third, elec-
tron microscopy analytical techniques using both X-ray
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mapping and electron energy loss spectroscopy and im-
aging will provide new information on the physiology
of the organelles involved in ion transport. Fourth, im-
munocytochemistry of cryofixed cells will continue to
add important information about the localization of new
proteins discovered either by genomic or proteomic ap-
proaches. Fifth, AFM is a powerful technique for high
resolution analysis of some structures, especially those
that are part of the cytoskeleton, as was shown recently
(Rocha et al. 2006) for structures within the flagellum.
Sixth, high resolution SEM of the inner regions of the
cell, exposed either by mechanical rupture or by freeze-
fracture, has the potential to add a wealth of new informa-
tion about the relationships between the various structures.
Seventh, it will be necessary to use electron microscopy
to improve the resolution of the information obtained us-
ing confocal light immunofluorescence microscopy of
GFP-labeled proteins. A recent and important develop-
ment in this area is the introduction of a new tag that can
be detected using electron microscopy based on the use
of the metal-binding protein metallothionein (Diestra et
al. 2009). Finally, the various freeze-fracture techniques,
especially in association with immunocytochemistry, will
continue to be a powerful tool in the analysis of the struc-
ture of the cytoskeleton and various membranes.
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