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Abstract

Chagas disease, an illness caused by the protozoan Trypanosoma cruzi, is clinically and epidemiologically important in Latin America, and particularly
in Brazil. This article presents the main biological characteristics of Trypanosoma cruzi, emphasizing ultrastructural, morphological, evolutionary,
transcriptomic, and proteomic aspects. With this purpose a literature review was conducted, which allowed for the construction of different sections
of the text. The efforts to expand the knowledge of this protist biology may bring positive implications for the understanding of the pathogenesis,
control, and above all, treatment of patients affected by this disease.
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Resumo

A moléstia de Chagas, enfermidade causada pelo protozoario Trypanosoma cruzi, apresenta grande relevancia clinica e epidemiolégica na America
Latina, com destaque para o Brasil. Neste artigo serdo apresentadas as principais caracteristicas bioldgicas do Trypanosoma cruzi, enfatizando-se os
aspectos ultra-estruturais, morfoldgicos, evolutivos, transcriptdmicos e protedmicos. Para tanto, foi realizada revisdo da literatura, a qual subsidiou
a construgdo de diferentes se¢des do texto. As investidas para ampliar o conhecimento acerca da biologia do protista poderdo trazer implicagcdes

positivas para a compreensdo da patogénese, do controle e, sobretudo, do tratamento dos pacientes portadores da moléstia.

Descritores: Trypanosoma cruzi; biologia; transcriptoma; proteoma.

Introduction

In 1909 a new species of parasite was discove-
red by the Brazilian physician Carlos Justiniano
Ribeiro Chagas. He named it Trypanosoma cruzi
in homage to Oswaldo Gongalves Cruz who
pioneered the study of parasitic and infectious
diseases in Brazil. Due to his discovery and com-
mitment to deepen the knowledge about the di-
sease then called American trypanosomiasis, the
recently discovered infectious disease was rena-
med Chagas disease, in his honor @ To this day
his not having been awarded the Nobel Prize in
medicine or physiology after such contributions
to tropical medicine is still discussed 3.

A century after his discovery, it is estimated that
300,000 new cases of Chagas disease are detec-
ted and 23,000 deaths are recorded yearly on the
American continent ®, where the disease stands
out in the systemic approach to human health,
given that it represents the fourth largest social
impact among all prevalent infectious and parasi-
tic diseases ©. There are more than 100,000 indi-
viduals chronically infected by T. cruzi living in the
United States, as a result of the migration of large
groups of Latin Americans. Other cases were attri-
buted to hemotransfusion and solid organ trans-
plants in the United States, Canada and some Eu-
ropean countries, where donors were not routinely
screened for the protozoa till recently ©.
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The mechanisms involved in the pathogenesis
of Chagas disease are not yet fully elucidated.
A number of factors such as the persistence of
the parasite in human tissues, autoimmune res-
ponse and microvascular alterations are now
largely researched with the purpose of unders-
tanding the sickness and developing control and
treatment strategies ©.

Knowledge about the biology of T. cruzi has hel-
ped understanding the pathogenesis and the cli-
nical manifestations of the disease ©19, as well as
proposing diagnostic methods and searching for
new treatments for affected patients 12, In fact,
the recent T cruzi DNA sequence amplification
through polymerase chain reaction (PCR) tech-
nique has become the most sensitive diagnostic
method for the disease, and as such the method
of choice for detection of the protozoan in blood
and organs 3. Furthermore, the recognition that
T cruzi DNA is present in various tissues, may help
defining the ideal drug regimen and its optimal
duration for patients chronically ill, what has not
yet been established . Studies involving pro-
teomic analysis are still under development, but
already show good prospects concerning various
aspects of Chagas disease ®°.

T cruzi — the etiologic agent of Chagas disease
or American trypanosomiasis — is a flagellate
protozoan, phylum Sarcomastigophora, class
Mastigophora, order Kinetoplastida and family
Trypanosomatidae, genus Trypanosoma, subge-
nus Schizotrypanum 9. The fact that it is elimi-
nated together with the excreta of its inverte-
brate host had it included among the stercoralia,
while other species of its genus belong to the
salivaria, such as Trypanosoma brucei.

Based on these considerations, this paper aims
to discuss the main biological characteristics of
T cruzi, emphasizing its ultrastructural, morpho-
logical, and evolutionary aspects, as well as the
more recent investigations involving the trans-
criptome and proteome of T. cruzi.
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Methods

The text is based on a literature review with stra-
tegy defined search. The articles were searched
in the Scientific Electronic Library Online (Scik-
LO) and the U. S. National Library of Medicine
(PubMed) using the following terms:
Strategy 1 — Trypanosoma cruzi + ultrastructure
Strategy 2 — Trypanosoma cruzi + morphology
Strategy 3 — Trypanosoma cruzi + life cycle
Strategy 4 — Trypanosoma cruzi + proteome
Strategy 5 — Trypanosoma cruzi + transcriptome

From the total number of citations obtained (Ta-
ble 1), the papers selected focused on the biolo-
gy of the protozoan, with emphasis on the etio-
pathogenesis, clinic, diagnosis, and therapeutics
of Chagas disease, adding up to 110 articles
which served as reference to this paper. The ar-
ticles were discussed and the information orga-
nized in sections — (1) characterization of the
protozoan, (2) ultrastructure, (3) morphological
aspects, (4) life cycle, (5) T cruzi transcriptome
analysis, (6) T. cruzi proteome analysis, and (7)
final considerations.

In addition to the articles, Internal Medicine and
Infectious Diseases textbooks were also consul-
ted as part of the bibliographic research.

Results and discussion
Characterization of the protozoan

The species Trypanosoma cruzi is a heteroge-
neous population composed of diverse strains
circulating in nature, with genetic variability ob-
served among them @719, One of the first pro-
posals of T. cruzi biological characterization was
made by Brener (1977) @9, who described Y and
CL strains as polar strains, representatives of the
substantial intraspecific variability of the proto-
zoan. More recently, the main criteria used in the
characterization of the various strains of T cruzi
include haplotypes, discrete typing units (DTU),
ribosomal DNA, schizodemes, zymodemes, bio-
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Table 1. Number of articles obtained in the bibliographic search

Search terms PubMed SCIELO
Trypanosoma cruzi + ultrastructure 619 2
Trypanosoma cruzi+ morphology 2,009 21
Trypanosoma cruzi + life cycle 423 9
Trypanosoma cruzi + proteome 25 2
Trypanosoma cruzi + transcriptome 44 0

demes, sensitivity to chemotherapics, virulen-
ce and pathogenicity, clinical and pathological
forms of the disease, species of vertebrate hosts
infected and geographic origin #9213,

A new attempt was recently made to unify the
classification of T. cruzi strains 2, with the re-
commendation for the characterization of six
groups called TclI to TcVI (for details, see referen-
ce 32). This classification took into account pre-
vious studies of various markers for many isola-
tes and known strains; however a testing model
protocol for classifying new isolates and strains
has not yet been standardized.

Regardless of the classification method emplo-
yed, it is important not to lose sight of the larger
goal of the proposed groupings, which is establis-
hing correlations between the infecting strain and
the immunology, pathology, clinic, therapeutics,
and epidemiology of Chagas disease ©73339,

Trypanosoma cruzi ultrastructure

The T cruzi plasma membrane (PM) is compo-
sed of a lipid bilayer, in which several proteins
are "immersed”. Its main components are (19,28):
proteins — irregularly distributed due to their dis-
placement through the lipid bilayer (capping and
patching movements), as observed in the trypo-
mastigote forms —, phospholipids — phosphati-
dylcholine (most prevalent), phosphatidylethano-
lamine (PE), and phosphatidylinositol (PI), and in
smaller quantities sphingomyelin (SM), phospha-
tidylserine (PS), cardiolipin (CLP), phosphatidic
acid (PA), phosphatidylinositol phosphate (PIP),
and phosphatidylinositol bisphosphate (PIP,),
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the latter important in the transduction of T. cruzi
signal — and glycocalyx (thin, covering the ou-
termost surface, consisting of glycolipids, glyco-
proteins, and lipopeptides). On the outer surface
a developed cell coat is observable, three times
thicker in trypomastigotes than in epimastigotes.
The presence of glygopeptide-associated sialic
acid is also described, playing an important role
in the T cruzi / macrophage interaction @®. On
the internal side of the membrane, many micro-
tubules are observed, extending from one end of
the flagellate to the other . The use of modern
microscopy techniques, such as cryofracture, has
shown details of the membranes in different re-
gions of the protist and in different morphologi-
cal forms, where specialized macro-, micro-, and
nano-membrane domains have been observed.
In particular, intramembrane density differences
were noticed, possibly related to the unequal
presence of integral membrane proteins specific
to each stage of development. For instance, in
epimastigote forms, the flagellar membrane was
found to contain a much smaller number of in-
serted particles than the rest of the membrane
covering the body of the protozoan.

The T cruzi cytoplasm presents different organe-

lles (figure 1), including 638

1. The single tubular mitochondrion, presenting
irregular walls and cristae, its appearance
depending on the evolutionary stage analy-
zed, having as limiting element a double mi-
tochondrial membrane. The mitochondrion
presents an intimate relationship with the
kinetoplast — they are in fact considered as
the same structure — with continuity bet-
ween the walls of both organelles.

2. The kinetoplast, a structure peculiar to the
order Kinetoplastida, contains high concen-
trations of the parasite’s extranuclear DNA,
known as kinetoplastic or k-DNA. Unlike
other orders of eukaryotes — which present
roughly around 1% of cellular DNA in the
mitochondria — T. cruzi can concentrate bet-
ween 16 to 30% of its total DNA in the mito-
chondrial genome ©9),
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k-DNA is made up of approximately 5,000 to
20,000 minicircles and 50 copies of maxicir-
cles per network, differing from nuclear DNA
(nDNA) in base composition, molecular struc-
ture, and absence of histone bonds. kDNA
network replication involves the release of
the minicircles contained in this structure,
enabling further replication and its reintegra-
tion to the network by the action of enzymes
known as topoisomerases. The minicircles re-
present 95% of the molecules that make up
kDNA, equivalent to 10,000 to 30,000 units
according to the species and strains of trypa-
nosomatid. Maxicircles are of lesser impor-
tance to the spatial maintenance of the kDNA
3, some mutants of the Trypanosoma genus
not presenting them ©“4L Minicircles are
heterogeneous in sequencing, despite their
presence within the same species in relatively
homogenous sizes “243, This heterogeneity
within the kDNA networks is not absolute,
there usually is a certain degree of homology
among them. Analysis of the regions found
in the minicircles reveals minirepeats, similar
intraspecific sequences varying from 100 to
200 base pairs (bps) “44; the number of con-
served regions is invariable for each species.
Trypanosome cruzi possesses four copies of
the conserved region, with 122 bp, arranged
in compositions of repetitions positioned at
90° from each other, with three conserved se-
quence blocks (CSB) 449, The main function
suggested for the maxicircles is encoding
respiratory chain enzymes — such as ATPase
and cytochromoxidase — and they are con-
sidered true representatives of mitochondrial
DNA @47 while the minicircles appear to
code guide ribonucleic acids (gRNA) requi-
red for the editing of mitochondrial RNA “&49),
which in association with the minicircles has
a function similar to that of the maxicircles in
the coding of genetic information necessary
for RNA editing.

. The kinetosome, also called basal body, is the

continuation of the flagellum, and is closely
associated with the kinetoplast thanks to the

ASOCIACION COLOMBIANA DE INFECTOLOGIA |

connection between these two structures
formed by numerous protein filaments.

4. The glycosomes — which according to Souza

(2008) 59 — are spherical or elongated struc-
tures surrounded by a membrane, presenting
a homogeneous membrane. Initially, these
organelles were called microcorpuscles, in
analogy to the catalase enzyme-containing
structures found in mammalian cells that were
later called peroxisomes. However, unlike the
structure of mammalian cells, the main spe-
cific characteristic that gives name to this or-
ganelle in trypanosomatids is the presence
of a majority of glycolysis enzymes. Glycoso-
mes are currently considered a special type
of peroxisomes in trypanosomatids, because
in some species the presence of catalase was
also demonstrated in this organelle.

5. The flagellum is made up of nine microtubule
pairs arranged in a circle along with two cen-
tral microtubules, all immersed in cytoplas-
mic matrix surrounded by a cellular mem-
brane in its full extension, presenting, in the
region where it is implanted in the cell body,
an invagination called the flagellar pocket.

6. The Golgi structure is similar to mammalian
Golgi complex and is engaged in protein gl-
ycosilation and membrane trafficking too ©9.

7. The cytostome seems to be a specialized in-
vagination of the plasma membrane that pe-
netrates into the cell body and is involved in
endocytic activity; especially in epimastigo-
tes the cytostome is responsible for at about
85% of total endocytosis 9.

8. The flagellar pocket is a structure at the base
of the flagellum and is responsible for endo-
cytic and exocytic activities Y. In Trypano-
soma brucei it is involved in many biological
processes such as cell polarity, cell division,
protein trafficking and immune evasion ©2.

9. The reservosomes are described as a group
of monolayers rounded or irregular structu-
res containing several inclusions in their ma-
trix. They are concentrated at the posterior
region of the parasites and disappear during
the transformation of epimastogotes into

Infectio. 2012; 16(1): 45-58
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trypomastigotes. They have proteases and
accumulate proteins from endocytosis ©9.
10. The acidocalcisome is a vacuolar organelle
able to transport protons and calcium. They
contain calcium, phosphorus, sodium, po-
tassium and zinc. They are involved with the
storage of this elements and phosphorus de-
rivative compounds as polyphosphate com-
pounds. In addition they participate in pH
homeostasis and osmoregulation ©3).

The structure of the nucleus corresponds to the
pattern observed in other eukaryotic cells 289,
and may have varying shapes, depending on the
parasite evolutionary form @9,

Morphological aspects

In order to adapt to the different interior mi-
croenvironments of its hosts, T cruzi must un-
dergo biological transformations, which cause
structural and metabolic changes and enable
the viability of the infection ©. The host animals
of the T cruzi cycle include a mammal and an
invertebrate perforce hematophage which acts
as a vector, belonging to the order Hemiptera,
family Reduviidae, subfamily Triatominae ©°.
The protozoan has three evolutive forms 6759,
identified morphologically by optic microsco-
py, by the position of the kinetoplast in relation
to the cell's nucleus and by the emergence of
the flagellum: amastigotes, epimastigotes, and
trypomastigotes 660,

L- LIPID BODIES

M- MITOCHONDRION
MP- PLASMA MEMBRANE
N- NUCLEUS

R- RESERVOSOME

A- ACIDOCALCISOME
C- CYTOSTOME

F- FLAGELLAR POCKET
GC- GOLGI COMPLEX
G- GLYCOSOME

K- KINETOPLASTID

Figure 1. Trypanosoma cruzi epimastigote ultrastructure diagram.
Original figure by J. L. R. Fietto.
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The amastigote (figure 2) is the intracellular form
of T cruzi, found in the tissues of the vertebrate
host. It lacks an exterior flagellum and undulating
membrane — on account of this, its movement
is only by rotation — and it measures roughly
4.0 ym (between 2.0 and 6.5 um) in diameter. It
multiplies by longitudinal binary division every
12 hours, transforming into the blood trypomas-
tigote approximately 11 to 13 hours prior to cell
rupture. The amastigote forms, when released in
the circulation, are also capable of infecting new
cells ®. Additionally, it was recently demons-
trated using genetically modified fluorescent
protozoa, that the epimastigote forms are also
infective €263, This same group of researchers
demonstrated that although the epimastigote
forms are as infective as trypomastigotes and
amastigotes, there are three different forms of
replication, differentiation, and release time (in
relation to the conclusion of one cell cycle) #3498,

The epimastigote form is found in the digestive
tract of the triatomine as well as in the anal glands
of opossums. It presents a free flagellum, kineto-
plast anterior to the nucleus and poorly develo-
ped undulating membrane measuring between
20 and 40 um, including the free flagellum. The
nucleolus is spherical, generally occupying a cen-
tral position in the nucleus ®. It is quite mobile,
presenting intense replicative activity — also by
longitudinal binary division — and oftentimes
forming rosacea. This evolutive form does not
withstand the temperature of 37°C, with a better
development in the range of 20-28°C.

The trypomastigote does not possess replicative
capability, and corresponds to the extracellular
infective form, located in both the invertebra-
te and vertebrate hosts as the metacyclic and
blood trypomastigote, respectively. The meta-
cyclic trypomastigote is found in the final por-
tions of the intestine or in the Malpighi tubes
of the insect vector. Morphologically, it resem-
bles the thin forms of the blood trypomasti-
gotes, measuring roughly 17 um. It presents a
large and central nucleus and a kinetoplast of
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Figure 2. Y strain Intracellular amastigotes Trypanosoma cruzi
infection in VERO cells in vitro. Arrows indicate the amastigotes and
N the host cell nucleus. Optic microscopy after staining with Giemsa,
visualized with an increase of 1000X. Original figure by J. R. F. Santos.

high DNA density in a terminal posterior posi-
tion. The flagellum is shorter — emerging from
the basal corpuscle near the kinetoplast — and
the undulating membrane is usually narrow. The
blood trypomastigote is observed in the blood
and other body fluids — such as the cerebros-
pinal fluid and lymph — of the vertebrate hosts.
The flagellum emerges from the basal corpuscle
near the kinetoplast, and is long (representing
on average one third of the length of the pro-
tozoan.) The undulating membrane is narrow. It
measures between 12 and 20 pym (including a
free flagellum) 192863,

Life cycle

The T cruzi life cycle is complex (figure 3), and
is marked by a series of transformations 283664,

When feeding, the infected triatomine receives
a significant amount of blood in its digestive
system, that forces the elimination of the mass
of accumulated excreta — consisting of feces
and urine — which is normally deposited on the
skin surface. These wastes contain the metacy-
clic trypomastigotes, which, by active movement
and release of histolytic enzymes, actively pe-
netrate the skin or mucosa. Should pruritus oc-
cur, there may be excoriation of the site — as
a result of scratching — facilitating penetration
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of the protozoan; additionally, the parasite may
be transferred to other regions of the skin or to
the ocular mucosa. Once the metacyclic trypo-
mastigotes reach the tissue of their vertebrate
host, they are endocyted by the local mononu-
clear phagocytic system or by other, not typica-
lly phagocytic cell types, in a process known as
induced phagocytosis. In the parasitophorous
vacuole formed after penetration of the host
cell, the trypomastigotes release proteic factors
that act in the release of this organelle, using
for instance, a cytotoxic protein (Tc-TOX) which
presents some similarities to the perforins of the
cytotoxic T lymphocytes ©9, in addition to the
trans-sialidases, very abundant enzymes in this
protozoan. Although the trans-sialidases have
been implicated in the penetration of the host's
cells, their function in this stage has not been
entirely elucidated. On the other hand, there is
evidence that trans-sialidase-induced removal
of the sialic acid of the lysosomic glycoproteins
facilitates the rupture of the phagosomal mem-
brane by Tc-TOX, promoting the rapid escape of
the protist from the phagosome ©2,

Figure 3. Trypanosoma cruzi life cycle. In (A) development in the
insect vector and in (B) evolution in Homo sapiens sapiens. For details,
see text. Adapted with permission from Siqueira-Batista R, Geller M,
Martins AV, Bastos OMP. Trypanosoma cruzi. In: Siqueira-Batista R,
Gomes AP, Corréa AD, Geller M. Moléstia de Chagas. 2a edigdo. Rio
de Janeiro: Rubio; 2007. p. 19-34. @8,

Infectio. 2012; 16(1): 45-58



Biology of Trypanosoma cruzi: An update

The trypomastigotes are thus released into the
cytoplasm, and in this environment, undergo a
significant structural transformation (disappea-
rance of the free flagellum and the undulating
membrane, rounding of their shape, size reduc-
tion), into amastigotes. These forms will multi-
ply by successive binary divisions (usually nine),
producing from 50 to 500 protists, depending
on the T cruzi strain and the cell type involved.
Approximately 12 hours prior to cell rupture, the
amastigotes transform into blood trypomasti-
gotes, which, after lysis of the infected cell, may
penetrate new nucleated cells of the vertebrate
host, especially smooth muscle, skeletal, cardiac,
and nervous, enabling their persisting presence
in the host. Due to the circulation of the blood
trypomastigote forms, transfusional and con-
genital transmission can occur — in the latter
case, related to the multiplication of the parasite
in the placenta. If the vertebrate host is bitten
by another triatomine, it may ingest the blood
trypomastigotes (wide forms), which will reach
the stomach, midgut and hindgut of the insect,
transforming into epimastigotes, which multiply
sequentially transforming, immediately, into me-
tacyclic trypomastigotes (in a process called me-
tacyclogenesis). These will adhere by the external
flagellum to the surface of the hindgut wall, and
part of these will be carried by the jet of excreta
that drags them to the outside, allowing for their
deposit on the skin surface and consequently
presenting a potential infection for the source of
the blood meal, and thus restarting the cycle.

Trypanosoma cruzi transcriptome analysis

Recent genetic studies have shown intraspecific
differences between the genomes of the two lar-
ger strains of T. cruzi, Sylvio X10/1 and CL Brener
®%. This work did not find great differences in
the chief genetic content by means of analysis
of presence/absence, but 6 open reading frames
in CL Brener are absent in Sylvio X10/1. Many
multicopy gene families are substantially redu-
ced in Sylvio X10/1 ®%. Such intraspecific diffe-
rence in T. cruzi genome may generate diverging
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gene expression patterns, what might be used
in future strategies of control of the pathogen.
This difference may have epidemiologic and
functional implications which must be investi-
gated through the analysis of the genome ex-
pression of those strains. Thus the importance of
integrating distinct research fields, in particular,
the “"omics” sciences — genomics, transcripto-
mics and proteomics — aiming to understand
the intraspecific variability of the pathogen.

With the advances in genomic sequencing, DNA
microarrays provide a powerful analytical plat-
form for the determination of global gene ex-
pression patterns based on the quantification of
MRNA levels ©9. There is a variety of studies em-
ploying this methodology for the study of the
abundance of transcripts in Leishmania spp. and
T brucei, but fewer studies that approach the
question of the regulation of gene expression in
T cruzi. Microarray analysis of gene expression
during the life cycle of these protozoa is an ex-
cellent way of identifying possible sites for drug
action and the development of vaccines, taking
into account the appropriate expression pat-
terns. The initial studies on T. cruzi had a restric-
ted global coverage — due to the absence, at the
time, of a complete reference genome — using a
small number of selected or random Expressed
Sequence Tags (EST) or Open Reading Frame
(ORF), based on genome sequencing libraries
(normalized or not), to determine the relative
abundance of mMRNAs in the different stages of
the complex life cycle of this protist ©6®. With
the conclusion of the sequencing projects and in
possession of complete information about the
genome of these microorganisms, several re-
search groups have invested efforts in the quan-
tification and deduction of the transcriptome
during cellular differentiation and development,
using oligotide whole genome microarrays ©73,

One of the first studies described the develop-
ment of a T. cruzi DNA microarray system using
a limited number and partially sequenced geno-
mic fragments and ORFs for the identification
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of overexpressed genes during the transforma-
tion of trypomastigotes into amastigotes in the
Brazil strain ©”. This large-scale gene expression
analysis identified 38 overexpressed genes in
amastigotes, evidencing for the first time, genes
that potentially regulate at the mRNA level the
molecular events involved with the transcription
stage in these microorganisms.

Overall, some previous studies of T cruzi microa-
rrays and those of other related protozoa of the
Kinetoplastida order have suggested that for the
majority of the genes of these organisms, the
abundance of transcripts does not vary signifi-
cantly between the life cycle stages and rarely co-
rrelates with the abundance of proteins. This last
issue is very important, since it is assumed that
in these organisms, transcription initiation plays
a minor role in gene expression due to the gene-
rally accepted view that control is almost entirely
post-transcriptions. The ORFs are organized in
long arrays and are transcribed as polycistronic
precursor RNAs, and are subsequently processed
into individual mRNAs by trans-splicing and po-
lyadenylation, supporting the concept that the
abundance of transcripts is largely constitutive
7475 These small variations in the abundance of
MRNAs observed may result directly from the
trypanosomatid biology, which have few known
RNA polymerase II promoters, and may be largely
incapable of controlling gene expression at the
level of transcription initiation 7. However, the-
se differences in stage-specific regulation of the
relative abundance of transcripts may also likely
be subject to selective mechanisms of mRNA de-
gradation and translation via specific sequences
present in the 3'- UTR regions 7475,

An additional contribution to the debate on the
usefulness of microarray studies in trypanoso-
matids was the overall observation in previous
studies that relatively few genes exhibit signifi-
cant regulation of the relative abundance of the
transcriptome. For example, Koumandou, et al,
using arrays targeted to the T. brucei membrane
transport system (~ 10% of the genome) to com-
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pare changes in the transcriptome between the
blood and procyclic promastigotes, found that
only 6% of the genes were quantitatively diffe-
rentially requlated between the two stages of the
life cycle Y. Rochette, et al. used entire-genome
oligo microarrays to compare the transcriptome
of the procyclic amastigotes and promastigotes
and demonstrated that only 7% of the genes in
L. infantum and 9% of the genes in L. major were
differentially regulated during development 2.
These observations substantiate the concept that
the abundance of transcripts in T brucei and Leis-
hmania spp. are largely constitutive throughout
development. This scenario has been reinforced
several times by subsequent studies, both in Leis-
hmania spp. as well as T brucei ©707779,

In contrast to these publications, a study of T cruzi
— using full genome microarrays — demonstra-
ted that approximately 83% (10,256/12,288) of the
oligos detected transcripts above background le-
vels and through significance analysis of the mi-
croarrays (SAM), the relative abundance of these
transcripts was significantly, differentially up or
downregulated, in 50% of genes in at least one
of the four stages of the T cruzi life cycle ®. The
comparison of the genes regulated in the same di-
rection between two life stages showed that 76%
(1,083/1,423) were co-induced in the developmen-
tal stages that occur within the same host (mam-
malian host — amastigotes and trypomastigo-
tes; insect hosts — epimastigotes and metacyclic
trypomastigotes), while roughly 20% (282/1,423)
were co-induced in stages with similar biological
functions. For instance, genes in amastigotes and
epimastigotes (proliferative phases) were enriched
in those involved in DNA repair. Likewise, the co-
induced genes in tripomastigotes and metacyclic
trypomastigotes (infective stages) were enriched
in trans-sialidases (TS), which are involved in the
invasion process . The differential expression for
25 of these genes was confirmed in terms of direc-
tion of expression by quantitative PCR, although
there are some quantitative differences, probably
as a result of differences in dynamics between the
two platforms.
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The reasons for the wide disparities in the de-
gree of transcript abundance between T. cruzi and
other previous studies, according to the authors,
are many. First, the use of oligonucleotide probes
designed with a more uniform standard for kine-
tic hybridization and greater genome coverage
may increase the percentage of stage-regulated
genes in relation to previous studies of other Ki-
netoplastida. According to the authors, the sta-
tistical method used in the data processing could
not have contributed to the overestimation of
the number of potentially regulated genes, since
reanalysis of the data of Rochette, et al. (2008) 7
using their own statistical package for detection,
demonstrated similar frequency percentages (7%
for L. infantum) of the differentially expressed ge-
nes among amastigotes and promastigotes. Mo-
reover, by incorporating all four phases of the T
cruzi life cycle in the analyses, contrasting with only
two stages compared in the other studies, there
was an increased possibility of indentifying a lar-
ger number of regulated genes in at least one of
the four stages of the life cycle. Finally, because the
four different stages used in the analysis were enti-
rely differentiated, some genes excluded from the
analysis may in fact be differentially expressed.

Saxena, et al. (2007) 7, in a temporal analysis
L. donovani differentiation from promastigote
to amastigote, demonstrated that 136 genes
— about 40% of the total number of differen-
tially regulated genes identified in the study
—, are temporarily up or downregulated. Thus,
it is likely that the percentage T cruzi genes, in
the present study, have been underestimated,
suggesting that the temporal investigations of
differentiation between the stages are impor-
tant for the identification of target genes for
interventions (79,80). Perhaps the most striking
difference between T. cruzi and other microorga-
nisms — T. brucei and Leishmania spp. — is that
only T. cruzi has both an intracellular and an ex-
tracellular stage in vertebrate hosts, requiring a
substantial genetic plasticity to quickly regulate
its physiological needs in response to stress such
as different environments ©%. The global stage-
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regulated gene expression data from T. cruzi are
still somewhat controversial despite microarray
data in accordance with the known data for pro-
tein expression for some functional groups €84,
New studies of temporal expression during the
process of transition between stages and the use
of new RNA-Seq platforms in a larger scale will
enable a more comprehensive understanding of
the levels of regulation of gene expression and
possibly the discovery of new transcripts, ope-
ning new possibilities for the development of
vaccines and chemotherapy for CD ©2),

Trypanosoma cruzi proteome analysis

Sequencing of the T cruzi genome was recently
completed ®; however, proteomic analysis of the
different stages of T. cruzi has been performed,
providing important evidence on the stage-spe-
cific expression of various proteins ©. These stu-
dies represent a useful tool for the study of the
global gene expression pattern. The application
of this method to trypanosomatids is particularly
important, because these organisms do not use
transcription initiation as a regulatory step in the
control of gene expression. Several studies have
demonstrated that in T cruzi, as with other trypa-
nosomatids, transcription occurs through poly-
cistronics, with trans-splicing and more rarely cis-
splicing, and that the control of gene expression is
overall performed at the post-transcriptional level,
with only 10% of genes differentially expressed at
the transcriptional level ®, Several lines of eviden-
ce suggest that transduction in trypanosomatids
presents important differences when compared
with other eukaryotes. However, little is known on
the subject ®. Ayub, et al (2009) ® conducted a
detailed search for genes of ribosomal proteins in
the T. cruzi genome database together with mass
spectrometry analysis of purified ribosomes from
T. cruzi. The results showed that the T. cruzi ribo-
somal proteins share approximately 50% sequence
identity with yeasts. However, some T cruzi pro-
teins are longer due to the presence of various
N or C-terminal extensions, which are unique to
trypanosomatids ®.
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Proteomic analysis has proven a useful tool in
the study of T cruzi. Proteomic studies have
been used to establish connections between the
phylogenetic diversity of T. cruzi and quantita-
tive patterns of protein expression ©9. This way
many proteins may be specifically associated to
their phylogenetic subdivisions, thus being used
as specific biomarkers of the pathogen subspe-
cies 9, and helping to find the possible causes
for the clinical variability of the disease. Likewise,
proteomics supports the search for proteins that
are expressed in only one phase of the pathogen
life, therefore serving as phase markers and anti-
gens for possible vaccines. In fact, experimental
conditions for studying the proteome of trypo-
mastigotes, amastigotes and epimastigotes by
two-dimensional electrophoreses (2-DE), were
optimized by Paba, et al. (2004) ©Y, revealing that
some proteins included in the 2-DE maps exhibit
significant differential expression between the
three developmental forms of the parasite, re-
sulting in 26 identifications that corresponded to
expression of 19 different proteins. Among the
polypeptides identified, there was expression of
proteins typical of heat shock (HSP, chaperones,
HSP 60, HSP 70, and HSP 90), elongation factors,
glycolytic pathway enzymes (enolase, pyruvate
kinase, and 2,3-biophosphoglycerate mutase) as
well as structural proteins (tubulin) ©b.

In this sense, it is expected at each develop-
mental stage of T. cruzi, a specific set of proteins
responsible for particular biological characteris-
tics to be expressed. Although several articles
report the quantification of T cruzi specific mR-
NAs or proteins at different stages of its life cycle
©2-95 an overview of the T cruzi proteome had
not been published until 2004. The 2-D polya-
cramide gels for trypomastigotes, amastigotes
and epimastigotes showed similar protein pro-
files, although differences in intensity of various
spots have been observed. Each gel displayed,
on average, about 500 spots in the 4-7pH ran-
ge. The gels were compared in two different
experiments: trypomastigotes versus amastigo-
tes and epimastigotes versus trypomastigotes.
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Comparative analysis of 2-DE gel images from
the mammal forms showed that 48 spots were
detected specifically in the trypomastigote, while
39 were found only in amastigotes. Furthermore,
another 27 spots were significantly more inten-
se in trypomastigotes than in amastigotes and
29 spots showed strong expression in amastigo-
tes. When the 2-DE gels of the insect forms were
compared, trypomastigotes exhibited 10 stage-
specific spots and 44 more intense spots. Twenty
spots were observed only in epimastigotes and
12 were more highly expressed in this form than
in other forms @Y. In this study, computer analysis
of the two-dimensional gel images revealed that
most T. cruzi proteins present conserved expres-
sion among the three developmental forms. The-
se results suggest that the distinct characteristics
of each life cycle form of T cruzi result from the
expression of a limited number of proteins.

In accordance with what was previously mentio-
ned, metacyclogenesis is a process that included
the transformation from a non-infective epimas-
tigote form to the infective trypomastigote form
in such a way that T cruzi acquires the capaci-
ty to penetrate into host cells. However, meta-
cyclogenesis remains poorly understood at the
molecular level. It is known that this phenome-
non involves the differential expression of genes
associated with the acquisition of virulence ©>97,
Moreover, metacyclogenesis can be induced in
vitro, so that cells in various stages of this process
can be collected and their biological properties
and gene expression products studied @&,

The metacyclic trypomastigote forms are usually
involved in the establishment of infection in the
vertebrate host. Studies of the molecular mecha-
nisms of invasion led to the identification of a
number of protein molecules involved in parasi-
te-host cell interactions @° and initiation signals
that facilitate T. cruzi entry to cells @9 However,
there is still a limited understanding of the in-
fection process, and further studies are needed
to characterize the complete group of proteins
and molecular interactions vital to its success.
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Accordingly, identification of the peptide produ-
ced by metacyclic trypomastigotes may broaden
the understanding of the infection process and
also allow for the description of the biochemical
pathways involved in this phase, leading to the
identification of target proteins for drugs and/or
the design of a vaccine 1%, Indeed the proteo-
mic study of the metacyclogenesis process, per-
formed by Parodi-Talice, et al. (2007) %9, grou-
ped proteins into functional categories allowing
for the observation that approximately 33% of
the detected proteins were connected to various
metabolic activities, and that the main protein
classes were related to electron transport and
antioxidant responses (16%), biosynthesis, ca-
tabolism, and proteolysis proteins (16%), and
organization of the cytoskeleton and flage-
llum (12%). Other classes identified included
hypothetical proteins (14%) and other peptide
such as adenylate kinase, calmodulin and the
surface glycoprotein GP90 (summed to 9%). The
various proteins detected were attributed to di-
fferent cellular compartments: the cytoplasm,
nucleus, mitochondria, endoplasmic reticulum,
glycossome, and cell surface @%. The expression
profile of each protein identified in the 2D gel of
metacyclic trypomastigotes during metacyclo-
genesis, was analyzed by preparing total protein
extracts from five selected stages: epimastigotes,
nutritionally stressed epimastigotes, differentia-
ting (adhering) epimastigotes (3 and 24 h), and
fully differentiated metacyclic trypomastigotes.
The proteins were classified in three groups ac-
cording to maximum expression level. Proteins
such as aconitase, tiol-transferase, enolase, glu-
tamate dehydroxygenase — which are associa-
ted with responses to different types of stress —
had higher expression among the nutritionally
stressed parasites; the second group consists of
proteins that displayed maximum expression at
differentiation after 24h; while the third group of
proteins was more strongly expressed in the me-
tacyclic form. A high number of B e a-tubulins
belonging to this group are also expressed (2.
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Proteomic analysis has also been proposed as an
important step in the development of alternati-
ve trypanocide drugs @319 1In the absence of
effective vaccines, the control of human diseases
caused by trypanosomes relies heavily on che-
motherapy treatments. The current treatment
for Chagas disease is based on the administra-
tion of benzonidazole and nifurtimox, which are
effective against acute infections, but their use
and efficacy in the chronic phase remain con-
troversial, besides having significant side effects
which make treatment more difficult %1%, Due
primarily to the side effects and low levels of
apparent cure @9, especially in the chronic pha-
se where most cases are diagnosed %), the need
for development of new drugs for the treatment
of this disease remains urgent. The most recent
study seeking to identify the proteins involved in
the trypanocidal activity of new compounds was
performed by Menna-Barreto, et al. (2010) @,
The naphthoimidazoles tested in epimastigo-
tes interfere with multiple mechanisms such as
redox metabolism, energy production, ergoste-
rol biosynthesis, cytoskeleton assembly, protein
metabolism and biosynthesis, and chaperone
modulation. These substances induce an imba-
lance in critical pathways of the parasite, leading
to loss of metabolic homeostasis and the death
of T. cruzi. Thus, proteomic approaches coupled
with the development of new high-capacity te-
chnologies have been shown to be interesting
methods for the discovery of good targets for
chemotherapy.

Final considerations

There is still no effective treatment or vaccine
against T cruzi infection and the consequent
Chagas disease. The characterization of the life
cycle forms of T. cruzi, their transformations du-
ring stage changes, subproteomes and post-
transductional changes generate a body of data
that helps in the understanding of the biology
of the parasite, identification of the proteins in-
volved in motility, viability, and infectivity of the
parasites, as well as the parasite-host interac-
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tions. It is essential that new and more modern
methods of fractioning, more powerful methods
of quantification be available and that in silico
analysis can be improved to analyze the pecu-
liarities of not only this but also other infectious
agents. The recent discovery of T cruzi mito-
chondrial DNA and its integration with the ver-
tebrate host genome (109,110) adds new levels
of complexity and challenges to understanding
the host/T. cruzi interaction.
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