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Abstract The parasite Trypanosoma cruzi (Kinetoplastida,
Trypanosomatidae) can be classified based on biochemical
andmolecular markers, into six lineages or discrete typing units
(DTUs), T. cruzi I–VI (TcI–VI), from which TcI and TcII are
the parental genotypes. Trying to understand the dispersion of
the subpopulations of T. cruzi in nature and its complex trans-
mission cycles, the serine carboxypeptidase genes of T. cruzi
were used as a molecular marker in the present study. DTUs of
25 T. cruzi isolates derived from different hosts and from
different regions of Brazil were classified. Using specific
primers, the complete serine carboxypeptidase open reading
frame of 1401 bp was sequenced. The obtained data shows
significant differences in the sequences of TcI and TcII. The
analysis of the T. cruzi significantly different serine carboxy-
peptidase genes allowed distinguishing between the parental
DTUs TcI to TcII and the hybrid DTU TcVI which grouped
within the latter branch. The sequence diversity within the
T. cruzi subpopulations was rather low. The analysis using

the genes encoding proteases seems to be an interesting
approach for the reconstruction of the origin and genotype
evolution of T. cruzi.

Keywords Trypanosoma cruzi I and II . Serine
carboxypeptidases . Genotypes . Chagas disease .
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Introduction

The infection by the protozoan Trypanosoma cruzi
(Kinetoplastida, Trypanosomatidae) is considered as an
anthropozoonosis which occurs in nature as part of a complex
transmission cycles that can be divided into different ecotopes
such as sylvatic, peridomiciliar, and domiciliar (Garcia et al.
2007; Araújo et al. 2009; Coura 2013). T. cruzi is transmitted
by various species from a group of blood-sucking insects
which are known as kissing bugs or triatomines (Hemiptera,
Reduviidae) (Jurberg and Galvão 2006).

The genetic variability of T. cruzi has been well demon-
strated by many different aspects involving the parasite-vector
interactions, the presence of clinical variations of the disease
which are probably strongly associated with the intrinsic
characteristic of the parasite and its host and the concomitant
occurrence of different strains in the same host, as well as the
large geographical dispersion of this parasite (Mello et al.
1996; Araújo et al. 2007, 2008, 2014; Garcia et al. 2007;
Coura 2013; Coura et al. 2014). According to molecular
biology data, the strains have been classified into six discrete
typing units (DTUs), named TcI–TcVI (Zingales et al. 2012).

Proteases are a crucial part in many processes of differen-
tiation of diverse microorganisms, parasite development and
infection and mainly parasite-host interaction (McKerrow
1988; Teichert et al. 1989; Meirelles et al. 1992). So far,
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proteases from different classes have been identified in
T. cruzi, mainly cruzipain, which is a major cysteine protein-
ase, characterized as endopeptidase with proteolytic activity in
acidic conditions (Cazzulo et al. 1989; Murta et al. 1990;
Parussini et al. 2003). Cathepsin B-like cysteine protease is
another example of an endopeptidase of T. cruzi (Cazzulo
2002). The proteolytic activity is related to the differentiation
of the parasite, mammalian host cells infection and the run-
away of the parasite from the immune system of the host
(Cicarelli and Lopes 1989; Bontempi and Cazzulo 1990;
Bonaldo et al. 1991; Burleigh et al. 1997). Besides a strong
attention to the endopeptidases in the literature, less is known
about the exopeptidases in T. cruzi. The carboxypeptidases
belong to the exopeptidase class and are a protease that
cleaves the C-terminal amino acid residue from proteins and
peptides, considered as major catalytic proteases, divided into
metallo-caroxypeptidases (EC 3.4.17), cysteine-type carboxy-
peptidases (EC 3.4.18) and serine-type carboxypeptidases
(SCPs, EC 3.4.16), where the latter have their major activity
at acid pH (Breddam 1986; Remington and Breddam 1994).
SCPs have been classified into subtypes C and D: C-type has
affinity for hydrophobic C-terminal amino acid residues,
while D-type hydrolyses basic residues at the same position
(Mortensen et al. 1999).

Since only little is known about the carboxypeptidases
composition in different T. cruzi genotypes, the main point
of our study was to analyse differences in the gDNA level of
the two parental subpopulation of T. cruzi (TcI and TcII) using
the gene encoding SCP as a new molecular marker to differ-
entiate these two groups. In the present study, a phylogenetic
analysis was carried out for isolates from different hosts,
regions and biomes of Brazil.

Material and methods

Parasites

Epimastigotes of 25 T. cruzi isolates derived from mammals,
humans and vectors were grown inMcNeal, Novy and Nicolle
(NNN) medium with liver infusion tryptose (LIT) overlay
supplemented with 10 % foetal calf serum (Chiari and
Camargo 1984). Fifteen T. cruzi isolates were previously
characterized by zymodeme, mini-exon polymerase chain
reaction (PCR) and/or lectins, respectively (Pinho et al.
2000; Araújo et al. 2002, 2011; Herrera et al. 2004, 2005).
The remaining isolates were characterized in the present work.

Genomic DNA extraction and characterization
of Trypanosoma cruzi DTUs

Genomic DNA was extracted from 2 mL (approximately
1 × 106 parasites/mL) of axenic medium culture containing

T. cruzi using the DNeasy Tissue Kit (Qiagen, Hilden,
Germany) following the manufacture’s protocol and stored
at −20 °C. So far, uncharacterized T. cruzi isolates used in
the present study were determined as described previously
(Brisse et al. 2001; Araújo et al. 2011). In brief, PCR ampli-
fication of the divergent domains of 24Sα ribosomal RNA
(rRNA), 18S rRNA and the mini-exon gene was carried out
on a Mastercycler (Eppendorf, Germany). Amplicons were
separated by electrophoresis on 3 % ethidium bromide
stained agarose gels. For determination of the PCR prod-
ucts size, the FragSize programme version 1.0.3 was used
(www.bioinformatics.org). For standardization, the T. cruzi
strains Y and F90 were used.

Polymerase chain reaction (PCR) of serine
carboxypeptidase encoding genes

Specific forward and reverse primers were designed based on
the highly conserved non-coding 5′- and 3′-regions of the se-
quences encoding T. cruzi SCP (GenBank accession numbers
XM_797910 and AY310135, respectively): TCSCP-For (5′-
GCGAAGGAAAAGACTCTGCAGG-3′) and TCSCP-Rev
(5′-AGAAAACAACAGTCCACGTCA-3′). PCR reaction
was carried out on a Mastercycler (Eppendorf). The cycling
parameters were used according to Waniek et al. (2014).

Cloning and sequences

PCR products were excised from the gel, purified using a
NucleoSpin® Gel and PCR Clean-up Kit (Macheray-Nagel,
Germany) and cloned into the pGEM-T Easy Vector
(Promega, USA) following the manufacture’s protocols. To
exclude PCR and sequencing errors, at least three clones of
each T. cruzi isolate were sequenced in both directions by
Plataforma Genomica—Sequenciamento de DNA/PDTIS-
FIOCRUZ/IOC, Rio de Janeiro, using the forward and reverse
M13 primers.

Sequences and identity analyses

Because of possible nucleotide mismatches in the primer
regions, these regions have been trimmed after sequencing
and only the coding T. cruzi SCP regions were used for
further analyses. Identity assessments were carried out by
Blastx (Altschul et al. 1990) searches using the web servers
of the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/). The deduced amino acid
sequences were aligned using Mafft version 6.937b. The
respective amino acid sequences were deduced by using
the translate tool on the Expasy homepage (http://web.
expasy.org/translate/). All sequences generated for this
study were submitted to the GenBank and received
accession numbers: T. cruzi strain 832 (GU084438),
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JCA3 (GU084439), 659 (GU084440) and the other isolates
have the respective numbers: KT327421-KT327454.

Phylogenetic analysis of Trypanosoma cruzi serine
carboxypeptidases

For the SCP1 gene of different T. cruzi isolates, we created
two data sets, one consisting of 41 ingroup taxa and 12
outgroup taxa and one consisting only of the ingroup. The
final tree reconstruction showed that branches between the
ingroup and outgroup are rather long, bearing the risk that
the presence of the outgroup could alter the topology of the
ingroup. In order to investigate and finally exclude this possi-
bility, phylogenetic trees have been computed for both data
sets and have finally been compared.

Both data sets were aligned with Mafft v6.937b using the
Blinsi^ algorithm. For the full data set, a few obvious align-
ment problems have been edited by the eye. The full data set
consists of 53 taxa and has a length of 1480 bp. The data set
excluding the outgroup is gap free. Appling the mafft-linsi
programme to it reproduced the input data set. This data set,
which consists of 41 sequences, has a length of 1401 bp.

Bayesian phylogenetic analyses were conducted with
MrBayes v. 3.1.2 (Ronquist and Huelsenbeck 2003) using
20 million MCMC generations for the data set with outgroup
and 10 million generations for the data set without outgroup.
Trees and model parameters where sampled every 100 gener-
ation. For both data sets, the Markov chains quickly con-
verged. Convergence was tested as follows: split divergence
<0.01 and likelihood values of MCMC runs were found to
reach a plateau. A burning of 1000 (which corresponds to
100,000 generations) was chosen for both data sets.

Appropriate DNA substitution models were determined
with jModeltest 2.1 (Darriba et al. 2012) using the Akaike’s
information criterion (AIC) and Bayesian information criterion
(BIC). Models were restricted to those available in MrBayes.
Following the manual of MrBayes, substitution models were
specified in MrBayes without fixing the parameter values,
allowing them to vary during the annealing process. This
should lead to more conservative but more realistic posterior
probabilities.

The outgroup contains SCP sequences of the following spe-
cies: Trypanosoma vivax (CCC51045), Trypanosoma brucei
brucei (XM_817270), Trypanosoma brucei gambiense
(FN554973-1, FN554973-2, FN554973-3, FN554973-4),
Leishmania braziliensis (XM_001563925), Leishmania major
(XM_001682399), Leishmania donovani (XM_003860011),
Leishmania infantum (XM_001464824), Leishmania
mexicana (XM_003874010) and Monosiga brevicollis
(XM_001748835). Furthermore, we added following T. cruzi
CL Brener (TcVI) strains in the ingroup (XM_797910,
XM_812675, XM_812676, and AY184244).

Results

Sequencing data

After PCR amplification with specific primers and separa-
tion on an agarose gel, a single distinct band became
visible. All isolates showed the same PCR product size,
lacking secondary bands (not shown). The sequencing
procedure revealed that the size of all coding SCP regions
is 1401 bp. In total, 426 sequences were obtained from 139
clones originating from 26 T. cruzi isolates and strains,
respectively. From the isolates 593, 684, C45, F90, 645
and 328 two, from 657 and 661 three and from 518 four
copies of SCP encoding nucleotide sequence were
identified.

Trypanosoma cruzi DTUs

After amplification of 24Sα rRNA, 18S rRNA and mini-exon
gene, electrophoresis of the amplicons and determination of
band sizes, the T. cruzi isolate 518 found in humans was clas-
sified as TcII. The isolates 661, F90, 645, G05 and D7 found
in Didelphis marsupialis and C45 found in Philander frenatus
(both Didelphidae) were classified as TcI, respectively
(Table 1). The rodent Proechimys sp. (Echimyidae) from the
Amazon rain forest was infected with T. cruzi TcI (10268). The
chiropterans Phyllostomus hastatus and Artibeus jamaicensis
(both Phyllostomidae) were infected either with Trypanosoma
cruzi marinkellei (323) only or were co-infected with two dif-
ferent trypanosomatid species, T. c. marinkellei and T. cruzi
TcIII (328), respectively. From the isolate 8584 no PCR prod-
ucts could be amplified by any of the three methods mentioned
above.

Serine carboxypeptidases gDNA and deduced amino acid
sequences

The T. cruzi I group displayed clear differences in the genomic
DNA (gDNA) of the SCP gene in comparison to the T. cruzi II
group in the number of nucleotide substitutions. Throughout
the T. cruzi SCP, nucleotide sequence 18 characteristic substi-
tutions occurred (10 transitions, 8 transversions) which were
present in more than 10 of the analysed clones and which
differ in the two DTUs TcI and TcII. Most of these nucleotide
substitutions are located in the region encoding the SCP signal
peptide. From these point mutations, only four were missense
mutations, leading to an amino acid replacement but without
affecting the enzymatic function. Beside this nucleotide
substitution pattern, there were single mutations distributed
all over the T. cruzi SCP sequences. The open reading frames
of all obtained T. cruzi SCP sequences are 1401-bp long,
encoding a zymogen of 466 amino acid residues. All coding
regions started with the initial ATG codon and terminated with
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the stop codon TGA. None of the nucleotide substitutions
were located in regions encoding functional or structural im-
portant amino acid residues, e.g. disulphide bridges forming
cysteine residues, catalytic triad or S1 and S1’ subsites. In all
T. cruzi SCPs, the signal peptides were 21 amino acids long.
Molecular weight and isoelectric point of the T. cruzi SCP
amino acid sequences ranged from 51.5 to 51.8 kDa and
4.99 to 5.24, respectively.

On the nucleotide level, the pairwise similarities of T. cruzi
SCP encoding sequences varied between 93.7 % (8584,
XM_797910) and 100 %. Within the TcI group, we obtained
the D7 sequence, whereas in the TcII group, five isolates were
identical (593-2, 684-2, JCA6, Y, JCA3). On the amino acid
level, T. cruzi SCP pairwise sequence similarities varied be-
tween 89.0 % (328-2, 8584) and 100 %. In addition, the TcII
protein sequences were more homogenous (12 identical out of
16) than those from the TcI group (4 identical out of 16). The
pairwise similarity of sequences obtained in the present study
to the SCP of Trypanosoma brucei varied from 62.1 % (8584)

to 63.4 % (661-1, 661-2, 291, C45-1, 645-1, 645-2, 657-2,
657-3, CL Brener AY184244 and XM_812675/6).

Phylogenetic analysis

For the full data set, the model with the best AIC value (which
is also available in MrBayes) is the GTR+I+G model. The
BIC was more conservative and chose the HKY+I+G model.
For the data set without outgroup, the AIC suggested the
GTR+I model and the BIC the K80+I model. In order to
exclude a dependence of the phylogenetic tree on the model,
both data sets were analysed with the GTR+I+G and the
HKY+I+Gmodels and the data set without outgroup addition-
ally with the K80+I model. The resulting topologies were
compared. For the full data set as well as the data set without
outgroup, the resulting topologies were the same under all
substitution models that have been tested. (Results are only
shown for the GTR+I+G model).

Table 1 Trypanosoma cruzi isolates used for the gene encoding serine carboxypeptidase analyses. The nomenclature used in the table is based on
Zingales et al. 2009

Isolate Locality Biome Mini-exon (ME) DTU Host

G05 Poço das Antas, RJ Atlantic rain forest TcI TcI Didelphis marsupialis

661 Teresópolis, RJ Atlantic rain forest TcI TcI Didelphis marsupialis

645 Teresópolis, RJ Atlantic rain forest TcI TcI Didelphis marsupialis

C45 Teresópolis, RJ Atlantic rain forest TcI TcI Philander frenatus

657 Rio de Janeiro, RJ Atlantic rain forest TcI TcI Leontopithecus rosalia

291 Rio de Janeiro, RJ Atlantic rain forest TcI TcI Leontopithecus rosalia

D7 Poço das Antas, RJ Atlantic rain forest TcI TcI Didelphis marsupialis

F90 Unknown – TcI TcI Didelphis marsupialis

Tulahuen 0 Chile – TcI TcI Triatoma infestans

10268 Cachoeira do Arari, PA Amazon rain forest TcI TcI Proechimys sp.

593 (1-2) Rio de Janeiro, RJ Atlantic rain forest TcII TcII (TcIIb) Leontopithecus rosalia

684 (1-2) Rio de Janeiro, RJ Atlantic rain forest TcII TcII (TcIIb) Leontopithecus rosalia

518 (1-4) João Costa, PI Caatinga TcII TcII (TcIIb) Human

JCA6 João Costa, PI Caatinga TcII TcII (TcIIb) Triatoma brasiliensis

543 Rio de Janeiro, RJ Atlantic rain forest TcII TcII (TcIIb) Leontopithecus rosalia

JCA3 João Costa, PI Caatinga TcII TcII (TcIIb) Triatoma brasiliensis

659 Rio de Janeiro, RJ Atlantic rain forest TcII TcII (TcIIb) Leontopithecus rosalia

832 Rio de Janeiro, RJ Atlantic rain forest TcII TcII (TcIIb) Leontopithecus rosalia

JCA4 João Costa, PI Caatinga TcII TcII (TcIIb) Triatoma brasiliensis

316 João Costa, PI Caatinga TcII TcII (TcIIb) Human

Y São Paulo, SP – TcII TcII (TcIIb) Human

323 Nhumirin Farm, MS Pantanal X T. c. marinkellei Phyllostomus hastatus

328-1 Nhumirin Farm, MS Pantanal X T. c. marinkellei Artibeus jamaicensis

328-2 Nhumirin Farm, MS Pantanal X TcIII (TcIIc) Artibeus jamaicensis

10148 Jurubeba, PI Cerrado X TcIII (TcIIc) Trichomys a. laurentius

8584 Usina Espora Aporé, GO Cerrado X T. c. marinkellei Phyllostomus hastatus

X did not work
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Furthermore, the topologies of the ingroup were identical
for the data sets with and without outgroup, (tree is not
shown). Thus, the phylogenetic relations among the T. cruzi
isolates does not depend on the choice of the model (for the
models listed above) and the topology of the ingroup does not
depend on the presence of the outgroup. Together with the
high posterior probabilities of the resulting tree, this provided
a high confidence into the phylogenetic relations among the
T. cruzi isolates. Since the GTR+I+G model should provide
most realistic posterior probabilities, this is the tree we show
in Fig. 1 for the full data set with collapsed outgroup and in
Supplemental Figure 1 with the full outgroup.

The phylogenetic tree of the SCP encoding flagellate
sequences shows a high posterior probability of 1 for the
outgroup, which consists of different non-T. cruzi
Kinetoplastida species. Similar high support values are
found for the two most outer branches of the ingroup.
The smaller of the two ingroup branches consists of taxa
characterized as T. c. marinkellei (Fig. 1). The larger
ingroup branch is the main T. cruzi branch within which
TcI and TcII sequences are again separated by high
Bayesian posterior probabilities. Inside the TcI branch the
only differing genotype was 328-2, which is part of a
mixed isolate (328-1, 328-2) characterized as a TcIII/T. c.
marinkellei (Table 1). Genotype 328-2 can be clearly
distinguished from the remaining TcI group. As expected,
the other SCP encoding sequence of this isolate (328-1)
was located in the T. c. marinkellei branch (Fig. 1). All
analysed CL Brener (TcVI) SCP encoding sequences clus-
tered in the TcII sub-branch (Fig. 1). Two of these
sequences (XM_812676, XM_812675) clustered together
with the isolate 10148, previously characterized as TcIII, a
group that can clearly be distinguished from the remaining
TcII sequences. Among the remaining TcII-like sequences,
the CL Brener sequence AY184244 was again separated
from the rest.

The SCP sequences inside the TcII sub-branch are more
heterogeneous since the internal branch lengths are longer in
comparison to the TcI sub-branch. As expected, the reference
isolates F90 and Y clustered inside the TcI and TcII branches,
respectively. In the T. c. marinkellei branch the isolates 328
and 323 grouped together whereas isolate 8584, which could
not be characterize by standard methods was further
separated.

Discussion

Though the association of different T. cruzi DTUs with the
etiopathology of the Chagas disease is still controversial, some
authors consider that the genetic constitution of different T. cruzi
strains could be associated with the dissimilar clinical manifes-
tations of the illness (Prata 2001; Marin-Neto et al. 2007). One

important factor in the variation of clinical characteristics
due to differing tissue tropism is related to molecular in-
teractions between parasite and host at cell surface level
(Macedo and Pena 1998; Andrade and Andrews 2005).
Parasites that belong to the TcI genotype seem to be less
pathogenic than TcII genotype and the hybrid DTUs that
regularly cause more severe chagasic syndromes in Brazil
(Yeo et al. 2005). This supports the hypothesis that the
origin of the main T. cruzi subgroups might influence the
course of the disease, although major genes determining
parasite tropism and virulence remain to be identified
(Macedo and Pena 1998; Briones et al. 1999; Andrade
et al. 2010). Differing gene structure, gene expression, pro-
tein synthesis, and thus varying enzymatic specificity and
activity might be one of the factors that influences the
virulence of a T. cruzi isolate (Duschak et al. 2001; Lima
et al. 2001; Uehara et al. 2012; Walker et al. 2014). Our
sequence comparison of genes encoding SCP in T. cruzi
shows a clear divergence between the parental T. cruzi sub-
types TcI and TcII. How far these enzymes modulate the
virulence of T. cruzi must be investigated. However, since
the gene products have highly similar amino acid residues
in the active regions, the modulation of virulence by these
enzymes is probably low. SCPs are only a small part of the
T. cruzi digestive enzyme portfolio. Therefore, the differ-
ences we see in SCP are likely to be only one of the many
small differences, which only together accumulate to a no-
ticeable synergetic effect on the parasites virulence.

Genome sequencing of the T. cruziCL Brener (TcVI) clone
has shown the presence of five SCP encoding genes (Parussini
et al. 2003; El-Sayed et al. 2005). Unfortunately, the CL
Brener SCP sequences XM_812678 and XM_797909 are in-
complete and could belong to the same gene. However, by
comparison of SCP sequences identified in the present study,
it was always possible to determine the respective T. cruzi
DTUs, even if more than one gene copy or allele were iden-
tified for one isolate. The CL Brener SCP genes, available in
GenBank, show characteristics of different T. cruziDTUs, but
clustered all within the T. cruzi TcII-like branch. This finding
is conclusive to the revisited model for T. cruzi evolution
(Tomasini and Diosque 2015), in which TcVI is a product of
hybridization between TcII and TcIII because this T. cruzi
DTU does not possess SCP encoding genes, which cluster
within both parental T. cruzi genotypes.

Infections by mixed T. cruzi genotypes are a common phe-
nomenon in nature (Torres et al. 2004; Bosseno et al. 2006;
Araújo et al. 2011). In different triatomine species, mixed
infections may modulate the colonization pattern in
the insect’s intestinal tract (Araújo et al. 2007, 2008, 2014).
If the mixed infections are composed of highly divergent
T. cruzi strains (e.g. TcI and TcII), its differentiation by PCR
typing methods is simple. But if the T. cruzi DTUs are closely
related (e.g. TcV and TcVI), its differentiation by simple
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characterization methods is much more difficult. Therefore, a
mixed infection could be misinterpreted as a single infection,
if the differentiation of the DTUs failed. Since mixed infec-
tions were identified in the present study, this scenario does
not seem to be unlikely. Mixed infections with similar
subgroups or different strains within the same DTU, might
be called Bcryptic mixed infections^.

Historically, two alternative hypotheses for the evolution of
the TcIII, TcIVand TcV subtypes by hybridization events were
proposed (Westenberger et al. 2005; Sturm and Campbell
2010). In the first hypothesis, the Btwo-hybridization^
model, the homozygous DTUs TcIII and TcIV emerged
by fusion from the parental genotypes TcI and TcII (Zingales
et al. 2012). According to this vision, the heterozygous TcV
and TcVI (former TcIId and TcIIe) are products of a second
hybridization between TcII and TcIII (Westenberger et al.
2005; Freitas et al. 2006; Tomazi et al. 2009; Zingales et al.
2009). It has also been argued that any examined gene locus
showed the separation into four sequence groups, identical
with TcI to TcIV, whereas sequences obtained from TcV/VI
fall either into the TcII or TcIII clades (Westenberger et al.
2005; Sturm and Campbell 2010). By Southern blot analyses,
an intermediate profile has been shown for the hybrid T. cruzi
DTUs TcV and TcVI, in which probes of certain genes pro-
duced either TcI- or TcII-like signals (Pedroso et al. 2003). A
second hypothesis, the Bthree-ancestor^ model, proposes three
parental T. cruzi genotypes (TcI, TcII and TcIII) and two-
hybridization events (Zingales et al. 2012). The Bthree-
ancestor^ model is supported by the grouping of all CL
Brener SCP copies within the TcII-like branch. According to
this model, TcVI would never have had contact to TcI, and
therefore, it should strongly differ in the sequence of SCP.
However, other factors like gene loss could have also led to
the observed pattern. The Btwo-hybridization^ model is sup-
ported by the grouping of the isolate 328-2 (TcIII). Based on
the Bthree-ancestor^ hypothesis, TcIII would never have been in
contact to TcI and should therefore group in the TcII branch. In a
more recent T. cruzi evolution model, the ancestral diversified
into two different groups TcI-TcIII-TcIV and TcII. In two
subsequent hybridization events between TcII and TcIII, the
hybrids TcV and TcVI originated (Tomasini and Diosque
2015). Our results support this T. cruzi development model
because TcI and TcII are well separated into two clades and
all TcVI SCP sequences are grouping together with TcII. One
TcIII isolate grouped in the TcI branch and another one in the
TcII branch. This might be explained by the fact that TcIII is
both one parental genotype of TcVI but also a sister group of
TcI. A differing heredity of the analysed genes might cause an
intermediate position of the TcIII genotype.

In the present study, we showed that T. cruzi DTUs could
be separated and characterized by the comparison of SCP’s,
which confirms previous findings. For heterogeneous T. cruzi
hybrids, SCP’s of the parental T. cruzi DTUs TcI and TcII

seem to be present in multiple copies/alleles, though always
clustering within the respective DTU group (TcI or TcII). In
this regard, the TcII branch (containing TcIII and TcVI) seems
to be more heterogeneous than TcI. This is documented by the
dendrograms showing a distinct heterogenous character of CL
Brener and T. cruzi isolate 684, of which various SCP forms
cluster within the same T. cruzi DTU branch. The acquired
property of heterogeneous genes in hybrid TcVI stocks might
also expand the tissue tropism of these T. cruzi subgroups and
hence be responsible for its higher pathogenicity. Different
T. cruzi stocks vary also in their total DNA content and in
the size of homologous chromosomes (Dvorak et al. 1980;
Pedroso et al. 2003). Genetic recombination due to an unusual
mechanism of fusion and subsequent loss of alleles has been
shown previously (Gaunt et al. 2003). Some coding sequences
are maintained whereas other seems to be trimmed. In the case
of SCP encoding genes, there is a clear difference in both the
quantity and quality of genetic information between the
parental T. cruzi genotypes and their hybrids. The present
study is another contribution to the clarification that confirms
both the laboratory model and the genetic T. cruzi structure in
nature.

The SCP sequences of isolates 323, 328 and 8584 strongly
differ from all other T. cruzi isolates. Since none of the CL
Brener SCPs cluster with these three sequences, we assume
that these isolates are not T. cruzi. In accordance with the
characterization by Brisse et al. (2001), we classified these
three isolates as T. c. marinkellei. In addition, our results are
supported by previous studies of Phyllostomus and Artibeus
species which are primarily infected by T. c. marinkellei
(Barnabe et al. 2003; Maia da Silva et al. 2009). These
genotypes have previously been characterized as TcII, TcII/
TcIII or Trypanosoma rangeli, respectively (Lisboa et al.
2008; Fampa et al. 2010). According to previous investiga-
tions, TcIII is a DTU commonly associated with armadillos
(Yeo et al. 2005; Llewellyn et al. 2009). In the present study,
we showed that these isolates are in fact T. c. marinkellei. A
possible reason for this discrepancy is the characterization
method used in the previous studies. The authors have chosen
the mini-exon gene technique, which only distinguishes
between TcI and TcII. This less discriminative method might
have revealed contradictory results when T. c. marinkellei, a
trypanosomatid obviously closely related to T. cruzi, is used in
the analysis. Altogether, we propose that the phylogenetic
classification method used in this study should be the
standard for further classifications of T. cruzi DTUs since
this method is far less error prone than methods which rely
only on partial sequences. In particular, the classification
of bat trypanosmatids should be reconsidered in view of
this study.

Looking for new treatment strategies of Chagas disease,
T. cruzi cysteine proteases (cruzipain) recently became a pos-
sible new target for a medical treatment (Zingales et al. 2014).
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Specific inhibitors are able to obstruct crucial physiologi-
cal functions of the parasite and thus disturb its establish-
ment in the respective host. The enzymatic composition
(protein primary structure, presence of enzyme isoforms)
of the T. cruzi strain might be an important factor, which
can modulate drug efficacy. The results of the present
study emphasize the differences in proteases of different
T. cruzi DTUs and confirm the importance of considering
the respective T. cruzi strain.
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