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Abstract
The intergenic region of spliced-leader (SL-IR) genes from 105 Trypanosoma cruzi I (Tc I)
infected biological samples, culture isolates and stocks from 11 endemic countries, from Argentina
to the USA were characterised, allowing identification of 76 genotypes with 54 polymorphic sites
from 123 aligned sequences. On the basis of the microsatellite motif proposed by Herrera et al.
(2007) to define four haplotypes in Colombia, we could classify these genotypes into four distinct
Tc I SL-IR groups, three corresponding to the former haplotypes Ia (11 genotypes), Ib (11
genotypes) and Id (35 genotypes); and one novel group, Ie (19 genotypes). Genotypes harboring
the Tc Ic motif were not detected in our study. Tc Ia was associated with domestic cycles in
southern and northern South America and sylvatic cycles in Central and North America. Tc Ib was
found in all transmission cycles from Colombia. Tc Id was identified in all transmission cycles
from Argentina and Colombia, including Chagas cardiomyopathy patients, sylvatic Brazilian
samples and human cases from French Guiana, Panama and Venezuela. Tc Ie gathered five
samples from domestic Triatoma infestans from northern Argentina, nine samples from wild
Mepraia spinolai and Mepraia gajardoi and two chagasic patients from Chile and one from a
Bolivian patient with chagasic reactivation. Mixed infections by Tc Ia + Tc Id, Tc Ia + Tc Ie and
Tc Id + Tc Ie were detected in vector faeces and isolates from human and vector samples. In
addition, Tc Ia and Tc Id were identified in different tissues from a heart transplanted Chagas
cardiomyopathy patient with reactivation, denoting histotropism. Trypanosoma cruzi I SL-IR
genotypes from parasites infecting Triatoma gerstaeckeri and Didelphis virginiana from USA, T.
infestans from Paraguay, Rhodnius nasutus and Rhodnius neglectus from Brazil and M. spinolai
and M. gajardoi from Chile are to our knowledge described for the first time.
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1. Introduction
Trypanosoma cruzi (Tc), the etiological agent of Chagas disease, affects approximately 15
million people from different endemic regions in America (Moncayo and Silveira, 2009).
This parasitic disease shows a variable clinical course, which ranges from acute,
asymptomatic cases to serious chronic stages characterised by low parasitaemia and
involving cardiac and/or gastrointestinal disorders (WHO, 2002). One of the possible causes
of such clinical variability has been attributed to the high genetic diversity and
multiclonality of natural populations of T. cruzi (Macedo and Pena, 1998). This diversity
was extensively demonstrated by different research groups using different biological,
biochemical and molecular strategies targeting different genetic markers, allowing
identification of six discrete typing units (DTUs) among the globally characterised T. cruzi
isolates, designated as Tc I and Tc IIa to Tc IIe (Brisse et al., 2000; Miles et al., 2009). A
satellite symposium held in Buzios, Brazil in August 2009 established a new nomenclature
for these DTUs, namely Tc I, Tc II (formerly Tc IIb), Tc III (formerly Tc IIc), Tc IV
(formerly Tc IIa), Tc V (formerly Tc IId) and Tc VI (formerly Tc IIe) (Zingales et al., 2009).
Trypanosoma cruzi I is one of the parental T. cruzi phylogenetic lineages proposed by all
experts in the field using different molecular-based strategies (reviewed in Sturm and
Campbell, 2010). Further, it has been recently proposed that T. cruzi is synonymous with
two different species, Tc I and Tc II (Tomazi et al., 2009).

Trypanosoma cruzi I populations are predominant in the Andean region, in Central America
and in Mexico (Cortez et al., 2006; Brenière et al., 2007; Samudio et al., 2007; Llewellyn et
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al., 2009). They were first recognized in the sylvatic transmission cycle, mainly in
marsupials and sylvatic triatomines (Jansen et al., 1999; Yeo et al., 2005; Ceballos et al.,
2006) and are associated with human infection predominantly in northern South America,
detected in cardiomyopathy patients fro m Venezuela (Añez et al., 2004) and Colombia
(Cuervo et al., 2002; Triana et al., 2006; Salazar et al., 2006; Herrera et al., 2007) and
recently in cardiomyopathy patients from Argentina (Burgos et al., in press). Tc I strains
typically have less DNA content, fewer and smaller chromosomes (Vargas et al., 2004;
Lewis et al., 2009). A remarkable intra-DTU variability has been observed, leading to a
proposal of associations between internal structuring and transmission cycles (Diosque et al.,
2003; Herrera et al., 2007; O´Connor et al., 2007; Brito et al., 2008; Mejía-Jaramillo et al.,
2009; Llewellyn et al., 2009). However, knowledge of internal clustering within Tc I is still
in its preliminary phase and there is not yet consensus on classification.

On the basis of single nucleotide polymorphisms (SNPs) and insertions/deletions (indels)
within a motif at the intergenic spacers of the multicopy spliced-leader gene (SL-IR),
Herrera et al. (2007) proposed four Tc I haplotypes in Colombia. These haplotypes were
recently designated as Ia–Id by Falla et al. (2009). As part of a wider project involving the
characterisation of T. cruzi DTUs in different scenarios of Chagas disease (Marcet et al.,
2006; Burgos et al., 2007, 2008; Cardinal et al., 2008; Bisio et al., 2009) we aimed to
identify Tc I SL-IR based genotypes from natural populations infecting triatomines and
patients with Chagas disease, as well as to type Tc I culture isolates from different
triatomine species, animal reservoirs and humans, collected from different regions of
America.

2. Materials and methods
2.1. Study samples

A total of 105 Tc I samples were included in the study. Ninety-five were obtained from
different biological and geographical sources, including 70 culture stocks from triatomine
bugs, animal reservoirs and human samples obtained in endemic areas of Argentina, Brazil,
Chile, Colombia, Mexico, Panama and the USA; five faecal samples from Triatoma
infestans from Paraguay and one faecal sample from Rhodnius neglectus from Brazil; seven
homogenized abdomen samples from Triatoma gerstaeckeri from the USA (Table 1), and 12
clinical samples (seven peripheral blood, three cardiac biopsy, one skin biopsy and one CSF
samples) from patients with Chagas disease from Argentina, Bolivia, French Guiana and
Venezuela (Table 2). In addition, reference stocks from 10 laboratory Tc I strains, namely
TCC (Basombrío et al., 1982), Sylvio X10 (Postan et al., 1983), G (Yoshida, 1983) and its
clone D11 (Verbisck et al., 1998), EP (Torrealba A.B., 1970. Observaciones sobre el
Comportamiento en Ratón Blanco de una Cepa Humana de Trypanosoma cruzi. Pregrade
Thesis. Universidad Central de Venezuela. Caracas, Venezuela), CA-I CL-72 (ATCC, USA)
and its clone K98 (Gonzalez Cappa et al., 1999), MIRANDA CL78 (ATCC, USA), 13379
cl7 (Tibayrenc and Miles, 1983) and SE 9V (Macina et al., 1987) were included (Table 3).

Procedures related to clinical samples comply with the criteria of the Ethical Committees of
the participating institutions, in agreement with the Declaration of Helsinski.

2.2. PCR amplification of SL-IR fragments from Tc I samples
Total DNA was extracted from the above mentioned samples (Tables 1, 2 and 3). In the case
of culture isolates, a 350 bp fragment from Tc I SL-IR was amplified with primers TCC (5´-
CCCCCTCCCAGGCCACACACTG-3´) and TC2 (5´-CCTGCAGGCACACGTGTGTG-3´)
as previously reported (Burgos et al., 2007). In the case of clinical samples, a hemi-nested
PCR was carried out using, in the first round, TC2 and UTCC (5´-
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CGTACCAATATAGTACAGAAACTG-3´) as antisense primer, which is located 125 bp
downstream of TCC, thus amplifying a fragment of 475 bp; the second round was carried
out using TC2 and TCC, as mentioned above. The 350 bp amplicons were purified using a
QIAquick PCR purification kit (QIAgen®) and sequenced (Macrogen, Korea). In the case of
some biological samples (Table 1), the PCR products were cloned into a pGEM-T easy
Vector (Promega, USA) in order to reveal the existence of mixed Tc I SL-IR genotypes.

2.3. Sequence analysis of SL-IR amplicons
Electropherograms of forward and reverse sequences were edited using the program
Chromas Version 1.45. A consensus of forward and reverse sequences (contig) was created.
SL-IR sequences were aligned using the ClustalW algorithm (Thompson et al., 1994) and
adjusted by eye. Nucleotide sites showing ambiguous base calls were resolved with the
consensus genotype.

The haplotypes Ia, Ib, Ic and Id described by Falla et al. (2009) and Herrera et al. (2007) will
be referred as SL-IR groups. Reference genotypes for each SL-IR group were obtained from
the GenBank database: CGC (AM259467), FChC (AM259469), X380C (AM259472), EFC
(AM259474), PALC (AM259473), P/217 clone 1 (EF576840), P/209cl1 clone 4
(EF576817) and P/209cl1 clone 7: EF576818.

2.4. Phylogenetic inferences
Phylogenetic analyses were performed using Maximum Parsimony (MP) and Bayesian
Inference. Molecular data sets were first analyzed using TNT ver. 1.0 (Goloboff, P.A.,
Farris, J. S., Nixon, K., 2003. Tree Analysis Using New Technology Version 1.0 Available
from the authors and from http://www.zmuc.dk/public/phylogeny) with a gap as the fifth
state to account for the evolution by indels. Analysis was conducted using a heuristic search
procedure: 100 random addition sequences plus Tree bisection reconnection (TBR) branch
swapping, retaining 10 trees per replicate, keeping up to 1,000 trees and swapping the trees
in memory. Clade stability was assessed by 10,000 parsimony bootstrap replications
(Felsenstein, 1985). MrModeltest software v. 2.2 (Nylander,J.A.A., 2004. MrModelTest
Evolutionary Biology Centre, Uppsala University. http://www.abc.se/~nylander) was used
to infer the most appropriate model of molecular evolution based on the Akaike Information
Criterion (AIC), as suggested by Posada and Buckley (2004). The best model selected for
this data set was GTR + I + G. Bayesian phylogenetic analysis was performed using
MrBayes ver. 3.1.2 (Huelsenbeck and Ronquist, 2001). Two independent analyses were run
using a random starting tree with three heated chains and one cold chain over 4,000,000
generations, with sampling every 100 generations. Part of this work was carried out by using
the resources of the Computational Biology Service Unit from Cornell University (USA)
which is partially funded by Microsoft Corporation.

2.5. Identification of recombination break points and network analysis
The automated system for detection of recombination using a genetic algorithm
(Kosakovsky Pond et al., 2006) known as Genetic Algorithm for Recombination Detection
(GARD), available at http://www.datamonkey.org, was used to search for evidence of
recombination break points in 53 selected sequence variants representative of the five SL-IR
groups (larger alignments involved limitations in the number of sites for the small sample
AIC (AICc) inference). The nucleotide-substitution model was selected automatically before
being applied to the recombination-site analysis and the goodness-of-it was evaluated by the
AICc (Sugiura, 1978).

Provided that recombination breakpoints were not detected, the pattern of relationships
among SL-IR genotypes was investigated using Median-joining (MJ) networks. The
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network was constructed using the software Network 4.5.1.0 (Bandelt et al., 1999) available
at http://www.fluxus-engineering.com. This method analyses recombination-free population
data, combining features of Kruskal’s algorithm to find minimum spanning trees by favoring
short connections, and Farris’s MP heuristic algorithm, which sequentially adds new vertices
called “median vectors”. Indels and SNPs within positions 12–19 of the alignment were
coded as three SNPs in order for indels to represent a single mutational event. Indels were
double-weighted, as recommended by the Network 4.5.1.0 user guide. The MJ network was
post-processed by MP calculation to eliminate non-parsimonious links and find the shortest
(Steiner) tree (Polzin and Daneschmand, 2003).

2.6. Tc Ie specific PCR assay
Specific primers to amplify SL-IR group Tc Ie were designed using Primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast): TcIe-Fw (5´-CACG
TGTGTGTATGTATGTATGTGC- 3´) and TcIe-Rv (5´-ATCAGCGCCACAGAAAGTG- 3
´). A PCR reaction was carried out at a final volume of 30 µl of reaction mix containing
buffer 1X, 1.5 mM MgCl2, 250 µM of each dNTP, 0.2 µM of each primer and 0.75 U of Taq
Polymerase (Promega). Amplification was carried out in a MJR PTC-100 thermocycler (MJ
Research, Watertown, MA, USA) as follows: 40 cycles at 94 °C for 45 s, 65 °C for 45 s, 72
°C for 45 s and a final extension step at 72 °C for 10 min. PCR products were analysed by
2% agarose gel electrophoresis followed by ethidium bromide staining and u.v.
visualization.

3. Results
3.1. Analysis of the SL-IR gene

The origins of the 105 characterised Tc I samples are described in Table 1 (tissue and faeces
of vectors and cultured stocks originally obtained from vectors, reservoirs and humans),
Table 2 (human tissue and blood samples) and Table 3 (reference cultured stocks). In nine
samples, the electropherograms exhibited considerable nucleotide ambiguity, suggesting the
existence of mixed SL-IR genotypes. Consequently, sequences from individual recombinant
clones from the PCR products were obtained (27 sequences; see Table 1).

Sequencing of the SL-IR amplicons allowed identification of 76 genotypes with 54
polymorphic sites from the 123 obtained sequences. Alignment of the 44 bp microsatellite
motif that defines the SL-IR groups (Fig. 1, sites 6–49) revealed that 11 genotypes belonged
to groups Tc Ia, 11 to Tc Ib, 35 to Tc Id and none to Tc Ic. Interestingly, 19 genotypes
revealed novel patterns of indels and adenine-guanine transitions.

Phylogenetic trees constructed from the multiple sequence alignment using MP and
Bayesian Inference methods showed neither clear clustering nor concordance between the
derived topologies (data not shown). Thus, in order to analyze the intra-specific
relationships among the SL-IR genotypes and, providing that recombination breakpoints
among those were not detected (data not shown), a MJ network was constructed with the
123 SL-IR sequences and another seven available in GenBank were used as references.
Genotypes belonging to SL-IR groups Tc Ia, Tc Ib, Tc Ic and Tc Id clustered in four groups.
Moreover, the 19 novel genotypes were assigned to a different group, clustering with
reference sequences from cloned strains P/217 clone1 and P/209cl1 clone4. On the basis of
the microsatellite motif, these genotypes formed a distinct group, designated as Tc Ie (red
oval in Fig. 2), with the exception of one genotype obtained from an isolate from Mepraia
spinolai specimen (Sp 130) in the metropolitan region of Chile (cl6, Table 1). The latter
harbors an insertion of two bases and a guanine-adenine and a cytosine-hymine transition
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with respect to the other Tc Ie genotypes. This region was identical to that present in
reference P/209cl1 clone4 (Tc Ie like; Fig. 1C; arrows in Fig. 2).

A median vector appeared connecting the Tc Ib genotype Coy10 and the reference Tc Ic
genotypes X380C and EFC. Tc Ib and Tc Ia appeared connected by the genotype Necocli3
from Colombia, whose motif shared adenine-guanine transitions with both groups. Tc Ia and
Tc Id were connected by the genotype Pan4 cl1 from Panama, which exhibited the
microsatellite motif typical of the Tc Ia group modified by an additional 2 bp deletion.
Finally, Tc Id and Tc Ie appeared connected by a group of sequences originally obtained
from sample V305 from Paraguay.

3.2. Characterisation of mixed genotypes
In some biological samples and isolates we detected multiple SL-IR genotypes belonging to
different groups. Indeed, mixed infections by Tc Ia + Tc Id were identified in faecal samples
of a T. infestans bug from Paraguay (V75, Table 1) and in a culture stock derived from a
human blood sample from Panama (Pan4, Table 1).

Furthermore, mixed groups were detected in cultured stocks isolated from the bloodstream
of a patient with chronic Chagas disease from the IV region of Chile (Tc Ia + Tc Ie (WT),
Table 1) and from one M. spinolai specimen captured at the metropolitan region of Chile
(Tc Id + Tc Ie (Til70), Table 1).

In addition, genotypes belonging to Tc Ia and Tc Id were identified from natural parasite
populations from an Argentinean heart transplanted Chagas cardiomyopathy patient
undergoing reactivation. Tc Ia was detected in blood (PA) and skin chagoma (PASCh)
specimens, while Tc Id was found in the heart explant (PAECl18) (Table 2), suggesting Tc I
group histotropism.

3.3. Geographical distribution of SL-IR genotypes
Genotypes presenting the microsatellite motif Tc Ia were found in wild triatomine species
from Colombia (SO8), Mexico (HD/Duran, PG/Gamma, TR/Triatoma) and USA (USA1,
USA28, USA104, USA105, USA108, USA111, BG08011), and in one wild Didelphis
virginiana specimen captured in Florida, USA (Flop2) (Table 1). Interestingly, Tc Ia was
also identified in different types of clinical samples obtained from patients with Chagas
disease from Argentina (FRA, PA, TA and PASCh) (Table 2) and cultured stocks originally
isolated from patients from Colombia, Chile and Panama (HA, W3534, WT cl7, Pan4 cl1,
Pan4 cl5) (Table 1) as well as in a dog (A-26b-2-motoH) and a T. infestans bug from
Argentina (Tev91Cl5), and domestic Rhodnius prolixus from Colombia (SN5, SN8 and
SN12) (Table 1). The Chilean strain TCC and the Argentinean clone K98 (originally
isolated from patients with Chagas disease) and both ATCC strains (CA-I CL-72 and
MIRANDA CL-78) also belonged to this group (Table 3).

Genotypes harboring the microsatellite motif Tc Ib were only found in Colombian
populations of T. cruzi from a peridomestic R. prolixus (Cas16) and in one cultured stock
originally isolated from a patient (SP). It was also found in samples belonging to wild
species of Rhodnius spp. and Panstrongylus geniculatus from Colombia (STP3.3, Sebas1,
Sebas16, Mg6, Mg11, Fer1, Coy10, Necocli2, Necocli3, Necocli4 and Necocli5) (Table 1).

More than 46% of the genotypes harbored the microsatellite motif typical of SL-IR group Tc
Id. It was identified from Tc I populations infecting: a) vectors from: i) domestic cycles
from Argentina, Paraguay (T. infestans) and Colombia (R. prolixus) (Table 1); ii)
peridomestic cycles from Colombia (P. geniculatus) and Paraguay (T. infestans) (Table 1);
iii) sylvatic cycles from Brazil (R. neglectus and Rhodnius nasutus), Colombia (Triatoma
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dimidiata, Rhodnius pallescens, Rhodnius robustus, Rhodnius colombiensis, R. prolixus and
P. geniculatus) and Chile (M. spinolai) (Table 1); b) wild reservoirs from Argentina
(Didelphis albiventris) and Colombia (Didelphis marsupialis) (Table 1) and c) human
samples from Argentina, French Guiana, Panama and Venezuela (VA, AY, PAECl18, CHA,
VTH, VTL, Pan4 cl4 and 2414) (Tables 1 and 2). Moreover, the Brazilian (Sylvio X10, G
and its clone D11) and Venezuelan (EP) reference stocks belonged to this group (Table 3).

Genotypes presenting the motif Tc Ie were identified in domestic T. infestans samples from
northern Argentina (PALV2-2 Cl5, PALV1 Cl1, BAJO DI LUCA, TALAVERDE,
BELGRANOIII), in wild M. spinolai (SpTi 1, Col 108, Sp 31, Sp 104, Sp 54, Sp Guayacan,
Sp130 cl6, Sp 130 cl8, Til70 cl7, Til70 cl8), wild Mepraia gajardoi (Gaj 29) and patients
with chronic Chagas disease (LGN, WT cl6) from northern and central endemic areas of
Chile (Table 1), and in the CSF specimen of a Bolivian patient with encephalitis due to
AIDS (AS, Table 2). Moreover, it was identified from laboratory strains, such as SE 9V
from Santiago del Estero, Argentina and 13379 cl7 from Santa Cruz, Bolivia (Table 3).

3.4. Tc Ie-specific PCR assay
The finding of the SL-IR group Tc Ie motivated us to design a specific oligonucleotide as
sense primer for a PCR assay aiming to provide a rapid typing tool (underlined tract in Fig.
1A). An antisense primer was designed, located 238 bp downstream of the 44 bp
microsatellite motif to amplify a differential Tc Ie fragment of 280 bp (Fig. 1B). The
specificity of the PCR procedure was confirmed with DNA samples from SL-IR groups Ia,
Ib and Id, whereas all of the 17 Tc Ie specimens amplified the specific PCR product
(examples in Fig. 1Ba). Moreover, the PCR analysis sensitivity was tested using serial
dilutions of PalV2-2 Cl5 DNA as template (Fig. 1Bb), allowing a detection limit of 1.5 pg of
DNA in the reaction tube, which is equivalent to approximately 10 parasite cells.

4. Discussion
The SL gene is a tandemly arrayed multi-copy gene encoding a mini-exon of 39 nucleotides
of length which is added to the 5’ end of mRNAs (Campbell et al., 2003). The sequence
analysis of the SL-IR, a flanking region between SL repeats, has been widely used to
discriminate Tc I from the rest of the DTUs, using the different size fragments obtained by
PCR amplification (Souto et al., 1996; Brisse et al., 2001). Four groups, named as
haplotypes, have been defined within Colombian Tc I (Herrera et al., 2007; Falla et al.,
2009), based on a microsatellite motif present at the SL-IR. An additional group (Tc Ie) with
a different motif is described in this study. The term “haplotype” is generally used to
describe a set of markers, SNPs or alleles inherited as a unit in a haploid genome. Since T.
cruzi is considered a diploid organism, the occurrence of sequence variability between
allelic copies in a cloned strain implies the existence of at least two different haplotypes and
in the case of a multicopy SL-IR gene may also imply polymorphic copies in a tandem
array. In this context, we have designated as genotypes those PCR products that shared more
than 99% sequence identity and as groups of genotypes those sharing a highly similar 44 bp
microsatellite motif and a closer location within the MJ Network, which have been classified
as Tc Ia, Tc Ib, Tc Ic, Tc Id and Tc Ie groups following the nomenclature of Falla et al.
(2009).

Trypanosoma cruzi I SL-IR sequences have been characterised from wild and domestic
animal reservoirs such as D. marsupialis, Canis familiaris (Herrera et al., 2007, 2009; Falla
et al., 2009); D. albiventris, Procyon lotor and Dasyprocta aguti (O´Connor et al., 2007), as
well as from a variety of sylvatic and domestic vectors such as T. infestans, Triatoma
pallidipennis, Triatoma longipennis, Triatoma picturata, Triatoma barberi and other
Triatoma spp. (O´Connor et al., 2007); T. dimidiata, Triatoma venosa and R. prolixus
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(Herrera et al., 2007), and more recently from sylvatic R. pallescens, P. geniculatus and
Eratyrus cuspidatus specimens (Mejía-Jaramillo et al., 2009) and R. colombiensis (Falla et
al., 2009). In the present study, SL-IR sequences from Tc I infecting wild T. gerstaeckeri
and D. virginiana from the USA, T. infestans from Paraguay, R. nasutus and R. neglectus
from northeastern Brazil and M. spinolai and M. gajardoi from Chile are described, to our
knowledge, for the first time.

Furthermore, we identified Tc I SL-IR genotypes from clinical specimens, such as in a)
peripheral blood samples from i) patients from French Guiana presenting acute
cardiomyopathy who had probably acquired the infection through oral contamination with
Attalea spp. juice (Christine Aznar, unpublished results), ii) a Venezuelan acute Chagas
disease case due to a recent oral outbreak in Chichiriviche that affected 51 people at a school
and caused three deaths (Alarcón de Noya and Martínez, 2009); b) three cardiac explant
sections, four peripheral blood samples and one skin biopsy sample from patients with end-
stage Chagas heart disease and with clinical reactivation after heart transplantation (Burgos
et al., in press); c) a CSF sample of a Bolivian patient with Chagas encephalitis due to AIDS
(Burgos et al., 2008).

Most of the sequences exhibited a low percentage of nucleotide ambiguity, in agreement
with previous studies by O´Connor et al. (2007) who detected more than 96% similarity
among SL-IR repeats in two strains of Tc I, thus validating the use of a consensus sequence
as a genetic marker for population genetics.

In contrast to the topology proposed by Herrera et al. (2009), working with 31 sequences
from Colombia, the phylogenetic trees from the multiple alignment of our genotypes using
MP and Bayesian Inference methods did not render a clear clustering (data not shown).
However, the MJ network-based analysis showed that the genotypes harboring the same Tc
Ie motifs were more closely related. This analysis was possible given that no recombination
break points with statistical support were found.

Distribution of genotypes harboring the microsatellite motif Tc Ia was in agreement with
findings by O´Connor et al. (2007) who gathered SL-IR sequences from Mexico and
Argentina and with more recent findings by Llewellyn et al. (2009) using a 48-marker panel
of polymorphic microsatellite loci, who reported a close resemblance between domestic Tc I
populations from the northern region of South America and sylvatic populations from
Central and North America. In addition, the analysis of human tissue specimens allowed
identification of Tc Ia genotypes associated with Chagas disease in the Southern Cone of
America. Interestingly, two genotypes belonging to Tc Ia (Fig. 2) were SO8 from a sylvatic
R. pallescens vector and W3534 from a Chagas disease patient, both from Sucre, Colombia,
suggesting a connection between both parasite transmission cycles in this endemic region.

Genotypes harboring the motif Tc Ib were only found in Colombian populations of T. cruzi
circulating in sylvatic, peridomestic and domestic cycles, extending previous findings by
Falla et al. (2009) and Herrera et al. (2009) in peridomestic and domestic cycles.

Genotypes with the motif Tc Ic, which have been described in only two isolates from
Boyacá, Colombia (X380C and EFC - Herrera et al., 2007), were not detected in our study,
despite our having analyzed 36 Colombian stocks. Given that the differential motif
distinguishing Tc Ic includes an insertion of six (X380C) or seven (EFC) nucleotides that
maps within the sequence of the forward primer used by Herrera et al. (2007) for SL-IR
PCR, we cannot discard the possibility that this motif could be an artifact which has arisen
during amplification or sequencing procedures. Further studies on a larger sample size are
needed to assess the existence and relevance of Tc Ic (Herrera et al., 2009).
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Genotypes presenting the motif Tc Id were detected in 47 out of the 105 analyzed samples.
They were identified from Tc I populations infecting T. infestans and D. albiventris
specimens from the Argentine Chaco (Table 1), suggesting a connection between both
domestic and sylvatic cycles (Cardinal et al., 2008). In Colombia, wild animal reservoirs and
triatomine species, peridomestic P. geniculatus and domestic R. prolixus specimens were
infected by Tc Id parasites. In addition, other genotypes with the Tc Id motif were detected
in central Brazil, Paraguay, Venezuela and French Guiana.

Our study revealed genotypes sharing another microsatellite motif, defining a new group
designated as Tc Ie. The MJ network gathered Tc Ie sequences from Bolivian, Argentinean
and Chilean samples, five from cultured stocks from faeces of domestic T. infestans bugs
collected in the northern and southwestern sections of the Argentine Chaco (Lauricella et al.,
2005), eight from cultured stocks from faeces of sylvatic M. spinolai, one from M. gajardoi
and two from chronic Chagas disease cases from Chile, and one from the CSF sample of a
Bolivian patient with Chagas encephalitis due to AIDS. Moreover, it was identified from
laboratory strains, such as SE 9V from Santiago del Estero, Argentina and 13379 cl7 from
Santa Cruz, Bolivia. These samples present a 44 bp motif identical to that present in SL-IR
sequences of four Bolivian DTU I strains (three from patients with Chagas disease and one
from T. infestans) and one Brazilian isolate from D. aguti available in GenBank, clustered in
the Pan-American group of isolates by O´Connor et al. (2007). Therefore, genotypes with
the Tc Ie motif could be associated with strains circulating in the domestic cycles of
Argentina and Bolivia and in the sylvatic cycle in Chile, represented by M. spinolai and M.
gajardoi vectors.

Recently, Falla et al. (2009) proposed a PCR-based procedure in order to identify SL-IR
groups Tc Ia, Tc Ib and Tc Id using different primers. As a complement to this strategy, we
have designed a Tc Ie-specific PCR procedure to detect genotypes belonging to this group,
avoiding the need for amplicon sequencing.

Recent data from samples of the Chaco Region showed the occurrence of multiple
ambiguous sites in the sequences obtained from the PCR products of cloned strains,
indicating intra-genomic variability and suggesting incomplete concerted evolution of the
multicopy tandem array (Tomasini et al., unpublished data). Interestingly, in our study, one
culture isolate from M. spinolai (SP 130) revealed two different Tc Ie genotypes, one of
those showing the typical SL-IR microsatellite motif of the Tc Ie group, and the other one, a
motif identical to that of the reference sequence P/209cl1 clone4, which was also clustered
in the Panamerican group by O´Connor et al. (2007) (Tc Ie like). Both genotypes were
identified from samples that also presented typical Tc Ie genotypes, indicating that, at least
for P/209cl1 clone4, they were distinct SL-IR copies of the same parasite genome. This
could also be the case for mixed genotypes belonging to Tc Ia + Tc Id, Tc Ia + Tc Ie and Tc
Id + Tc Ie in other culture isolates and biological specimens, but these findings may be the
result of polyclonal infections.

Interestingly, we have identified genotypes Tc Ia and Tc Id at different body sites of a
patient with end-stage Chagas Heart disease who underwent heart transplantation presenting
skin reactivation due to immunosuppressive therapy. Indeed, Tc Ia populations from blood
(PA) and skin (PASCh) samples depicted almost identical Restriction Fragment Length
Polymorphism (RFLP)-PCR based mini-circle signatures, different from those profiled from
the Tc Id cardiac population (PAECl18) (Burgos et al., in press). This finding pointed to
differential tissue tropism of Tc I populations belonging to different SL-IR groups.

The non-transcribed spacer is essential for the transcription of the mini-exon gene that
becomes a substrate for the trans-splicing reaction in trypanosomatids, providing promoter
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elements that recruit transcription factors for the RNA polymerase (Saito et al., 1994;
Hitchcock et al., 2007). In this way, sequence polymorphism of the intergenic spacer, as
observed among the described genotypes, could alter DNA secondary structure responsible
for this recruitment function, affecting the mRNA post-transcriptional process.

Finally, the remarkable genetic heterogeneity of Tc I should be taken into consideration for
designing Tc I functional genomic projects, molecular diagnosis, trypanocidal drug trials
and disease pathogenesis assays.
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Fig. 1.
Sequence analysis of spliced-leader intergenic region (SL-IR) amplicons and Trypanosoma
cruzi SL-IR group Tc Ie-specific PCR assay. A) Alignment of a 49 bp region within the SL-
IR of 12 out of the 123 analysed T. cruzi I (Tc I) sequences. The 44 bp microsatellite motif
used to identify Tc I SL-IR groups is underlined. Boxed areas correspond to the nucleotide
polymorphisms found among the SL-IR groups. Partial reference sequences reported in
Herrera et al. (2007) and O´Connor et al. (2007) are also shown: CGC (AM259467), FChC
(AM259469), X380C (AM259472), EFC (AM259474), PALC (AM259473) and P/217
clone 1 (EF576840). The specific sense primer for Tc Ie DNA amplification is indicated by
an arrow. Gaps (−). Conserved sites (·). B) Gel electrophoresis of Tc Ie PCR amplicons
using primers TcIe-Fw and TcIe-Rv from SL-IR groups a-b-d-e isolate representatives. a)
Lanes: 1: TCC (Tc Ia), 2: Tev91Cl5 (Tc Ia), 3: Mg11 (Tc Ib), 4: Coy10 (Tc Ib), 5: G (Tc Id),
6: PAECl18 (Tc Id), 7: Palv2-2 Cl5 (Tc Ie), 8: AS (Tc Ie), M: 1 kb plus DNA ladder
(Invitrogen). Lanes 1–8: 10 ng of DNA template. b) Lanes: 1–3: G (Tc Id); 4–6: Palv2-2 Cl5
(Tc Ie). Lanes: 1 and 4, 5 pg; 2 and 5, 50 pg; 3 and 6, 0.5 ng of DNA template, respectively.
M: 1 kb plus DNA ladder. C) Tc Ie and Tc Ie like motifs found in different SL-IR PCR
products cloned from the Chilean isolate Sp 130 and the reference parasite clone P/209cl1
(clone 4: EF576817, clone 7: EF576818, O´Connor et al., 2007) indicating intra-genomic
variability.
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Fig. 2.
Median-joining network for Trypanosoma cruzi I (Tc I) spliced-leader intergenic region
(SL-IR) groups. SL-IR groups are indicated by ovals and geographical distribution is colour-
coded. Circles represent genotypes and their size is proportional to the number of sequences
harboring a given genotype: Tc Ia. 1: T ev91Cl5, TCC, A-26b-2-motoH, USA111, USA115,
BG08011, Flop2, FRA, PA, TA, PASCh, K98, CA-I CL72, MIRANDA CL78, V75 cl7, WT
cl7, HD/Duran. 2: SN5, SN12, USA28, USA104. 3: HA, PG/Gamma, TR/Triatoma. Tc Ib.
4: Fer1, Mg6. 5: Sebas1, Sebas16. Tc Id. 6: V81, V92. 7: CHAMICAL7, CHAMICALII,
COMA665, COMA729. 8: COMA375, COMA701. 9: PALV2-1 Cl4, PalDa. 10: VTH,
VTL. 11: SN3, G, PAECl18, CHA, Put4, Cas1, Cas10, Cas15, Cas18, EP. 12: Cas19,
PALC*. 13. V305 cl4, V305 cl6. Tc Ie. 14: PALV2-2 Cl5, AS. 15: PALV1 Cl1, SE 9V. 16:
SP 31, SP 104. 17: BAJO DI LUCA, Til70 cl8, Gaj 29 cl6, SpTi1 cl7, SpTi1 cl8. Black
points represent hypothetical genotypes (median vectors). Reference genotypes reported in
Herrera et al. (2007) and O´Connor et al. (2007) are indicated by an asterisk (*): CGC (Ia),
FChC (Ib), X380C and EFC (Ic), PALC (Id), P/217 clone 1 and P/209cl1 clone 4 (Ie).
Genotypes harboring a Tc Ie like sequence are indicated by arrows.
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Table 3

Description of Trypanosoma cruzi I Spliced Leader Intergenic region (SL-IR) groups identified from reference
cultured stocks.

SL-IR group Tc I stock Reference Geographical origin Biological origin

Tc Ia TCC 1 Tulahuen, Chile Human

K98 2 San Luis, Argentina

CA-I CL72 3 San Luis, Argentina

MIRANDA CL78 3 Argentina

Tc Id G 4 Amazon region, Brazil Didelphis marsupialis

D11 5 Amazon region, Brazil

EP 6 Cojedes, Venezuela Human

Sylvio X10 7 Pará, Brazil

Tc Ie 13379 cl7 8 Santa Cruz, Bolivia Human

SE 9V 9 Santiago del Estero, Argentina

References: 1, Basombrío el al., 1982; 2, Gonzalez Cappa et al., 1999; 3, ATCC T. cruzi strains; 4, Yoshida, 1983; 5, Verbisck et al., 1998; 6,
Torrealba A.B., 1970. Observaciones sobre el Comportamiento en Ratón Blanco de una Cepa Humana de Trypanosoma cruzi. Pregrade Thesis.
Universidad Central de Venezuela. Caracas, Venezuela; 7, Postan et al., 1983; 8, Tibayrenc and Miles, 1983; 9, Macina et al., 1987.
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