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Trypanosoma cruzi has been historically classified as a species with preponderant clonal evolution (PCE).
However, with the advent of highly polymorphic markers and studies at geographically reduced scales,
the PCE in T. cruzi was challenged. In fact, some studies have suggested that recombination in T. cruzi line-
age I (TcI) is much more frequent than previously believed. Further analyses of TcI populations from dif-
ferent geographical regions of Latin America are needed to examine this hypothesis. In the present study,
we contribute to this topic by analyzing the population structure of TcI from a restricted geographical
area in the Chaco region, Argentina. We analyzed TcI isolates from different hosts and vectors using a
Multilocus Sequence Typing (MLST) approach. These isolates were previously characterized by sequenc-
ing the spliced leader intergenic region (SL-IR). Low levels of incongruence and well-supported clusters
for MLST dataset were obtained from the analyses. Moreover, high linkage disequilibrium was found and
five repeated and overrepresented genotypes were detected. In addition, a good correspondence between
SL-IR and MLST was observed which is expected under PCE. However, recombination is not ruled out
because five out of 28 pairs of loci were incompatible with strict clonality and one possible genetic
exchange event was detected. Overall, our results represent evidence of PCE in TcI from the study area.
Finally, considering our findings we discuss the scenario for the genetic structure of TcI.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The clonal theory of parasitic protozoa proposed by Tibayrenc
and colleagues (Tibayrenc and Ayala, 2012; Tibayrenc et al.,
1990) gives a framework to study parasitic diversity for different
diseases. The final goal is to identify ‘‘clones’’ of parasites that
are associated with certain relevant epidemiological features that
require more attention. In this regard, the parasitic diversity may
have a role in different aspects such as drug susceptibility, clinical
manifestations of the disease and certain epidemiological features.
Several years ago, diversity of different parasite protozoa was com-
monly analyzed by methods like Multilocus Enzyme Electrophore-
sis (MLEE) or Random Amplified Polymorphic DNA (RAPD) where
‘‘clones’’, major groups or near-clades (Tibayrenc and Ayala,
2012) were identified for different species like Trypanosoma cruzi
or Leishmania spp. (reviewed in Miles et al., 2009). Most recently,
more sophisticated methods like sequencing of intra-specific vari-
able genes, Multilocus Microsatellite Typing (MLMT) (Barnabe
et al., 2011; Llewellyn et al., 2009a,b; Macedo et al., 2001;
Messenger et al., 2012; Zumaya-Estrada et al., 2012) or Multilocus
Sequence Typing (MLST) (Lauthier et al., 2012; Mauricio et al.,
2006; Yeo et al., 2011; Zemanova et al., 2007) succeeded the previ-
ous ones. Additionally, a greater amount of isolates were available
and diversity was observed within previously identified groups.
This is the case for Trypanosoma cruzi the causative agent of Chagas
Disease, which is considered a clonal organism with very rare
events of genetic exchange (Gaunt et al., 2003; Tibayrenc and
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Table 1
Geographical and host origins of T. cruzi DTU I stocks (Chaco, Argentina) and the
corresponding SL-IR group.

Stock Host Geographical origin SL-IR group

798R1 T. infestans TRES ESTACAS, Chacabuco Chaco-1
TEV91cl5 T. infestans TRES ESTACAS, Chacabuco Chaco-1
Rata3 938-A R. rattus TRES ESTACAS, Chacabuco Chaco-1
TEV55cl1 T. infestans TRES ESTACAS, Chacabuco Chaco-2
PAV00cl7 T. infestans PAMPA AVILA, Chacabuco Chaco-2
PalDa24 D. albiventris EL PALMAR, 12 de Octubre Chaco-2
PalDa3cl4 D. albiventris EL PALMAR, 12 de Octubre Chaco-2
PalDa1cl9 D. albiventris EL PALMAR, 12 de Octubre Chaco-3
Da28 D. albiventris EL PALMAR, 12 de Octubre Chaco-3
PalDa22cl7 D. albiventris EL PALMAR, 12 de Octubre Chaco-3
TEDa2cl4 D. albiventris TRES ESTACAS, Chacabuco Chaco-3
PalDa20cl3 D. albiventris EL PALMAR, 12 de Octubre Chaco-3
PalDa4cl8 D. albiventris EL PALMAR, 12 de Octubre Chaco-3
PalDa25 D. albiventris EL PALMAR, 12 de Octubre Chaco-3
LL051-P23R0 C. familiaris LAS LEONAS, 12 de Octubre Chaco-3
PalDa30-Po1 R0 D. albiventris EL PALMAR, 12 de Octubre Chaco-3
PalDa31-Po1 R0 D. albiventris EL PALMAR, 12 de Octubre Chaco-3
Ll022-1 R2 T. infestans LAS LEONAS, 12 de Octubre Chaco-3
802-R1 T. infestans TRES ESTACAS, Chacabuco Chaco-3
LL017 Po0 R0 T. infestans LAS LEONAS, 12 de Octubre Chaco-4
LL027-21R1 T. infestans LAS LEONAS, 12 de Octubre Chaco-4
LL027-21R2 T. infestans LAS LEONAS, 12 de Octubre Chaco-4
PalV1cl1 T. infestans EL PALMAR, 12 de Octubre Chaco-4
PalV2-2cl5 T. infestans EL PALMAR, 12 de Octubre Chaco-4
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Ayala, 1987, 2012; Tibayrenc et al., 1990; Tomazi et al., 2009;
Westenberger et al., 2005). The T. cruzi species has been subdivided
into six major Discrete Typing Units (DTUs, TcI–TcVI) (Zingales
et al., 2009, 2012), and recently it was discovered a seventh group
from bats called TcBat (Marcili et al., 2009; Pinto et al., 2012). How-
ever, considerable variability is observed within some of these
DTUs (Llewellyn et al., 2009a, 2009b). The variability within T. cruzi
DTU I (TcI) has been particularly studied (Cura et al., 2010; Guhl
and Ramirez, 2011; Herrera et al., 2013; Llewellyn et al., 2009b;
Tomasini et al., 2011). This DTU is widely distributed from the
south of the USA to the north of Argentina and Chile and it is the
main causative of Chagas Disease in countries at north of the Ama-
zon basin. The internal diversity and the wide distribution of this
DTU suggest that this group may have a particular genetic struc-
ture. Studies based on MLMT proposed a geographical-based struc-
ture more than a strong phylogenetic structure (Llewellyn et al.,
2009b; Messenger et al., 2012; Zumaya-Estrada et al., 2012). How-
ever, some studies based on the sequence of the intergenic region
of Spliced-Leader gene (Cura et al., 2010; Herrera et al., 2007, 2013)
have proposed different subgroups and some of them showed
broad distribution questioning the hypothesis of strict geographi-
cal structuring. However, SL-IR and MLMT had some disadvantages
to analyze the structuring. For example, the SL-IR sequencing is a
single-locus approach which could not correctly account for the
phylogeny of TcI; while MLMT is an approach very susceptible to
homoplasy. In this sense, MLST could be a useful method to over-
come these disadvantages.

In addition, a possible cause of the vast diversity of genotypes is
the existence of genetic exchange in natural populations. However,
it is not clear if genetic exchange has or had an impact into the
genetic structure. Recent works based on MLMT analyses and max-
icircle genes (Messenger et al., 2012; Ramirez et al., 2012) proposes
that recombination should be frequent. However, the widespread
distribution of certain genotypes or groups (Cura et al., 2010;
Tomasini et al., 2011) suggests that the model of Predominant Clo-
nal Evolution (PCE) is applicable and genetic exchange is rare.

In a previous work, we characterized four groups of TcI in our
study area by SL-IR sequencing. They were called Chaco-1 to
Chaco-4 (Tomasini et al., 2011). Chaco-1 corresponded with the
previously described TcIa/TcIDOM (Zumaya-Estrada et al., 2012).
Chaco-2 and Chaco-3 had a microsatellite motif in the SL-IR
sequence identical to strains TcId from Colombia but phylogenetic
analyses of entire sequence clustered them near to Chaco-4/TcIe.
These results suggested that TcId is a paraphyletic group and the
TcId microsatellite motif is an ancestral character (Tomasini
et al., 2011).

Here, we characterized 24 parasite stocks by Multilocus
Sequence Typing which were previously analyzed by SL-IR
sequencing (Tomasini et al., 2011). This dataset is particularly
interesting because different genotypes were identified in a
restricted geographical area, allowing the analysis of existence
and frequency of genetic exchange. In addition, correspondence
between SL-IR and MLST markers was evaluated. Furthermore,
we discuss about the genetic structure and the role of recombina-
tion in TcI.
2. Material and methods

2.1. Parasites

The analyzed stocks are listed in Table 1, and they are the same
that were previously examined by SL-IR (Tomasini et al., 2011),
except the stock LL040-P33.R1, which was not included in the
present study because it was a mixed isolate of TcI and TcIII. Eight
out of the 24 isolates were previously analyzed by MLST by
Lauthier et al. (2012). In addition, M5631 (TcIII) and IVV (TcII)
strains were used as outgroups. Maintenance, harvest and DNA
extraction of the 24 TcI stocks isolated from the Chacabuco and
12 de Octubre counties, Chaco Province, Argentina, were previ-
ously described in Tomasini et al. (2011).
2.2. PCR amplification and sequencing

Gene fragments used for MLST analysis were: superoxide dis-
mutase A (SODA), superoxide dismutase B (SODB), leucine amino-
peptidase (LAP), glucose-6-phosphate isomerase (GPI),
glutathione peroxidase (GPX), pyruvate dehydrogenase E1 compo-
nent alpha subunit (PDH), 3-hydroxy-3-methylglutaryl-CoA reduc-
tase (HMCOAR) and small GTP-binding protein rab7 (GTP) as is
described in Lauthier et al. (2012).PCRs were carried out in reaction
volumes of 50 ll containing 100 ng of DNA; 0.2 lM of each primer,
1 U of goTaq DNA polymerase (Promega), 10 ll of 5X buffer (sup-
plied with the goTaq polymerase) and a 50 lM concentration of
each dNTP (Promega). Cycling conditions were as follow: 5 min
at 94 �C followed by 35 cycles of 94 �C 1 min; 55 �C 1 min, and
72 �C for 1 min, with a final extension at 72 �C for 5 min. Amplified
fragments were precipitated with 70% ethanol and sequenced on
both strands in an ABI PRISM_310 Genetic Analyzer (Applied
Biosystems).
2.3. Data analysis

The obtained sequences were aligned using the ClustalW algo-
rithm included in the Mega v. 5.2 package (Tamura et al., 2011).
Diploid Sequence Types (DSTs) were determined using MLSTest
1.0 (http://ipe.unsa.edu.ar/software) (Tomasini et al., 2013). Dis-
criminatory power (DP) was calculated according to Hunter
(1990) and confidence intervals were calculated using the jack-
knife pseudo-values procedure as is proposed by Severiano et al.
(2011) using the online tool available at http://darwin.phylo-
viz.net/ComparingPartitions/.

Loci concatenation and distance matrices were built using MLS-
Test 1.0 (Tomasini et al., 2013). Correspondence between MLST and
SL-IR distance matrices was calculated by using Mantel test with
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Table 2
Length, number of polymorphic sites and number of genotypes identified for the eight
analyzed fragments.

Locus Fragment
length (bp)

Number of variable
sites (%)

Defined
genotypes

GPI 386 2 (0.5) 4
GPX 359 9 (2.5) 9
GTP 554 1 (0.2) 2
HMCOAR 544 6 (1.1) 6
LAP 419 3 (0.7) 5
PDH 476 13 (2.7) 12
SODA 290 4(1.4) 6
SODB 287 4(1.4) 3
TOTAL 3315 42(1.3) 17
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the Mantel Nonparametric Test Calculator v2 (Liedloff, 1999). Trees
based on concatenated fragments were made using MLSTest 1.0.
We obtained two measures of branch support: (1) Bootstrap values
based on 1000 replications, and (2) number of trees (individual
fragments) that support a branch. In addition we obtained a mea-
sure of localized incongruence: the number of fragments that are
topologically incongruent whit certain branch. Significance of the
incongruence was assessed using bionj-ILD test (Zelwer and
Daubin, 2004) implemented in MLSTest 1.0 using 1000
permutations.

Haplotypes for diploid sequences were inferred using PHASE
analysis (Stephens and Donnelly, 2003) implemented in DNAsp
v5 (Librado and Rozas, 2009). Linkage disequilibrium was analyzed
using Multilocus v1.3 (Agapow and Burt, 2001). The index of asso-
ciation (Maynard Smith et al., 1993) and the standardization of the
covariance (Agapow and Burt, 2001) were calculated and signifi-
cance was evaluated using 5000 randomizations. Test of overrepre-
sentation in repeated genotypes was assessed using GenClone 2.0
(Arnaud-Haond and Belkhir, 2007). A total of twenty-eight differ-
ent pairs of loci are possible from the 8 different loci. The number
of incompatible pairs of loci was calculated by using Multilocus
v1.3. Two loci are considered as compatible if it is possible to
account for all the observed genotypes by mutations without hav-
ing to infer reversion, convergence or recombination. For example,
if each of two loci has two alleles, then there are 4 possible haploid
genotypes, and the loci will be compatible if no more than 3 of
them are observed. The fourth genotype requires the assumption
of homoplasy or recombination. In addition, homoplasy has less
chance against recombination when multiple synonymous substi-
tutions are implied (no selective pressure).
Fig. 1. Neighbor Joining Tree based on concatenation of eight MLST fragments.
Values over the branches indicate bootstrap support percentage (First value),
number of individual fragments that support the branch (second value) and number
of fragments with a tree topologically incongruent with the showed tree. Bars
delimitate different SL-IR groups previously described. M5631 strain (TcIII) and IVV
(TcII) were used as outgroups.
3. Results

3.1. Sequence variability and discriminatory power of MLST and SL-IR
methods

A total of 3,315 bp from eight MLST loci (HMCOAR, GPI, GPX, GTP,
LAP, PDH, SODA and SODB) were sequenced in each parasite stocks.
Forty-two (1.3%) nucleotide sites were found to be polymorphic
(Table 2) among the 24 stocks. The distribution of polymorphisms
per locus varied between one in the GTP locus and thirteen in PDH
(Table 2). Polymorphic sites defined between two (GTP) and twelve
DSTs (PDH) per locus (Table 2).

Seventeen genotypes from the 24 stocks were differentiated by
MLST, against 8 different genotypes identified by SL-IR. The DP was
0.967 (95% CI: 0.936–0.999) for MLST and 0.851 (95% CI: 0.753–
0.950) for SL-IR. The DP was significantly different between the
two methods (p = 0.037) showing the higher resolution of MLST.
3.2. Compelling evidence of preponderant clonal evolution

A consequence of preponderant clonality is the correspondence
among different markers. Consequently, we first analyzed congru-
ence among different MLST loci. There was high congruence among
distance matrices of MLST fragments (kendall’s W = 0.56,
p < 0,0002). In addition, low levels of topological incongruence
(Fig. 1) among MLST fragments were observed (1.17 ± 1.1 and
1.35 ± 1.53 fragments per branch in unrooted and rooted trees,
respectively). The bionj-ILD test was not significant (p value = 0.23)
suggesting non-significant incongruence among trees of MLST
fragments. This also indicates non major concerns in fragment con-
catenation for following analysis. A mantel test between distance
matrices of MLST concatenated alignments and SL-IR was signifi-
cant (p = 0.003) showing concordance between the different
markers.
Another evidence of preponderant clonality is the existence of
linkage disequilibrium. As expected, linkage disequilibrium tests
were highly significant even after a correction for identical geno-
types suggesting that clonal-reproduction is the rule for the differ-
ent stocks in the dataset (Table 3).

Finally, repeated and overrepresented multilocus genotypes
(MLGs) are another evidence of preponderant clonality. We
observed five repeated MLGs and overrepresentation tests were
highly significant (p < 10�5 for all repeated MLGs).

3.3. Genetic structure of TCI in the study area

Three out of four groups defined previously by SL-IR (Tomasini
et al., 2011) were monophyletic by MLST (Fig. 1). The SL-IR group
Chaco-3 was paraphyletic and the strains PalDa22cl7, TEDa2cl4
and DA28-963A (previously assigned to Chaco-3 group by SL-IR
analysis) clustered in a basal position to Chaco-2. The remaining



Table 3
Linkage disequilibrium tests.

IA (p value) �rD (p value) Proportion of
compatible pairs

Full dataset 3.00 (<0.0002) 0.44 (<0.0002) 0.82 (<0.0002)
Genotype corrected 2.50 (<0.0002) 0.37 (<0.0002) 0.82 (<0.0002)

IA, index of association.
�rD, standardization for the covariances proposed by Agapow and Burt with a
maximum value of 1 (it does not depend on the number of loci as the IA).

Table 5
Examples of heterozygous stocks for three loci and their hypothetical parental alleles.

Hypothetical parentals
and recombinants

Examples SL-IR group

GPI HP1a TCd TEV55cl1 Chaco-2
Heb YY PalDa22cl7 Chaco-3
HP2c CT PalDa1cl9 (allele 1) Chaco-3

GPX HP1 TATC TEV55cl1 Chaco-2
He YRKY PalDa22cl7 Chaco-3
HP2 CGGT PalDa1cl9 (allele 1) Chaco-3

PDH HP1 TCC TEV55cl1 Chaco-2
He WYY PalDa22cl7 Chaco-3
HP2 ATT PalDa1cl9 Chaco-3

a HP1, hypothetical parental 1.
b He, heterozygous.
c HP2, hypothetical parental 2.
d Letters represent all polymorphic sites among the heterozygous stocks and

putative parental alleles.
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strains of Chaco-3 were clustered together with moderate support
and low levels of incongruence among fragments (two fragments
topologically incompatible).

Considering just microsatellite motifs in the SL-IR sequences,
stocks with TcIa and TcIe motifs were monophyleticly grouped.
However, strains with TcId motif were paraphyletic in the MLST
tree supporting the hypothesis of the SL-IR motif Id as an ancestral
character.

Chaco-1 and Chaco-2 groups showed high bootstrap values in
the MLST tree (Fig. 1). Whereas, Chaco-4 had moderate branch sup-
port (bootstrap = 76.4%). However, this group showed low topolog-
ical incongruence (2 incompatible loci). In addition, localized
incongruence was not significant using njLILD test (data not
shown) for this group.

3.4. Evidence of infrequent genetic exchange

In order to evaluate incongruences between MLST and SL-IR the
bionj-ILD test was performed. The test was significant (p = 0.004)
when SL-IR was tested against concatenated MLST fragments, sug-
gesting certain incongruence between the two markers. The incon-
gruence was not significant when the 4 implicated strains in
topological incongruence were excluded.

Because incongruence among markers may due to a genetic
exchange event, strains implicated in the incongruence were ana-
lyzed. Three of these four strains (PalDa22cl7, TEDa2cl4 and DA28-
963A) had heterozygosis in 45–51% of the parsimony-informative
sites (sites where there is polymorphism in at least two strains).
These values were in contrast with stocks showing just 3% of het-
erozygosis in polymorphic sites (e.g. 798R1). This variable level of
heterozygosis could be explained by genetic exchange events. Con-
sequently, haplotypes were inferred in order to analyze such pos-
sibility (Table 4).
Table 4
Inferred haploid alleles and genotypes for different stocks.

Genotype GPI GPX GTP HMCOAR LAP PDH

1 1/1 1/1 1/1 1/1 1/1 1/1
2 1/1 1/1 1/1 1/1 1/1 2/3
3 1/1 1/2 1/1 1/1 1/1 2/2
4 2/2 3/3 1/1 2/3 2/3 4/4
8P 2/2 3/3 1/2 2/3 2/3 4/4
6r 3/2 1/3 1/2 2/3 2/2 4/6
7r 3/2 1/3 1/2 2/3 2/2 4/5
8P 3/1 1/4 1/1 2/2 2/4 5/5
9 3/1 1/4 1/1 2/4 2/2 5/7
10 3/1 4/5 1/1 2/5 2/4 5/8
11 3/1 4/2 1/1 2/2 2/4 9/10
12 3/1 1/4 1/1 2/2 2/4 5/5
13 3/1 1/4 1/1 2/5 2/4 5/5
14 3/1 1/7 1/1 2/2 2/4 5/11
15 1/1 1/1 1/1 1/2 4/4 5/12
16 1/1 1/1 1/1 1/2 4/4 5/5
17 1/1 1/8 1/1 1/2 4/4 5/5

r Hypothetical recombinant genotype.
P Possible parental genotype.
The stocks PalDa22cl7, TEDa2cl4 and DA28-963A were hetero-
zygous for 6 out of 8 loci. Based on the inferred haplotypes, these
stocks had alleles that were compatible with an event of genetic
exchange among strains of Chaco-2 and Chaco-3 (Table 4). For
three loci, hypothetical recombinants unambiguously showed
alleles corresponding to the two different parentals. These loci
showed more than one polymorphic site suggesting the genetic
exchange event (Table 5) making single homoplasy an unlikely
explanation.

Finally, the proportion of incompatible pair of loci was ana-
lyzed. Two loci are compatible if it is possible to account for all
the observed genotypes by mutations without having to infer
homoplasy or recombination. We observed that 5 of 28 pair of loci
were incompatible. However, only two of the five incompatible
pairs implied just synonymous substitutions. In this sense, homo-
plasy may not be discarded because non-synonymous substitution
may be under selective pressures being higher the risk of homo-
plasy. These results are also suggesting that recombination is a rare
event.
4. Discussion

A MLST approach was implemented in order to analyze the
genetic structure of TcI and the correspondence with SL-IR marker
SODA SODB Strains SL-IR group

1/1 1/2 798R1 Chaco-1
1/1 1/2 TEV91cl5 Chaco-1
1/1 1/2 Rata3-938-A Chaco-1
2/3 1/1 PalDa24, PalDa3cl4 Chaco-2
2/3 1/1 TEV55cl1,PAV00cl7 Chaco-2
2/2 1/2 Da28-963 Chaco-3
2/2 1/2 PalDa22cl7, TEDa2cl4 Chaco-3
2/4 1/2 PalDa1cl9, PalDa20cl3, PalDa25 Chaco-3
2/5 1/3 PalDa4cl8 Chaco-3
2/4 1/2 LL051-P23R0 Chaco-3
2/5 1/2 PalDa30-Po1R0 Chaco-3
2/4 1/4 PalDa31-Po1R0 Chaco-3
2/4 1/2 LL022-1R2 Chaco-3
2/4 1/2 802R1 Chaco-3
1/4 1/2 LL017-PoR0 Chaco-4
1/4 1/2 LL027-21R1, PalV1cl1, PalV2-2cl5 Chaco-4
1/5 1/2 LL027-21R2 Chaco-4
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for a panel of strains from a rural area of Chaco province, Argentina.
MLST showed higher discriminatory power than SL-IR approach,
suggesting that it could be a good alternative approach as a typing
method for TcI strains in order to differentiate genotypes within
this DTU.

Based on the identification of different genotypes of TcI,
Messenger et al. (2012) suggested the low discriminatory power
of nuclear housekeeping genes like GPI. In our dataset, GPI discrim-
inated 4 genotypes, and this was congruent with the major clades
observed in Fig. 1. Although housekeeping genes could evolve in a
lower rate than maxicircle genes or microsatellites (Machado and
Ayala, 2001; Messenger et al., 2012), these results suggest that
the combination of multiple fragments has enough discriminatory
power to resolve at intra-DTU level. However, it is important to
consider that the scheme of fragments used here was designed
based on a panel of strains corresponding to the six major DTUs
(Lauthier et al., 2012). In this sense, the scheme could be optimized
by addition of fragments that maximize the sequence diversity of
different TcI strains. This could be achieved implementing bioinfor-
matic tools that look for gene fragments that maximize the
sequence diversity between the available TcI genomes.

TcI has been subdivided in clusters using different markers.
Herrera et al. (2007) classify TcI into four groups based on the
SL-IR microsatellite motif. Later an additional group was suggested
based on a new microsatellite motif in the SL-IR (Cura et al., 2010).
Llewellyn et al. (2009b) proposed a group associated to domestic
cycle in Venezuela based on microsatellite data, which was later
called TcIDOM (corresponding to TcIa by SL-IR) (Zumaya-Estrada
et al., 2012). In this sense we observed a strong correlation among
MLST and SL-IR distance matrices. Also, a good correspondence
between trees of both markers was observed. Some of the con-
formed groups by MSLT showed good correspondence with the
previously proposed SL-IR groups. This is the case for Chaco-1,
Chaco-4 and Chaco-2. However, Chaco-3 was paraphyletic by MLST
analysis. Chaco-2 and Chaco-3 SL-IR groups had a TcId microsatel-
lite motif. In a previous work we proposed that SL-IR microsatellite
motif may confound the relationships between different groups
due to ambiguous alignments (Tomasini et al., 2011). We observed
that strains belonging to Chaco-2 and Chaco-3 do not cluster with
TcId Colombian strains. Consequently, we proposed that the motif
TcId is an ancestral feature (Tomasini et al., 2011). When we rooted
the MLST tree, the strains having the motif TcId were a paraphylet-
ic group, whatever outgroup was used to root the tree. This result
is consistent with the hypothesis of the motif TcId as an ancestral
feature. The SL-IR network obtained by Cura et al. (2010) including
105 strains from most of the endemic regions of Latin America and
North America also showed a very diverse TcId group from which
emerge others groups. The SL-IR microsatellite motif alone could
be not enough to define groups as was recently proposed by
Herrera et al. (2013). They employed a model of evolution of
microsatellites and obtained an unclear division based on the
microsatellite motif implementing Principal Component Analysis.
However, we observed a good correspondence among MLST and
SL-IR supporting the use of the SL-IR as a single method to typing
TcI isolates, at least in Chaco Region.

The extant capacity for recombination in T. cruzi, and particu-
larly in TcI, is a particularly interesting topic in the biology of this
parasite. Although, T. cruzi was historically considered as a mainly
clonal parasite, recent papers have implemented new methodolo-
gies that challenged this conception (Messenger et al., 2012;
Ramirez et al., 2012, 2013). The use of highly polymorphic markers
allowed the analysis of recombination in populations of closely-
related parasites and even in restricted geographical areas where
genetic exchange may occur. Recombination for TcI strains has
been showed on in vitro assays (Gaunt et al., 2003). However, there
are several examples of organisms having genetic exchange in the
laboratory but with a clonal behavior in the nature (Tibayrenc and
Ayala, 2012). However, multiple incongruences and introgression
events has been proposed comparing MLMT trees and maxicircle
MLST trees (Messenger et al., 2012; Ramirez et al., 2012). Conse-
quently, it was proposed that genetic exchange is extant and fre-
quent in TcI.

Instead, our interpretation is that recombination is still infre-
quent and there are several indicative about this. First, tree incon-
gruences are not good quantifiers of the exchange frequency and
low levels of genetic exchange may produce high levels of incon-
gruence as is observed in Candida albicans or Candida glabrata
(Tomasini et al., 2014) In this sense, recombinant groups with
adaptive advantages could be generated by rare events of
exchange, and these groups become more abundant in time and
have more chances of being sampled (which might cause incongru-
ent trees). This hypothesis could be especially true if diversifying
selection is acting and high variability within hosts is observed
as was proposed for TcI (Llewellyn et al., 2011). This is because
the variability within a host is a requisite to obtain recombinant
genotypes (exchange does not generate variability in the offspring
if both parental are identical). However, strong congruence among
MLST fragments is observed here, suggesting low frequency of
genetic exchange. Second, population genetic studies did not found
evidence of exchange like linkage equilibrium (Llewellyn et al.,
2009b) at continental scale and not even at shorter scales
(Llewellyn et al., 2011). In this sense, we observed high linkage dis-
equilibrium as it was shown in other works (Llewellyn et al.,
2009b; Ocana-Mayorga et al., 2010; Ramirez et al., 2012). Recently,
Ramirez et al., 2013 proposed linkage equilibrium in a population
of TcI in Colombia by MLST analysis. However, this conclusion was
based on a miss-interpretation of the p value in the linkage dis-
equilibrium tests: p-values for the Index of association and the
observed variance (Vd) were p = 0.01 and p = 0.0004 respectively.
These statistically significant values were wrongly interpreted as
evidence of linkage equilibrium. However, statistically significant
p-values for both tests are indicating linkage disequilibrium
(Maynard Smith et al., 1993). By other side, Ocana-Mayorga et al.
(2010) observed a non-significant linkage disequilibrium in one
subpopulation of 18 TcI strains from Ecuador. However, this
appears to be just one exception in TcI populations as we previ-
ously argue that it is also compatible with PCE. Third, high levels
of incongruence should be observed if recombination is significant
(almost fully incompatible trees between different markers should
be obtained). However, we observed clearly defined groups and
low levels of incongruence among the different markers in a
restricted geographical area where all the genotypes circulate
sympatrically.

It is important to consider that recombination cannot be dis-
carded at all. In the present work we obtained evidence suggesting
genetic exchange by the presence of little incongruence among
MLST and SL-IR. Additionally, the strains implicated in those incon-
gruences had several heterozygous loci. Inferred haplotypes sug-
gest that heterozygous genotypes had possible parentals in
Chaco-2 and Chaco-3 groups. Although, the number of loci ana-
lyzed here is not enough to confirm that the isolates of Chaco-2
and Chaco-3 used in the analyses are the true parentals, our results
clearly suggest that genetic exchange have occurred. Finally, we
detected that 5 of 28 possible pairs of loci were incompatible, being
a possible case of recombination between the different TcI geno-
types, although homoplasy cannot be discarded. Interestingly, all
recombinant stocks were isolated from the opossum Didelphis
albiventris. Curiously, Gaunt et al. (2003) obtained a tetraploid
hybrid using strains that were hypothetical parentals of a strain
isolated from an opossum. These results suggest that genetic
exchange may be possible in this host that was closely-associated
to TcI evolution.
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Based on our results and previous studies, we propose that a
scenario that could account for the current data regarding the
genetic structure of TcI would be as follows: TcI have high genetic
variability with moderate genetic structure, mostly phylo-geo-
graphical, for strains associated to sylvatic environment, while
some homogeneous groups emerged in domestic cycles or associ-
ated to restricted geographic regions. In this context, while recom-
bination occurs, it is still infrequent. Despite that, recombination
may play a role blurring the limits among some genetic groups,
as we saw in the present study.

This scenario is important for the nomenclature of the DTU and
had epidemiological relevance. Thus, it may not be appropriate to
divide TcI into a number of mutually exclusive DTUs as has been
done in the species as a whole. However, certain groups with rele-
vant epidemiological features clearly emerged in the DTU (i.e.
TcIDOM/TcIa/Chaco-1). However, a study using a common panel
with a high number of strains analyzed with different markers like
SL-IR, MLMT, nuclear MLST and maxicircle MLST should be per-
formed to corroborate this hypothesis.
5. Conclusions

Here we analyzed data obtained by a MLST approach in order to
analyze the genetic structure of TcI and the correspondence of
MLST with SL-IR marker for a panel of strains from a rural area
of Chaco province, Argentina. MLST showed higher discriminatory
power than SL-IR approach, suggesting that it could be a good
alternative approach as a typing method for TcI strains in order
to differentiate genotypes within this DTU. Also, this method could
be a good approach to resolve some problems regarding important
issues as recombination and genetic exchange in TcI. In this sense,
our approach show rare genetic exchange among different groups
suggesting that the clonal evolution in this DTU is still the rule.
Finally, we propose that SL-IR could be a good method to typing
TcI isolates, at least for the genetic diversity of this DTU in the
Chaco Region.
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