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Phylogenetic relationships among major lineages of Trypanosoma cruzi are still debatable. Particularly, it is con-
troversial the origin of two main lineages: TcIII and TcIV. Some authors proposed that these lineages have been
the result of an ancient hybridization between TcI and TcII, and this was one of the most accepted evolutionary
models in the scientific community for several years. In the present paper we analyse several genomes of
T. cruzi in order to examine if there is evidence supporting that TcIII is an ancient TcI/TcII hybrid. Our results
show that TcIII ismainly related to TcI and not to TcII and there is few evidence ofmosaicism for TcIII. Our results
challenge the hypothesis of the ancient TcI/TcII hybridization.

© 2017 Elsevier B.V. All rights reserved.
Trypanosoma cruzi, the aethiological agent of Chagas disease, infects
severalmillions of people around theworld. Severalmajor Discrete Typ-
ingUnits (DTUs) of the parasite have been described and clearly defined
(Zingales et al., 2009). Such DTUs have been named as TcI to TcVI (and
recently a seventh candidate DTU found in bats has been described)
(Lima et al., 2015; Zingales et al., 2009). However, phylogenetic rela-
tionships among these DTUs are still controversial. Since several years,
it is widely agreed that TcV and TcVI are relatively recent TcII/TcIII hy-
brids (Brisse et al., 1998; Brisse et al., 2003; Flores-Lopez and
Machado, 2011; Lewis et al., 2011; Tomasini and Diosque, 2015;
Sturm and Campbell, 2010; Sturm et al., 2003; Westenberger et al.,
2005). However, it has also been proposed that TcIII and TcIV are the re-
sult of an ancient hybridization between TcI and TcII (Sturm and
Campbell, 2010; Sturm et al., 2003; Westenberger et al., 2005; Elias et
al., 2005; Tomazi et al., 2009; Ienne et al., 2010). This hypothesis was
firstly based on the observation of mixed SNPs in TcIII and TcIV, some
were shared with TcII and others with TcI (Westenberger et al., 2005).
Accordingly, it has been proposed that these mosaic sequences of TcI
and TcII were caused by recombination and loss of heterozygosis after
an ancient hybridization (Westenberger et al., 2005). Such hybridiza-
tion has been challenged by other authors (Flores-Lopez and
Machado, 2011; Machado and Ayala, 2001). Even, in a recent paper
(Tomasini and Diosque, 2015) we made a reanalysis of the data previ-
ously analysed by Westenberger et al. (2005). We questioned that mo-
saic sequences were only apparent. In this regard, the inclusion of an
outgroup in the analysis showed that SNPs shared by TcIII/TcIV and
TcII were also shared by the outgroup suggesting they are ancestral fea-
tures. Such ancestral SNPs (also called plesiomorphies) are not an
sini).
evidence of common ancestry between TcII and TcIII/TcIV (Tomasini
and Diosque, 2015). However, controversy is still installed in the scien-
tific community (Barnabe et al., 2016; Breniere et al., 2016). Other au-
thors also proposed a third model with three ancestral DTUs (TcI, TcII,
TcIII) although they did not clarify the phylogenetic relationships
among such DTUs (de Freitas et al., 2006). In the present paper, we pro-
vide evidence from a phylogenomic analysis in order to show that TcIII
is closely related to TcI. In addition, there is weak evidence ofmosaicism
in TcIII challenging the hypothesis of an ancient hybridization between
TcI and TcII.

Currently, there are sequenced genomes for three DTUs of T. cruzi.
Unfortunately, neither TcIII nor TcIV representative genomes are yet
available. However, the first sequenced genome for T. cruzi belongs to
a TcVI strain (CL-Brener) (El-Sayed et al., 2005). Because TcVI is a hybrid
between TcII and TcIII, we actually have available information at geno-
mic level about TcIII, although mixed with TcII. In addition, the CL-
Brener genome project included the sequencing of the Esmeraldo strain
(TcII) which helped the researchers to classify a high percentage of the
CL-Brener genome as Esmeraldo-like (TcII) or Non-Esmeraldo-like
(TcIII) (El-Sayed et al., 2005). Despite around 50% of the annotated ge-
nome correspond to repetitive regions that cannot be classified as
Esmeraldo or Non-Esmeraldo, most of the core genome (around
30 Mb) was classified. Even the genome of CL-Brener was divided into
two different genomes and it was organized in contigs and scaffolds at
the chromosome level for each parental (Weatherly et al., 2009). Conse-
quently, although no genome of a TcIII strain has been yet sequenced,
the Non-Esmeraldo-like is a relatively good representative of the core
genome of a TcIII strain. In addition, the recently sequenced genome
of T. cruzi marinkellei (Franzen et al., 2012), a different subspecies of T.
cruziwhich is used as outgroup inmany phylogenetic analyses, is essen-
tial to correctly conclude about phylogenetic relationships between TcI,
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TcII and TcIII and to analyse if Non-Esmeraldo-like (TcIII) genome is a
mosaic of TcI and TcII sequences (Tomasini and Diosque, 2015).

We downloaded fromTriTrypDB (http://tritrypdb.org) and analysed
complete genomes from CL-Brener Esmeraldo-like (herein CLBRTcII),
CL-Brener Non-Esmeraldo-like (herein CLBRTcIII), T. cruzi Sylvio X10
(TcI) and T. cruzi marinkellei strain B7 (outgroup). The genomes were
aligned using the software MAUVE (Darling et al., 2004) with default
parameters. A total of 1,334,419 SNPs (excluding sites that implied a
gap or an N) resulted from the alignment of the four genomes. We
analysed parsimony-informative sites. In this case, parsimony-informa-
tive corresponded to sites where two genome share the same base and
the other two share a different base (e.g. outgroup = A, TcI = A,
CLBRTcII=G, CLBRTcIII=G, note that this SNP supports CLBRTcII/CLBRTcIII
cluster). Particularly, 96,621 SNPs were parsimony-informative about
phylogenetic relationships among the genomes. In order to analyse
such phylogenetic relationships, genomes were fragmented in 500 bp
segments and each one was classified according the support (number
of SNPs) to the alternatives phylogenies. We used a sign test to evaluate
the statistical significance of the number of SNPs supporting one of the
alternative topologies.Wefinally analysed such fragments that support-
ed one of the phylogenies according the p value on the sign test. From a
total of 4407 fragments with p b 0.05, 98.5% clustered TcI with CLBRTcIII
and just 1.5% clustered CLBRTcII with CLBRTcIII (Fig. 1). However, many
fragments may have low support caused by mosaicism in such frag-
ments. Alternatively, we scanned the entire dataset of parsimony-infor-
mative SNPs for runs of 4 consecutive polymorphic sites supporting the
same topology. We observed that most of the runs of 4 SNPs (21,560=
Fig. 1. Schematic representation of the genome of CL-Brener strain supporting alternative
clusters. The genome was divided in 500 bp fragments and only informative fragments
about phylogenetic relationships were kept. Lines shown at the left side represent
fragments that supported TcI/CLBRTcIII cluster whereas lines at the right side represent
fragments that supported CLBRTcII/CLBRTcIII cluster. Length of the lines indicates [1 – p
value] support to the cluster according the sign test. Red lines identifies support higher
than 0.95. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
94.6%) favoured the clustering of TcI with CLBRTcIII and just 1164
favoured the alternative topology. However, considering the size of
the dataset, many runs of 4 SNPs may be also caused by random homo-
plasy. Consequently, we implemented the RDP algorithm (Martin et al.,
2005) to scan the genome in order to detect recombination breakpoints
in a more statistical way. The RDP algorithm scans the genome SNP by
SNP (and using a window of 5 SNPs in this case) looking for regions
where sequence distance is shorter between CLBRTcII and CLBRTcIII

than TcI and CLBRTcIII. Just 41 regions in the genome were statistically
significant breakpoints (p b 0.05, 706 SNPs corresponding to 0.7% of
the total of parsimony-informative SNPs). Consequently, these results
show that most of the CLBRTcIII genome cluster with TcI and not with
CLBRTcII. These results challenge the hypothesis that TcIII genome is a
mosaic of TcII and TcI sequences as previously proposed (Sturm and
Campbell, 2010; Westenberger et al., 2005).

Despite that our results suggest that most of the CLBRTcIII genome
cannot be called a “mosaic”, the few regions that support the CLBRTcII/
CLBRTcIII may suggest some introgression of TcII into the ancestral TcIII
genome. However, such low percentage of sequences may be also ex-
plained by recent gene conversion in the CL-Brener genome or simply
assembly errors. Around 50% of such regions showed identical se-
quences of CLBRTcII and CLBRTcIII which is better explained by recent
gene conversion in CL-Brener strain. However, although introgression
sounds a less likely scenario than gene conversion, it cannot be
discarded. In this regard, a meiosis-like mechanism plus gamete fusion
as mode of reproduction cannot be discarded for T. cruzi (Lewis et al.,
2009). If this is the case, successive backcrosses of the TcI/TcII hybrid
with the parental TcI may have reduced the proportion of TcII genome
in TcIII leading to a few introgressed TcII sequences. A number of n back-
crosses of the hybrid with TcI would reduce the TcII content in an aver-
age proportion of 0.5n. Consequently, it will be required at least 7
backcrosses to obtain b1% of TcII sequences in the CLBRTcIII genome. Al-
ternatively, inbreeding in the TcI/TcII hybrid may have also contributed
to reduce the TcII sequences. Genome sequencing of a TcIII strain will
help to determine if such few TcII sequences into the CLBRTcIII genome
are caused by introgression or gene conversion.

Concluding, this is the first phylogenomic analysis of T. cruzi lineages
showing that TcIII ismainly related to TcI and not to TcII aswe previous-
ly proposed (Tomasini and Diosque, 2015) and in agreement with
others (Flores-Lopez and Machado, 2011; Machado and Ayala, 2001).
Our study shows there is very few evidence of mosaics in the genome
of TcIII contrary to the proposed by (Westenberger et al., 2005). The ge-
nome sequencing of any reference TcIII strain will finally help to eluci-
date if some minor degree of introgression may have occurred in the
origin of the TcIII.
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