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Trypanosoma cruzi is the causative agent of Chagas disease, which affects more than 9 million people in Latin America. We
have generated a draft genome sequence of the Tcl strain Sylvio X10/1 and compared it to the TcVI reference strain CL
Brener to identify lineage-specific features. We found virtually no differences in the core gene content of CL Brener and
Sylvio X10/1 by presence/absence analysis, but 6 open reading frames from CL Brener were missing in Sylvio X10/1. Several
multicopy gene families, including DGF, mucin, MASP and GP63 were found to contain substantially fewer genes in Sylvio
X10/1, based on sequence read estimations. 1,861 small insertion-deletion events and 77,349 nucleotide differences, 23% of
which were non-synonymous and associated with radical amino acid changes, further distinguish these two genomes.
There were 336 genes indicated as under positive selection, 145 unique to T. cruzi in comparison to T. brucei and Leishmania.
This study provides a framework for further comparative analyses of two major T. cruzi lineages and also highlights the need
for sequencing more strains to understand fully the genomic composition of this parasite.
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Introduction

The protozoan parasite Trypanosoma cruzi, causative agent of
Chagas disease, infects 7.7 million people in Latin America and
causes 12,500 deaths annually [1]. Transmission of the parasite
most commonly occurs if infected faeces of the haematophagous
triatomine insect vector makes contact with mucosae or abraded
skin. Most morbidity is associated with the chronic stage of the
disease, which can take several years to develop. There is no
vaccine against 7. cruzi infections and drug treatment is restricted
to a small number of drugs with insufficient efficacy and
potentially harmful side effects.

Multiple genotyping strategies support the subdivision of 7. cruzi
into six major phylogenetic groups, recently renamed discrete typing
units (DTUs) I-VI by international consensus [2]. DTU distribution
can be loosely defined by several parameters including ecology,
vector and host preference, geography and disease association [3],
although patchy sampling precludes definitive associations. Likewise,
an accumulating number of i vitro and i vivo experiments indicate
significant phenotypic variation between 7. cruzi strains in terms of
physiology, biochemistry and infectivity [4,5,6,7,8,9,10,11,12,13].
Again, however, there are few clear-cut correlations between genetic
groups and pathogenic potential and the genetic determinants of
such differences remain enigmatic. Genome sequencing can provide
crucial data to facilitate such research.

Tcl 1s the predominant agent of Chagas disease in the Americas
North of the Amazon e.g. [14] [15] [16], although it is by no
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means uncommon in patients in other regions (e.g. [17]). In
contrast, Tcll, TcV and TcVI are the predominant causes of
Chagas disease in the Southern Cone countries, where megaoe-
sophagus and megacolon are more common [18,19,20,21,22,
23,24,25]. Tcl shows spectacular abundance among wild hosts
and vectors throughout the endemic range of 7. ¢cruzi, especially,
but not exclusively, in association with Didelphis sp. opossums
[3,26]. Whereas the other strains responsible for most human
disease, Tcll, V and VI, are rarely isolated from natural reservoirs
or triatomines. Indeed, minimal diversity across multiple markers
in putative Tcll/Tclll hybrids TcV and TcVI, and their
widespread southerly distribution, are consistent with a recent
origin alongside domestic transmission cycles (Lewis et al,
submitted). In phylogenetic terms Tcl and TcIl are most divergent
and nucleotides models estimate their MRCA at 3-16 MYA [27].
Concurrent with substantial intraspecific genetic diversity, Chagas
disease is characterized by a highly variable clinical presentation
[1]. This has long been assumed to be, at least in part, a product of
genetic differences between strains of 7. cuzi [15]. However,
despite important advances in 7. cruzi genotyping [28] [14] and
population genetics [29,30], the genomic variation between
lineages or individual clones of 7. ¢ruzi remains largely unexplored.

The haploid genome of 7. c¢uzi CL Brener (TcVI) is
approximately 55 Mbp in size [31]. Analyses of the sequence
revealed a repeat-rich, hybrid genome, with long regions of
conserved synteny to Leishmania major [32] and Trypanosoma brucei
[33]. A strong signature of the putative TcIl/TcIIl hybridization
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Author Summary

Chagas disease is a major health problem in Latin America
and it is caused by the protozoan parasite Trypanosoma
cruzi. The genome sequence of the T. cruzi strain CL Brener
(TcVI) has revealed a genome with large repertoires of
genes for surface antigens, among other features. In the
present study, we sequenced the genome of a represen-
tative member of Tcl, the predominant agent of Chagas
disease North of the Amazon and performed comparative
analyses with CL Brener. Genetic variation between strains
can potentially explain differences in disease pathogenesis,
host preferences and aid the identification of drug targets.
Our analysis showed that the two genomes have very
similar sets of genes, but contain large differences in the
relative size of several important gene families. Moreover,
an abundance of allelic sequence variation was found in a
large fraction of genes, and an evolutionary analysis
indicated that many genes have evolved at different rates.

that gave rise to TcVI remains. As such, CL Brener predominantly
comprises two divergent haplotypes, named Esmeraldo-like (T'clI)
and non-Esmeraldo-like (TcIll) (abbreviated to Esmeraldo and
non-Esmeraldo here). The hybrid nature and repetitive content of
this genome complicated its assembly, leaving the first 7. cruzi
genome incomplete by comparison to those L. major and 1. bruce:.
A later effort to place the contigs and scaffolds into predicted
chromosomes increased the length of scaffolds, although resolution
still requires considerable improvement [34].

We considered the sequencing of a smaller, less repetitive, non-
hybrid 7. ¢ruzi genome to be a sensible approach to improving
resolution. Furthermore, an evolutionarily distinct genome, from a
DTU with broader host preferences than TcVI, could provide an
interesting basis for comparative genomics. Not only are Tcl
parasites highly divergent from TcVI in ecology and evolution, but
typically they have smaller genomes [28,35,36,37] and have
relatively low levels of heterozygosity [30]. They are thus the ideal
candidate for analysis. Here we describe shot-gun sequencing and
partial genome assembly of Sylvio X10/1, originally isolated in
1983 from a male individual in Para State, Brazil, suffering from
acute Chagas disease [38]. Sylvio X10/1 is a common reference
strain of Tcl and is frequently used in both i viwo and  vitro
experiments [39] [40] [41] [42]. The genomic contigs and
sequence reads were subsequently compared to CL Brener. We
found that the core gene content of the two 7. cruzi lineages is
highly similar, but that they harbor large differences in repetitive
content and sequence, which may have functional and epidemi-
ological implications.

Materials and Methods

Accession numbers

This Whole Genome Shotgun project has been deposited at
DDBJ/EMBL/GenBank under the accession ADWP00000000.
The version described in this paper is the first version,
ADWPO01000000. The data will also be available at TriTrypDB
[43].

Sequencing, assembly and annotation

Trypanosoma cruzi Sylvio X10/1 cells were cultured at 28°C in
RPMI liquid medium supplemented with 0.5% (w/v) tryptone,
20 mM HEPES buffer pH 7.2, 30 mM haemin, 10% (v/v) heat-
mactivated foetal calf serum, 2 mM sodium glutamate, 2 mM
sodium pyruvate and 25 pg/ml gentamycin. Genomic DNA was
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extracted using the Gentra Puregene Tissue Kit (Qiagen).
Sequencing was performed using 454 technology (FLX/Titanium)
and sequence assembly was performed de novo using the CELERA
assembler (v5.4) [44].

Gene prediction and annotation was performed using Gene-
MarkS (v2.6p) [45] and best reciprocal BLAST hit to CL Brener.
Annotations were manually inspected by alignment to CL Brener
using Promer [46] and the Artemis Comparison Tool [47]. Gene
models were manually added if found to be missing. In cases
where genes were disrupted by sequencing errors, all fragments of
the genes were annotated. Truncated genes located on contig ends
were annotated when possible.

Gene specific and evolutionary analysis

Individual genes were identified using reciprocal BLASTp and
tBLASTn on both assembled and unassembled reads.

Alignments were created using ClustalW and used to call strain-
specific differences; both nucleotide differences and insertion-
deletion (indel) events. Calculation of dN/dS was carried out using
yn00 (PAML, v4.2) [48]. The McDonald-Kreitman test (MK-test),
as implemented in BioPerl (v1.6), was used to evaluate protein
adaptation [49], using alignments created by transAlign [50] with
T. brucer used as the outgroup. Synonymous sites were assumed to
be neutral while non-synonymous sites were assumed to be
deleterious, neutral or confer an advantage. Positive selection was
assumed to take place if the number of inter-species non-
synonymous changes was greater than the intra-species changes.
A contingency table and Fisher’s exact test was used to test for
significance. The neutrality index (NI=(Pn/Ps)/(Dn/Ds)) was
used to test the direction of adaptation, which is expected to be 1
under neutrality, >1 for positive selection and <1 for purifying
selection. Using NI, the proportion of adaptive substitutions can be
estimated as o =1 - NL.

Multigene family analysis

Sequence reads with similarity to known gene families in CL
Brener were analyzed. Initially, homologous genes were collapsed
into families using the clustering tool cdhit [51] at a 90% identity
threshold. Subsequently clusters were subject to multiple align-
ments with ClustalW. Profile hidden markov models (pHMM)
were created using hmmbuild (v3, with the parameter —symfrac 0),
concatenated to a single file and compressed using hmmpress [52].
Sylvio X10/1 and CL Brener reads were translated into the six
reading frames and hmmscan (with the parameters —nobias and —
nonull2) was used to conduct searches. To make the results
comparable to Sylvio X10/1, Sanger reads from CL Brener were
cut into smaller pieces before the HMM search was conducted.

Results and Discussion

We used 454 technology whole genome shot-gun sequencing
[53] to produce a partial assembly as well as a read-based analysis
of the Tcl reference strain Sylvio X10/1 (TcI) genome. We then
conducted a comparison to the genome of the reference strain CL
Brener (TcVI). This has allowed the first genome-scale analysis of
genetic diversity in 7. ¢ruzi. The architecture of the two genomes
was highly similar, composed of large, co-transcribed, gene-dense
“core” coding regions, which displayed highly conserved synteny
interspersed with regions of repetitive sequence. The draft
assembly has good coverage of these gene dense regions, but is
more fragmented in repetitive regions due to the technical
difficulties associated with accurate assembly of repeat sequences.
However, we have complemented this assembly with a read-based
analysis. Thus we were able to characterize comparatively the
repeated genes in both genomes. The core gene content of the two
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genomes was virtually the same but we identified abundant
nucleotide and amino acid sequence differences. Furthermore, in
the comparison between Sylvio X10/1 and CL Brener we found
large differences in the proportion of sequence with homology to
multigene families. CL Brener was found to have approximately
5.9 Mbp more of haploid sequence related to the DGF, RHS,
mucin, MASP, GP63, and transsialidase gene families. The
expansion of these gene families underlies most of the genome
size difference between Sylvio X10/1 and CL Brener.

Sequencing and comparative analyses

Genome sequencing of the Tcl isolate Sylvio X10/1 was carried
out using 454 technology [53], which generated 582 Mbp
sequence data (Nyeaqs = 1,688,475, Table 1, Figure S1A), where
79 Mbp (Dyeaqs = 301,005) corresponded to maxi/mini circles.
Sequence assembly resulted in 7092 contigs (N5o=5659 bp)
yielding an average coverage of 11x (Figure S1B). Subsequently,
contigs from the assembly were aligned to both CL Brener
haplotypes [34] which revealed large blocks of synteny, represent-
ing the core gene content of these genomes (i.e. excluding
repetitive regions). The amount of heterozygosity in the assembly
was examined by counting the number of high quality mismatches
between aligned reads, which estimated the heterozygosity to be
less than 0.08% in the core genome.

In the coding regions the mean nucleotide identity was higher
between Sylvio X10/1 and non-Esmeraldo i.e. TcIII (98.2%) than
between Sylvio X10/1 and Esmeraldo i.e. T¢cll (97.5%) (Table 2,
Figure 1 and 2). The mean nucleotide identity between the two CL
Brener haplotypes Esmeraldo and non-Esmeraldo was 97.8%.
This is independent genome-wide evidence of the generally closer
phylogenetic relationship between Tcl (Sylvio X10/1) and TclIl
(non-Esmeraldo) than with Tcll (Esmeraldo). The divergence
between these three 7. cruzi lineages is therefore greater than
between T. brucei subspecies 1. brucei brucei and T. brucei gambiense
(99.2%) [54] but less than between two representatives of different
Leishmania species complexes, L. major and L. infantum (94%) [55].

From the alignments, a total of 77,349 putative fixed differences
were identified in the coding regions of a total of 5582 genes
(8.6 Mbp of sequence). Of these nucleotide differences 52% were
synonymous changes, 34% were non-synonymous changes giving
rise to chemically similar amino acids and 23% were non-
synonymous changes associated with radical amino acid replace-
ment. The average rate of nucleotide differences (ND) between
Sylvio X10/1 and non-Esmeraldo was 18 ND/kb/gene and
compared to Esmeraldo 25 ND/kb/gene (Figure 2A). In
comparison, the average ND rate between non-Esmeraldo and
Esmeraldo was 22 N'T/kb/gene. This large number of nucleotide

Table 1. Data comparison Sylvio X10/1 and CL Brener.

Sylvio X10/1 CL Brener
Data amount (10° bp) 582 2 823 °
LINE content © 2.12% 2.27%
LTR content © 0.45% 0.50%
Unique ORFs 0 6
Intergenic distance ¢ 500 bp 500 bp

2454 sequencing.

bSanger sequencing.

“Identified using RepeatMasker.
dAverage intergenic distance.
doi:10.1371/journal.pntd.0000984.t001
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Table 2. Sylvio X10/1 compared to the individual haplotypes.

non-Esmeraldo Esmeraldo
Coverage ? 66% 62%
Nucleotide identity 98.2% 97.5%
Nucleotide diversity 0.0241 0.0310

“Percentage of the chromosomes that are covered by Sylvio X10/1 contigs.
doi:10.1371/journal.pntd.0000984.t002

differences is consistent with independent evolution of the 7. cruzi
lineages over several million years [27], presumably due to
ecological, geographic, and/or reproductive isolation, limiting
homogenising forces that might act between lineages. Some of
these changes may be adaptive, although one explanation for the
high proportion of radical amino acid replacements might be low
rates of sexual recombination in 7. cuzi leading to the
accumulation of mildly deleterious mutations over time (Muller’s
ratchet). Experimental phenotypic comparisons and associated in
depth annotation of the potential functional implications of such
radical amino acid changes may reveal biological consequences.
Multiple CL Brener genes originally thought to have a frame shift
not observed in Sylvio X10/1 (n=169, Table S1) must now also
be considered in such comparisons, because our alignments and
confirmatory Sanger sequencing revealed they had been mis-
assembled and incorrectly annotated as pseudogenes in CL
Brener.

Nucleotide substitutions between CL Brener and Silvio X10/1
were not the only coding variations present. A search was also
conducted to identify indel events. We identified 1861 coding
indels dispersed in 1271 genes. The majority (n=1350, 72.5%)
were caused by length variation in microsatellite tracts. Indels 3 bp
in length were the most common, followed by 6 and 9 bp.
Multiple genes with a functional annotation (i.e. non-hypothetical
genes) were found to contain indels, for example DNA
topoisomerase genes, helicase genes, various metabolic genes
and chaperones. Several functionally important genes contained
relatively large indels, including the DNA repair protein BRCA2,
which was found to contain a 44 codon N-terminal deletion in
Sylvio X10/1 spanning amino acids 82-125. Although this
deletion did not directly affect an evolutionarily conserved
domain, it may have functional consequences for BRCAZ2-
mediated homologous recombination capacity in this strain.
Deletions were slightly more prevalent in Sylvio X10/1, which
could possibly indicate reductive evolution in Sylvio X10/1, or,
conversely, that sequence expansion has generally been more
common in CL Brener. Similarly, the number of 195 bp satellite
repeats was greater in CL Brener [56] [36] and the sum of total
intergenic distances was marginally larger in CL Brener (Table 1).
The overall content of retroelements, LINEs and LLTRs, assessed
across both genomes using RepeatMasker and conducted using
reads, showed little variation (Table 1).

The clear size differences between the CL Brener and Sylvio
X10/1 genomes were confirmed at the macro level. The Sylvio
X10/1 haploid genome size was estimated to be 44 Mbp, using
extrapolation from the combined length of the contigs from the
Sylvio X10/1 assembly (23 Mb) and the unassembled data from
repetitive regions (see following sections). Our estimate tallies with
previous studies that have estimated the Sylvio X10 genome size at
about 3544 Mbp, using pulse-field gel electrophoresis [37] and
flow cytometry [28]. This value for haploid genome size is
considerably lower than that for CL Brener (~55 Mbp) [31]. The
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Figure 1. Sequence identity of Sylvio X10/1 contigs compared to non-Esmeraldo and Esmeraldo. Shows the percentage identity
(horizontal axis) of the best Sylvio X10/1 versus CL Brener BLAST hit and the combined alignment length on the vertical axis. The black line (triangles)
represent Sylvio X10/1 compared to non-Esmeraldo and blue lines (circles) represent Sylvio X10/1 compared to Esmeraldo. Both comparisons have a
similar overall distribution of identities but Sylvio X10/1 compared to non-Esmeraldo is shifted to a slightly higher sequence identity. Sylvio X10/1
compared to non-Esmeraldo has a peak at 97% sequence identity and Sylvio X10/1 compared to Esmeraldo has a peak at 96% sequence identity.

doi:10.1371/journal.pntd.0000984.g001

smaller genome size appears to be a general feature of Tcl strains

[28].

Genome-specific sequences and evolutionary analyses

We found that Sylvio X10/1 and CL Brener have nearly the
same core gene complement, including housekeeping genes,
structural genes and genes of unknown function. Six annotated
open reading frames (ORFs) in CL Brener were not found in
Sylvio X10/1 (Table S2). As these ORFs were short (<350 aa)
and without a functional annotation, it is unclear whether they
are expressed at all. We were not able to identify any Sylvio
X10/1-specific genes or significantly long ORFs. However, we
note that minimal gene differences are also reported between 7.
brucer subspecies genomes [54], as well as between those of
Leishmania species [55]. A similar trend has been observed in
Giardia lamblia [57,58]. Instead, the great majority of genetic
differences between strains of all these parasite genera consist of
SNPs and indels as well as, crucially, copy number (see following
section).

In the absence of strain specific genes in our dataset, we also
screened for those genes that might be under directional selection
between Silvio X10/1 and CL Brener. dN/dS ratios (o) identified
336 genes under positive selection (@ >1), a significant proportion
of which (145) were unique to 7. cruzi by comparison to 7. brucei
and Leishmania. The presence of these rapidly evolving 7. cruzi
specific genes could indicate important biological roles in
American trypanosomes, for example, genes regulating interac-
tions with hosts or vectors. Those genes that could be assigned
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function included two genes encoding cell-surface targeted
proteins, one 90 kDa surface protein gene and one member of
the TolT family. MK tests (see Materials and Methods) for
adaptive selection between 7. ¢ruzi and 7. brucer identified other
genes of known function and putative importance including
transporters and various other membrane coupled proteins, as well
as, surprisingly, some DNA repair proteins, chaperones and
cyclins (Table S2).

Estimation of multigene family content

Many surface proteins involved in interaction with the host in 7.
cruzt are encoded by large repetitive gene families [31]. These
regions represent a major area of interest for comparisons between
CL Brener and Sylvio X10/1 genomes. Assembly of such
repetitive sequences is problematic, therefore we applied a novel
approach. The Sylvio X10/1 assembly contained only about 49%
of the generated sequence data, leaving 710,109 reads
(~236 Mbp) that did not enter the assembly. To evaluate these
data, sequence reads were classified into pre-defined categories
using profile hidden markov models. The size of each gene family
was estimated using the combined alignment length and
normalized to the total amount of sequence data (Figure 3). To
provide an estimate of the relative repeat abundance, the same
searches were performed on the CL Brener sequence data. To
verify the applied method, several single copy genes were included
in the analysis. The vast majority of the expected single copy genes
resulted in a 1:1 signal, indicating that the method can be used
reliably for copy number quantification.
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Figure 2. Nucleotide differences and dN/dS estimations. Black lines (circles) represent Sylvio X10/1 compared to non-Esmeraldo, blue lines
(triangles) represent Sylvio X10/1 compared to Esmeraldo and red lines (crosses) represent non-Esmeraldo compared to Esmeraldo. A) Shows the
distribution of single nucleotide differences (ND) in genes, normalized to show the number of ND per 1000 bp. Sylvio X10/1-Esmeraldo show the
largest number of ND, and have 25 ND/kb/gene in average. B) Shows the ratios of non-synonymous and synonymous nucleotide variation (horizontal
axis shows dN/dS) between the comparisons as a fraction of the genes examined (vertical axis). All comparisons have average dN/dS around 0.40 and
the shape of the curves has a similar appearance. About 95% of the examined genes have a ratio below 1, implying that the genes are under
purifying selection and 336 genes show evidence of positive selection (dN/dS >1).

doi:10.1371/journal.pntd.0000984.9g002
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Figure 3. Gene content comparison between Sylvio X10/1 and CL Brener. Shows estimations of gene content between Sylvio X10/1 and CL
Brener as percent of the total data. Searches was performed on the read libraries of Sylvio X10/1 and CL Brener. DGF, mucin, MASP, GP63, RHS, 90 and
kinesin are more expanded in CL Brener. The sialidase family is indicated to be slightly smaller in Sylvio X10/1.
doi:10.1371/journal.pntd.0000984.g003
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By this classification approach, a total of 346,696 (49%,
137 Mbp) unused reads from Sylvio X10/1 were sorted into 69
different categories (Figure 3). From these unused reads, 233,574
(33%, 92 Mbp) were assigned to six categories only (sialidase,
DGF, RHS, mucin, MASP and GP63). In terms of combined
alignment length, these gene families were estimated to represent
7-8 Mbp of the haploid Sylvio X10/1 genome. For Sylvio X10/1
and CL Brener, the sialidase and DGF categories were the largest
for each genome respectively, comprising 5.4% and 6.1% of the
sequence data. According to this analysis, a smaller proportion of
the sequence reads match the DGF family in Sylvio X10/1,
suggesting that this family is expanded in CL Brener or contracted
in Sylvio X10/1. The analysis also indicated copy number
differences for the MASP, mucin, GP63 and RHS gene families
between the two genomes. It should be noted that this method
does not discriminate between pseudogenes and functional genes
and therefore, some of the predicted genes could represent non-
functional or non-expressed gene variants.

In addition to inter-genomic comparisons between the major
gene families, a more comprehensive analysis was performed on a
larger set of 7. cruzi genes, which included 5874 different
homologous gene clusters, including singletons. The most
significant differences were found among some hypothetical genes,
and in most cases there was an expansion in CL Brener.

These comparative analyses of both the non-coding and coding
repetitive elements indicates significant differential expansion in
sequence corresponding to surface antigen repertoires and other
multicopy gene families. The CL Brener genome was estimated to
have about 5.9 Mbp (11.8 Mbp diploid) of extra sequence related
to multigene families than Sylvio X10/1. Therefore, we conclude
that expanded gene families in CL Brener underlie most of the
genome size difference between Tcl and TcVI, and this may
theoretically enhance functional plasticity. CL Brener (T'cVI) is the
product of hybridization between TclIl and TcIII [59]. We cannot
determine whether the gene family expansions occurred pre- or
post-hybridisation (or both). However, Tcll, Tclll and TcVI
strains all have similarly increased DNA contents relative to Tcl
[28]. This suggests the bulk of expansion occurred within ancestral
Tell and Tclll

Conclusions

This first intra-species comparative genomic analysis of 7. cruzi
provides several significant insights. First, it is clear that core
genome synteny and gene identity are highly conserved between
Tcl and TcVI, with very few unique and no major gene
differences. Similarly, the overall quantity of non-coding DNA is
largely unchanged between the two genomes. The most significant
variation between the two genomes is in the size of several
multigene families, which encode many important surface
proteins. These families are significantly larger in TcVI and
account for approximately 54% of the c.11 Mbp size difference
between TcVI and Tcl. Our findings compare well with recent
comparative genomic studies of other parasitic trypanosomes at
the sub-species (7. brucei, [54]) and species complex (Leishmania,
[55]) level. In both cases few gene differences are apparent in the
core genomes, congruent with the remarkable synteny observed at
the inter-species level [31]. This apparent lack of genomic
rearrangement, gene deletion and insertion between trypanosome
genomes could derive from the constraints of polycistronic
transcription, disruptions of these long co-transcribed gene clusters
being likely to be deleterious.

@ www.plosntds.org
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Genetic recombination is a common mechanism by which
structural change may be introduced between genomes, as well are
providing sources of new genetic information. The excessive
accumulation of non-synonymous changes that we observe
between Tcl and TcVI suggest that this recombination may be
infrequent in 7. cruzi at the inter-DTU level at least. However, the
overall natural frequency of intra-species and intra-genotype
genetic recombination in all three major human parasitic
trypanosome genera is a still a matter of some uncertainty and
considerable debate [60,61,62,63,64,65]. Functional dissection of
the larger surface gene families in TcVI presents an interesting
problem. Both Tcl and TcVI efficiently infect humans and TcVI
1s found among far fewer hosts than T¢I [3]. However, TcVI may
have emerged quite recently in conjunction establishment in the
human host (Lewis et al, submitted). It remains to be defined how
much of the differential surface gene diversity is actually expressed.

This study represents a significant advance in unraveling the
diversity of 7. ¢ruzi and encourages further comparative genomics
of the T. cruzi lineages and related species of the subgenus
Schizotrypanum. We are currently engaged in sequencing other
representatives of Tcl, and the apparently bat specific trypano-
some 1. cruzi marinkelle.

Supporting Information

Figure S1 Read lengths and assembly coverage. A) Shows
the number of reads (vertical axis) with a certain read length in
base pairs (horizontal axis). Shaded lines (light grey) represent 454
FLX reads and black lines represent 454 Titanium reads. One
major peak at around 250 bp is distinct for FLX and another
major peak at 500 bp is distinct for the 454 Titanium. B) Shows
the coverage of the assembly. Number of positions is plotted on the
vertical axis with a certain level of redundancy (coverage) on the
horizontal axis. The curve has a peak at 11 times coverage, which
is the mean coverage.

Found at: do1:10.1371/journal.pntd.0000984.s001 (0.10 MB PDF)

Table S1 Incomplete genes and incorrect pseudogenes
in CL Brener. An Excel file containing three sheets: A) Genes in
Esmeraldo (CL Brener) with sequence gaps and the corresponding
ortholog in Sylvio X10/1. B) Genes in non-Esmeraldo (CL Brener)
with sequence gaps and the corresponding ortholog in Sylvio
X10/1. C) Pseudogenes in CL Brener that is likely to contain a
sequencing or assembly error in this genome.

Found at: doi:10.1371/journal.pntd.0000984.5s002 (0.10 MB XLS)

Table S2 Evolutionary analysis and specific genes. An
Excel file containing three sheets: A) Contains dN/dS estimates for
Sylvio X10/1 versus Esmeraldo and Sylvio X10/1 versus non-
Esmeraldo, along with product descriptions and information about
signal peptides and transmembrane domains. B) Contain detailed
results from the McDonald-Kreitman test, for those genes that
were subject to this analysis. C) A list of CL Brener open reading
frames that were not identified in Sylvio X10/1.

Found at: doi:10.1371/journal.pntd.0000984.s003 (3.37 MB XLS)

Author Contributions

Conceived and designed the experiments: OF MAM BA. Performed the
experiments: OF SO. Analyzed the data: OF SO ES MDL MSL.
Contributed reagents/materials/analysis tools: OF MDL MSL MAM BA.
Wrote the paper: OF SO MDL MSL MAM BA.

March 2011 | Volume 5 | Issue 3 | €984



References

1.

2.

22.

23.

Rassi A, Jr., Rassi A, Marin-Neto JA (2010) Chagas disease. Lancet 375:
1388-1402.
Zingales B, Andrade SG, Briones MR, Campbell DA, Chiari E, et al. (2009) A
new consensus for Trypanosoma cruzi intraspecific nomenclature: second
revision meeting recommends Tcl to TcVI. Mem Inst Oswaldo Cruz 104:
1051-1054.

. Miles MA, Llewellyn MS, Lewis MD, Yeo M, Baleela R, et al. (2009) The

molecular epidemiology and phylogeography of Trypanosoma cruzi and parallel
research on Leishmania: looking back and to the future. Parasitology 136:
1509-1528.

. Zingales B, Stolf BS, Souto RP, Fernandes O, Briones MR (1999) Epidemiology,

biochemistry and evolution of Trypanosoma cruzi lineages based on ribosomal
RNA sequences. Mem Inst Oswaldo Cruz 94(Suppl 1): 159-164.

. Revollo S, Oury B, Laurent JP, Barnabe C, Quesney V, et al. (1998)

Trypanosoma cruzi: impact of clonal evolution of the parasite on its biological
and medical properties. Exp Parasitol 89: 30-39.

. de Souza EM, Araujo-Jorge TC, Bailly C, Lansiaux A, Batista MM, et al. (2003)

Host and parasite apoptosis following Trypanosoma cruzi infection in in vitro

and in vivo models. Cell Tissue Res 314: 223-235.

. Ruiz RC, Favoreto S, Jr., Dorta ML, Oshiro ME, Ferreira AT, et al. (1998)

Infectivity of Trypanosoma cruzi strains is associated with differential expression
of surface glycoproteins with differential Ca2+ signalling activity. Biochem J 330
(Pt 1): 505-511.

. Augusto-Pinto L, Teixeira SM, Pena SD, Machado CR (2003) Single-nucleotide

polymorphisms of the Trypanosoma cruzi MSH2 gene support the existence of
three phylogenetic lineages presenting differences in mismatch-repair efficiency.

Genetics 164: 117-126.

. Machado CR, Augusto-Pinto L, McCulloch R, Teixeira SM (2006) DNA

metabolism and genetic diversity in Trypanosomes. Mutat Res 612: 40-57.

. Engel JC, Doyle PS, Dvorak JA (1990) Isolate-dependent differences in the

oxidative metabolism of Trypanosoma cruzi epimastigotes. Mol Biochem
Parasitol 39: 69-76.

. Dvorak JA, Hall TE, Crane MS, Engel JC, McDaniel JP, et al. (1982)

Trypanosoma cruzi: flow cytometric analysis. I. Analysis of total DNA/organism
by means of mithramycin-induced fluorescence. J Protozool 29: 430-437.

. Telleria J, Barnabe C, Hide M, Banuls AL, Tibayrenc M (2004) Predominant

clonal evolution leads to a close parity between gene expression profiles and
subspecific phylogeny in Trypanosoma cruzi. Mol Biochem Parasitol 137:
133-141.

. Telleria J, Biron DG, Brizard JP, Demettre E, Seveno M, et al. (2010)

Phylogenetic character mapping of proteomic diversity shows high correlation
with subspecific phylogenetic diversity in Trypanosoma cruzi. Proc Natl Acad
Sci U S A 107: 20411-20416.

. Ramirez JD, Guhl F, Rendon LM, Rosas I, Marin-Neto JA, et al. (2010) Chagas

cardiomyopathy manifestations and Trypanosoma cruzi genotypes circulating in
chronic Chagasic patients. PLoS Negl Trop Dis 4: ¢899.

. Miles MA, Cedillos RA, Povoa MM, de Souza AA, Prata A, et al. (1981) Do

radically dissimilar Trypanosoma cruzi strains (zymodemes) cause Venezuelan
and Brazilian forms of Chagas’ disease? Lancet 1: 1338-1340.

Sanchez-Guillen Mdel C, Lopez-Colombo A, Ordonez-Toquero G, Gomez-
Albino I, Ramos-Jimenez J, et al. (2006) Clinical forms of Trypanosoma cruzi
infected individuals in the chronic phase of Chagas disease in Puebla, Mexico.

Mem Inst Oswaldo Cruz 101: 733-740.

. Burgos JM, Diez M, Vigliano C, Bisio M, Risso M, et al. (2010) Molecular

identification of Trypanosoma cruzi discrete typing units in end-stage chronic
Chagas heart discase and reactivation after heart transplantation. Clin Infect Dis

51: 485-495.

. Chapman MD, Baggaley RC, Godfrey-Fausset PF, Malpas TJ, White G, et al.

(1984) Trypanosoma cruzi from the Paraguayan Chaco: isoenzyme profiles of
strains isolated at Makthlawaiya. J Protozool 31: 482-486.

. Miles MA, Apt BW, Widmer G, Povoa MM, Schofield CJ (1984) Isozyme

heterogeneity and numerical taxonomy of Trypanosoma cruzi stocks from Chile.
Trans R Soc Trop Med Hyg 78: 526-535.

. Barnabe C, Brisse S, Tibayrenc M (2000) Population structure and genetic

typing of Trypanosoma cruzi, the agent of Chagas disease: a multilocus enzyme
electrophoresis approach. Parasitology 120(Pt 5): 513-526.

. Barnabe C, Neubauer K, Solari A, Tibayrenc M (2001) Trypanosoma cruzi:

presence of the two major phylogenetic lineages and of several lesser discrete
typing units (DTUs) in Chile and Paraguay. Acta Trop 78: 127-137.

Bosseno MF, Barnabe C, Magallon Gastelum E, Lozano Kasten F, Ramsey ],
et al. (2002) Predominance of Trypanosoma cruzi lineage I in Mexico. J Clin
Microbiol 40: 627-632.

Breniere SF, Bosseno MF, Noireau F, Yacsik N, Liegeard P, et al. (2002)
Integrate study of a Bolivian population infected by Trypanosoma cruzi, the
agent of Chagas disease. Mem Inst Oswaldo Cruz 97: 289-295.

. Virreira M, Serrano G, Maldonado L, Svoboda M (2006) Trypanosoma cruzi:

typing of genotype (sub)lineages in megacolon samples from bolivian patients.

Acta Trop 100: 252-255.

. Cardinal MV, Lauricella MA, Ceballos LA, Lanati L, Marcet PL, et al. (2008)

Molecular epidemiology of domestic and sylvatic Trypanosoma cruzi infection
in rural northwestern Argentina. Int J Parasitol.

@ www.plosntds.org

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.
53.

Genome Sequencing of Trypanosoma cruzi |

Yeo M, Acosta N, Llewellyn M, Sanchez H, Adamson S, et al. (2005) Origins of
Chagas disease: Didelphis species are natural hosts of Trypanosoma cruzi I and
armadillos hosts of Trypanosoma cruzi II, including hybrids. Int J Parasitol 35:
225-233.

Machado CA, Ayala EJ (2001) Nucleotide sequences provide evidence of genetic
exchange among distantly related lineages of Trypanosoma cruzi. Proc Natl
Acad Sci U S A 98: 7396-7401.

Lewis MD, Llewellyn MS, Gaunt MW, Yeo M, Carrasco HJ, et al. (2009) Flow
cytometric analysis and microsatellite genotyping reveal extensive DNA content
variation in Trypanosoma cruzi populations and expose contrasts between
natural and experimental hybrids. Int J Parasitol 39: 1305-1317.

de Freitas JM, Augusto-Pinto L, Pimenta JR, Bastos-Rodrigues L, Goncalves VF,
et al. (2006) Ancestral genomes, sex, and the population structure of
Trypanosoma cruzi. PLoS Pathog 2: ¢24.

Llewellyn MS, Lewis MD, Acosta N, Yeo M, Carrasco HJ, et al. (2009)
Trypanosoma cruzi Ilc: phylogenetic and phylogeographic insights from
sequence and microsatellite analysis and potential impact on emergent Chagas
disease. PLoS Negl Trop Dis 3: ¢510.

El-Sayed NM, Myler PJ, Bartholomeu DC, Nilsson D, Aggarwal G, et al. (2005)
The genome sequence of Trypanosoma cruzi, etiologic agent of Chagas disease.
Science 309: 409-415.

Ivens AC, Peacock CS, Worthey EA, Murphy L, Aggarwal G, et al. (2005) The
genome of the kinetoplastid parasite, Leishmania major. Science 309: 436-442.
Berriman M, Ghedin E, Hertz-Fowler C, Blandin G, Renauld H, et al. (2005)
The genome of the African trypanosome Trypanosoma brucei. Science 309:
416-422.

Weatherly DB, Boehlke C, Tarleton RL (2009) Chromosome level assembly of
the hybrid Trypanosoma cruzi genome. BMC Genomics 10: 255.

. Pedroso A, Cupolillo E, Zingales B (2003) Evaluation of Trypanosoma cruzi

hybrid stocks based on chromosomal size variation. Mol Biochem Parasitol 129:
79-90.

Vargas N, Pedroso A, Zingales B (2004) Chromosomal polymorphism, gene
synteny and genome size in T. cruzi I and T. cruzi II groups. Mol Biochem
Parasitol 138: 131-141.

Branche C, Ochaya S, Aslund L, Andersson B (2006) Comparative karyotyping
as a tool for genome structure analysis of Trypanosoma cruzi. Mol Biochem
Parasitol 147: 30-38.

Postan M, Dvorak JA, McDaniel JP (1983) Studies of Trypanosoma cruzi clones
in inbred mice. I. A comparison of the course of infection of C3H/HEN- mice
with two clones isolated from a common source. Am J Trop Med Hyg 32:
497-506.

. Marinho CR, Nunez-Apaza LN, Bortoluci KR, Bombeiro AL, Bucci DZ, et al.

(2009) Infection by the Sylvio X10/4 clone of Trypanosoma cruzi: relevance of a
low-virulence model of Chagas’ disease. Microbes Infect 11: 1037-1045.
Fichera LE, Albareda MC, Laucella SA, Postan M (2004) Intracellular growth of
Trypanosoma cruzi in cardiac myocytes is inhibited by cytokine-induced nitric
oxide release. Infect Immun 72: 359-363.

Pereira ME, Hoff R (1986) Heterogencous distribution of neuraminidase activity
in strains and clones of Trypanosoma cruzi and its possible association with
parasite myotropism. Mol Biochem Parasitol 20: 183-189.

Tarleton RL, Grusby M]J, Postan M, Glimcher LH (1996) Trypanosoma cruzi
infection in MHC-deficient mice: further evidence for the role of both class I-
and class II-restricted T cells in immune resistance and disease. Int Immunol 8:
13-22.

Aslett M, Aurrecoechea C, Berriman M, Brestelli J, Brunk BP, et al. (2010)
TriTrypDB: a functional genomic resource for the Trypanosomatidae. Nucleic
Acids Res 38: D457-462.

Miller JR, Delcher AL, Koren S, Venter E, Walenz BP, et al. (2008) Aggressive
assembly of pyrosequencing reads with mates. Bioinformatics 24: 2818-2824.

. Besemer J, Lomsadze A, Borodovsky M (2001) GeneMarkS: a self-training

method for prediction of gene starts in microbial genomes. Implications for
finding sequence motifs in regulatory regions. Nucleic Acids Res 29: 2607-2618.
Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, et al. (2004) Versatile
and open software for comparing large genomes. Genome Biol 5: R12.
Carver TJ, Rutherford KM, Berriman M, Rajandream MA, Barrell BG, et al.
(2005) ACT: the Artemis Comparison Tool. Bioinformatics 21: 3422-3423.
Yang Z (2007) PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol
Evol 24: 1586-1591.

Nielsen R (2005) Molecular signatures of natural selection. Annu Rev Genet 39:
197-218.

Bininda-Emonds OR (2005) transAlign: using amino acids to facilitate the
multiple alignment of protein-coding DNA sequences. BMC Bioinformatics 6:
156.

LiW, Godzik A (2006) Cd-hit: a fast program for clustering and comparing large
sets of protein or nucleotide sequences. Bioinformatics 22: 1658-1659.

Eddy SR (1998) Profile hidden Markov models. Bioinformatics 14: 755-763.
Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, et al. (2005) Genome
sequencing in microfabricated high-density picolitre reactors. Nature 437:
376-380.

March 2011 | Volume 5 | Issue 3 | €984



54.

56.

57.

58.

59.

Jackson AP, Sanders M, Berry A, McQuillan J, Aslett MA, et al. (2010) The
genome sequence of Trypanosoma brucei gambiense, causative agent of chronic
human african trypanosomiasis. PLoS Negl Trop Dis 4: ¢658.

. Peacock CS, Seeger K, Harris D, Murphy L, Ruiz JC, et al. (2007) Comparative

genomic analysis of three Leishmania species that cause diverse human disease.
Nat Genet 39: 839-847.

Elias MC, Vargas NS, Zingales B, Schenkman S (2003) Organization of satellite
DNA in the genome of Trypanosoma cruzi. Mol Biochem Parasitol 129: 1-9.
Franzen O, Jerlstrom-Hultqvist J, Castro E, Sherwood E, Ankarklev J, et al.
(2009) Draft genome sequencing of giardia intestinalis assemblage B isolate GS:
is human giardiasis caused by two different species? PLoS Pathog 5: e1000560.
Jerlstrom-Hultqvist J, Franzen O, Ankarklev J, Xu F, Nohynkova E, et al. (2010)
Genome analysis and comparative genomics of a Giardia intestinalis assemblage
E isolate. BMC Genomics 11: 543.

Brisse S, Henriksson J, Barnabe C, Douzery EJ, Berkvens D, et al. (2003)
Evidence for genetic exchange and hybridization in Trypanosoma cruzi based
on nucleotide sequences and molecular karyotype. Infect Genet Evol 2:
173-183.

@ www.plosntds.org

60.

61.

62.

63.

64.

Genome Sequencing of Trypanosoma cruzi |

Akopyants NS, Kimblin N, Secundino N, Patrick R, Peters N, et al. (2009)
Demonstration of genetic exchange during cyclical development of Leishmania
in the sand fly vector. Science 324: 265-268.

Rougeron V, De Meeus T, Hide M, Waleckx E, Bermudez H, et al. (2009)
Extreme inbreeding in Leishmania braziliensis. Proc Natl Acad Sci U S A 106:
10224-10229.

Gaunt MW, Yeo M, Frame IA, Stothard JR, Carrasco HJ, et al. (2003)
Mechanism of genetic exchange in American trypanosomes. Nature 421:
936-939.

Ocana-Mayorga S, Llewellyn MS, Costales JA, Miles MA, Grijalva MJ (2010)
Sex, subdivision, and domestic dispersal of Trypanosoma cruzi lineage I in
southern Ecuador. PLoS Negl Trop Dis 4: e915.

Jenni L, Marti S, Schweizer J, Betschart B, Le Page RW, et al. (1986) Hybrid
formation between African trypanosomes during cyclical transmission. Nature
322: 173-175.

. MacLeod A, Tweedie A, Welburn SC, Maudlin I, Turner CM, et al. (2000)

Minisatellite marker analysis of Trypanosoma brucei: reconciliation of clonal,
panmictic, and epidemic population genetic structures. Proc Natl Acad Sci U S A
97: 13442-13447.

March 2011 | Volume 5 | Issue 3 | €984



