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ABSTRACT. Approximately 50% of the predicted protein-coding 
genes of the Trypanosoma cruzi CL Brener strain are annotated as 
hypothetical or conserved hypothetical proteins. To further characterize 
these genes, we generated 1161 open-reading frame expressed 
sequence tags (ORESTES) from the mammalian stages of the VL10 
human strain. Sequence clustering resulted in 435 clusters, consisting 
of 339 singletons and 96 contigs. Significant matches to the T. cruzi 
predicted gene database were found for ~94% contigs and ~69% 
singletons. These included genes encoding surface proteins, known to 
be intensely expressed in the parasite mammalian stages and implicated 
in host cell invasion and/or immune evasion mechanisms. Among 151 
contigs and singletons with similarity to predicted hypothetical protein-



1590

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 10 (3): 1589-1630 (2011)

C. Martins et al.

coding genes and conserved hypothetical protein-coding genes, 83% 
showed no match with T. cruzi EST and/or proteome databases. These 
ORESTES are the first experimental evidence that the corresponding 
genes are in fact transcribed. Sequences with no significant match were 
searched against several T. cruzi and National Center for Biotechnology 
Information non-redundant sequence databases. The ORESTES analysis 
indicated that 124 predicted conserved hypothetical protein-coding 
genes and 27 predicted hypothetical protein-coding genes annotated 
in the CL Brener genome are transcribed in the VL10 mammalian 
stages. Six ORESTES annotated as hypothetical protein-coding genes 
showing no match to EST and/or proteome databases were confirmed 
by Northern blot in VL10. The generation of this set of ORESTES 
complements the T. cruzi genome annotation and suggests new stage-
regulated genes encoding hypothetical proteins.

Key words: Trypanosoma cruzi; Mammalian stages; ORESTES; 
Hypothetical protein-coding genes; Transcription

INTRODUCTION

Trypanosoma cruzi is the etiological agent of Chagas disease, which afflicts 8 to 
10 million people in Latin America. As a consequence of the intense migration of Latin-
Americans from endemic regions, Chagas disease has now become a public health concern 
in several countries, such as the United States, Canada, Spain, and Japan, among others.

T. cruzi is a digenetic protozoan of the order Kinetoplastida, able to infect a great 
variety of mammalian species and is transmitted by insects of the family Triatominae. Chagas 
disease has different clinical presentations. Approximately 70% of seropositive individuals are 
asymptomatic (indeterminate form), whereas 30% develop serious cardiac, digestive and/or 
neurological diseases. Each year, 2-3% of the asymptomatic individuals will progress to the 
above-mentioned symptomatic manifestations (Pinto Dias, 2006). The outcome of infection in 
a particular individual is the result of a set of complex interactions among the genetic make-up 
of the parasite, the host immunogenetic background and environmental factors (reviewed by 
Campbell et al., 2004; Macedo et al., 2004).

The biological, biochemical and genetic diversity of T. cruzi strains has long been recog-
nized along with their eco-epidemiological complexity, which have been reviewed extensively 
elsewhere (Macedo and Pena, 1998; Campbell et al., 2004; Miles et al., 2009). Although it has 
been initially proposed that the major genetic variability of T. cruzi re sults from clonal evolu-
tion, increasing evidence indicates that hybridization events must have contributed to the present 
population structure (Tomazi et al., 2009). Numerous approaches have been used to define the 
number of relevant T. cruzi groups, which have received different designations (reviewed by 
Zingales et al., 2009). In an effort to unify the nomenclature, there was agreement on an updated 
system in 2009 and a consensus was reached that T. cruzi strains should be referred to by six dis-
crete typing units (DTUs) named T. cruzi I-VI (TcI-VI) (Zingales et al., 2009). A DTU is defined 
as ‘‘sets of stocks that are genetically more related to each other than to any other stock and that 
are identifiable by common genetic, molecular, or immunological markers’’ (Tibayrenc, 1998).
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The T. cruzi genome sequencing project was completed in 2005, focusing on the 
hybrid CL Brener (TcVI) strain (El-Sayed et al., 2005). Assembly parameters were adjusted 
to contend with the high allelic variation, and partial sequencing of the Esmeraldo cl3 strain 
from the progenitor TcII DTU allowed the definition of two haplotypes of CL Brener, which 
were named Esmeraldo and non-Esmeraldo (El-Sayed et al., 2005). An updated version 
of the CL Brener nuclear genome architecture using the genome project data and synteny 
information with the Trypanosoma brucei genome has been presented (Weatherly et al., 
2009). Over 50% of the CL Brener genome is represented by repetitive sequences, consist-
ing mostly of large gene families of surface proteins, retrotransposons, subtelomeric repeats 
(El-Sayed et al., 2005), and the 195-bp satellite DNA (Martins et al., 2008). In the origi-
nal report, it was concluded that the CL Brener haploid genome contains ~12,000 protein-
coding genes (El-Sayed et al., 2005). However, the number of protein-coding sequences 
and pseudogenes may be twice the previous estimate (Arner et al., 2007). Putative function 
could be assigned to 50.8% of the predicted protein-coding genes on the basis of significant 
similarity to previously characterized proteins or known functional domains (El-Sayed et 
al., 2005). This means that for around 6000 proteins the function is unknown and further 
characterization is needed.

The assessment of T. cruzi gene expression was initially obtained by large-scale single 
pass sequencing of cDNA clones to generate expressed sequence tags (ESTs), mainly of the epi-
mastigote stage encountered in the gut of the triatomid insect vector (reviewed by Aguero et al., 
2006). More recently, whole genome oligonucleotide microarrays were employed to determine 
the extent to which T. cruzi regulates mRNA relative abundances over the course of its com-
plete life-cycle (Minning et al., 2009). In parallel, several proteomic studies have been carried 
out to validate or discover novel gene products (Atwood III et al., 2005; Ferella et al., 2008).

Most of the genome, transcriptome and proteomic data have been obtained for the 
CL Brener strain (TcVI), a clone of the CL strain isolated from the vector Triatoma infestans 
in south Brazil (Zingales et al., 1997). On the other hand, TcII DTU is the primary cause of 
severe acute and chronic Chagas disease in southeast and central Brazil (Carranza et al., 2009; 
Miles et al., 2009). Due to the high genetic diversity of T. cruzi strains, transcriptome and 
proteomic information from human-derived isolates will contribute to the understanding of 
pathogenic features of this parasite.

Most ESTs (200-500 nt) correspond to the 5' or 3' end of cDNAs, and may there-
fore be derived from untranslated regions of the transcripts. In contrast, open-reading frame 
(ORF) EST methodology, called ORESTES (Dias et al., 1997), is an alternative approach 
that allows the generation of sequences preferentially from the transcript central portion, 
presumably the most informative region of the gene. The basis of the ORESTES approach is 
to generate short cDNA templates by reverse transcription (RT) and polymerase chain reac-
tion (PCR) using arbitrarily selected, non-degenerate primers under low-stringency condi-
tions (Dias et al., 1997). Because the position of the amplified fragments within transcripts 
is highly ordered, a high percentage of fragments encompassing the central portion of the 
cDNAs is obtained (Dias et al., 1997, 2000). Besides preferential targeting of ORF regions, 
ORESTES strategy results in a partial equalization of cDNA species, similar to normaliza-
tion, which in turn facilitates the discovery of low-abundance transcripts (Dias et al., 2000). 
Such methodology has been successfully used in the definition of the human transcriptome 
(Dias et al., 2000; Camargo et al., 2001).
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In this study, we undertook a novel T. cruzi transcriptome survey employing the 
ORESTES approach in order to analyze gene expression in the mammalian stages of the TcII 
VL10 strain, isolated from a patient in the chronic phase of Chagas disease.

MATERIAL AND METHODS

T. cruzi VL10 strain and cultivation

The VL10 strain was isolated from a 15-year-old female patient in Minas Gerais, Brazil. 
The patient presented a normal electrocardiogram and normal chest X-rays and was considered 
to be asymptomatic (indeterminate form). The VL10 strain was genotyped as belonging to TcII 
DTU (Baptista et al., 2006). Trypomastigote and amastigote forms were obtained from the su-
pernatant of monolayers of Simian LLC-MK2 cells on the 7th day post-infection, as described 
previously (Zingales et al., 1997). Epimastigote forms of CL Brener (TcVI DTU) and VL10 
strains were cultured in liver infusion-tryptose (LIT) medium with 10% FBS, at 28°C.

cDNA template preparation and DNA sequencing

PolyA+ RNA was prepared from 109 parasites using the µMACS kit (Miltenyi Bio-
tec, Auburn, CA, USA) according to manufacturer instructions. RNA samples were treated 
with DNase I (10 U/50 µg RNA), and the absence of contaminating genomic DNA was 
confirmed by PCR using primers for the 195-bp satellite DNA and the LSU RNA gene, as 
previously described (Martins et al., 2008). RNA integrity was confirmed by means of RT-
PCR using primers for the T. cruzi actin 2 (GenBank accession #AF494294) and elongation 
factor 1 (GenBank accession #L76077) genes. To produce cDNA templates, the ORESTES 
methodology (Dias et al., 2000) was employed with some modifications. Samples of 10-
30 ng purified DNAse-treated mRNA were heated at 65°C for 5 min and then subjected 
to RT at 37°C for 60 min in the presence of 200 U Superscript II Reverse Transcriptase 
(Invitrogen) and 15 pmol randomly selected primers in a final volume of 20 µL. The five 
primers used for cDNA synthesis and amplification were 18-mers with GC content of 50 
to 77% (PS0229, 5'-GAGTAGACTCTGTCCTGG-3'; PS0236, 5'-TGGGAGTCCATGC 
GTGCC-3'; PS0225, 5'-GTGACCACCAGCTGCTGC-3'; PS0230, 5'-ACCGCAGCG 
GACAGCGCC-3'; PS0231, 5'-GACAGCAGGACCAAGCCA-3'). After cDNA synthesis, 
2 µL of each single-stranded cDNA was PCR amplified using the same primer employed 
in the RT reaction with the Ready-to-go PCR beads system (GE Healthcare) according to 
manufacturer instructions. Touchdown PCR with 45 cycles was used after cDNA denatur-
ation at 75°C. Annealing temperatures varied from 52° to 45°C (with progressive reduc-
tions of 1° to 2°C per cycle). The samples were run on 1% low-melting temperature aga-
rose gels and stained with ethidium bromide. After electrophoresis, profiles composed of a 
DNA smear were size selected from the gels and cloned in pGEM-T Easy vector (Promega) 
according to standard procedures. Plasmid templates were prepared using 96-Plasmid Puri-
fication System kits for the Biomek 2000 Automation Workstation (Beckman). Sequencing 
was carried out using an ABI 377 automated DNA sequencer (Applied Biosystems Inc.). 
Nucleotide sequences determined here have been deposited in the GenBank database with 
the accession numbers GW395924-GW397084.
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EST processing pipeline

Sequence analysis began with base calling using the phred program (Ewing and 
Green, 1998). Sequence quality trimming was performed with the lucy program (Chou and 
Holmes, 2001), and vector masking with the cross match program (Ewing B, unpublished 
results). The processed sequences were clustered with the CAP3 program (Huang and Madan, 
1999), generating the sequence consensi that were used in sequence annotation.

Sequence annotation

Contigs and singletons were searched as a query against the T. cruzi predicted 
gene database (http://tritrypdb.org/tritrypdb/) using the BLASTN algorithm with low 
complexity filtering turned off. Matches with a bit score ≥100 were considered to be 
significant. Sequences with no significant match were searched against the T. cruzi 
contig database using the same parameters, and those that still did not have a significant 
match were searched against the T. cruzi reads database. Sequences with no signifi-
cant similarity with any of the three databases were searched against the non-redundant 
nucleotide and protein sequences at NCBI using BLASTN and BLASTX, respectively. 
All 435 consensi were also searched against EST/cDNA sequences and proteome T. cru-
zi databases (http://www.tritrypdb.org) and pfam domains (http://pfam.sanger.ac.uk/) 
(Supplementary Material S1 - Annotation - ORESTES).

Southern blotting

Total parasite DNA was obtained as described (Macedo et al., 1992). DNA preparations 
(10 µg) were digested with PstI restriction enzymes (New England Biolabs), run on 0.8% aga-
rose gels, and blotted onto nylon membranes (Hybond-N, Amersham Pharmacia) using standard 
protocols. DNA probes were labeled with [a-32P]-dATP with the Random Primer DNA Label-
ing kit (Invitrogen). Probes were hybridized at 60°C in 0.1% Ficoll, 0.05% PVP, 1 mM EDTA, 
3X SSC, 0.1% SDS and 100 µg/mL salmon sperm DNA. Blots were washed to a final stringency 
of 1X SSC, 0.1% SDS at 60°C. The radioactive images were recorded on X-ray films.

RNA blotting

Total parasite was RNA extracted with the TRIzol reagent according to manufacturer 
instructions, DNase-treated and separated on formaldehyde-containing 1% agarose gels in 
MOPS buffer according to standard procedures and blotted onto nylon membranes (Hybond-
N, Amersham Pharmacia). DNA probes were labeled as above. Hybridization was carried out 
in 5X SSPE, 50% formamide, 5X Denhardt, 0.5% SDS at 42°C, overnight. Blots were washed 
to final stringency of 1X SSPE, 0.1% SDS at 42°C, and exposed to X-ray films.

RESULTS AND DISCUSSION

ORESTES were obtained from DNase-treated PolyA+ RNA samples of trypomasti-
gote and amastigote forms (3:1 proportion) of the human VL10 strain, recovered in the su-
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pernatant of LLC-MK2 monolayers. Amastigotes were obtained mostly by the premature lysis 
of infected cells or from the extracellular differentiation of trypomastigotes. Like trypomasti-
gotes, extracellular amastigotes are capable of invading both professional and non-professional 
phagocytes and sustain the parasite’s life cycle (Fernandes et al., 2006 and cited references).

No amplification of T. cruzi abundant genomic sequences, the 195-bp satellite DNA 
(Martins et al., 2008) and the LSU RNA genes, was observed in the RNA samples, ruling out 
the presence of contaminating genomic DNA (data not shown). The integrity of the mRNA 
samples was confirmed by RT-PCR using primers for T. cruzi actin 2 and elongation factor 
1 genes (data not shown). Synthesis and amplification of the cDNA templates were obtained 
with five 18-mer primers. The criterion for primer selection was GC content ≥50%, and no 
specific sequence constraints were imposed (Dias et al., 2000). After cDNA electrophoresis, 
profiles composed of a DNA smear between 400 and 900 bp were excised from the gels, 
cloned in pGEM-T Easy vector and sequenced.

In total 1522 ORESTES were generated, of which 68% were obtained with PS0225 
and PS0230 primers. Post-processing to exclude primer and vector sequences, as well as low-
quality bases, resulted in 1161 ORESTES with an average phred-generated base-quality value 
of 20.3 (i.e., 99% base call accuracy) and average size of 500 nt. This size is adequate for 
transcript identification, since the average size of a T. cruzi coding DNA sequence (CDS) is 
1513 bp (El-Sayed et al., 2005). We determined that the ORESTES G+C content was 52.7%, 
in agreement with the reported CDS G+C content of 53.4%, which is higher than the average 
G+C content of inter-coding regions (47%) (El-Sayed et al., 2005). Sequence clustering was 
performed by the CAP3 program, resulting in 479 clusters, which represented 32.4% of the 
accepted sequences and indicated a high redundancy level of the library.

Of the 479 clusters, 44 represented contaminant sequences, mainly derived from Ma-
cacca mulatta (from the LLC-MK2 cell monolayers), and were excluded from the analysis. Of 
the remaining 435 consensi, 96 (22.1%) contained multiple reads (contigs) and 339 (77.9%) 
contained only one ORESTES (singletons) (Table 1). The 435 clusters were searched as query 
against the following T. cruzi databases (http://tritrypdb.org/tritrypdb/): predicted gene con-
tigs, individual reads, EST/cDNA sequences and proteome as described in Material and Meth-
ods. Sequences with no significant similarity with T. cruzi databases were searched against 
the non-redundant nucleotide and protein sequences at NCBI using BLASTN and BLASTX, 
respectively. All 435 consensi were also searched for pfam domains (Supplementary Material 
S2 - Pfam - ORESTES).

Description Number Percentage

ORESTES contigs   96 100.0
   Similarity to Trypanosoma cruzi genes   90  93.7
   No similarity to coding sequences, but similarity to T. cruzi contigs     2  2.1
   No match with any database      4    4.2
ORESTES singletons 339     100.0
   Similarity to T. cruzi genes 234  69.0
   No similarity to coding sequences, but similarity to T. cruzi contig database     5    1.5
   No match with any database 100   29.5

Table 1. ORESTES contig and singleton BLAST matches to nucleotide and protein databases.
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Table 1 summarizes the similarity search results. Around 94% contigs and 69% sin-
gletons displayed significant matches with T. cruzi predicted genes. Considering the reference 
CL Brener genome haplotypic distribution and classification into Esmeraldo- or non-Esmeral-
do-like alleles (El-Sayed et al., 2005), it was possible to identify that 87.5% contigs and 95.6% 
singletons had higher identity with Esmeraldo-like alleles (Supplementary Material S1 - An-
notation - ORESTES). This confirms that VL10 and Esmeraldo strains are closely related, 
both belonging to the TcII DTU (Zingales et al., 2009). A total of 2 contigs and 5 singletons 
corresponded to non-annotated regions of T. cruzi contigs. One of these sequences matched 
to a maxicircle sequence (mitochondrial genome was not part of the annotated genome da-
taset) (Westenberger et al., 2006); two sequences were part of missing portions of annotated 
partial genes, and four sequences were likely untranslated sequences since they were derived 
from inter-coding regions (Supplementary Material S1 - Annotation - ORESTES). Around 
4.2% contigs and 29.5% singletons resulted in no matches against either the T. cruzi databases 
(coding-sequences, contigs or reads) or the non-redundant Genbank protein database. Part of 
these ORESTES may have been derived from cloning artifacts.

Significant information obtained from highly populated clusters is that the relative 
levels of gene expression can provide a snapshot of the physiological state of the cells. In 
this direction, the list of the 15 most populated ORESTES clusters and their best blastn hit 
against T. cruzi genes and contigs is reported in Table 2. Of these clusters, 40% represented 
hypothetical conserved proteins. The putative dispersed gene family 1 (DGF-1) protein was 
found in two clusters. DGF-1 proteins are encoded by ~500 genes (El-Sayed et al., 2005) and 
are localized in the parasite cell membrane. One of the DGF-1 members (DGF1.2) is more 
abundant in the amastigote stage than in trypomastigotes and epimastigotes, and its expression 
is developmentally regulated (Lander et al., 2010). Interestingly, transcripts from DGF-1 have 
not been previously reported in T. cruzi EST databases (Table 2). This was also the case with 
the sequences of 13 of the 15 most populated ORESTES clusters (Table 2), indicating that the 
ORESTES strategy is an alternative methodology to identify novel gene transcripts.

Contig ORESTES Best BLASTN hit against  Annotation Best BLASTN hit 
(No.) (count) T. cruzi genes and contigs  against T. cruzi ESTs

16   6 Tc00.1047053508179.70 GPR1/FUN34/yaaH family, putative Null
11   8 Tc00.1047053507653.40 Dispersed gene family protein 1 (DGF-1), putative Null
90   8 Tc00.1047053509865.9 Retrotransposon hot spot (RHS) protein, putative Null
89   8 Tc00.1047053507479.29 NUP-1 protein (pseudogene), putative Null
20   9 Tc00.1047053510431.190 Hypothetical protein, conserved Null
64 10 Tc00.1047053507083.109 Hypothetical protein, conserved Null
62 12 Tc00.1047053509157.170 Trans-sialidase, putative Null
54 14 Tc00.1047053507099.80 ABC transporter, putative Null
95 14 Tc00.1047053506481.30 Hypothetical protein, conserved Null
35 15 Tc00.1047053399389.10 Hypothetical protein, conserved Null
  6 22 Tc00.1047053511727.290 RNA binding protein, putative TENU4719 epimastigote normalized 
    cDNA library (5' mRNA sequence)
50 25 Tc00.1047053508367.50 Hypothetical protein, conserved (pseudogene) TENU1365 epimastigote normalized  
    cDNA library (3' mRNA sequence)
23 30 Tc00.1047053504929.5 Hypothetical protein, conserved Null
83 32 Tc00.1047053510275.130 Dispersed gene family protein 1 (DGF-1), putative Null
42 89 Null Not identified Null

Table 2. Annotation of the most populated ORESTES clusters obtained after selecting the best BLASTN hit 
against Trypanosoma cruzi databases.
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Analysis of the best BLASTX hits against T. cruzi proteome databases indicated that 
of these 15 ORESTES clusters, only the proteins related to contig89 (putative NUP-1 protein, 
pseudogene) and contig90 (putative retrotransposon hot spot (RHS) protein) have been depos-
ited in this database (Supplementary Material S1 - Annotation - ORESTES). Coincidentally, 
RHS protein was characterized in amastigote, trypomastigote and metacyclic infective stages, 
and the nuclear envelope protein NUP-1, in the metacyclic insect stage. For the highly popu-
lated contig42, no match was found with any database (Table 2).

Next we analyzed the ORESTES matching T. cruzi predicted genes (Figure 1). The ma-
jority of the contigs (55%) and large proportion of singletons (43%) were derived from known 
coding sequences previously reported in T. cruzi and/or other organisms, and annotated here 
as predicted protein-coding genes. These included genes encoding surface proteins such as the 
trans-sialidase/gp85 superfamily, mucin-associated surface protein (MASP), mucin TcMUCII, 
DGF-1, and surface protease GP63 (Supplementary Material S1 - Annotation - ORESTES), 
all known to be intensely expressed in the mammalian stages of the parasite (Frasch, 2000; 
Grandgenett et al., 2000; Buscaglia et al., 2004; Bartholomeu et al., 2009; Lander et al., 2010).

Figure 1. Distribution of the ORESTES contigs (N = 90; Panel A) and singletons (N = 234; Panel B) among classes 
of Trypanosoma cruzi predicted genes.



1597

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 10 (3): 1589-1630 (2011)

Transcriptome of Trypanosoma cruzi mammalian stages

In comparison with Leishmania major and T. brucei genomes, T. cruzi shows a 
remarkable expansion of these gene families, corresponding to approximately 20% of the 
total protein-coding genes. Some of these families are T. cruzi-specific such as MASP, mu-
cin TcMUC and DGF-1, while others are much more expanded in T. cruzi compared with 
T. brucei and/or L. major, such as gp85/trans-sialidase and GP63 (El-Sayed et al., 2005 and 
cited references). Each of the three parasite species evolved a specific surface coat adapted 
for survival and proliferation in the different niches they occupy in the mammalian host. 
Unlike T. brucei, which is exclusively extracellular, and L. major, which infects macro-
phages, T. cruzi has the ability to infect and proliferate within a large variety of host cell 
types. It has been demonstrated that several of these T. cruzi surface proteins are glycosyl-
ated and mediate host cell attachment and invasion and/or intracellular replication (Acosta-
Serrano et al., 2001; Kulkarni et al., 2009; Albertti et al., 2010). Additionally, some of these 
molecules are implicated in immune evasion mechanisms (Pereira-Chioccola et al., 2000; 
Pitcovsky et al., 2002; Gao et al., 2002).

We have also found that a small proportion of the contigs and singletons match 
retroelements, related to the modeling of T. cruzi genome (El-Sayed et al., 2005), the 
transcribed repetitive 195-bp satellite DNA sequence (Martins et al., 2008) and ribosomal 
RNA genes.

In addition to T. cruzi genes experimentally characterized, we also identified a con-
siderable number of contigs (28%) and a large proportion of singletons (42%) corresponding 
to genes matching hypothetical proteins also identified in other organisms, but with unknown 
function (annotated as predicted conserved hypothetical protein-coding genes) (Figure 1). Of 
particular interest are a number of contigs (7%) and singletons (9%) matching hypothetical 
proteins, which are putatively T. cruzi-specific genes.

Aiming to investigate the genomic organization of some ORESTES sequences, 
Southern blots of total DNA of epimastigote forms of CL Brener and VL10 strains were 
digested with PstI and hybridized with five probes: three ORESTES that showed no match 
with any database (one member of contig42, contig59 and the singleton TCA236-IQ001_
E12_.B_10.ab1); one member of contig83 (DGF-1; GenBank accession #GW396523) and 
contig23 (hypothetical protein, conserved; GenBank accession #GW396011) (Figure 2). No 
hybridization signal was obtained for the highly populated contig42 probe (Table 2), confirm-
ing that these sequences are artifacts. On the other hand, the probes of the two other no-match 
ORESTES (contig59 and singleton TCA236-IQ001_E12_.B_10.ab1) identified DNA bands 
in the two strains (Figure 2B and C). Some differences in the organization of DGF-1 in the 
genome of CL Brener and VL10 could be detected (Figure 2D). In contrast, the same hybrid-
ization pattern in the two strains was observed for the conserved hypothetical protein-coding 
gene of contig23 (Figure 2E).

Among the ORESTES contigs and singletons with similarity to predicted conserved 
hypothetical protein-coding genes and predicted hypothetical protein-coding genes (total 
151), 82.8% (125/151) showed no matches against T. cruzi EST and proteome databases (Sup-
plementary Material S1 - Annotation - ORESTES). These ORESTES sequences are the first 
experimental evidence that the corresponding genes are in fact transcribed. Those matching 
hypothetical protein-coding genes, which showed no similarity to EST and proteome data 
(12 in total), deserve further investigation since they are likely to be T. cruzi-specific and ex-
pressed in the mammalian infective stages.
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To further characterize the 151 contigs and singletons matching hypothetical and con-
served hypothetical proteins, the corresponding proteins were searched for conserved domains 
against the Pfam database (http://pfam.sanger.ac.uk/), with a cutoff e-value of 10-5 (Supple-
mentary Material S2 - Pfam - ORESTES). The data are summarized in Table 3. Considering 
the 31 ORESTES contigs, Pfam domains were identified in 7 of 25 conserved hypothetical 
proteins and in 1 of 6 hypothetical proteins. Regarding the 120 singletons, Pfam domains were 
identified in 19 of 99 conserved hypothetical proteins and in 2 of 21 hypothetical proteins 
(Table 3). Additionally, conserved protein domains could be recognized in 1 of the 6 contigs 
and 2 of the 14 singletons annotated as hypothetical protein-coding genes and which showed 
no match against EST and proteome databases (Table 3).

Figure 2. Genomic organization of ORESTES. Southern blot of total DNA of CL Brener (CL) and VL10 (VL) 
strains digested with PstI. A. Ethidium bromide-stained gel and hybridizations with 32P-labeled probes; B. 
contig59 (no match); C. singleton (TCA236-IQ001_E12_.B_10.ab1, no match); D. contig83 (GenBank accession 
#GW396523); E. contig23 (GenBank accession #GW396011). Molecular mass markers are indicated in kb.

Description      Total  No match with EST and proteome databases

 Number Pfam domains Number Pfam domains

Contigs
   Conserved hypothetical proteins 25   7 22   7
   Hypothetical proteins   6   1   6   1
Singletons
   Conserved hypothetical proteins 99 19 83 18
   Hypothetical proteins 21   2 14   2

Table 3. Pfam domains of conserved hypothetical proteins and hypothetical proteins of ORESTES contigs and 
singletons.
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In our analysis, we found several ORESTES annotated as hypothetical protein-
coding genes that showed no match against EST and proteome databases. Since, in prin-
ciple, these genes could be T. cruzi-specific, we decided to confirm the transcript abun-
dance of some of these genes by means of Northern blot assays with DNase-treated total 
RNA of trypomastigote + amastigote forms of the VL10 strain. Because most of T. cruzi 
ESTs were obtained from CL Brener epimastigotes (reviewed by Aguero et al., 2006), 
RNA blots of this parasite stage were also included in the analysis (Figure 3). The blots 
were hybridized with six labeled ORESTES probes. Two probes corresponded to one 
member of contig03 (GenBank accession #GW395938) and one member of contig25 
(GenBank accession #GW396121), and the other four probes to singletons (GenBank 
accession #GW396611, #GW396648, #GW396850, and #GW396862) (Figure 3). Tran-
scripts could be detected in the mammalian forms of VL10 for all six probes, corrobo-
rating the ORESTES data indicating that these genes are transcribed. Only the probe 
derived from contig25 also identified transcripts in CL Brener epimastigotes (Figure 3, 
panel H). At least three strong hybridization bands were detected by one singleton probe 
(GenBank accession #GW396862) (Figure 3, panel G). We verified that the hypothetical 
protein-coding gene, which was the best hit for this singleton matched six other hypo-
thetical protein-coding genes (e-value ranging from 10-32 to 10-146) with coding regions 
varying in length from 585 to 1140 bp. Some of these genes were located at contig ends, 
and therefore, the size of their corresponding transcripts could not be estimated based 
on the genome data. Therefore, the various hybridization bands could be originated by 
cross-hybridization of the probe with these related sequences. For all the other probes, 
the transcript sizes were compatible with the length of the CDS plus flanking sequences, 
most probably untranslated regions.

Figure 3. Transcription of hypothetical protein-coding genes. Blots of DNase-treated total RNA of CL Brener 
epimastigotes (CL) and VL10 trypomastigote + amastigote forms (VL). A. Ethidium bromide-stained agarose gel. 
The blots were hybridized with 32P-labeled probes; B. Actin 2 housekeeping gene; C. singleton (GenBank accession 
#GW396611); D. singleton (GenBank accession #GW396648); E. singleton (GenBank accession #GW396850); 
F. contig03 (GenBank accession #GW395938); G. singleton (GenBank accession #GW396862); H. contig25 
(GenBank accession #GW396121). The estimated sizes (in kb) of the transcripts are indicated on the right side of 
the panels.
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The data presented in Figure 3 indicating that five ORESTES probes of hypothetical 
protein-coding genes recognized RNA transcripts only in the VL10 mammalian stages strongly 
suggest that the level of expression of these genes is developmentally regulated. In fact, dif-
ferential mRNA levels conferring stage-regulated gene expression have been detected on 
T. cruzi microarrays (Minning et al., 2009) and in several other studies (reviewed by Teixeira 
and Da Rocha, 2003). On the other hand, the differential hybridization between the CL Brener 
(TcVI) and VL10 (TcII) strains could be related to genetic differences between the two T. cruzi 
DTUs (Miles et al., 2009; Zingales et al., 2009).

In conclusion, the ORESTES analysis led to the verification that 124 predicted con-
served hypothetical protein-coding genes and 27 predicted hypothetical protein-coding genes 
annotated in the CL Brener genome are transcribed in the mammalian stages of the VL10 
strain. The generation of this small set of ORESTES helps to complement the T. cruzi genome 
annotation, since the detection of missing portions of genes belonging to the contigs derived 
from the non-annotated dataset has been possible. The verification that some genes annotated 
as coding for hypothetical proteins are in fact transcribed will stimulate the characterization 
of the corresponding proteins that could not be identified by the current proteomic methods 
due to their low levels or physical properties. This can contribute to a better understanding of 
the parasite biology and pathogenicity since these are a priori T. cruzi-specific genes. At the 
same time, this approach provides information on the putative developmental expression of 
the genes, helping in the use of more assertive strategies for functional studies.
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Transcriptome of Trypanosoma cruzi mammalian stages
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