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The identification of new targets for vaccine and drug development for the treatment of Chagas’ disease is
dependent on deepening our understanding of the parasite genome. Vectors for genetic manipulation in
Trypanosoma cruzi basically include those that remain as circular episomes and those that integrate into
the parasite’s genome. Artificial chromosomes are alternative vectors to overcome problematic transgene
expression often occurring with conventional vectors in this parasite. We have constructed a series of
vectors named pTACs (Trypanosome Artificial Chromosomes), all of them carrying telomeric and subtel-
omeric sequences and genes conferring resistance to different selection drugs. In addition, one pTAC har-
bours a modified GFP gene (pTAC-gfp), and another one carries the ornithine decarboxilase gene from
Crithidia fasciculata (pTAC-odc). We have encountered artificial chromosomes generated from pTACs in
transformed T. cruzi epimastigotes for every version of the designed vectors. These extragenomic ele-
ments, in approximately 6–8 copies per cell, remained as linear episomes, contained telomeres and per-
sisted after 150 and 60 generations with or without selection drugs, respectively. The linear molecules
remained stable through the different T. cruzi developmental forms. Furthermore, derived artificial chro-
mosomes from pTAC-odc could complement the auxotrophy of T. cruzi for polyamines. Our results show
that pTACs constitute useful tools for reverse functional genetics in T. cruzi that will contribute to a better
understanding of T. cruzi biology.

� 2014 Published by Elsevier Ltd. on behalf of Australian Society for Parasitology Inc.
1. Introduction

Trypanosoma cruzi, the causative agent of Chagas’ disease,
exhibits many unusual genetic characteristics including polycis-
tronic transcription, trans-splicing, post-transcriptionally regu-
lated gene expression, mtRNA editing, lack of introns, absence of
RNA polymerase II promoters (with the exception of the spliced
leader (SL)-RNA promoter) and transcription of protein coding
genes by RNA polymerase I (Martinez-Calvillo et al., 2010).

The nuclear genome of T. cruzi (approximate haploid size of
60 Mb) is distributed among an estimated number of 40
chromosomes; the majority of them are diploid and made up of
large polycistronic transcriptional units (El-Sayed et al., 2005a).

Although T. cruzi telomeric and subtelomeric organisation has
been well characterised (Chiurillo et al., 1999, 2002; Kim et al.,
2005; Moraes Barros et al., 2012), other functional units of chromo-
somes such as centromeres and autonomous replication origins
have remained elusive or could not be unequivocally assigned
(Obado et al., 2005). Indeed, the completion of the Tritryps genome
sequencing projects (El Sayed et al., 2005a; Berriman et al., 2005;
Ivens et al., 2005) did not give new insights in this direction, espe-
cially for T. cruzi. DNA sequences potentially involved in mitotic
stability and transmission of chromosomes have been reported in
Leishmania (Tamar and Papadopoulou, 2001; Dubessay et al.,
2002a,b) but these findings are yet to be confirmed.

The development of stable DNA transformation systems has
advanced our understanding of the unique genetic features of try-
panosomatids. In the case of T. cruzi, several types of expression
vectors have been conceived. The first one to be constructed was
pTEX (Kelly et al., 1992). Upon transfection of circular plasmid
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molecules, it is maintained as a multimeric episome of tandem
repeat units, although circular extrachromosomal elements are
generally lost in the absence of drug selection. Thereafter, the pRI-
BOTEX vector (Martinez-Calvillo et al., 1997) and its derivative, the
pTREX vector (Vázquez and Levin, 1999), were developed. They
carry a selection marker expressed under the Pol I rRNA promoter
and are always inserted into the endogenous rRNA promoter locus,
despite being introduced as circular molecules (Martinez-Calvillo
et al., 1997; Lorenzi et al., 2003). Transfection of parasites with lin-
ear DNAs led to integration at homologous sites and gene replace-
ment (La Flamme et al., 1996). Other vectors included sequences
for integration in different regions of the genome (Da Rocha
et al., 2004b; Araújo et al., 2011). Inducible vectors and high-
throughput cloning systems have also been developed (Taylor
and Kelly, 2006; Batista et al., 2010). Recently, a full set of plasmid
vectors and molecular building blocks have been reported (Bouvier
et al., 2013).

Our interest is to work with vectors that allow the expression of
required genes in the absence of selective pressure, for example in
experimental infection models, and to avoid possible detrimental
effects due to insertion at specific chromosomal locations (Dhir
et al., 2005). Furthermore, a system that remains as a linear epi-
some and segregates faithfully offers an attractive model for
recombination studies.

Trypanosoma cruzi exhibits great flexibility, accepting exoge-
nous genetic material. In this context, artificial chromosomes could
be of great value for the analysis of elements required for chromo-
somal replication, segregation and stability. Previously, linear vec-
tors have been used in Trypanosoma brucei to express resistance
genes or act as ‘promoter-traps’ (Lee et al., 1995; Patnaik et al.,
1996). In Leishmania spp., linear constructs with synthetic telo-
meres have been used for protein over-expression (Kushnir et al.,
2011) and vectors with added genomic fragments were conceived
to study sequences conferring stability (Casagrande et al., 2005). In
spite of a high degree of synteny between Trypanosoma spp and
Leishmania spp (Tritryps) genomes, there are a growing number
of examples that preclude direct extrapolation of characteristics
among Tritryps (El-Sayed et al., 2005b; Obado et al., 2007). In fact,
the majority of vectors designed for one trypanosomatid species
have not worked properly in another member of the family
(Wirtz et al., 1999; Tetaud et al., 2002; Taylor and Kelly, 2006).
Unfortunately, the absence of an RNA interference (RNAi) mecha-
nism further reduces the available toolkit for genetic manipulation
in this parasite (Da Rocha et al., 2004a).

Artificial chromosomes have been largely used as cloning vec-
tors in functional genomic studies (Lufino et al., 2008). Herein,
we report a new generation of plasmid DNA constructs, termed
pTACs (Trypanosome Artificial Chromosomes), which, after linear-
ization, allow the formation of minichromosomes that remain
stable in the absence of selection pressure through the different
T. cruzi developmental forms. Furthermore, we show their utility
as functional complementation tools, by reversion of a natural
auxotrophy of this parasite for the ornithine decarboxylase (ODC)
enzyme (Carrillo et al., 1999).

2. Materials and methods

2.1. Ethics statement

This study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health, USA. The protocol was
approved by the Committee on the Ethics of Animal Experiments
of the Federal University of Sao Paulo, Brazil (Permit Number:
CEP09555-07). All surgery was performed under sodium pentobar-
bital anesthesia and all efforts were made to minimize suffering.
2.2. Parasite cultures

Trypanosoma cruzi epimastigotes from clone CL Brener (Zingales
et al., 1997) were grown at 28 �C in liver infusion tryptose (LIT)
medium supplemented with 10% heat-inactivated FBS, 20 mg/ml
of hemin, 100 lg/ml of streptomycin and 100 U/ml of penicillin.
Transfected parasites were cultured in LIT containing G418, puro-
mycin or both (see Section 2.5). Trypanosomes transfected with
pTAC-odc were also selected in SDM79 medium (Brun and
Schonenberger, 1979) supplemented with 10% heat-inactivated
FBS, 5 mg/l of hemin, 100 lg/ml of streptomycin and 100 U/ml of
penicillin plus the appropriate selection drugs (see Section 2.5).

2.3. Nucleic acid isolation, electrophoresis and hybridization analyses

Total genomic DNA and chromosomal-sized DNA molecules
were extracted from epimastigote cultures at the late logarithmic
phase (5–10 � 106/ml) as previously described (Lorenzi et al.,
2003). Total RNA was isolated from epimastigotes bearing TACs
in the exponential growth phase (5–106 cells/ml) using Trizol
reagent (Invitrogen, USA) according to the manufacturer’s instruc-
tions. Chromosomal bands were separated using pulse-field gel
electrophoresis (PFGE) in a Contour-clamped Homogeneous Elec-
tric Field electrophoresis (CHEF) apparatus (DR II, BioRad, USA) or
in a Gene navigator apparatus (Pharmacia, Sweden) using condi-
tions as previously described (Cano et al., 1995).

Separation of DNA fragments between 10 and 150 kb was per-
formed by Field Inversion Gel Electrophoresis (FIGE Mapper, Bio
Rad) under different conditions using programs 3, 4 or 10 of the
manufacturer’s protocol.

The following DNA fragments were used as [32P] dCTP labelled
probes: Gfp – 350 bp fragment from gfp; Neo – 500 bp fragment
from neo, sz5 – 300 bp fragment from the sz5 locus (Lorenzi
et al., 2000), 189jc �189 bp fragment from the T. cruzi telomeric
junction (Chiurillo et al., 1999), HX1T7-105 bp fragment spanning
the HX1-T7 junction present in pTACs.

Hybridization conditions have been described elsewhere
(Lorenzi et al., 2003). Densitometric analyses were performed with
a Storm Phosphor Imager apparatus and quantified using Image
Quant 5.2 software (Molecular Dynamics, USA).

2.4. Plasmid construction

2.4.1. pTAC vector
The pTAC vector was assembled by sequentially cloning several

sequences into a pBluescript vector (pBS; Stratagene, USA). First, a
1 kb EcoRV-HindIII H64 fragment from the T. cruzi TcP2b locus
(Vázquez et al., 1994) (GenBank accession No. X75031) was linked
to the neomycin resistance cassette from pTREX (Vázquez and
Levin, 1999) containing the neomycin phosphotranferase
(NEO) gene flanked at both ends by the glyceraldehyde 3 phos-
phate dehydrogenase (GAPDH) intergenic region (GenBank acces-
sion No. AF005420). The H64 fragment inhibits recombination
between the inverted telomeric repeats (Singer, 1988), allowing
the circular vector to be stably amplified in Escherichia coli. The
entire fragment was subcloned into a pBS vector (construct
pH64Neo). A 900 bp XbaI-KpnI fragment from pVATc13 (Chiurillo
et al., 2002) containing T. cruzi telomeric and subtelomeric
sequences (GenBank accession Nos. AF100650.1 and AY552588.1)
was inserted at the NheI-KpnI sites of pH64Neo (construct
pH64NeoTel). A second fragment from pVATc13 was excised with
SacI and PvuII and ligated with SacI-EcoRV digested pH64NeoTel.
This vector was named pTAC1.

A puromycin-acetyl transferase (PAC) unit harbouring the pac
gene (GenBank accession No. AAK08635.1), flanked at 50 end by
the 220 bp HX1 intergenic region from the TcP2b gene (GenBank



M.Á. Curto et al. / International Journal for Parasitology 44 (2014) 447–456 449
accession No. X75031) and at 30 end by the GAPDH intergenic
region, was subcloned into pBS. The unit was excised by digestion
with SacI and NheI restriction enzymes, purified and ligated to the
SacI-XbaI digested pTAC1 vector in opposite orientation with
respect to the NEO expression unit. The signals for correct RNA
processing are provided by the GAPDH intergenic region (used in
several previous vectors) and HX1, a highly efficient sequence to
drive gene expression in T. cruzi (Vázquez et al., 1994). In this vec-
tor, a unique KpnI recognition sequence provides a cloning site for
the gene of interest, keeping the selection markers in both arms.
Finally, and to increase the size of the vector, the H64 fragment
was replaced by a 3.5 kb HindIII fragment from pYAC4 (Burke
et al., 1987; GenBank accession No. U01086.1) yielding pTAC
(Fig. 1A).
2.4.2. pTAC-derived constructs
To construct pTAC-gfp, an EcoRI site was introduced in the HX1-

gfp cassette from pTREX-gfp by SOEing PCR (Horton et al., 1990).
The 50 moiety of gfp was amplified using GFP for and GFPrev prim-
ers and the 3‘moiety using HX1 and GFPback primers (Supplemen-
tary Table S1). The 1 kb final product was obtained by
amplification of the previous two SOEing-PCR products with HX1
and GFPrev primers, and was sub-cloned into the KpnI site of pTAC.
Sequences of primers and reaction conditions are detailed in Sup-
plementary Table S1. The final version of pTAC-gfp contained a sin-
gle EcoRI site at position 387 nucleotide (nt) of the gfp gene as the
cloning site, allowing distinction of parasites which incorporated a
recombinant pTAC-gfp vector (colourless) from those bearing
empty artificial chromosomes (fluorescent) (Fig. 1B).
Fig. 1. Schematic representation of the pTAC (Trypanosoma Artificial Chromosomes) vec
solid line) and include subtelomeric and telomeric sequences (Tel) from Trypanosoma
resistance cassette (PAC) and a spacer fragment. (A) pTAC (9.2 kb). (B) pTAC-gfp (10 k
restriction site. (C) pTAC-odc (12.3 kb) carries the Crithidia fasciculata ornithine decarb
(11.2 kb) includes a 1.7 kb fragment from BAC D6C. This vector contains a modified GF
schematic drawings. Sizes are given, excluding the spacer fragment (3.5 kb). Relevant re
The fragment containing the ODC gene was obtained from pRi-
botex-odc (Carrillo et al., 1999) and inserted into the BamHI site of
the pBSHX1 vector (Lorenzi, unpublished data), generating a
pBSHX1-odc construct. The HX1-odc cassette was excised and
inserted into the KpnI cloning site of pTAC, yielding pTAC-odc
(Fig. 1C).

A plasmid containing T. cruzi subtelomeric sequences, termed
pTACuGP85, was constructed by cloning subtelomeric sequences
from the recombinant T. cruzi telomeric BAC D6C (Kim et al.,
2005; GenBank accession No. AY551440) into pTAC. A 1.7 kb frag-
ment from BAC D6C (positions nt 19806 to 21479) containing the
truncated open reading frame (ORF) of a GP85 (trans-sialidase)
pseudogene was amplified by PCR, cloned in fusion with the
E-GFP gene from pEGFP (Clontech, USA) and the resulting fragment
inserted into the KpnI site of pTAC, generating the construct pTAC
uGP85 (Fig. 1D).

All vectors were amplified in E. coli DH5a strain in Luria-Bertani
medium containing ampicillin, extracted and purified with Qiagen
maxiprep columns (Qiagen, USA).
2.5. Transfection and selection of T. cruzi epimastigotes

Electroporation of epimastigotes was performed as previously
described (Vázquez and Levin, 1999). All constructs were linear-
ized with HindIII before transfections, except pTREX-gfp which
was used for control transfections.

The neo gene confers resistance to the aminoglycoside G418
and the pac gene confers resistance to the amynonucleoside puro-
mycin. Cells were diluted in 10 ml of LIT medium and incubated for
tor series. The constructs were built on a pBluescript (pBS) vector backbone (black
cruzi. All vectors include the neomycin resistance cassette (NEO), a puromycin

b) harbours an engineered version of the GFP(gfp65s(T) gene containing an EcoRI
oxylase (ODC) gene flanked by T. cruzi RNA processing signals. (D) pTAC-ugp85

P gene (e-gfp). The names of the resulting vectors are indicated on the right of the
striction sites are indicated: X, XhoI; H, HindIII; E, EcoRI; B, BamHI; and K, KpnI.
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48 h at 28 �C to allow recovery before the addition of 60 lg/ml of
G418; 20 lg/ml of puromycin or 60 lg/ml of G418 plus 10 lg/ml
of puromycin.

Selective pressure was kept at the lowest effective concentra-
tions to avoid an increase in the copy number of the episomes
due to excessive stress (Lee et al., 1995; Supplementary Fig. S1).
Recovery of resistant parasites was achieved after 5 weeks of cul-
ture whereas mock controls stopped dividing after 3 weeks under
these conditions. To monitor the selection process, wild type try-
panosomes were also electroporated with circular pTREX-gfp
(Da Rocha et al., 2004b) and after 5 weeks under selective pressure,
the entire population became fluorescent. After selection, epim-
astigotes were cloned by limiting dilutions in LIT medium in the
presence of selective pressure at 28 �C and, unless otherwise noted,
only stable lines were used for the experiments. Cells were
cultured in 96 well-plates and expanded to 24 well-plates or T25
bottles when necessary.

For functional complementation studies, two clones of parasites
bearing pTAC-odc and one clone bearing pTAC-gfp, used as a con-
trol, were cultivated in SDM79 medium containing 60 lg/ml of
G418 plus 10 lg/ml of puromycin. CL Brener wild type epimastig-
otes were kept in SDM79 medium without selection.

Cell growth curves were established as follows: cultures were
seeded with 1–2 � 106 cells at day 0 and epimastigotes were
counted daily on a hemocytometer from day 2 to day 12.

Observation of live parasites bearing pTAC-gfp was carried out
directly on a slide after washing with PBS using an Olympus
BX51 fluorescence microscope.

Estimation of expression efficiency of the pTAC-gfp vector was
done by counting fluorescent cells over total cells in the same field.
For that, cells were fixed with a solution of 4% paraformaldehyde in
PBS for 10 min. Ten fields were counted for each clone, equating to
approximately 600 cells per clone. The 95% confidence interval (CI)
for expression efficiency was calculated using the standard for-
mula: a ± (a (1-a)/n)1/2 where a = proportion of fluorescent cells
and n = number of total cells.
2.6. Exonuclease assay

Genomic DNA was extracted from relevant clones and treated
with 0.1 unit of Bal 31 exonuclease (New England Biolabs, USA)
for different lengths of time. Digestions were run in agarose gels,
transferred to Southern blots and hybridised with Gfp or Neo
probes. To assess the activity of the enzyme in an endogenous
chromosome, the DNA treated with Bal 31 was digested with
BamHI to allow running in a conventional gel, before Southern
blotting and hybridization with a Sz5 probe.

To test the activity of Bal 31 over circular and linear targets,
pTACgfp was used in its plasmid (circular) and linearized (HindIII
digested) forms.

The action of Bal 31 on the endogenous chromosomes was
addressed by digestion of agarose embedded DNA for 15 min;
the reaction was stopped using 0.5 M EDTA pH 8 (final concentra-
tion: 40 mM EDTA) and the agarose blocks submitted to FIGE.
2.7. Stability of TACs in the absence of selective pressure

Transfected clones bearing pTAC-gfp were subcultured (1:100
dilution at each passage, equivalent to approximately seven gener-
ations between passages) from an initial concentration of 107 par-
asites/ml in media without G418 or puromycin. At different times,
agarose blocks containing chromosome-sized DNA were submitted
to PFGE, Southern-transferred and hybridised with Gfp, Neo or
189jc probes.
2.8. PCR and reverse transcription-PCR (RT-PCR) analysis of
transfected parasites

The orientation of gfp and pac genes was addressed by PCR from
whole genomic DNA obtained from pTAC-gfp transfected parasites
(Supplementary Table S1). The SL acceptor site of gfp and odc tran-
scripts was determined by RT-PCR. Total RNA (2 lg) was reverse-
transcribed using the Retroscript system (Ambion, USA), using ran-
dom decamers as primers. The cDNA was amplified using as a
sense primer an oligonucleotide derived from the T. cruzi SL
sequence and GFPr or ODCr as antisense oligonucleotides, respec-
tively (Supplementary Table S1). PCR products were cloned into a
pGem-T easy vector (Promega, USA) for sequencing.

2.9. Copy number estimation by real-time quantitative PCR (qPCR)

The copy number of TACs into pTAC-gfp transfected parasites
was estimated by qPCR (Lee et al., 2006). In order to build a stan-
dard calibration curve, serial dilutions of pTAC-gfp plasmid (1, 2, 5,
10, 20, 50 and 100 copies/cell), were added to 10 ng of CL Brener
genomic DNA. A Rotor-Gene 6000 device (Qiagen) was used for
amplification and detection. The 20 ll reaction tube contained
0.5 mM of primers GFPup and GFPlow (Supplementary Table S1),
3 mM MgCl2, 250 mM of each dNTP, 0.5 U of Platinum Taq poly-
merase (Invitrogen), SYBR Green (Invitrogen) at a final concentra-
tion of 0.5x and 10 ng of sample DNA. After 5 min of pre-
incubation at 95 �C, PCR amplification was carried out for 40 cycles
(94 �C for 10 s, 61 �C for 10 s and 72 �C for 10 s). The tubes were
read at 72 �C at the end of each cycle. Amplification was immedi-
ately followed by a melt program with an initial denaturation step
of 5 s at 95 �C and then a stepwise temperature increase of 0.1 �C/s
from 72–90 �C.

2.10. Infection of mice with transfected parasites

Parasites were maintained alternately in mice and LIT medium
containing 10% FBS at 28 �C. Metacyclic trypomastigotes from
selected clones were harvested from cultures in the stationary
growth phase and injected i.p. into female Swiss mice (12 weeks
old). Subsequently, 3 weeks after infection, mice were bled by
heart puncture and their blood seeded in LIT medium. To verify
the presence of viable parasites, hemocultures were examined
daily starting 2 weeks after seeding.
3. Results

On the basis of a pTAC construct that harbours telomeric and
subtelomeric sequences at its ends and two cassettes for resistance
to Neomycin and Puromycin in opposite orientations (Fig. 1A), two
new versions of pTACs were constructed, namely pTAC-gfp
(Fig. 1B) and pTAC-odc (Fig. 1C). The former carries a modified ver-
sion of the GFP gene (gfp65t) containing an internal EcoRI recogni-
tion sequence as a cloning site, (Fig. 1B). The latter contains the odc
gene from Crithidia fasciculata, allowing functional complementa-
tion assays (Fig. 1C).

3.1. Characterization of recombinant parasites carrying pTAC-gfp

CL Brener epimastigotes were transfected with linearized pTAC-
gfp, grown under selection pressure, and selected clones were ana-
lysed by PFGE. The CHEF blot (Fig. 2A) revealed only one hybridis-
ing band of approximately 50 kb in clone C6, using a Gfp probe. The
FIGE blot showed the presence of a 10 kb band hybridising with
Gfp (Fig. 2B) and Neo (not shown) probes in clones E4, B5, B10
and D9, indicating the formation of artificial chromosomes of the



Fig. 2. Karyotypes of cell lines harbouring Trypanosoma Artificial Chromosomes (TAC)-gfp. Stability and presence of telomeres in derived TACs. (A, B) Contour-clamped
Homogeneous Electric Field electrophoresis and Field Inversion Gel Electrophoresis analysis of clones bearing artificial chromosomes derived from pTAC-gfp. Clones were
grown in liver infusion tryptose medium containing G418 and puromycin. CL, non-transfected cells; pTREX, cells transfected with pTREX-gfp, a vector that integrates into the
ribosomal locus. DNA was Southern transferred and hybridised with a Gfp probe. For FIGE analysis, program 4 of Field Inversion Gel Electrophoresis Mapper (Bio Rad, USA)
was used. (C) Stability of cell lines harbouring TAC-gfp. Clones were grown with and without selective pressure and genomic DNA prepared at indicated times. After
electrophoresis and Southern transfer, the blot was hybridised with a probe spanning the 189 telomeric junction to assess the presence of telomeres. Program 10 of Field
Inversion Gel Electrophoresis Mapper (Bio Rad) was used. (D) The pulse-field gel electrophoresis blot was hybridised with a 189jc probe to show TACs and endogenous
chromosomes of T. cruzi. Arrows denote relevant bands. EtBr, ethidium bromide.
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same size as the input vector, whereas clone C6 showed a TAC of
higher molecular weight (Fig. 2B). For unknown reasons, agarose
blocks from the E4 clone yielded a low concentration of embedded
DNA, however a faint hybridising band with the Gfp probe was
detected. Restriction analysis of genomic DNA from clone C6
revealed that the internal structure of the vector is conserved (data
not shown).

The maintenance of TAC-gfp (Fig. 2C) and the corresponding
fluorescence of cell lines (Supplementary Fig. S2) were demon-
strated for more than 120 generations in selective medium and
for more than 60 generations in the absence of antibiotics. The
hybridization with the telomeric189jc probe (Fig. 2C) also demon-
strated that telomeres were still present after 120 and 60 cell divi-
sions in medium with or without antibiotics, respectively. These
findings indicate that TACs are correctly replicated and segregated
by the parasite.

The fluorescence was evenly displayed inside the cell, although
parasites from the same clone exhibited different intensities (Sup-
plementary Fig. S2). Parasites bearing TAC-gfp exhibited a lower
intensity of fluorescence than a cell line transfected with pTREX-
gfp, used as a control, which is likely due to the presence of the
ribosomal promoter in the latter.

Two clones (D7 and G1) obtained in independent transfection
experiments were used to estimate the expression efficiency of
GFP. D7 clone (a sub-clone obtained from C6 clone) has been kept
under continuous culture for 4 years and G1 clone for 18 months.
(Karyotipes of D7 and G1 clones are shown in Supplementary
Figs. S1B and S1C) The percentages of fluorescent cells reached
52 and 59%, respectively (Supplementary Fig. S3).
3.2. Linearity and copy number of TACgfp

In order to assess linearity of TACs, clones D9 and C6 were
selected. Accordingly, genomic DNA from them was exposed to
Bal 31 exonuclease digestion for different times, southern-trans-
ferred and hybridised with Neo and Gfp probes (Fig. 3A). Fig. 3A
shows that hybridising bands disappeared after 8 min of exonucle-
ase exposure. As a control, a probe spanning the Sz5 locus present
in the T. cruzi genome was used to show the action of Bal 31 on nat-
ural chromosomes. An hybridising band was still visible after
20 min of digestion, reflecting the longer distance from telomeres
with respect to fragments present in TACs. The activity of Bal 31
exonuclease on linear and circular forms of the vector is shown
in Fig. 3B. The action of the enzyme on the endogenous chromo-
somes of the parasite is clearly noted in the compression zone of
the ethidium bromide (EtBr) stained gel carrying agarose-embed-
ded DNA from different clones (Fig. 3C).

Analysis of the mobility of TACs under different conditions of
PFGE showed migration patterns that followed those of linear
molecular weight markers, confirming their linear structure
(Fig. 2B, C).

Comparative densitometric analysis of genomic Southern blots
containing C6 and D9 DNA corresponding to approximately 75
generations yielded 11 ± 2 gfp gene copies/cell (Supplementary
Fig. S4A). Estimation of the copy number of TACs was also per-
formed by qPCR on genomic DNA extracted from the above-men-
tioned clones, 90 days later (approximately 75 additional cell
divisions in medium with G418 and puromycin). A fragment of
170 bp from the gfp gene was used as a target for Real Time PCR



Fig. 3. Linear structure of pTAC-gfp-derived artificial chromosomes. (a) Total genomic DNA from clones C6 and D9 was exposed to Bal 31 exonuclease for different times,
Southern transferred and hybridised with Neo or Gfp probes. (b) The sz5 locus has an internal location on the Trypanosoma cruzi chromosome 20P (TriTrypDB), hence it is a
positive control for digestion of a linear molecule. The time required by this fragment to be digested was evaluated by exposing genomic DNA to Bal 31. The products of Bal 31
action were further digested with BamHI enzyme and Southern transferred. The blot was hybridised with a Sz5 probe. (B) Linear and circular forms of the original vector were
included as controls. Linear pTAC-gfp: pTAC-gfp was previously digested with HindIII and the products (the 10 kb linear vector and the 3.5 kb spacer fragment) were exposed
to Bal 31 exonuclease. Circular pTAC-gfp: pTAC-gfp in its circular form was exposed to Bal 31 exonuclease. Sizes of the bands and 1 kb Plus DNA ladder (Invitrogen, USA) are
indicated. (C) Agarose-embedded DNA from selected clones was exposed to Bal 31 exonuclease for 15 min and blocks were subsequently submitted to Field Inversion Gel
Electrophoresis. U, undigested control; D, Bal 31 digested samples; EtBr, ethidium bromide. TAC, Trypanosoma Artificial Chromosomes.
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based quantification, allowing detection of 6.7 ± 1.6 gene copies/
cell for clone C6 and 7.5 ± 1.3 for clone D9 (Supplementary
Fig. S4B), in accordance with the estimates obtained from Southern
blot analysis. Therefore, the persistence of TACs after 150 genera-
tions confirms their intrinsic stability and faithful segregation.

3.3. Structure of TACs in pTAC-gfp transformants

To check whether the TAC structures generated by pTAC-gfp are
preserved with respect to the input vector, RT-PCR and PCR strate-
gies were carried out in transfected cell lines. First, we mapped the
5́ splicing acceptor site of the gfp mature transcript. RT-PCR from
total RNA extracted from clones D7 and D9 using SL forward and
GFP reverse primers (Supplementary Table S1) amplified the
expected band of 470 bp (Fig. 4B, oligos 1 and 2). Sequencing of this
amplicon showed that the AG utilised as a 50 acceptor site was the
expected one, which is located within the HX1 region (data not
shown). D7 is a sub-clone obtained after the re-cloning process of
the C6 clone and its karyotype is shown in Supplementary Fig. S1B.

Second, a single primer PCR approach amplified a specific 3 kb
band in clones C6 and D9 but not in CL Brener wild type parasites,
demonstrating the presence of the inverted structure of both HX1
regions flanking the pBS backbone (Fig. 4C, oligo 3).

Third, we carried out PCR on genomic DNA from clone D9, to
assess whether the structure of the HX1-pac region was conserved.
UNI forward and PAC reverse primers (Supplementary Table S1)
produced the approximately 700 bp expected band (Fig. 4D, oligo
4 and 5) and the fragment conserved structure was confirmed by
sequence analysis (data not shown).

3.4. TACs are maintained through different T. cruzi developmental
stages

To analyse segregation and maintenance of TACs during para-
site development in the mammalian stage, metacyclic
trypomastigotes were obtained from cell lines carrying pTA-
CuGP85 (Fig. 1D; R. Moraes Barros, unpublished data) and mice
were infected with three different clones (namely C4, C7 and C8).
After 21 days of infection, parasite populations were isolated from
murine blood and DNA was extracted for hybridization experi-
ments using Neo and Gfp probes. A single hybridising band of
�12 kb was detected in clones C4 and C7 whereas two bands of
12 and 23 kb were seen in clone C8 (Fig. 5A), suggesting that the
latter could be a dimeric TAC. When C8 was re-cloned by the dilu-
tion method, only clones showing the single 12 kb hybridising
band were obtained (Fig. 5B).

These findings provide evidence that TACs are stable in an
in vivo experimental model. Furthermore, on the basis of similar
courses of parasitemia after infection by either wild-type or TAC-
containing parasites, we found no growth disadvantage conferred
by TACuGP85 during parasite mammalian-stage development.
3.5. Functional complementation expressing a transgene from C.
fasciculata

To investigate the feasibility of TACs as exogenous gene expres-
sion vectors we cloned the coding region of the C. fasciculata odc
gene into a pTAC vector to generate pTAC-odc (Fig. 1C; see Sec-
tion 2.4.2). The ODC gene codes for the enzyme ornithine decar-
boxylase, that catalyses the decarboxylation of ornithine to form
putrescine, a critical step in the synthesis of polyamines. Trypano-
soma cruzi lacks this enzyme and, therefore, it cannot grow in vitro
without the exogenous supplement of polyamines (Carrillo et al.,
1999).

To evaluate whether pTAC-odc was capable of expressing the
odc transgene at levels high enough to revert the natural poly-
amine auxotrophy of T. cruzi, epimastigotes were transfected with
pTAC-odc and grown in the presence of G418, puromycin or both
antibiotics.



Fig. 4. Structure of Trypanosoma Artificial Chromosomes (TACs) in pTAC-gfp transformants. Total DNA and RNA were extracted from clones bearing TACs derived from pTAC-
gfp. Reverse Transcription-PCR and PCR were carried out to assess the transcription direction. (A) Schematic representation of pTAC-gfp showing the position of primers used:
1, GFPrev; 2, HX1GF5; 3, HX1rev; 4, UNIrev and 5, PACshort. (B) Reverse Transcription-PCR. The expected fragment of 470 bp was obtained by PCR over cDNA with spliced
leader sequence (SL) and GFPrev primers. (C) Genomic PCR. Single-primer PCR with HX1rev oligonucleotide over genomic DNA from non-transformed parasites (CL) and
selected clones (C6,D9) gave the 3 kb expected product only with transfected cell lines. (D) PCR with UNIrev and PACshort primers over DNA from the input vector and D9
clone shows that the structure is conserved in artificial chromosomes. Tel: telomere, GAPDH: glyceraldehyde 30 phosphate deshidrogenase, Neo: Neomycin, Gfp: Green
Fluorescent Protein, HX1: intergenic region from the TcP2b gene, Amp: ampicillin, pYAC4: 3.5 kb spacer fragment from pYAC4.

Fig. 5. pTACugp85 is stably maintained in parasites during the developmental cycle in the vertebrate host. A region of 1.7 kb from the recombinant Trypanosoma cruzi
telomeric BAC D6C was subcloned into a pTAC vector, generating pTACugp85. Epimastigotes were transfected with HindIII linearized vectors and single clones were obtained.
Mice were infected with three different clones (namely C4, C7 and C8). Clones C4, C7 and C8 carrying pTACugp85 were recovered after passage in mice, genomic DNA was
separated by electrophoresis and hybridised with Neo and Gfp probes. (A) Pulse-field gel electrophoresis blot hybridization of chromosomes from three cell populations
derived from clones C4, C7 and C8. (B) Parasites derived from clone C8 recovered from mice were recloned and genomic DNA from two subclones (mA and mB) was separated
by electrophoresis and hybridised with Neo and Gfp probes.
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Analysis of transferred PFGE blots showed, for the three tested
conditions, positive hybridising bands with both Neo and Pac
probes in cell lines harbouring TAC-odc (data not shown). Fig. 6A
shows a blot containing genomic DNA from cell lines exhibiting
extrachromosomal elements generated by pTAC-odc as well as
clones containing TAC-gfps included as size markers. Two of the
clones selected in the presence of both G418 and puromycin,
named ODC3 and ODC5, were grown in SDM79, a semi-defined
culture medium almost free of polyamines, including the same
selection drugs. Controls included CL Brener wild type parasites
and a pTAC-gfp transformant cell line.

Fig. 6B shows that, contrary to wild type or pTAC-gfp transfec-
ted control trypanosomes, clones carrying TAC-odc could survive
in SDM79, thus overcoming T. cruzi natural polyamine auxotrophy.
Transcription of the odc gene was investigated by RT-PCR carried
out over RNA extracted from epimastigotes from the entire popu-
lation or from selected cell lines (Fig. 6C).

In all pTAC-odc transformants, the sequencing of the amplified
DNA fragment showed the addition of the 39 nt SL to the predicted
AG site following the polypirimydinic tract of the HX1 region
(Fig. 6D).

The above-mentioned results provide evidence of TACs as use-
ful tools to stably express exogenous genes in T. cruzi with func-
tional activity.

4. Discussion

The identification of new targets for vaccine and drug develop-
ment for the treatment of Chagas’ disease is dependent on deepen-
ing our understanding of the parasite genome. In this context,



Fig. 6. pTAC-odc complements ornithine decarboxylase (ODC) activity in Trypanosoma cruzi. Karyotyping of pTAC-odc-transfected clones. Genomic DNA was submitted to
pulse-field gel electrophoresis, transferred and hybridised with the vector probe HX1-T7. pTAC-gfp-transfected clones were included, as well as linear and circular forms of
the input vector. The positive signals of large molecular weight are due to the HX1 portion of the probe, present in the genome of wild type parasites (note the signals in the
CL Brener lanes). (B) Functional complementation of ODC activity in T. cruzi by a pTAC-odc vector. Growth curves of pTAC-odc-bearing parasites (clones C5 and B5) and pTAC-
gfp in a G418 + puromycin semi-defined medium (SDM 79) with low polyamine content. Wild type parasites (clone CL Brener, CL) were grown in SDM 79 without selective
drugs. Values are the means ± S.D. of three assays performed in triplicate. (C) Transcription of odc by pTAC-odc transformants. ReverseTranscription-PCR was carried out over
total RNA of pTAC-odc transfected cell lines with spliced leader sequence (SL) and ODCrev primers (see Supplementary Table S1). Lanes: M, 1 kb Plus DNA marker (Invitrogen,
USA); 1, Population TAC-odc grown in SDM 79 without selection; 2, Population TAC-odc grown in SDM79 plus G418 + Puromycin; 3, clone ODC3 grown in SDM79 plus
G418 + Puromycin; 4, clone ODC5 grown in SDM79 plus G418 + Puromycin. (D) Mapping of the trans-splicing site in pTAC-odc transformants. Sequencing of the fragments
allowed identification of the AG acceptor site from HX1 used for processing the mRNA by pTAC-odc transfected parasites. TAC, Trypanosoma Artificial Chromosomes.
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vectors for genetic manipulation are needed and in particular those
generating artificial chromosomes may be particularly useful to
overcome problematic transgene expression often occurring when
conventional vectors are used. Accordingly, we have developed a
series of TAC constructs that once inside the parasite cells
remained as linear molecules both in the presence and absence
of selective pressure. Indeed, the maintenance of pTAC-gfp
(Fig. 2) derived molecules and the corresponding fluorescence of
cell lines (Supplementary Fig. S2) were demonstrated for more
than 150 generations in selective medium and for more than 60
generations in the absence of antibiotics. These findings indicated
that TACs are correctly replicated and segregated by the parasite.
Similar constructs made for T. brucei were lost after no more than
15 generations (Patnaik et al., 1996). This is a remarkable feature of
T. cruzi TACs, which may constitute an useful tool for long-term
experiments in the absence of selective drugs or for in vivo imaging
studies in murine models (Guevara et al., 2005), where the linear
molecules were stable for more than 1 year (Fig. 5; Moraes Barros,
unpublished data).

Several clones harbored TACs of the same size as the input vec-
tor, whereas clone C6 TAC showed an increase in size, probably due
to an oligomerization of the input vector, given that the internal
structure was conserved (data not shown). These results are in
agreement with previous works that show that the amplification
of extrachromosomal elements occurs either spontaneously or in
response to drug selection (Alsford et al., 2003) and is a frequent
event in transformation experiments in trypanosomatids, both
with circular or linear molecules (Kelly et al., 1992; Dubessay
et al., 2002a). This clone also presented faint bands of high molec-
ular weight, which might be indicative of integration events, that
seem to be absent in clones with smaller TACs. The moderate size
increase of the TACs detected over time (Fig. 2C) is probably due to
telomeric growth, as observed in T. brucei TACs (Patnaik et al.,
1996).

Fluorescence in pTAC-gfp transformants appeared evenly dis-
played in the whole cell, although parasites from the same clone
exhibited different intensities. Similar observations were made
for other trypanosomatids with different vectors carrying fluores-
cent markers (Tetaud et al., 2002; Da Rocha et al., 2004b; Taylor
and Kelly, 2006; Bouvier et al., 2013). The percentages of fluores-
cent cells reached 52 and 59% in clones that had been continuously
cultured for approximately 1200 and 460 generations (D7 and G1
respectively, assuming a doubling time of 28 h). These figures fur-
ther confirm the stability of pTACs vectors. Previous studies sug-
gested that stochasticity may play an important role in gene
expression and that the concept of a clone is a statistical oversim-
plification, representing a series of individuals having the same
genome but capable of exhibiting wide phenotypic variation
(Veitia, 2005). This is particularly important with heterologous
gene expression, due to the lack of redundant genes or alternative
ways to compensate for stochastic events.

The linear molecules generated from pTACugp85 exhibited a
similar behaviour to those from pTAC-gfp with regard to stability,
segregation and conserved structure. Although the inclusion of



M.Á. Curto et al. / International Journal for Parasitology 44 (2014) 447–456 455
additional subtelomeric sequences did not confer them with differ-
ent characteristics, these molecules replicated and segregated dur-
ing both the insect and the mammalian stages. One of the clones
(C8 m) obtained from infected mice presented a double band when
analysed by hybridization experiments that was not seen in clones
C8 mA or C8mB (Fig. 6) A possible explanation is that cells carrying
dimeric TACs were lost during the re-cloning process. Alterna-
tively, the double band present in the Neo probing experiment,
but not with the Gfp probe, could correspond to a rearranged form
of the vector that was not stable enough and was consequently
lost.

In T. brucei, it has been shown that the loss of TbAGO 1 activity
is responsible for growth and segregation defects (Durand-Dubief
et al., 2007); a protein exhibiting some characteristics of AGO/PIWI
proteins has been found in T. cruzi, but its biological function has
not yet been revealed (Garcia Silva et al., 2010). Other studies have
suggested that centromeric functions may be related with subtelo-
meric sequences (Dubessay et al., 2002a). The only sequence
shared by TACs and natural chromosomes of T. cruzi are the telo-
meric repeated hexamers, the 189 bp junction and to some extent,
subtelomeric sequences; hence, unless the above-mentioned ele-
ments are involved in TAC segregation, no other ones can be func-
tionally ascribed in our constructs. The pBS backbone used to build
TACs could be regarded as another potential source of stability and
of ARS sequences; clearly more experiments are needed to address
these questions.

All of these facts might also reflect a lack of specific require-
ments for functional centromere and/or ARS, or the existence of
another mechanism to achieve the faithful segregation of chromo-
somes in T. cruzi. Indeed, it has been proposed that centromere
identity and function are regulated epigenetically through the
formation of a specialized chromatin structure rather than by a
specific DNA sequence or chromosomal region (Elias and Faria,
2009; Torras-Llort et al., 2009).

Fig. 3 shows that, contrary to wild type or pTAC-gfp transfected
trypanosomes, clones carrying TAC-odc could survive in SDM79
and thus overcame T. cruzi natural polyamine auxotrophy. This
result provides evidence of TACs as useful tools for exogenous gene
expression in T. cruzi at levels that are physiologically functional
for the parasite.

Another characteristic of this type of molecule is its indepen-
dence of Discrete Typing Unit (DTU) specific sequence require-
ments, so we reasoned that TACs could perform efficiently in
strains belonging to different DTUs. As an example, transgenic pop-
ulations of Sylvio X10 parasites (DTU I) harbouring pTAC-gfp and
pTAC-rfp were obtained (data not shown) and are currently in
the selection process. Preliminary results give us confidence to
extend our studies to different strains.

In summary, we have demonstrated that TACs behave as linear
extrachromosomal elements similar to natural chromosomes of
T. cruzi. A lack of chromatin condensation during mitosis prevents
the use of classical approaches to study chromosome behaviour
and, therefore, TACs may provide an excellent model to study puta-
tive elements for proper replication, maintenance and segregation
of natural chromosomes and to further investigate mechanisms of
genetic exchange in T. cruzi (Gaunt et al., 2003; Andersson, 2011;
Minning et al., 2011). TACs remained stable and segregated faith-
fully even in the absence of drug selection. Moreover, we have
shown their utility as cloning and functional complementation
tools, thus expanding the available toolbox for genetic manipula-
tion in T. cruzi.
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