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Abstract

The investigation of the importance of the genetics of Trypanosoma cruzi in determining the clinical course of Chagas disease will
depend on precise characterisation of the parasites present in the tissue lesions. This can be adequately accomplished by the use of hyper-
variable nuclear markers such as microsatellites. However the unilocal nature of these loci and the scarcity of parasites in chronic lesions
make it necessary to use high sensitivity PCR with nested primers, whose design depends on the availability of long flanking regions, a
feature not hitherto available for any known T. cruzi microsatellites. Herein, making use of the extensive T. cruzi genome sequence now
available and using the Tandem Repeats Finder software, it was possible to identify and characterise seven new microsatellite loci – six
composed of trinucleotide (TcTAC15, TcTAT20, TcAAT8, TcATT14, TcGAG10 and TcCAA10) and one composed of tetranucleotide
(TcAAAT6) motifs. All except the TcCAA10 locus were physically mapped onto distinct intergenic regions of chromosome III of the CL
Brener clone contigs. The TcCAA10 locus was localised within a hypothetical protein gene in the T. cruzi genome. All microsatellites
were polymorphic and useful for T. cruzi genetic variability studies. Using the TcTAC15 locus it was possible to separate the strains
belonging to the T. cruzi I lineage (DTU I) from those belonging to T. cruzi II (DTU IIb), T. cruzi III (DTU IIc) and a hybrid group
(DTU IId, IIe). The long flanking regions of these novel microsatellites allowed construction of nested primers and the use of full nested
PCR protocols. This strategy enabled us to detect and differentiate T. cruzi strains directly in clinical specimens including heart, blood,
CSF and skin tissues from patients in the acute and chronic phases of Chagas disease.
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1. Introduction

The clinical features of Chagas disease, an American
parasitic disease caused by Trypanosoma cruzi, are quite
variable, ranging from asymptomatic cases to severe
y Elsevier Ltd. All rights reserved.

mailto:andrea@icb.ufmg.br


840 Helder Magno Silva Valadares et al. / International Journal for Parasitology 38 (2008) 839–850
chronic cardiovascular and/or gastrointestinal involve-
ment. This pleiotropy results from a complex interaction
between environmental and genetic factors associated with
both the host and parasite (Macedo and Pena, 1998; Mac-
edo et al., 2004).

Although the first draft of the T. cruzi genome sequence
has already been published (El-Sayed et al., 2005), most
aspects of its population structure and evolution remain
to be elucidated. Since 1999, a clear division of the parasite
into two major evolutionary lineages presenting a high
phylogenetic divergence and distinct epidemiological char-
acteristics has been recognised and named T. cruzi I and T.

cruzi II, the latter being much more associated with chronic
cases of the disease, at least in the southern cone of Latin
America (Souto et al., 1996; Zingales et al., 1998; Momen,
1999; Di Noia et al., 2002; Burgos et al., 2005; Freitas et al.,
2005). Nevertheless, cases of human infection by T. cruzi I
associated with severe symptoms of Chagas disease have
been found, especially in the northern part of South Amer-
ica (Coura et al., 2002; Añez et al., 2004; Teixeira et al.,
2006). We recently characterised a third ancestral lineage,
called T. cruzi III (Freitas et al., 2006). Within the three
major evolutionary lineages there is substantial genetic
and phenotypic diversity that has been unravelled with
polymorphic markers such as isoenzymes, random ampli-
fied polymorphic DNA (RAPD), minisatellites, microsatel-
lites and others (Miles et al., 1978; Romanha et al., 1979;
Tibayrenc et al., 1986; Macedo et al., 1992; Oliveira
et al., 1998; Brisse et al., 2000, 2001; Macedo et al., 2001,
2004).

To date, no correlation between the genetic variability
of the parasite and the clinical characteristics of the disease
was clearly demonstrated (Macedo and Pena, 1998; Zin-
gales et al., 1999). This can be explained, at least in part,
by the fact that T. cruzi strains are multiclonal populations
presenting differential tissue tropisms (Melo and Brener,
1978; Morel et al., 1980; Andrade, 1985; Tibayrenc et al.,
1986; Macedo et al., 1992; Oliveira et al., 1998; Andrade
et al., 1999). Thus, parasites isolated from patients’ blood,
maintained in laboratory conditions and available for anal-
yses, can differ from those directly involved in the tissue
lesions which probably have a stronger association with
the disease symptoms (Macedo and Pena, 1998).

To characterise T. cruzi directly in infected tissues a
technique is required that is sensitive enough to distinguish
between individual clones and to detect small amounts of
parasite DNA present in the biological samples. In this
context, the advent of low-stringency single-specific primer
(LSSP)-PCR has offered new possibilities in the epidemio-
logical studies of the T. cruzi infection, demonstrating the
existence of differential tissue homing for distinct parasites
both in human and in experimental infections, and the
strict association between the presence of the parasite and
the tissue injury (Macedo and Pena, 1998; Vago et al.,
2000; Burgos et al., 2005). The LSSP-PCR technique, how-
ever, presents some limitations. Firstly, the target of LSSP-
PCR was DNA variation in the minicircles and not in the
nuclear genome, where the most important evolutionary
phenomena probably take place. Also, the high complexity
and the multilocal nature of LSSP-PCR do not offer a sim-
ple way to determine the number and the composition of
parasites present in a specific sample.

In an effort to overcome the limitations of LSSP-PCR,
we recently described (Freitas et al., 2005) the successful
application of a real-time hemi-nested PCR strategy for
amplifying 24Sa rDNA alleles directly from infected
human tissues. We were able to report the predominance
of T. cruzi type II parasites in heart, oesophageal and colon
samples from Brazilian patients (Freitas et al., 2005). How-
ever, rDNA is a conserved marker and therefore inade-
quate for distinguishing strains and clones within the
major lineages. Another strategy initially described by Veas
et al. (1991) and used to evaluate T. cruzi genetic diversity
consists of the amplification of the parasite kinetoplast-
DNA (kDNA) followed by hybridization of amplicons
with labelled hypevariable kDNA domains for each partic-
ular lineage. By means of this technique Virreira et al.
(2006) were able to discriminate the T. cruzi sublineages
directly in megacolon samples of Bolivian patients. How-
ever, similar to 24Sa rDNA, this technique did not allow
the differentiation of strains and clones within the major
lineages.

Microsatellites, on the other hand, are hypervariable
nuclear markers that, when multiplexed, render highly indi-
vidual and reproducible profiles (Oliveira et al., 1998; Mac-
edo et al., 2001, 2004). They have the drawback of being
single copy DNA sequences, making PCR amplification
from the very small amounts of parasite DNA present in
chronically infected tissues a difficult task. This limitation
can be solved by use of the exquisitely sensitive strategy
of nested PCR. The problem is that the T. cruzi microsat-
ellite loci available thus far are (CA)n repeats with short
flanking regions obtained by affinity capture using probes
attached to streptavidin-coated magnetic beads (Oliveira
et al., 1998). For the design of nested primers we need long
flanking regions.

In the present work, we made use of the extensive T. cru-

zi genome sequence now available and used the Tandem
Repeats Finder programme to identify microsatellite loci
with tri- and tetranucleotide repeat motifs, with longer
flanking regions. Application of nested PCR to these
microsatellite loci allowed us to obtain genetic profiles of
T. cruzi directly in infected human and animal tissues.
2. Materials and methods

2.1. Microsatellite loci identification

Four DNA sequences derived from the sequencing of
chromosome III of the T. cruzi CL Brener clone (Anders-
son et al., 1998) (Accession Nos. AC137988, AF05831,
AF05832 and AF05833) and two DNA sequences from
unknown chromosomes (Accession Nos. BH842909.1 and
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AC096913.1) were retrieved from Genbank and submitted
to the Tandem Repeats Finder programme (Benson, 1999).

2.2. Physical mapping of microsatellite loci

The microsatellite loci and the corresponding flanking
regions were mapped on the CL Brener annotated genome
(El-Sayed et al., 2005), using the Basic Local Alignment
Search Tool (BLAST) algorithm.

2.3. Parasites

The T. cruzi DNA samples used in this study were
obtained by two of the authors (Egler Chiari and Alejan-
dro Gabriel Schijman) or kindly provided by Dr. Octávio
Fernandes and Dr. José Rodrigues Coura, Departamento
de Medicina Tropical, Fiocruz, Rio de Janeiro; Dr. Bianca
Zingales, Universidade de São Paulo, Brazil; Dr. M. Tibay-
renc from the Centre d’Etudes sur le Polymorphisme des
Microoganismes, Montpellier, France; and Dr. Stella
Gonzalez Cappa, Facultad de Medicina, Universidad de
Buenos Aires, Argentina (Table 1).
Table 1
Characteristics of Trypanosoma cruzi strains analysed

Strain Host/Vector O

1009 Panstrongilus megistus M
Col18/5 Homo sapiens C
ColRS Homo sapiens C
D7 Didelphis marsupialis R
K98c Homo sapiens A
RB1 Rhodnius brethesi A
84 Homo sapiens M
209 Homo sapiens M
578 Homo sapiens G
580 Homo sapiens G
581 Homo sapiens G
1014 Panstrongilus megistus M
1043 Homo sapiens M
200pm Homo sapiens M
Bas Homo sapiens M
CPI11/94 Homo sapiens P
CPI94/95 Homo sapiens P
GLT564 Leonthopitecus rosalia R
GOCH Homo sapiens M
JG Homo sapiens M
MCS156949 Homo sapiens D
MPD Homo sapiens M
231 Homo sapiens M
226 Homo sapiens M
3869 Homo sapiens A
4182 Rhodnius brethesi A
182 Homo sapiens M
CL Brener Triatoma infestans M
RAc Homo sapiens A
SO3 cl5 Triatoma infestans B
CanIII Homo sapiens P

a DTUs I, IIa, IIb, IIc, IId and IIe are classifications for T. cruzi strains des
b Abbreviations for the major lineages of T. cruzi in accordance with Freita
c The lineage of T. cruzi strains was previously determined by amplification o

restriction fragment length polymorphism (Freitas et al., 2006).
d N.D., not determined.
2.4. Mouse tissue samples

Heart and rectum were obtained from three inbred male
mice (BALB/C) infected with 50 trypomastigotes of the JG
strain plus 50 trypomastigotes of the Col 1.7G2 clone
(clone obtained by serial dilution from the Colombiana
strain, which belongs to the T. cruzi I lineage) and sacri-
ficed after 6 months of infection. Tissue samples were pro-
cessed by alkaline lysis with 50 mM NaOH followed by
neutralisation with 130 mM Tris–HCl pH 7.0 and 3 lL
were used directly in a PCR reaction after 10-fold dilution
in sterile water (Andrade et al., 1999). Tissues samples of
non-infected mice were also used as negative controls in
the PCR assays. All animal procedures were performed
in accordance with the Code of Ethical Conduct.

2.5. Human tissue samples

We analysed heart tissue fragments (left ventricle)
obtained from two patients with chronic chagasic cardiop-
athy and severe congestive cardiac failure, without diges-
tive megasyndromes. Samples labelled JP and DF were
rigin DTUa Major lineageb

G/Brazil I T. cruzi I
olombia I T. cruzi I
olombia I T. cruzi I
J/ Brazil I T. cruzi I
rgentine I T. cruzi I
M/ Brazil I T. cruzi I
G/Brazil IIb T. cruzi II
G/Brazil IIb T. cruzi II
O/Brazil IIb T. cruzi II
O/Brazil IIb T. cruzi II
O/Brazil IIb T. cruzi II
G/Brazil IIb T. cruzi II
G/Brazil IIb T. cruzi II
G/Brazil IIb T. cruzi II
G/Brazil IIb T. cruzi II

I/ Brazil IIb T. cruzi II
I/ Brazil IIb T. cruzi II
J/ Brazil IIb T. cruzi II
G/Brazil IIb T. cruzi II
G/Brazil IIb T. cruzi II
F/ Brazil IIb T. cruzi II
G/Brazil IIb T. cruzi II
G/Brazil IIc T. cruzi III
G/Brazil IIc T. cruzi III
M/Brazil IIc T. cruzi III
M/Brazil IIc T. cruzi III
G/Brazil IId/e Hybrid
G/Brazil IIe Hybrid
rgentine IId/e Hybrid
olivia IId Hybrid
A/Brazil IIa N.Dd

cribed by Brisse et al. (2000, 2001).
s et al. (2006) are T. cruzi I, T. cruzi II and T. cruzi III.
f the rDNA24Sa gene (Souto et al., 1996) and Citocrome Oxidase II AluI



Table 2
Sequence of primers designed to amplify the Trypanosoma cruzi micro-
satellite loci TcAAT8, TcATT14, TcCAA10, TcGAG10, TcTAC15,
TcTAT20 and TcAAAT6

Primer Sequence

TcAAT8-forward 50-FluoresceinACCTCATCGGTGTGC
ATGTC-30

TcAAT8-reverse 50-TATTGTCGCCGTGCAATTTC-30

TcAAT8ex-forward 50-AGAGGCGCACAGTTGTATGC-30

TcAAT8ex-reverse 50-GACGCTTTATGTTGAATTCA-30

TcATT14-forward 50-FluoresceinTTATGGATGGGGTGGGT
TTG-30

TcATT14-reverse 50-AGCAATAATCGTATTACGGC-3 0

TcATT14ex-forward 50-TTTGCAAATGGGACAGTTAC-30

TcATT14ex-reverse 50-ACCTATTTTGCTCCTTGGTG-3 0

TcCAA10-forward 50-FluoresceinGCACAGGGAGTCAAACT
TCA-3́

TcCAA10-reverse 50-TCAAATTTATCACCCGTCGA-3 0

TcCAA10ex-forward 50-GGTAAGGGCGAGTATGACTG-3 0

TcCAA10ex-reverse 50-TAGCCAATAAAAGTGATGCC-3 0

TcGAG10-forward 50-FluoresceinTTCTCGGCTTCTATGTG
TGC-30

TcGAG10-reverse 50-GTGCCCTCCGTTTATTCCTC-3 0

TcGAG10ex-forward 50-TTTCTTACTGCGAGGTGAGT-3 0

TcGAG10ex-reverse 50-AAGTGAAGTGAAGTGGTGCC-3 0

TcTAC15-forward 50-FluoresceinGAATTTCCCCATTTCCA
AGC-30

TcTAC15-reverse 50-CGATGAGCAACAATCGCTTC-3 0

TcTAC15ex-forward 50-GGATATTTGTTACTGCTGGC-3 0

TcTAC15ex-reverse 50-CGGACATATCCCTCTAGTCG-3 0

TcTAT20-forward 50-FluoresceinGATCCTTGAGCAGCCAC
CAA-30

TcTAT20-reverse 50-CAAATTCCCAACGCAGCAGC-3 0

TcTAT20ex-forward 50-AGGCTGATCCTTGAGCAGCC-3 0

TcTAT20ex-reverse 50-CGGCGGTCTTCTTTTGTCTC-3 0

TcAAAT6-forward 50-FluoresceinGCCGTGTCCTAAAGA
GCAAG-3 0

TcAAAT6-reverse 50-GGTTTTAGGGCCTTTAGGTG-30

TcAAAT6ex-forward 50-ACGCACTCTCTTTGTTAACAG-3 0

TcAAAT6ex-reverse 50-CACATACACATTCCAATGGTT-3 0
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obtained from hearts removed from patients during cardiac
transplants at the Surgical Center of the Hospital Felicio
Rocho, Belo Horizonte, MG, Brazil. Tissue samples were
processed using an alkaline lysis protocol as described
above. We also analysed clinical samples from infected
Argentinean patients, namely blood from two patients with
severe chronic Chagas heart disease (ChHD-S and ChHD-
T), blood and CSF samples from a patient with Chagas
encephalytis (AS and AL, respectively), blood from a neo-
nate with Congenital Chagas disease (HE), placental tissue
from a pregnant woman (Pl) and a skin biopsy from an epi-
dermic chagoma from a patient with Chagas reactivation
due to a heart transplant (Sk-L). Blood samples were con-
served in guanidine-HCL pH 8.0 solution and 200 lL of
this material was submitted to total DNA extraction with
phenol:chloroform:isoamyl alcohol (25:24:1). The total
DNA was precipitated using 10% sodium acetate 3 M
and absolute ethanol. The DNA was then suspended in
20 lL of sterile water and 3 lL were used for PCR assays.
Alternatively, DNA from some human tissue samples was
obtained using the QiAmp tissue kit (Qiagen, CA, USA) as
previously described (Schijman et al., 2000). This study ful-
filled all criteria required by the Medical Code of Ethics
and the Helsinki II statement and was approved by two
independent Ethical Committees from Universidade Fed-
eral de Minas Gerais, Belo Horizonte, Brazil and INGE-
BI-CONICET, Buenos Aires, Argentina. Informed
consents were obtained from the patients or their families.

2.6. Microsatellite PCR assay

Two pairs of primers flanking each microsatellite locus
(TcTAT20, TcAAT8, TcTAC15, TcGAG10, TcCAA10,
TcATT14 and TcAAAT6) were designed using the Oligo
version 4.0 programme (Rychlick, 1992). We added the suf-
fix ex to the external primer nomenclatures and to differen-
tiate those from internal primers (Table 2). To analyse the
polymorphism of these loci into different T. cruzi strains,
each PCR was performed in a total volume of 15 lL con-
taining 10 mM Tris–HCl pH 9.0, 50 mM KCl, 0.1% Triton
X-100 (Buffer B, Promega, Madison, Wiscosin, USA),
2.5 mM MgCl2 (Promega), 0.5 U Taq DNA Polymerase
(Promega), 250 lM of each dNTP, 0.3 lM of each primer
(only internal reverse and forward primers) and 3 lL of
DNA template (1 ng/lL) recovered with mineral oil.
Amplification was performed in a PT100 thermocycler
(MJ Research) using the step-down protocol (Hecker and
Roux, 1996) modified for amplification of T. cruzi DNA:
an initial denaturation step at 94 �C for 5 min; annealing
at 58 �C for 30 s; primer extension at 72 �C for 1 min and
a denaturation step at 94 �C for 30 s. After every five
cycles, the annealing temperature was decreased to 55,
53, 51 and 48 �C. At this last temperature, the number of
cycles was increased to 15, followed by a final extension
step at 72 �C for 10 min. To amplify small amounts of par-
asite DNA, such as those found in chronically infected tis-
sues, a full nested PCR protocol was applied: the first
round used the external pair of primers followed by a sec-
ond round employing the internal pair. For both rounds,
we used the same PCR conditions described above. For
the second PCR round, 10% of the amplified products
obtained in the first PCR round were used as a DNA
template.

2.7. Allele sizes

To determinate the allele sizes, 1–3 ll of the PCR fluo-
rescent products were analysed in a 6% denaturing poly-
acrylamide gel of an automatic laser fluorescent (ALF)
sequencer (GE Healthcare, Milwaukee, Wisconsin, USA)
and comparised with fluorescent DNA fragments of
50–500 bp using Allelelocator software (GE Healthcare).

2.8. Statistical parameters

The expected and observed heterozygosis for each locus
and the linkage disequilibrium between those were calcu-
lated using the Arlequin 2.0 programme.
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2.9. LSSP-PCR

This technique was performed according to Andrade
et al. (1999).

3. Results

3.1. Microsatellite loci identification and characterisation

Tandem Repeats Finder analyses of T. cruzi DNA
sequences detected 36 microsatellite loci with different
repeat motifs (seven mono-, eleven di-, eight tri-, two
tetra-, three penta- and five hexanucleotides), from which
seven were selected and characterised: the (AAT)8 and
(AAAT)6 loci from AF052831, (TAT)20 locus from
AF052832, (TAC)15 locus from AF052833, (GAG)10 locus
from AC137988, (ATT)14 locus from AC096913.1 and
(CAA)10 locus from BH842909.1, which were named
TcAAT8, TcAAAT6, TcTAT20, TcTAC15, TcGAG10,
TcATT14 and TcCAA10, respectively. These loci were spe-
Table 3
Allele sizes in bp obtained for each of the seven loci analysed in 31 Trypanoso

Loci TcAAAT6 TcAAT8 TcTAT20

T. cruzi I strains
1009 263/263 250/250 190/208
Col18/5 255/255 229/229 181/181
ColRS 255/255 229/229 181/181
D7 255/255 244/244 235/235
K98 255/255 N.A.a 178/178
RBI 255/259 229/229 184/184

T. cruzi II strains
84 271/275 259/298 190/190
209 263/271 253/298 208/214
578 271/275 262/298 214/238
580 263/275 253/262 190/238
581 271/275 262/298 214/238
1014 271/271 259/259 205/217
1043 263/267 250/253 211/223
200pm 263/275 253/298 205/208
Bas 271/275 259/268 190/196
CPI11/94 263/275 250/259 190/205
CPI94/95 263/275 250/250 190/205
GLT564 275/275 247/262 208/208
GOCH 263/275 250/259 190/205
JG 271/275 262/262 190/217
MCS156949 275/275 259/268 190/205
MPD 275/275 244/244 214/214

T. cruzi III strains
226 263/271 292/295 184/208
231 267/279 292/295 184/184
3869 267/267 295/295 181/181
4182 275/279 292/295 181/181

T. cruzi hybrid and/or misclassified strains
182 267/279 292/295 184/184
CL Brener 263/263 247/292 181/223
RA 263/263 247/247 181/223
SO3 259/271 250/292 184/220
CanIII 271/271 277/280 175/175

a N.A., not amplified by PCR.
cifically selected based on the length of the repetition
motifs (tri- and tetranucleotides) and the absence of inter-
ruptions within those, which provide a high degree of poly-
morphism and stability in laboratory amplifications.

The analysis of 31 T. cruzi strains showed that all seven
microsatellite loci were polymorphic. TcAAT8 was the
microsatellite locus with the greatest number of alleles
(14 alleles of different sizes ranging from 229 to 298 bp),
followed by TcTAT20 (13 alleles from 175 to 238 bp),
TcTAC15 (nine alleles between 96 and 144 bp), TcCAA10
(eight alleles from 125 to 161 bp), TcATT14 and
TcAAAT6 (seven alleles with 253 to 274 and 255 to
279 bp, respectively). TcGAG10 was the locus with the
lowest number of alleles (six alleles from 129 to 144 bp)
(Table 3). The 99 bp alleles for the locus TcTAC15 was
found in all analysed T. cruzi II strains and in some of
the T. cruzi III and hybrid strains, but not in T. cruzi I.
In the T. cruzi I strain, only the allele of 96 bp was ampli-
fied (Table 3). We tested 10 additional strains and/or clones
belonging to the T. cruzi I lineage (Dm28c, D11, G, Gambá
ma cruzi strains

TcTAC15 TcATT14 TcGAG10 TcCAA10

96/96 253/256 141/141 143/146
96/96 253/253 144/144 125/125
96/96 253/253 144/144 125/125
96/96 253/253 144/144 125/125
96/96 253/253 144/144 N.A.a

96/96 256/256 141/144 N.A.a

99/99 262/262 129/129 152/152
99/99 265/265 129/129 143/146
99/99 262/262 129/129 146/155
99/99 265/265 129/144 143/155
99/99 262/262 129/129 146/155
99/99 265/265 141/141 146/155
99/99 253/268 129/144 146/161
99/99 262/262 129/135 146/152
99/99 265/265 144/144 146/155
99/99 253/265 132/144 146/155
99/99 253/265 135/144 146/146
99/99 265/265 144/144 155/158
99/99 253/262 129/144 146/155
99/99 265/265 141/144 143/146
99/99 262/262 129/144 146/152
99/99 265/265 135/141 152/155

99/99 256/265 129/138 131/143
120/141 256/256 138/144 143/143
129/144 256/256 138/144 143/143
132/141 262/274 138/138 131/131

120/129 253/265 138/138 131/131
129/141 265/271 144/144 131/155
129/129 265/271 144/144 155/155
99/135 265/265 144/144 152/152

105/105 253/268 138/138 131/131
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cl1, Ops21 cl11, P209 cl1, Silvio X10 cl1, RBI, RBVI,
RBVII), which confirmed that the 96 bp allele is character-
istic of this lineage (data not shown).

As previously demonstrated (Oliveira et al., 1998), a
significant divergence between the observed and expected
heterozygosis, indicating great departure from the
Hardy–Weinberg equilibrium, was verified for all analysed
loci. Furthermore, a high degree of linkage disequilibrium
was found in all possible pair-wise combinations of the
seven loci analysed. The v2 values ranged from 38.3 to
150.6 and all were significant at P < 0.05 (data not shown).

3.2. Physical mapping of microsatellite loci

Based on genomic (El-Sayed et al., 2005) and karyo-
type (Branche et al., 2006) data, we were able to map
the microsatellite loci TcAAT8, TcAAAT6, TcTAT20,
TcTAC15, TcGAG10 and TcATT14 onto the scaffolds
1047053516941 (non-Esmeraldo-like haplotype) and
1047053516597 (Esmeraldo-like haplotype) which were
derived from the CL Brener chromosomal bands at 1.1
and 0.85 Mb, respectively. All of these microsatellite loci
were mapped within inter-coding regions (untranslated
or intergenic regions) and are therefore not associated
with protein-coding sequences (Fig. 1).

There were not enough mapped markers for us to iden-
tify the correspondence between the chromosomal bands
and the scaffolds containing the TcCAA10 locus. This locus
Fig. 1. Microsatellites in Trypanosoma cruzi chromosome III contigs. The mic
III are shown together with the contig genes. The contig numbers are indicate
line are oriented 5 0 to 3 0 left to right, whereas those shown below the line are in
contig corresponds to the Esmeraldo-like haplotype, whereas the 104705351
haplotype.
was located on the scaffolds 1047053516799 (Esmeraldo-
like haplotype) and 1047053516737 (non-Esmeraldo-like
haplotype) within alleles of an uncharacterised gene
(Tc00.1047053508385.20, Esmeraldo-like and Tc00.10470
53506791.20, non-Esmeraldo-like). Alignments between
the DNA sequences of these two alleles showed a deletion
of 33 nucleotides, which corresponds to the loss of nine
(CAA) and two (CAG) repetitive units in the allele from
the non-Esmeraldo-like haplotype. Thus, these alleles prob-
ably code two hypothetical proteins with different numbers
of amino acids.

To establish a correlation between the sizes of the PCR
amplified fragments and the DNA sequences obtained
from the T. cruzi genome project (El-Sayed et al., 2005),
the latter sequences were aligned with the 93.4 Kb contig
from chromosome III (Andersson et al., 1998), which had
been used to design the primers. The alignments revealed
a high degree of identity among the DNA sequences ana-
lysed for all microsatellite loci with only punctual muta-
tions, most of those within the non-Esmeraldo-like
haplotype. We also observed a perfect relationship between
the predicted allele size from DNA sequences obtained in
the databases and those determined experimentally by
PCR. For instance, by the time the primers for the
TAC15 locus were designed, only a 129 bp amplicon con-
taining 15 repetitive units was predicted for this locus
within the 93.4 Kb contig from chromosome III. However
after performing the PCR, in addition to this allele,
rosatellite loci analysed in this study and mapped on T. cruzi chromosome
d on the left. Stars indicate the microsatellite loci. Genes shown above the
the reverse orientation. Alleles are linked by grey lines. The 1047053506529
0887 and 1047053510889 contigs correspond to the non-Esmeraldo-like
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another allele could be amplified which corresponds to a
141 bp fragment containing 19 repetitive units. In fact, fur-
ther data from the genome project confirmed the existence
of both alleles in the CL Brener clone (Fig. 2).
Fig. 3. Silver stained 6% polyacrylamide gel electrophoresis displaying
infected mouse tissue amplicons obtained by low-stringency single-specific
primer (LSSP)-PCR (A) and microsatellite locus TcAAAT6 analyses (B).
MW, 1 Kb Ladder (Gibco-BRL); H, Heart; R, Rectum (numbers refer to
mouse identification); JG, JG strain DNA; Col, Col1.7G2 clone DNA and
C-, No DNA.
3.3. Mouse tissue analyses

To evaluate whether the designed microsatellite analyses
were sensitive enough to profile T. cruzi directly in chroni-
cally infected tissues, we initially analysed hearts and recta
of mice double-infected with JG and Col1.7G2 popula-
tions, and compared the microsatellite profiles with those
previously obtained using the LSSP-PCR technique
(Fig. 3). We observed a perfect correspondence between
the parasite typing obtained by both techniques, although
distinct microsatellite loci have presented different analyti-
cal sensitivities. TcAAAT6 proved to be the most sensitive
microsatellite locus. The fluorescent analyses of
TcAAAT6-amplified fragments in the automatic sequencer
revealed that all hearts presented two alleles with 271 and
275 bp, characteristic of the JG strain, whilst the recta
showed only one allele with 255 bp characteristic of the
Col1.7G2 clone. Accordingly, analyses of TcTAC15,
TcATT14 and TcGAG10 loci revealed amplicons in all
hearts with 99, 265 and 141/144 bp, respectively, corre-
sponding to the JG strain pattern, whilst the only two recta
that presented amplification products showed fragments of
96, 253 and 144 bp, characteristic of the Col1.7G2 clone.
For the remaining three microsatellite loci, we could only
detect amplified products in hearts of the mice. Neverthe-
less, the hearts presented the alleles of 262, 190/217 and
Fig. 2. TcTAC15 locus DNA sequence alignment. DNA sequences were obtai
DNA sequences from the T. cruzi genome project (1047053506529 and 1047
multiple sequence alignment software (Higgins et al., 1994). Black shaded boxes
show nucleotides that are not conserved. Black bars over sequences represent
143/146 bp, corresponding to the characteristic alleles of
the JG strain for TcAAT8, TcTAT20 and TcCAA10 loci,
respectively (Fig. 4). For all loci analysed, no PCR product
 

 

ned from a 93.4 Kb contig of Trypanosoma cruzi chromosome III and the
053510889 scaffold numbers). These were aligned with Clustal W (1.83)
indicate conserved nucleotides in all aligned DNA sequences. White boxes
the primer annealing sites.
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was detected in the absence of DNA or in the presence of
DNA from non-infected mouse tissues, demonstrating the
high specificity of the PCR assays (data not shown).

3.4. Human tissue analyses

As well as the tissues of experimentally infected animals,
we were able to detect T. cruzi microsatellite amplicons in
different infected human tissues. We analysed nine different
clinical samples including blood, CSF, heart, placenta and
skin from infected patients. Five of those were amplified
for all tested loci. Two samples were not amplified for
the TcCAA10 locus and one was not amplified for the
TcGAG10 locus. Due to insufficient DNA the Sk-L sample
was only evaluated for three microsatellite loci (Table 4
and Fig. 5). Although TcAAT8 has shown to be the micro-
satellite locus with the greatest number of different alleles
when amplified from DNA of parasites grown in vitro, it
was excluded from the human tissues analyses because it
Fig. 4. Automatic laser fluorescent DNA sequencer electrofluorograms presen
TcTAT20, TcATT14, TcGAG10 and TcCAA10 microsatellite loci analyses o
numbers at the peaks refer to the size of the amplicons.
presented low amplification efficiency in the full nested
PCR strategy.

The 99 bp allele for the TcTAC15 locus was found in
almost all analysed infected human tissues. It is interesting
that the unique patient sample that has so far presented the
allele of 96 bp corresponds to a CSF sample obtained from
a patient presenting with Chagas encephalitis reactivation
associated with AIDS, in which the infecting parasite was
previously identified as belonging to the T. cruzi I lineage
(AL in Table 4).

In two analysed cases (patients AS and HE) we detected
three fragments of 99, 132 and 135 bp for the TcTAC15
locus, demonstrating a polyclonal constitution for the
T. cruzi populations in the blood of these patients. This
multiclonal structure was also observed in placental tissue
from a T. cruzi-infected pregnant woman at the indetermi-
nate phase of Chagas disease (PI). In this case, three frag-
ments of 187, 190 and 220 bp were simultaneously
amplified using the TcTAT20 locus (Table 4).
ting the amplified fragments obtained by TcAAAT6, TcTAC15, TcAAT8,
n infected mouse tissues. M1, Mouse 1, M2, Mouse 2 and M3, Mouse 3;



Table 4
Alleles sizes in bp obtained for each of the six loci analysed in nine different clinical samples of humans infected with Trypanosoma cruzi

Loci TcAAAT6 TcTAT20 TcTAC15 TcATT14 TcGAG10 TcCAA10 Lineagesa

Samples

AL (CSF) 255/255 184/184 96/96 253/262 141/141 N.A.b T. cruzi I
AS (blood) 255/255 184/220 99/132/135 253/265 144/144 N.A.b Hybrid
HE (blood) 259/259 184/220 99/132/135 265/274 144/144 152/152 Hybrid
ChHD-T (blood) 255/255 181/181 129/129 262/262 N.A.b 149/149 Hybrid
ChHD-S (blood) 263/263 184/220 99/135 265/274 138/138 152/152 Hybrid
PI (placenta) 263/263 187/190/220 99/135 265/265 138/144 152/152 Hybrid
JP (heart) 263/275 199/211 99/99 262/262 144/144 155/155 T. cruzi II
DF (heart) 263/263 211/214 99/99 262/262 141/144 143/155 T. cruzi II
Sk-L (skin) N.E.c 181/181 99/99 265/265 N.E.c N.E.c T. cruzi II

a The lineage of T. cruzi populations was previously determined by amplification of spliced leader gene intergenic regions (Burgos et al., 2007), the
rDNA24Sa gene (Freitas et al., 2005) and citocrome oxidase II AluI restriction fragment length polymorphism (Freitas et al., 2006).

b N.A., not amplified by PCR.
c N.E., not evaluated.

Fig. 5. Representative automatic laser fluorescent DNA sequencer electrofluorograms presenting the amplified fragments obtained by TcTAT20,
TcTAC15 and TcATT14 microsatellite loci analyses of infected human tissues. JP, AS, PI and Sk-L correspond, respectively, to DNA obtained from
heart, blood, placenta and skin of Chagasic patients. Numbers at the peaks refer to the size of the amplicons. (C) Represents the negative control (non-
chagasic human DNA).
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4. Discussion

In light of the Clonal Histotropic Model for the patho-
genesis of Chagas disease (Macedo and Pena, 1998) we can
assume that a powerful correlation between the parasite
genetic and clinical aspects of the disease will only be dem-
onstrated with direct profiling of T. cruzi populations pres-
ent in tissue lesions. Nevertheless, the methods thus far
described either were not sensitive enough to discriminate
individual parasites directly from infected tissues or
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generated very complex patterns that were difficult to inter-
pret. Herein, based on a full nested PCR strategy designed
to amplify microsatellite loci, we were able to detect and to
evaluate genetic diversity of T. cruzi directly from infected
animal and human tissues.

The seven new microsatellite loci (TcAAT8, TcTAT20,
TcTAC15, TcATT14, TcGAG10, TcCAA10 and
TcAAAT6) presented high levels of polymorphism, Hardy
Weinberg departures and linkage disequillibrium compara-
ble with those identified previously (Oliveira et al., 1998).
These characteristics have been understood as evidence
of a predominant clonal evolution and rare sexual repro-
duction for T. cruzi in which different lineages evolve inde-
pendently of each other (Ayala, 1993; Tibayrenc, 1995).
However, it has recently been clearly demonstrated that
T. cruzi is capable of recombination in vitro (Gaunt
et al., 2003) as well as under natural conditions (Machado
and Ayala, 2001), but both the frequency and the mecha-
nism of the sexual events remain to be determined. In this
context, most of the microsatellite loci identified in this
work are well distributed throughout a single chromo-
somal band, which renders them suitable for further inves-
tigations concerning recombination events in these
parasites.

Exploring the data acquired from the whole-genome
sequencing of the CL Brener clone, we could refine the
localisation of the microsatellite loci, except for TcCAA10.
All the other microsatellites were mapped on the chromo-
some III contigs together with four additional markers,
including marker number 161, all of those belonging to
linkage group I (Branche et al., 2006). The TcATT14,
TcAAAT6 and TcAAT8 microsatellites were localised in
proximity of each other, whereas TcTAC15, TcTAT20
and TcGAG10 were distributed across the contigs.

For all these loci, we were able to design two pairs of
primers for full nested PCR assays. By using this strategy
in experiments of serial dilutions of the T. cruzi DNA we
could detect as little as 200 fentograms of DNA, which cor-
responds to the DNA content of a single parasite cell. This
sensitivity, which is 100 to 1,000 times higher compared
with conventional PCR, allowed us to detect specific T.

cruzi amplicons in most of the tissue samples from infected
mice. Despite the fact that the TcAAAT6, TcTAC15,
TcATT14 and TcGAG10 loci detected parasite DNA in
hearts and recta of all infected mice, the TcTAT20,
TcAAT8 and the TcCAA10 loci were not able to detect
the presence of T. cruzi DNA in the recta of the same ani-
mals. This could reflect a lower sensitivity of these three
loci compared with the former, associated with a lower par-
asite burden in the recta than in the hearts of the animals.
Furthermore, the microsatellite analyses permitted us to
correctly identify the JG strain’s homing for the hearts
and Col1.7G2 for the recta of the mice, as previously dem-
onstrated by means of the LSSP-PCR approach (Andrade
et al., 1999).

The success of PCR directly in infected human tissues
can be limited by diverse factors such as the small amount
of parasites in the infected tissues and the varying reaction
sensitivities of each microsatellite locus. Even taking into
account these limitations with PCR, our main goal was
to detect and characterise T. cruzi directly in these samples.
Using the methodology described here we were able to
amplify T. cruzi DNA directly in most of the infected
human tissues analysed.

An interesting observation that emerges from the data
presented here is the detection of the 99 bp alleles for the
locus TcTAC15 in the majority of the analysed infected
human tissues including blood, heart, placenta and a
biopsy from a skin chagoma. Freitas et al. (2005) showed
that only the rDNA 24Sa allele, typical of T. cruzi II
strains, was found in chronically infected tissue samples
from Brazilian patients. Similarly, based on the present
data, it is reasonable to associate the amplification of
the 99 bp allele for the TcTAC15 locus with parasite
populations belonging to the major lineages T. cruzi II,
III and hybrids, but not with T. cruzi I strains, which
thus far have not presented the 99 bp allele. Nevertheless,
the CSF sample collected from the patient AS, who pre-
sented with an episode of Chagasic encephalytis associ-
ated with AIDS, showed the TcTAC15 96 bp alleles,
typical of T. cruzi I strains. This finding corroborates
previous data that have demonstrated the T. cruzi I line-
age causing human Chagas disease, ranging from asymp-
tomatic to fatal cases in the northern part of South
America (Coura et al., 2002; Añez et al., 2004; Teixeira
et al., 2006).

Another important finding was the observation that
patient AS was infected with a multiclonal bloodstream
parasite population as revealed by the presence of three
peaks (99, 132 and 135 bp alleles) in the TcTAC15 profile
obtained from his blood sample, whereas a CSF sample
collected from the same patient at the same time only
depicted the TcTAC15 96 bp alleles. This confirms that
microsatellite analyses constitute simple screening tests to
evaluate whether T. cruzi stocks are monoclonal or multicl-
onal populations (Oliveira et al., 1998, 1999; Macedo et al.,
2001, 2004). It also reports a new case in which different
parasite populations colonise different locations in an
immunosuppressed patient, as was recently described in
another case of T. cruzi and HIV co-infection (Burgos
et al., 2005). A multiclonal population (187, 190 and
220 bp alleles) has also been detected in a portion of pla-
cental tissue from a woman with asymptomatic T. cruzi
infection who delivered a non-infected newborn, which in
this case was revealed by the TcTAT20 locus.

In conclusion, we have described seven new microsatel-
lite loci that are useful for different T. cruzi analyses includ-
ing investigations of mechanisms of genetic exchange
events and characterisation of parasites directly in infected
tissues. The application of this strategy to a broad range of
biological samples would certainly help to clarify the puta-
tive association between specific parasite genotypes, differ-
ential tissue tropisms and clinical manifestations of Chagas
disease.
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