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The capacity of the polymerase chain reaction (PCR) to detect the DNA of Trypanosoma cruzi was evalu-
ated in 90 blood samples from BALB/c mice infected with T. cruzi cloned stocks of genotypes 19 and 20
(T. cruzi I) and 39 and 32 (T. cruzi II), and treated with benznidazole. The results from the fresh blood
examination, hemoculture, and ELISA allowed to group the treated animals into: cured (TC), dissociated
(DIS) and non-cured (NC). The PCR detected T. cruzi DNA in 50.9%, 58.3% and 100.0% of the samples from
TC, DIS and NC mice, respectively. These DNA possibly derives from live T. cruzi or from recently lysed
parasites, suggests that these animals are in fact not cured. The difference between the PCR results
and results obtained using other techniques was statistically significant and independent of the parasite
genotype. The PCR described has therefore potential to be used in cure control of treated patients.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Chagas’ disease, caused by the protozoan parasite Trypanosoma
cruzi, affects about 15 million people in the Americas, and is a seri-
ous public-health problem in many Latin American countries
(Vinhaes and Schofield, 2003). The drugs most frequently used
for specific treatment of Chagas’ disease are nitroheterocyclic com-
pounds such as nifurtimox nitrofuran (Lampit, Bayer) and nitroim-
ll rights reserved.
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idazole benznidazole (Rochagan, Roche); their activity was
discovered empirically more than three decades ago. Both chemo-
therapeutic agents, when administered during the acute phase of
the disease, cure 50–70% of the patients. However, both have lim-
ited efficacy in treating the chronic phase of the infection (Castro,
1993).

Natural populations of T. cruzi show a pattern of long-term clo-
nal evolution, although genetic recombination events can occur
(Tibayrenc and Ayala, 1988; Gaunt et al., 2003). This species is di-
vided into two main phylogenetic lineages: T. cruzi I and T. cruzi II
(Anon, 1999). According to the proposed nomenclature, the major
genotypes 19 and 20 belong to the T. cruzi I group, and the major
genotypes 39 and 32 are classified as T. cruzi II. Several reporters
have experimentally demonstrated a significant association
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between genetic distance and biological differences, both in vitro
(Laurent et al., 1997; Revollo et al., 1998) and in vivo (Lana et al.,
1998; Toledo et al., 2002). Their results emphasize the importance
of taking into account the phylogenetic diversity of T. cruzi geno-
types in all applied studies dealing with diagnosis and treatment
of Chagas’ disease.

Post-therapeutic monitoring in the chronic phase of Chagas’ dis-
ease still constitutes a major challenge, because of the long-term
persistence of the specific antibodies that are detected by conven-
tional serology (Solari et al., 2001). Furthermore, the parasitologi-
cal methods, xenodiagnostic and hemoculture, have low
sensitivity (Chiari, 1992; Junqueira et al., 1996). In this context,
the polymerase chain reaction (PCR) appears to have potential
for the diagnosis of human Chagas’ disease, and has shown positiv-
ity varying from 44.7 to 100% (Ávila et al., 1993; Britto et al., 1995;
Coura et al., 1996; Gomes et al., 1998; Marcon et al., 2002; Castro
et al., 2002). This technique is also being tested for monitoring eti-
ologically treated chagasic patients (Solari et al., 2001; Britto et al.,
2001; Meira et al., 2004; Zulantay et al., 2004).

It has been suggested that the variability among isolates of T.
cruzi, together with the immunogenetic characteristics of the host,
may influence the outcome of serological tests (Luquetti et al.,
2003). Contradictory results between the parasitological and sero-
logical techniques may also be related to this variability. A recent
publication reported that the PCR showed 100% of positivity in
detecting T. cruzi in mouse blood, independently of the genetic
constitution of the parasite and the phase of infection (Miyamoto
et al., 2006). This high sensitivity of the PCR was obtained with a
protocol in which 4.5% polyacrylamide gel was used. This being
so, it becomes imperative to assess the role of the PCR in evaluating
the efficacy of the treatment, in view of the genetic diversity of the
parasite. The present study proposed to evaluate the capacity of
this technique to detect T. cruzi DNA in the blood of mice experi-
mentally infected with cloned stocks of different genotypes, and
then treated etiologically with benznidazole (BZ).
2. Materials and methods

2.1. Parasites

Blood samples previously obtained from BALB/c mice experi-
mentally infected with 18 T. cruzi cloned stocks, belonging to the
four main ubiquitous genotypes 19, 20, 39, and 32, and isolated
from different hosts and eco-geographical areas of Latin America,
were evaluated (Tibayrenc and Ayala, 1988). Four stocks belonging
to genotype 19 (Cutia cl1, Gambá cl1, 13 379 cl7 and OPS21 cl1),
five stocks of genotype 20 (SO34 cl4, Esquilo cl1, P11 cl3, P209
cl1 and Cuı́ca cl1), four stocks of genotype 39 (Bug2149 cl10,
SC43cl1, Mn cl2 and SO3 cl5), and five stocks of genotype 32
(MAS cl1, MVB cl8, CBB cl3, IVV cl4 and Tu18 cl2) were used.

2.2. Inoculation and treatment of the animals

Groups of 10 female BALB/c mice, weighing 18 g, were inoculated
intraperitoneally with a standard inoculum of 10,000 blood trypom-
astigotes/animal of each stock (Brener, 1962). These animals were
treated with the nitroimidazole derivative benznidazole (Rochagan,
Roche) at 100 mg/kg body weight, for 20 consecutive days, by the
oral route (Filardi and Brener, 1987), during the acute (10 days after
infection-d.a.i) and chronic (90 d.a.i) phases of the infection.

2.3. Monitoring the cure

The treated animals were subjected to a fresh blood examina-
tion (FBE) 2 to 3 days after the end of the treatment, on alternate
days. For this 5 lL of blood collected from the tail vein was micro-
scopically examined until 60 days after the end of the treatment.

Thirty days after the end of the treatment, blood samples were
collected for hemoculture (HC) and for the PCR. HC was carried out
according to the technique of Filardi and Brener (1987). Briefly,
approximately 0.4 mL blood collected aseptically from the retro-
orbital sinus vein was distributed into two tubes, containing
3 mL of LIT medium each. These tubes were incubated at 28 �C
and examined after 30, 45, 60 and 90 days.

The blood samples for the serological techniques were obtained
3, 6 and 9 months after the BZ treatment. An enzyme-linked
immunosorbent assay (ELISA) modified according to Voller et al.
(1980) was used. Alkaline antigen of the T. cruzi Y strain obtained
in the exponential growth phase in LIT medium, and peroxidase-la-
beled anti-mouse immunoglobulin G conjugated (Sigma) were
used. Samples of serum diluted to 1:40 in phosphate-buffered sal-
ine, were examined. The mean absorbance of 10 negative-control
serum samples plus 2 standard deviations was used as the cut-
off to discriminate positive and negative results.

The treated animals were subsequently divided by Toledo
(2001) based on the results of the FBE, HC, ELISA, and in some
cases, flow cytometry analysis for anti-live trypomastigote anti-
bodies (ALTA). The following groups were formed: treated and
cured (TC); treated dissociated (DIS) and treated non-cured (NC).
Similarly to chagasic patients submitted to specific treatment
(Kretteli and Brener, 1982), mice were considered as treated disso-
ciated when showed negative FBE, HC and ALTA tests and positive
conventional serology (ELISA) after treatment with BZ. ELISA neg-
ative seraconversion was observed only 9 months after the suc-
cessful treatment of the chronic phase, in some survived animals.

2.4. Samples for the PCR

The blood samples for PCR were collected 30 days after the end
of treatment of the acute phase (AP), that is, on 60th d.a.i, and of
the chronic phase (CP) on 140th d.a.i, in each of the groups evalu-
ated. Two hundred microliters of blood from the retro-orbital ve-
nous plexus of each animal were added to double the volume of
6.0 M/0.2 M guanidine/EDTA (6.0 M/0.2 M G/E), and stored at room
temperature (Ávila et al., 1993).

One week after collection, the lysate was boiled for 7 min and
kept at room temperature. Of a total of 90 samples analyzed, 54
were obtained after treatment of the AP, and 36 after treatment
of the CP of the infection. The results of PCR in not treated animals
and non-infected controls can be observed in previous publication
of our group (Miyamoto et al., 2006).

2.5. DNA extraction

From each sample, 100 lL aliquots were taken for DNA extrac-
tion according to Wincker et al. (1994) with modifications intro-
duced by Gomes et al. (1998). To the blood samples which
coagulated after addition of 6.0 M/0.2 M G/E, 150 lL of Milli-Q ster-
ile H2O was added, and the samples were then allowed to stand at
least 24 h before the extraction. During this phase, for each group
of four samples, a negative-control (non-infected mouse blood)
and a positive-control (mouse blood infected with the Y strain of
T. cruzi) were used (Miyamoto et al., 2006).

2.6. Polymerase chain reaction

The PCR was processed by mixing 2 lL of the DNA solution from
each sample, 10 mM Tris–HCl (pH 9.0), 0.1% Triton X-100, 75 mM
KCl, 3.5 mM MgCl2, 0.2 mM of each of the deoxynucleotides (dATP,
dCTP, dGTP, dTTP; Sigma Company Ltd.), 1 U of Taq DNA polymer-
ase (Phoneutria), 10 pmol of each primer for 10 lL of reaction, fol-
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lowing the protocol of Gomes et al. (1998). We used the primers
121 (50AAATAATGTACGGG(T/G)GAGATGCATGA30) and 122
(50GGTTCGATTGGGGTTGGTGTAATATA 30) described by Wincker
et al. (1994) which amplify a fragment of 330 base pairs (bp) spe-
cific for the variable region of the DNA minicircle of the kinetoplast
(k-DNA) of the parasite. Thirty microliters of mineral oil was added
to the reaction mixture, and then 35 amplification cycles were ap-
plied in a thermocycler (MJ Research, PTC-150). The reaction con-
ditions were: DNA denaturing at 95 �C for 1 min (with the initial
step 5 min longer), annealing the primers at 65 �C for 1 min, and
extension at 72 �C for 1 min (with a 10 min final step). The ampli-
fied DNA was revealed by electrophoresis in 4.5% polyacrylamide
silver stained gel.

As a control for contamination during the process, for each 8
samples, 2 negative and 2 positive original controls from the
extraction step, and 1 negative and 1 positive-control for the PCR
reaction were added. Also, all the steps were carried out in separate
environments, with reagents, material, and apparatus exclusive to
each workplace, decontaminated with 4% sodium hypochlorite and
ultraviolet light for 20–30 min before the DNA extraction and the
PCR reaction.

In order to exclude the possibility that negative results of the
PCR were due to the presence of reaction inhibitors, 10 picograms
(pg) of previously extracted T. cruzi DNA were added to the nega-
tive samples.

2.7. Statistical analysis

Cochran’s Q test was used to assess whether the degree of pos-
itivity of the samples varied according to the techniques used. The
chi-square test (v2) was applied for comparisons among the geno-
types, groups (TC, DIS and NC), and phases of infection. The pro-
gram Statistic version 6.0 was used (StatSoft, Inc., 2001).

3. Results

We analyzed 90 blood samples from BALB/c mice infected with
four stocks belonging to genotype 19, five stocks of genotype 20,
four stocks of genotype 39 and five stocks of genotype 32, and then
treated with BZ in both phases of infection. Fifty-three samples
were from animals considered cured (TC), 12 samples from disso-
ciated animals (DIS) and 25 samples from non-cured animals (NC).

In 50.94% (27/53) of the samples from TC mice, T. cruzi DNA was
detected by the PCR. The difference between the PCR results and
those obtained with the other techniques was significant
(p < 0.05). In 58.33% (7/12) of the samples of DIS animals, parasite
DNA was found. All the blood samples (25) of the NC mice showed
a positive PCR (Table 1).

Statistical comparisons among the PCR results for the different
groups of treated mice (TC vs NC, TC vs DIS and DIS vs NC), without
considering the genotype of T. cruzi and the phase of infection,
indicated significant differences between the NC group and the
Table 1
Results of the polymerase chain reaction (PCR) in groups of BALB/c mice inoculated with
benznidazole (100 mg/kg/day, 20X, orally)

Genotype 19 20
Group No. of + M/Td (%) No. of + M/T (%)

TCa 11/19 (57.9) —
DISb 1/3 (33.3) —
NCc 2/2 (100.0) 18/18 (100.0)

a Treated and cured mice.
b Dissociated mice.
c Treated and non-cured mice.
d Number of mice with positive PCR of the total analyzed.
e p < 0.05 (NC vs TC or DIS).
others (p < 0.05). On the other hand, the PCR positivity did not vary
significantly with genotype or with phase of infection (Table 1).
Fig. 1 shows representative gel of the PCR results from the samples
collected from animals infected with cloned stocks of the different
genotypes and treated with BZ in both phases of infection.

In the negative PCR samples in which the T. cruzi DNA was
added, it was possible to detect bands of 330 bp in the polyacryl-
amide gel, demonstrating that the negative results were not due
to the presence of inhibitors (Fig. 2).

4. Discussion

The present study showed that the PCR was sensitive in detect-
ing T. cruzi DNA in the blood of etiologically treated mice, indepen-
dently of the groups studied (TC, DIS and NC), of the parasite
genotype, and of the phase of infection in which treatment oc-
curred. This result agrees with those of other investigators who
also demonstrated high positivity of PCR in patients with Chagas’
disease submitted to specific treatment and who had displayed
negative results by other methods, following treatment (Solari
et al., 2001; Britto et al., 2001).

In the group of mice that were considered cured (TC) by the tra-
ditional techniques (fresh blood examination, hemoculture, ELISA
and the ALTA analysis), the PCR detected the presence of T. cruzi
DNA in 50.94% of the blood samples, suggesting that they were still
infected after the treatment. The difference between the PCR re-
sults and the other techniques was significant for this group.

The PCR was positive in 58.33% of the animals considered disso-
ciated (DIS). In spite of the small number of DIS animals and
although there was a significant difference from the NC group,
these data suggest that the majority of the animals considered dis-
sociated were also not cured. The question of whether to regard
human chagasic patients considered DIS, as actually cured or not,
is controversial. Patients with Chagas’ disease who showed posi-
tive conventional serology after treatment were not considered
as cured by some researchers, even when the parasitological tests
were negative. Our data tend to support this hypothesis, because
T. cruzi DNA was detected in the majority of the DIS animals.

Considering the genotype of the parasite and the phase of infec-
tion, the positivity of the PCR did not vary significantly. These re-
sults corroborate with those obtained in a previous study, in
which groups of mice inoculated in the same conditions used in
the present study and which were not treated with BZ were ana-
lyzed (Miyamoto et al., 2006). These experiments, together with
those of the present study, were thoroughly monitored using neg-
ative and positive controls in all stages of the process and the PCR
inhibition test, which excludes the possibility of false-positives and
false-negatives. Therefore, the results presented here demonstrate
the superiority of the PCR over the tests classically used in diagno-
sis and monitoring the cure of Chagas’ disease.

The interpretation of the results from the PCR may also raise
questions. The positive result may reflect the detection of the
Trypanosoma cruzi cloned stocks belonging to different genotypes and treated with

39 32 Total
No. of + M/T (%) No. of + M/T (%) No. of + M/T (%)

5/15 (33. 3) 11/19 (57.9) 27/53 (50.9)
3/3 (100.0) 3/6 (50.0) 7/12 (58.3)
3/3 (100.0) 2/2 (100.0) 25/25 (100.0)e
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intact parasite or circulating DNA. However, Tarleton and Zhang
(1999) reported that after intramuscular injection with a large
quantity of T. cruzi kDNA, the PCR in the blood was positive only
up to two days after the inoculation. These authors supported
the hypothesis that the parasite DNA detected by the PCR is de-
rived from intact, extracellular, or recently lysed parasites.

Published reports on the use of PCR in monitoring the cure in
animals infected with T. cruzi and treated etiologically are scarce,
and do not discuss this subject in depth (Urbina et al., 1996). The
high sensitivity of PCR revealed by the results obtained in the pres-
ent study contrasts with the data of Camandaroba et al. (2003) who
noted the difficulty in using this technique as a test for cure in
mice, because of the low sensitivity that they observed. In the pres-
ent study, the technique was evaluated considering not only the
genetic diversity of the parasite, but the phase of infection in which
the treatment was done. The data presented here serve as a refer-
ence for the study of experimental chemotherapy of Chagas’ dis-
ease and indicate the potential of PCR for post-therapeutic
monitoring of chagasic patients.

Furthermore, the sensitivity of the PCR demonstrated here, to
detect the presence of T. cruzi in treated animals that were consid-
ered cured by the classical diagnostic techniques (ELISA and hemo-
culture), together with other data from the literature (Salomone
et al., 2003; Vera-Cruz et al., 2003), allow us to questioner about
the reliability of these tests, principally in relation to those used
in blood donors screening. Considering the limitations of the meth-
ods used as criterion of cure, in human Chagas’ disease as well as in
experimental T. cruzi infection, we were able to observe better sen-
sitivity of the PCR, with rapid detection of the therapeutic failure in
BZ-treated mice. However other experiments need to be done for
better determinate until when the PCR still remains positive
post-treatment before became definitively negative.
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