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The benznidazole (BZ) and itraconazole (ITC) susceptibilities of a standard set of Trypanosoma cruzi natural
stocks were evaluated during the acute phase and the chronic phase of experimental chagasic infection in
BALB/c mice. Twenty laboratory-cloned stocks representative of the total phylogenetic diversity of T. cruzi,
including genotypes 20 and 19 (T. cruzi I) and genotypes 39 and 32 (T. cruzi II), were analyzed. Our results
demonstrate important differences among stocks that could be pointed out as markers of biological behavior.
Members of the T. cruzi I group were highly resistant to both BZ and ITC, whereas members of the T. cruzi II
group were partially resistant to both drugs, despite their susceptibilities to ITC during the chronic phase of
infection. The resistance to BZ observed for T. cruzi I was mainly triggered by genotype 20 isolates, whereas
resistance to ITC was due to both genotype 20 and 19 isolates. Two polar patterns of response to BZ observed
for genotype 39 isolates had a major impact on the partial resistance pattern observed for members of the T.
cruzi II group. Genotype 32 isolates showed a typical profile of susceptibility. The correlation between the
response to treatment and phylogenetic classification of T. cruzi stocks was clearer for ITC than for BZ. In
conclusion, the data presented show a correlation between phylogenetic divergence among T. cruzi stocks and
their susceptibilities to chemotherapeutic agents in vivo. Our results warn of the necessity to take into account
the lesser genetic subdivisions of T. cruzi stocks since the upper subdivisions (T. cruzi I and II) show a great
deal of heterogeneity for in vivo drug susceptibility.
the high degree of biological and genetic diversity of T. cruzi
strains (1, 2, 4, 31, 33). The clonal evolution model postulated
for T. cruzi (36) predicts a correlation between the phylogenetic divergence of T. cruzi clonal genotypes and their biological properties including their drug sensitivities. This has been
verified for several experimental parameters, including in vitro
drug sensitivity (33). The goal of the present study was to test
this working hypothesis for in vivo drug sensitivity, which is
more relevant than in vitro susceptibility from a medical point
of view. Two drugs, BZ and itraconazole (ITC), were tested, as
the latter has recently shown promise as treatment for human
Chagas’ disease (6).

American trypanosomiasis, caused by the protozoan parasite
Trypanosoma cruzi, is widespread in Latin America, where 16
million to 18 million people are estimated to be infected and
more than 50 million people are at risk of infection (32).
Although specific treatment for Chagas’ disease is available,
the use of benznidazole (BZ; Roche) and nifurtimox (NFX;
Bayer) shows controversial results during the acute phase (AP)
and the chronic phase (CP) of infection (9, 12). Moreover,
notorious differences in the efficacies of chemotherapy are
observed, especially when therapeutic screenings are performed in distinct geographic areas (3). During the last 20
years, the susceptibilities to BZ and NFX of many T. cruzi
strains isolated from different hosts and geographic areas have
been determined (1, 3, 15, 31, 39). In this context, 56.0% of T.
cruzi strains have been considered susceptible to BZ, 16.82%
have been considered partially susceptible, and 27.1% have
been considered resistant. One factor that may contribute to
these differences during treatment for Chagas’ disease could
be the type of strain predominant in each geographic area. A
well-known feature involved in resistance to chemotherapy is

MATERIALS AND METHODS
Parasites. A standardized sample of 20 T. cruzi stocks were selected so that
they were representative of the whole phylogenetic diversity of the parasite (36).
They all corresponded to the major “clonets” (widespread clonal genotypes) 19,
20, 39, and 32 (36). The stocks were cloned by micromanipulation, with visual
verification under a microscope. They were fully characterized by multilocus
enzyme electrophoresis (MLEE) at 15 loci (36) and then by both MLEE at 22
different loci (7) and randomly amplified polymorphic DNA analysis with 10
primers (37). According to the recently proposed nomenclature (30), major
clonets 20 and 19 are included within the T. cruzi I group (zymodeme 1 of Miles
et al. [25], major lineage 1 of Tibayrenc [38], lineage 2 of Souto et al. [35],
biodema III of Andrade and Magalhães [4]), whereas both clonets 39 and 32 are
included in the T. cruzi II group (zymodeme 2 of Miles et al. [25], major lineage
2 of Tibayrenc[38], lineage 1 of Souto et al. [35], biodema II of Andrade and
Magalhães [4]). Clonet 39 is equivalent to lineages 1 and 2 of Souto et al. (35)
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TABLE 1. Laboratory codes, hosts, and geographic origins of the 20 T. cruzi stocks used in the present study
T. cruzi group

Clonal genotype

I
I
I
I
I

19

SP104 cl1
Cutia cl1
Gambá cl1
13379 cl7
OPS21 cl11

Triatoma spinolai
Dasyprocta agudi
Didelphis azarae
Human, AP
Human, AP

Chile
Brazil
Brazil
Bolívia
Venezuela

Choquimbo
Espirito Santo
São Paulo
Santa Cruz
Cojedes

I
I
I
I
I

20

SO34 cl4
Cuica cl1
P209 cl1
Esquilo cl1
P11 cl3

Triatoma infestans
Opossum cuica philander
Human, CP
Sciurus aestuans ingramini
Human, CP

Bolívia
Brazil
Bolívia
Brazil
Bolívia

Potosi
São Paulo
Sucre
São Paulo
Cochabamba

II
II
II
II
II

39

SC43 cl1
Bug2148 cl1
Bug2149 cl10
SO3 cl5
MN cl2

Triatoma infestans
Triatoma infestans
Triatoma infestans
Triatoma infestans
Human, CP

Bolívia
Brazil
Brazil
Bolívia
Chile

Santa Cruz
Rio Grande do Sul
Rio Grande do Sul
Potosi
Santiago

II
II
II
II
II

32

MAS cl1
CBB cl3
TU 18 cl2
IVV cl4
MVB cl8

Human, CP
Human, CP
Triatoma infestans
Human, CP
Human, CP

Brazil
Chile
Bolívia
Chile
Chile

Brasilia
Tulahuen
Tupiza
Santiago
Santiago

Stock

Host

Region

the absorbance was read in a spectrophotometer with a 490-nm filter (model
3550; Bio-Rad). The mean absorbance for 10 negative control serum samples
plus 2 standard deviations was used as the cutoff to discriminate positive and
negative results. Positive and negative controls were processed in parallel for
each assay.
(ii) Anti-live trypomastigote antibody. Similar to conventional serology, serum
samples were collected 3 and 6 months after the end of AP treatment and 6 and
9 months after CP treatment. Immunofluorescence staining for detection of
anti-live trypomastigote antibodies was carried out as described by Martins-Filho
et al. (23), but modified for 96-well U-bottom plates, as introduced by Cordeiro
et al. (11). Briefly, after incubation with mouse serum diluted 1:1,500 and 1:3,000
in phosphate-buffered saline–fetal bovine serum, the binding of antibodies to
trypomastigotes was detected with phycoerythrin (PE)-conjugated anti-mouse
immunoglobulin G diluted 1:400. The PE-labeled parasites were fixed before
they were run in a flow cytometer. Flow cytometric measurements were performed on a FACScalibur flow cytometer (Becton Dickinson, San Jose, Calif.).
The Cell-Quest software package was used for both data storage and analysis.
Trypomastigotes were first identified on the basis of their specific forward (size)
and side (granularity) light-scattering properties. The relative PE fluorescence
intensity for each parasite preparation after incubation with an individual serum
sample was analyzed by using a single histogram. A marker was set up on the
internal control for unspecific binding and was used to determine the percentage
of parasites positive for fluorescence (PPFP). The samples were considered
negative when PPFP was ⱕ20% and positive when PPFP was ⬎20%. Positive
and negative controls were run routinely.
Cure assessment. Cure criteria were based on both parasitological and serological methods. Animals presenting negative results by all parasitological and
serological tests used were considered cured.
Drug resistance and susceptibility criterion. The cure rates were calculated by
determination of the ratio (number of mice cured/total number of mice infected
and treated during AP or CP) ⫻ 100. The stocks were classified as resistant (cure
rates, between 0 and 33%), partially resistant (cure rates, between 34 and 67%),
and susceptible (cure rates, greater than 67%).
Triplicate experiments were carried out to assess the reproducibilities of the
experiments by using 2 of the 20 stocks, including SO34 cl4 of genotype 20 and
Cutia cl1 of genotype 19. Compatible results regarding drug resistance or susceptibility were obtained in all three experiments. Animals infected with the
SO34 cl4 stock were always 100% resistant to BZ and ITC. Likewise, mice
infected with the Cutia cl1 stock were always partially resistant to BZ (40% [two
of five] of the infected mice were cured) and resistant to ITC. Considering the
high degree of reproducibility of the triplicate experiments, we continued the
experiments using five animals for each experimental group.
Statistical analysis. The cure rates were compared by the chi-square test.
Comparative analyses were performed between T. cruzi groups I and II and
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and is considered a hybrid clonal genotype (21). Information on the laboratory
codes, hosts, and geographic origins for these stocks is given in Table 1. Clonal
genotypes 20, 19, 39, and 32 illustrate different phylogenetic relationships. Genotypes 20 and 19 are more closely related to each other, whereas genotypes 39
and 32 are more distantly related to both genotypes 20 and 19 but are closely
related to each other (Fig. 1). Genotypes 20 and 19 differ by very few characters,
in particular for the 6PGDH isoenzyme locus, which is heterozygous in genotype
20 and homozygous in genotype 19. Handling of live T. cruzi parasites was
performed according to established guidelines (16).
Infection of mice. Groups of 40 female isogenic BALB/c mice (age, 28 to 30
days; Instituto de Ciências Biológicas, Universidade Federal de Minas Gerais)
were inoculated intraperitoneally with 10,000 blood-form trypomastigotes (per
animal) of each of the 20 stocks studied. The number of parasites was determined as described by Brener (8). Inocula were obtained from breast-fed Swiss
mice that had previously been inoculated with a large number of metacyclic
trypomastigotes from late-stationary-phase culture in liver-infusion tryptose
(LIT) medium, purified as described by Deane et al. (13).
Treatment scheme. After detection of the infection, the mice were divided into
two groups: 20 treated mice and 20 mice used as untreated controls. Ten mice
from the first group were treated by the oral route with BZ (Roche): 5 mice
during AP starting 10 days after inoculation and 5 mice during CP starting 90
days after inoculation. Both groups were treated for 20 consecutive daily doses
(15). Likewise, 10 mice were treated with ITC (Biolab), but for 60 consecutive
daily doses (24). Both compounds were resuspended in water and were administered by gavage at 100 mg/kg of body weight.
Parasitological tests. (i) Fresh blood examination. Blood collected from the
tails of the mice was examined microscopically for living trypomastigotes. The
level of parasitemia was counted daily from the 5th day after inoculation as
described by Brener (8). This examination was performed to confirm the presence of infection before the start of treatment and, subsequently, to access cure
during treatment during AP.
(ii) Hemoculture. Thirty days after the end of treatment, during either AP or
CP, an orbital sinus blood sample was inoculated into 5 ml of LIT medium, in
duplicate, as described by Filardi and Brener (15). The hemocultures were
maintained at 28°C. Thirty, 60, 90, and 120 days later, each tube was examined
for the detection of parasites.
Serological tests. (i) Conventional serology (enzyme-linked immunosorbent
assay). Samples of serum were collected 3 and 6 months after the end of AP
treatment and 6 and 9 months after CP treatment. Sera were tested at a dilution
of 1:40 in phosphate-buffered saline. T. cruzi-specific antibodies were detected by
the technique described by Voller et al. (42). Enzyme-linked immunosorbent
assay plates were sensitized with T. cruzi antigen prepared by alkaline extraction
of the Y strain obtained at exponential growth in LIT medium. Antibody binding
was detected by using peroxidase-labeled anti-mouse immunoglobulin G after
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between each clonal genotype (19, 20, 32, 39). Moreover, the comparison also accounted for AP and CP and for each chemotherapeutic agent (BZ and ITC) used.
We also performed a global analysis of the data by the nonparametric Mantel
test (22), which makes it possible to evaluate a putative correlation between
genetic distances measured by either MLEE or randomly amplified polymorphic
DNA analysis on the one hand and the susceptibility of the stocks to chemotherapy on the other. Contrary to the classical correlation test, this randomization procedure does not need any assumptions about the number of degrees of
freedom for each parameter studied: susceptibility to BZ during AP, susceptibility to BZ during CP, susceptibility to ITC during AP, and susceptibility to ITC
during CP. This procedure gives equal weights to each biological parameter in
the overall biological distance.

RESULTS
The in vivo susceptibilities of T. cruzi to BZ and ITC during
AP and CP are shown by considering three levels of comparison: (i) between each major phylogenetic subdivision (T. cruzi
I and II), (ii) between each clonal genotype, and (iii) between
each stock studied.
Treatment with BZ. (i) Comparison between T. cruzi I and II
isolates. After treatment with BZ, the cure rates for animals
infected with T. cruzi I isolates were 25 and 22% during AP and
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FIG. 1. Dendrogram depicting the phylogenetic relationships among the 20 T. cruzi stocks studied by assay of 22 isoenzyme loci. The
dendrogram was obtained by the unweighted pair group method with arithmetic averages (37). The cluster at the top corresponds to clonal
genotypes 19 and 20 (T. cruzi I), the cluster in the middle corresponds to clonal genotype 39 (T. cruzi II), and the cluster at the bottom corresponds
to clonal genotype 32 (T. cruzi II). The scale indicates genetic distances estimated by use of the Jaccard index (17).
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CP, respectively. Thus, T. cruzi I isolates were considered resistant to BZ (Fig. 2). On the other hand, the cure rates for
mice infected with T. cruzi II isolates were 66.67 and 62.75%
when they were treated during AP and CP, respectively. Thus,
T. cruzi II isolates were considered partially resistant to BZ
(Fig. 2). T. cruzi I isolates were significantly more resistant to
BZ than T. cruzi II isolates (P ⬍ 10⫺3) when they were treated
during both AP and CP.
(ii) Comparison between clonal genotypes. The cure rates
were always 0% for animals infected with genotype 20, and
therefore, genotype 20 isolates were considered resistant to BZ
(Fig. 3). The cure rates were significantly lower (P ⬍ 10⫺3) for
mice infected with genotype 20 than for mice infected with any
of the other genotypes.
The cure rates for mice infected with genotype 19 were
53.83% (AP) and 43.75% (CP), and therefore, genotype 19
isolates were considered partially resistant to BZ (Fig. 3). The
cure rates for mice infected with genotype 19 were higher than
those for mice infected with genotype 20 during both phases of
infection (P ⬍ 10⫺3) and lower than those for mice infected
with genotype 32 (P ⬍ 0.05 for AP and P ⫽ 0.05 for CP).
The cure rates for mice infected with genotype 39 were
53.85% (AP) and 56% (CP), and therefore, genotype 39 isolates were considered partially resistant to BZ (Fig. 3). The
cure rates were significantly higher for mice infected with genotype 39 than for mice infected with genotype 20 (P ⬍ 10⫺3)
and did not differ significantly from those for mice infected
with genotype 19 during both phases of the infection. Comparative analysis of the results for mice infected with genotype
39 and those infected with genotype 32 showed a marginal
difference (P ⫽ 0.048) during AP and no significant difference
during CP.
The cure rates for mice infected with genotype 32 were 80%
(AP) and 69.23% (CP), and therefore, genotype 32 isolates
were considered susceptible to BZ (Fig. 3). Isolates of this
genotype were considered more susceptible to BZ during AP
than isolates of the other three genotypes. The susceptibilities
of isolates of this genotype to BZ during CP were significantly
higher than those of isolates of genotype 20 (P ⬍ 10⫺3), marginally significantly higher than those of isolates of genotype 19
(P ⫽ 0.052), and not significantly higher than those of isolates
of genotype 39.

Comparative analyses of the cure rates during AP and CP
did not show significant differences within each clonal genotype.
(iii) Analysis between stocks of a given clonal genotype.
Analysis of stocks of genotype 20 demonstrated homogeneous
results, with all stocks being 100% resistant to BZ during both
AP and CP (Fig. 4).
During AP, we identified one stock of genotype 19 (SP104
cl1) resistant to BZ, two stocks of genotype 19 (Cutia cl1 and
Gamba cl1) partially resistant to BZ, and two stocks of genotype 19 (OPS21 cl11 and 13379 cl7) susceptible to BZ. During
CP two stocks of genotype 19 (Gamba cl1 and SP104 cl1) were
considered resistant to BZ, one stock (Cutia cl1) was considered partially resistant to BZ, and two stocks (OPS21 cl11 and
13379 cl7) were considered susceptible to BZ (Fig. 4).
Analysis of genotype 39 isolates with BZ showed two resistant stocks (Bug2149 cl10 and Bug2148 cl1), one partially resistant stock (MN cl2), and two susceptible stocks (SC43 cl1
and SO3 cl5) during both phases of infection (Fig. 4).
During AP, one stock of genotype 32 (IVV cl4) was considered partially resistant BZ and four stocks (MAS cl1, TU18 cl2,
CBB cl3, and MVB cl8) were considered susceptible. During
CP, one stock of genotype 32 (MVB cl8) was resistant to BZ,
one stock (CBB cl3) was partially resistant to BZ, and three
stocks (MAS cl1, TU18 cl2, and IVV cl4) were susceptible to
BZ (Fig. 4).
In general, there were no significant differences between the
resistance and susceptibilities of isolates of each stock during
AP and CP. Only one exception was observed with stock MVB
cl8 of genotype 32, classified as susceptible (80%) during AP
and resistant (0%) during CP (Fig. 4).
Treatment with itraconazole. (i) Comparison between T.
cruzi I and II isolates. After treatment with ITC, animals
infected with T. cruzi I isolates showed cure rates of 0% during
both phases of the infection. Thus, T. cruzi I isolates were
considered resistant to ITC (Fig. 5). The cure rates were 42.1
and 76.74% for mice infected with T. cruzi II isolates during

FIG. 3. Percent cure for BALB/c mice infected with T. cruzi isolates
of genotype 20 (n ⫽ 61), 19 (n ⫽ 58), 39 (n ⫽ 51), or 32 (n ⫽ 51) after
treatment with BZ (100 mg/kg/day for 20 days) during AP (open bars)
and CP (shaded bars). Different letters (a, b, and c) represent statistically significant differences (P ⬍ 0.05) except for those for isolates of
genotypes 39 and 32 during CP.
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FIG. 2. Percent cure for BALB/c mice infected with stocks of T.
cruzi I (n ⫽ 119) or T. cruzi II (n ⫽ 102) after treatment with BZ (100
mg/kg/day for 20 days) during AP (open bars) and CP (shaded bars).
Different letters (a and b) represent statistically significant differences
(P ⬍ 0.0001).
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AP and CP, respectively. Thus, T. cruzi II isolates were considered partially resistant during AP and susceptible during CP
(Fig. 5). Animals infected with T. cruzi I isolates showed significantly lower (P ⬍ 10⫺4) levels of susceptibility to ITC than
mice infected with T. cruzi II isolates during both phases of
infection.
(ii) Comparison between clonal genotypes. The cure rates
were 0% for animals infected with genotypes 20 and 19 when
the mice were treated during both AP and CP. Thus, isolates of
these genotypes were considered resistant to ITC (Fig. 6). The
cure rates were lower for genotype 20 and 19 isolates than for
genotype 39 and 32 isolates during both phases of infection
(P ⬍ 10⫺4)
The cure rates for mice infected with genotype 39 were 27.8
and 66.7% during AP and CP, respectively. Thus, isolates of
this genotype were considered resistant during AP and partially resistant during CP (Fig. 6). The cure rates for mice
infected with genotype 39 isolates were higher than those for
mice infected with genotype 20 and 19 isolates during both
phases of infection (P ⬍ 0.05).
The cure rates were 55 and 84% for animals infected with
genotype 32 isolates when they were treated during AP and
CP, respectively. Thus, isolates of this genotype were considered partially resistant during AP and susceptible during CP
(Fig. 6). The cure rates were higher than those for mice in-

fected with isolates of genotypes 20 and 19 during both phases
of infection (P ⬍ 10⫺3).
Comparative analysis within each clonal genotype showed
that the cure rates were significantly higher (P ⬍ 0.05) during
CP in animals infected with genotypes 39 and 32 (Fig. 6).
(iii) Analysis between stocks of a given clonal genotype.

FIG. 5. Percent cure for BALB/c mice infected with stocks of T.
cruzi I (n ⫽ 94) and T. cruzi II (n ⫽ 81) after treatment with ITC (100
mg/kg/day for 60 days) during AP (open bars) and CP (shaded bars).
Different letters (a, b, and c) represent statistically significant differences (P ⬍ 0.005).
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FIG. 4. Percent cure for BALB/c mice infected with 20 T. cruzi stocks of genotype 20, 19, 39, or 32 after treatment with BZ (100 mg/kg/day for
20 days) during AP (open bars) and CP (shaded bars).
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Analysis of genotype 20 and 19 isolates showed homogeneous
results, with all stocks being resistant to ITC during both
phases of infection (Fig. 7).
During AP, three stocks (Bug2149 cl10, SO3 cl5, and MN
cl2) of genotype 39 were resistant to ITC, one stock (Bug2148
cl1) was partially resistant to ITC, and one stock (SC43 cl1)
was susceptible to ITC. During CP, two stocks (Bug2149 cl10
and SO3 cl5) were resistant to ITC and three stocks (MN cl2,
Bug2148 cl1 and SC43 cl1) were susceptible to ITC (Fig. 7).
Genotype 32 stock MVB cl8 was resistant to ITC during AP
and susceptible during CP. Three of five stocks (MAS cl1, CBB
cl3, and TU18 cl2) were considered susceptible to ITC during

both phases of infection. Isolates of stock IVV cl4 were resistant during AP and partially resistant during CP (Fig. 7).
In general, there were no significant differences between the
resistance and susceptibilities of isolates of each stock during
AP and CP. Four exceptions were observed, and these pertained exclusively to stocks of T. cruzi II isolates: genotype 39
stock MN cl2, classified as resistant (0%) during AP and susceptible (100%) during CP; stock Bug2148 cl1, also of genotype 39, classified as partially resistant (66%) during AP and
susceptible (100%) during CP; genotype 32 stock MVB cl8,
classified as resistant (0%) during AP and susceptible (80%)
during CP; and genotype 32 stock IVVcl4, classified as resistant (0%) during AP and partially resistant (40%) during CP
(Fig. 7).
Mantel test. Global analysis of all data by the Mantel test
showed a coefficient of correlation of 0.4717 between the matrices of the four parameters considered (susceptibility to BZ
during AP, susceptibility to BZ during CP, susceptibility to ITC
during AP, susceptibility to ITC during CP) on the one hand
and the genetic distances (Jaccard index) on the other for all
pairs of stocks (P ⬍ 10⫺4).
DISCUSSION
Several studies have paid attention to the hypothesis of a
linkage between the phylogenetic diversity of T. cruzi natural
clones and the relevant biological properties of this parasite,
such as its behavior in vitro and in vivo, including its vectors
and murine hosts (10, 14, 18, 19, 26) and the clinical manifestations of the disease (20, 26).
Andrade and colleagues (1, 2, 4) have also investigated the
association between phylogenetic diversity and the response to
chemotherapy. In those studies, T. cruzi strains from different

FIG. 7. Percent cure for BALB/c mice infected with 20 T. cruzi stocks of genotype 20, 19, 39, or 32 after treatment with ITC (100 mg/kg/day
for 60 days) during AP (open bars) and CP (shaded bars).
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FIG. 6. Percent cure for BALB/c mice infected with T. cruzi isolates
of genotype 20 (n ⫽ 49), 19 (n ⫽ 45), 39 (n ⫽ 36), or 32 (n ⫽ 45) after
treatment with ITC (100 mg/kg/day for 60 days) during AP (open bars)
and CP (shaded bars). Different letters (a, b, and c) represent statistically significant differences (P ⬍ 0.05).
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susceptibility to ITC during CP. However, analysis of the data
for individual stocks demonstrated a clear tendency for the
three stocks (MAS cl1, CBB cl3, and TU18 cl2) to be susceptible to ITC during AP and CP and, additionally, for MVB cl8
to be susceptible to ITC during CP. A predominance of resistance was observed for genotype 39 isolates (BUG2149 cl10,
SO3 cl5, and MN cl2) during AP. Interestingly, BUG2148 cl1,
MN cl2, and SC43 cl1 isolates of genotype 39 pushed the
therapeutic results toward susceptibility during CP. In fact,
data from the ITC treatments showed a better association with
the creation of a phylogenetic hierarchy of the T. cruzi genotypes than BZ treatments did. With ITC, no cure was detected
in mice infected with isolates of genotypes 20 and 19 during
either phase of infection. This homogeneous result allows consideration of both genotypes as a unique category of isolates.
On the other hand, despite the wide range of resistance and
susceptibility, stocks of T. cruzi II showed a tendency toward
susceptibility, mainly due to genotype 32.
In general, we found similar therapeutic responses between
AP and CP. A therapeutic discrepancy was observed for
Gamba cl1 of genotype 19, which was partially resistant during
AP and which was resistant during CP. Discrepant data were
also observed for BUG2148 cl1 and MN cl2 of genotype 39 and
MVB cl8 and IVV cl4 of genotype 32. Similar results were
previously described by Andrade et al. (2), who demonstrated
that T. cruzi I strains that were highly resistant to BZ and NFX
during AP were partially susceptible to both drugs during CP.
Stocks of T. cruzi II were more susceptible to treatment than
stocks of T. cruzi I, leading to therapeutic responsiveness after
treatment with BZ and ITC. This result is in agreement with
those of studies conduced by Apt and colleagues (6) in Chile,
where over 50% of chronically infected patients were cured
after ITC chemotherapy. It was previously described that the
majority of T. cruzi stocks isolated from these human patients
were classified as T. cruzi II (zymodeme 2 from Miles et al.
[27]) (5). Murta et al. (31) also reported that T. cruzi zymodeme B strains (T. cruzi II) were highly susceptible to BZ and
NFX.
In conclusion, the data presented here fit the predictions of
the clonal evolution model of T. cruzi (36) and demonstrate for
the first time a correlation between phylogenetic divergence
(Jaccard distance) (17) among T. cruzi clonal genotypes and
their in vivo susceptibilities to chemotherapeutic agents. This
correlation was highly significant by the Mantel test and was
observed during AP and CP for both drugs tested. Moreover,
our results corroborate previous observations of the responses
to the drugs in vitro in studies with acellular and cellular
cultures (33). Those studies detected similar patterns, with
genotypes 20 and 19 being more resistant to BZ and NFX and
genotypes 39 and 32 being more susceptible to the two drugs.
Our results also warn of the necessity to take into account
the lesser phylogenetic subdivisions. As a matter of fact, the
upper subdivisions, T. cruzi I and II, proved to be heterogeneous for the parameters studied here. A remarkable
example of this feature was the case of T. cruzi I genotypes
19 and 20, which are phylogenetically very close but which
nevertheless showed drastic differences in their levels of
resistance to BZ.
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hosts and geographic areas of Latin America, corresponding to
T. cruzi I (equivalent to zymodeme 1 and biodema III), T. cruzi
II (equivalent to zymodeme 2 and biodema II), and T. cruzi
(equivalent to zymodeme 2b and biodema I) (30) were evaluated. It was observed that during AP T. cruzi (zymodeme 2b)
strains were highly susceptible and T. cruzi II strains were
partially to highly susceptible to BZ and NFX, whereas T. cruzi
I strains were highly resistant to BZ and NFX (1). Interestingly, during CP a different association between the zymodeme
and the drug resistance pattern was found. Even strains highly
resistant to BZ during AP, like T. cruzi I strains, were shown to
be partially susceptible during CP, while no such differences
were observed for T. cruzi II strains (2). Although the studies
cited above have made significant contributions, they did not
rely on a rigorous population genetics framework. Differently,
our study was based on the clonal evolution model of T. cruzi
and on the working hypothesis that biological differences are
proportional to the degree of evolutionary divergence among
the clonal genotypes.
Our results confirm the previous hypothesis that there is an
association between phylogenetic diversity and the chemotherapeutic response for the two major groups of T. cruzi. These
differences can be considered important markers of the biological behavior of this parasite: T. cruzi I isolates are resistant
to BZ and ITC during both AP and CP, whereas T. cruzi II
isolates are partially resistant to both drugs, despite their susceptibilities to ITC during CP.
The resistance to BZ observed for T. cruzi I was predominantly due to genotype 20, since genotype 19 isolates were
partially resistant. It is interesting that the apparent partial
resistance of genotype 19 isolates was actually a consequence
of variable responses to BZ. On the other hand, isolates of
both genotypes 20 and 19 were resistant to ITC, with homogeneous results for all stocks tested. Our data suggest that
stocks of genotype 20 might present multiple-drug-resistanceconferring genes that could explain their resistance to both
drugs used in the present study. This possible association increases the interest in studies of T. cruzi stocks of this genotype
to test new chemotherapeutic agents potentially active against
T. cruzi, such as the new triazole derivatives (inhibitors of the
parasite’s sterol C14-alpha-demethylase) (41). Detailed studies
on the capacities of triazole derivatives to overcome the natural resistance to nitroimidazoles and nitrofurans of T. cruzi I
strains have recently been published (28, 29).
Data for T. cruzi II isolates demonstrated that genotype 39
isolates had a major impact on the pattern of partial resistance
to BZ observed. Interestingly, two polar patterns of response
to BZ led to this result, with BUG2149 cl10 and BUG2148 cl1
strains being resistant and SC43 cl1 and SO3 cl5 isolates being
susceptible. This dual behavior was also observed among other
biological properties of stocks of genotype 39, including the
level of parasitemia, the percentage of positive hemoculture,
and histopathology during AP and CP (40). Perhaps the hybrid
nature of this genetic group, which harbors a combination of
genes of two putative parental genotypes (21), could explain
these results. Isolates of genotype 32 showed a typical profile of
susceptibility, with a few exceptions, including IVV cl4 during
AP and MVB cl8 and CBB cl3 during CP. There was a clear
indication that genotype 32 isolates had a major influence on
the mixed pattern of partial resistance to ITC during AP and

229

230

TOLEDO ET AL.
ACKNOWLEDGMENTS

This work received financial support from the Fundação de Amparo
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Ayala. 1993. Genetic characterization of six parasitic protozoa: parity between random-primer DNA typing and multilocus enzyme electrophoresis.
Proc. Natl. Acad. Sci. USA 90:1335–1339.
38. Tibayrenc, M. 1995. Population genetics of parasitic protozoa and other
microorganisms, p. 47–115. In J. Baker, R. Muller, and D. E. Rollinson (ed.),
Advances in parasitology. Academic Press, London, England.
39. Toledo, M. J. O., A. L. F. Guilherme, J. C. Silva, M. V. Gasperi, A. P.
Mendes, M. L. Gomes, and S. Marques de Araújo. 1997. Trypanosoma cruzi:
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