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Abstract A total of 15 mixtures involving 9 di�erent
stocks attributed to the 19/20, 32 and 39 major clonal
genotypes of Trypanosoma cruzi were used to infect
third-instar nymphs of Triatoma infestans via an arti®-
cial feeding device. Three biological parameters were
considered: (1) the percentage of infected insects (%II),
(2) the number of ¯agellates per insect (NFI), and (3) the
percentage of trypomastigotes per insect (%DIF). Ge-
netic characterization by both multilocus enzyme elec-
trophoresis (MLEE) and random ampli®cation of
polymorphic DNA (RAPD) indicated that in almost all
cases (87%), mixtures remained present after completion
of the whole cycle in the insect vector. Two lines of
comparison were performed: (1) pure clonal genotypes
versus corresponding mixed clonal genotypes and (2)
the actual behavior of mixed clonal genotypes versus the
expected behavior of the theoretical mixture (i.e.
the arithmetic mean of the results observed for each of
the two clonal genotypes taken separately). Statistical
analyses of the variables were made di�cult because of
the presence of large standard deviations. Nevertheless,
in several cases, mixtures di�ered signi®cantly from pure
clonal genotypes, and in one case the actual mixture

di�ered signi®cantly from the theoretical mixture. In
some cases, interaction (either potentialization or re-
ciprocal inhibition) could be suspected.

Introduction

Trypanosoma cruzi, the agent of Chagas' disease, un-
dergoes an obligatory cycle within the digestive tract of
triatomine bugs. In the insect's gut, parasite populations
consist mainly of multiplicative epimastigote forms that
in the rectum can di�erentiate into the infective meta-
cyclic trypomastigotes. Among the species of vectors,
Triatoma infestans remains the most important synan-
tropic vector of Chagas' disease in many South Ameri-
can countries.

It is well established that the species T. cruzi is ex-
tremely heterogeneous in terms of its general biological
behavior (Andrade 1976), growth kinetics (Dvorak et al.
1980), pathogenicity (Miles et al. 1981), isoenzyme pat-
terns (Miles et al. 1980; Andrade et al. 1983; Tibayrenc
and Ayala 1988), k-DNA restriction fragment (Morel
et al. 1980), random ampli®cation of polymorphic DNA
(RAPD; Steindel et al. 1993; Tibayrenc et al. 1993), and
ability to multiply and di�erentiate in the insect vector
(Garcia and Dvorak 1982; Schaub 1989; Mello et al.
1996).

Population-genetics analyses have shown that
T. cruzi presents a typical clonal population structure
(Tibayrenc et al. 1986). Among the numerous isolated
natural clones, a limited number are overrepresented
through vast geographic areas and over long periods.
These widespread clonal genotypes have been referred to
as major clones (Tibayrenc and Ayala 1988; Tibayrenc
and BrenieÁ re 1988). Moreover, frequently, isolates are
sampled that comprise at least two di�erent clonal
genotypes, either in patients or in vectors (Morel et al.
1984; BrenieÁ re et al. 1985; Tibayrenc et al. 1985;
Bosseno et al. 1996). Considering the incidence of mixed
stocks in natural cycles, to better understand the
transmission of Chagas' disease and the biological
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behavior of T. cruzi major clones, the present report
presents experimental results dealing with the compared
transmissibility by T. infestans of pure and mixed clonal
genotypes of T. cruzi.

Materials and methods

Parasites

Nine stocks were selected from a standardized set of 21 stocks used
in our laboratory for all biology studies dealing with Trypanosoma
cruzi (Revollo 1995; Laurent et al. 1997). This set of 21 stocks is
representative of 3 major clonal lineages of T. cruzi numbered
19/20, 32, and 39 according to the coding system used by Tibayrenc
et al. (1986). Major clones 19, 20, 32, and 39, characterized by 15
enzyme loci (Tibayrenc et al. 1986), revealed limited additional
variability with the use of more discriminative markers (Tibayrenc
et al. 1993), as expected. They should be regarded as families of
closely related clones rather than as actual clones (Tibayrenc and
Ayala 1988). Moreover, the 19/20 group, formerly distinguished
into natural clones 19 and 20 on the basis of 15 isoenzyme loci
(Tibayrenc et al. 1986), are less clearly separated by more discrim-
inative methods (Tibayrenc et al. 1993). In the present study they
were plotted together into a unique group of closely related clonal
genotypes designated 19/20. The 3 classes of clonal genotypes,
namely 19/20, 32, and 39, illustrate di�erent phylogenetic rela-
tionships; 32 and 39 are more closely related to each other, whereas
19/20 is more distantly related to both 32 and 39 (see Fig. 1).

All stocks were fully characterized by both multilocus enzyme
electrophoresis for 22 di�erent genetic loci and RAPD (Tibayrenc
et al. 1993). They were cloned at the laboratory, and actual cloning
was veri®ed under the microscope. Information on the laboratory
code, host, and geographic origin of the nine stocks under survey is
given in Table 1. The nine stocks studied were analyzed for their
transmissibility in Triatoma infestans (Lana et al., unpublished
data). According to their transmission behavior in T. infestans, they
entered the composition of 15 di�erent mixtures designed to rep-
resent various behavioral situations. For each genotype category,
either 19/20 or 32 or 39, we selected three stocks, a ``fast'' one
(easily transmitted through T. infestans), a ``slow'' one, and a
``medium'' one according to the results recorded by Lana et al.
(unpublished data). For each case of mixed genotypes (19/20 + 32,
19/20 + 39, 32 + 39), 5 di�erent classes were designed, namely,
medium/medium, fast/fast, slow/slow, slow/fast, and fast/slow,
resulting in a total of 15 di�erent mixtures (see Table 2). This de-
sign aims at eliminating a ``stock e�ect'' such that representative
results are reached for mixtures of clonal genotypes rather than
mixtures of particular stocks.

Experimental conditions

Experiments were undertaken with third-instar nymphs of
T. infestans reared under laboratory conditions, i.e., at about 26±
27 °C and 65±70% relative humidity, and allowed to feed on
chickens every 3 weeks. The insects originated from an outbred
colony consisting of individuals from Chile, Uruguay, and Brazil.
The insects were exposed to infection using middle-log-phase cul-
ture forms from LIT medium at 28 °C in an arti®cial xenodiagnosis
device through latex membranes. In all, 8 ml of parasite suspension
in citrated mouse blood at a ®nal concentration of 5.0 ´ 105 cells/
ml was used. The system was maintained at 37 °C and continuously
homogenized with a magnetic stirring bar. Only engorged insects
were considered.

For parasite quanti®cation, 30 days later the whole digestive
tube was removed and gently ground in 0.6-ml Eppendorf tubes
containing 10 ll of phosphate-bu�ered saline (PBS, pH 7.2). The
suspension was then homogenized and used to prepare fresh slide
smears covered with 22 ´ 22 lids. Preparations were scored

Fig. 1 A UPGMA (unweighted pair-group method with arithmetic
averages) dendrogram (Sneath and Sokal 1973) depicting the
phylogenetic relationships among the 9 Trypanosoma cruzi stocks
under study as assayed by 22 isoenzyme loci (Tibayrenc et al. 1993).
The top cluster corresponds to the clonal genotype 19/20, the middle
cluster corresponds to the clonal genotype 39, and the bottom cluster
corresponds to the clonal genotype 32 (genotype numbering after
Tibayrenc and Ayala 1988). The scale indicates genetic distances
estimated with the index of Jaccard (1908)

Table 1 Laboratory code, hosts, and geographic origin of the 9 Trypanosoma cruzi stocks used in the present study. Clonal genotypes are
numbered according to Tibayrenc and Ayala (1988)

Name Country Place Host Clonal genotype

Esquilo cl1 Brazil Sao Paulo Sciurus aestuans ingramini 19/20
SO34cl4 Bolivia Toropalka (Potosi) Triatoma infestans 19/20
OPS21 cl11 Venezuela Cojedes Humans 19/20
CBB cl3 Chile TulaheÂ n Humans 32
MVB cl8 Chile Santiago Humans, chronic form 32
Tu18 cl2 Bolivia Tupiza T. infestans 32
SC43 cl1 Bolivia Santa Cruz T. infestans 39
Bug2148 cl1 Brazil Rio Grande do Sul T. infestans 39
MN cl2 Chile IV Region Humans, chronic form 39
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microscopically for the presence of ¯agellates, total numbers of
¯agellates, and percentages of metacyclic trypomastigotes. In all,
200 ®elds for each preparation were examined. Additionally, the
entire intestinal tracts of two insects from each stock were asepti-
cally removed and introduced into 15-ml Falcon tubes containing
3.0 ml of LIT medium supplemented with gentamicin at 50 lg/ml.
The tubes were kept at 28 °C and examined weekly for the presence
of ¯agellates. Isolates were checked for identi®cation of the clones
by their isoenzyme pro®les and RAPD patterns. Cellulose-acetate
electrophoresis was performed under conditions described else-
where (Ben Abderrazak et al. 1993). Five enzyme systems were
assayed: phosphoglucose isomerase (E.C. 5.3.1.9, PGI), phospho-
glucomutase (E.C. 5.4.2.2, PGM), isocitrate dehydrogenase
(E.C.1.1.1.42, IDH), 6-phosphogluconate dehydrogenase (EC
1.1.1.44, 6PGD), and glutamate oxalate transaminase (E.C.2.6.1.1,
GOT). For RAPD analysis, primers A7 (GAAACGGGTG) and
A10 (GTGATCGCAG; kit A, Operon Technologies, Alameda,
Calif.) were used under conditions described elsewhere (Williams
et al. 1990; Tibayrenc et al. 1993).

Data analysis

Three variable were considered: (1) the percentage of infected in-
sects (%II), (2) the number of ¯agellates per insect (NFI), and (3)
the percentage of metacyclic trypomastigotes per insect (%DIF).
Each of the 15 mixtures was exposed to 6 insects and a total of 90
insects were examined. The reduced deviation test (SAS program,
version 5-06) was used to compare the parameters between the
three categories of mixtures of clonal genotypes (19/20 + 39, 19/20
+ 32, 39 + 32). Within each of the three categories of mixtures, for
the three parameters under study, the value taken into account was
the arithmetic mean between the following ®ve classes: medium/
medium, fast/fast, slow/slow, slow/fast, and fast/slow (see above).
Comparisons of percentages were used in the case of the %II pa-
rameter, whereas comparisons of means were used in the case of the
two other parameters.

Two di�erent categories of comparison were performed: (1) a
given mixture with the corresponding pure clonal genotypes ac-
cording to the results obtained by Lana et al. (unpublished data) and
(2) a given mixture with the corresponding theoretical mixture, i.e.,
its expected result in the case of an equal e�ect of the two corre-
sponding clonal genotypes (arithmetic mean of the values recorded
for the two corresponding clonal genotypes, taken separately).

Results

Persistence of mixed genotypes

The combined results of MLEE and RAPD analyses
showed that in most cases (87.0%), genotype mixtures
remained present after completion of the whole cycle in
the insect vector. MLEE and RAPD allowed the de-
tection of 71.11% and 60.0% of the total mixtures,
respectively. Mixed-infection percentages recorded for
two given clonal genotypes remaining after completion
of the cycle were 19/20 + 32 � 73.33%, 19/20
+ 39 � 93.33%, and 32 + 39 � 93.33% when
MLEE and RAPD results were combined. In mixtures
of the 32 and 39 genotypes the latter appeared very
frequently as weak bands only (see Fig. 2), which sug-
gests that this genotype was in the minority in the mix-
ture at that step, although no quanti®cation was
attempted in the present study. Finally, both MLEE and
RAPD identi®ed cases in which only one of theT
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genotypes was detectable after completion of the cycle.
In these conditions the genetic group 19/20 was most
frequently encountered, with 57.13% of the cases having
only one detectable genotype after completion of the
cycle, followed by the 32 and 39 genotypes at 28.57%
and 14.29%, respectively. Figures 2 and 3 show typical
electrophoresis pro®les obtained by MLEE and RAPD
and revealing the persistence of mixed genotypes after
completion of the cycle.

Behavior of the mixtures in Triatoma infestans

Table 3 summarizes the values obtained for the pure
clonal genotypes, the actual mixtures, and the theoreti-
cal mixtures. Table 4 gives the statistical data that
proved to be signi®cant. All other tests gave nonsignif-
icant results.

Discussion

Persistence in many cases of the mixed genotypes after
completion of the whole cycle is a relevant observation
that con®rms data previously obtained using in vitro
cultures (FrancË ois 1995) and is consistent with data from
the ®eld (Morel et al. 1984; BrenieÁ re et al. 1985;
Tibayrenc et al. 1985; Bosseno et al. 1996). Experiments
need to be designed to survey the possible persistence of
mixtures in the long run, after the completion of many
cycles. Nevertheless, it should be emphasized that clonal
genotype 32, whose transmissibility appeared to be
weaker than that of the 19/20 genotype when these were
considered separately (see Table 3), was obviously
present in many cases of mixtures after completion of
the cycle (see Figs. 2, 3). Although an acute quanti®ca-
tion was not performed in the present study, MLEE

Fig. 2 Isoenzyme pro®les revealed with the enzyme system glucose
phosphate isomerase (GPI) in parasites obtained from third-instar
nymphs of Triatoma infestans exposed to mixed T. cruzi populations
attributed to the 19/20, 32, and 39 clonal genotypes (Tibayrenc and
Ayala 1988) (Lane 1 Genotype 19/20 monoclonal infection, lane 2
genotype 39 monoclonal infection, lane 3 genotype 32 monoclonal
infection, lanes 4±6 genotypes 19/20 + 32 mixed infection, lanes 7±9
genotypes 19/20 + 39 mixed infection, lanes 10±12 genotypes
32 + 39 mixed infection)

Fig. 3 RAPD using the A10
primer in parasites obtained from
third-instar nymphs of
T. infestans exposed to mixed
T. cruzi populations attributed to
the 19/20, 32, and 39 clonal
genotypes (Tibayrenc and Ayala
1988) (Lanes 1, 23 Scale ladders,
lanes 2, 20 genotype 19/20 mono-
clonal infection, lanes 3, 21
genotype 32 monoclonal infec-
tion, lanes 4, 22 genotype 39
monoclonal infection, lanes 5±9
genotypes 19/20 + 32 mixed in-
fection, lanes 10±14 genotypes
19/20 + 39 mixed infection,
lanes 15±19 genotypes 32 + 39
mixed infection)

Table 3 Numerical results obtained for 3 biological parameters
(NFI, DIF, and %II; see Materials and methods) with the 9 T.
cruzi stocks attributed to the 3 groups of clonal genotypes (19/20,
32, and 39), taken separately and in mixture. Data in parentheses

correspond to the theoretical mixtures, i.e., the average of the va-
lues obtained for the two clonal genotypes involved in the actual
mixture, taken separately (see Materials and methods)

NFI DIF %II

19/20 119.92 � 241.30 16.04 � 20.98 0.91
39 44.56 � 127.24 5.64 � 11.89 0.70
32 29.89 � 70.64 0.48 � 1.66 0.56
19/20 + 39 184.40 � 344.75 (80.83 � 194.03) 11.10 � 19.89 (10.64 � 17.63) 0.90 (0.78)
19/20 + 32 147.33 � 199.91 (74.91 � 182.95) 12.20 � 14.95 (8.26 � 16.77) 0.87 (0.73)
39 + 32 12.02 � 24.12 (37.50 � 103.91) 1.71 � 4.73 (3.15 � 9.00) 0.62 (0.60)
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results do suggest that the proportion of parasites at-
tributed to the 32 genotype in these persistent mixtures
was noteworthy (see Fig. 2).

When the NFI, DIF, and %II parameters were
considered, statistical comparisons were rendered di�-
cult because of considerable standard deviations. Nev-
ertheless, some highly signi®cant results were obtained
(see Table 4). They concern only the NFI and DIF pa-
rameters, since no signi®cant result was observed for the
%II parameter.

Considering the crude results (Table 3), ``unexpected''
results for the NFI parameter were apparent; that is, the
mixtures were either ``faster'' than the ``fastest'' clonal
genotype considered separately (the case for the 19/
20 + 39 and the 19/20 + 32mixtures), or ``slower'' than
the ``slowest'' genotype considered discretely (the case for
the 39 + 32 mixture). These results suggest an interac-
tion between the genotypes involved in the mixture.
Nevertheless, only the last case showed statistically sig-
ni®cant departures from both the theoretical mixture and
the 32 genotype (the ``slowest'' one) considered separately
(see Table 4). This suggests a reciprocal inhibition of the
two genotypes involved. In the case of the DIF parame-
ter, when signi®cant results were observed, they were
``expected''; that is, they were (1) intermediary between
the results recorded for each of the two corresponding
clonal genotypes taken separately or (2) not statistically
di�erent from the corresponding theoretical mixtures.
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