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Abstract

We investigated the relationships between overall phylogenetic diversity inTrypanosoma cruzievidenced by multilocus markers (MLEE
and RAPD) on the one hand, and gene expression patterns, revealed by mRNA analysis on the other hand. Nineteen laboratory-cloned
stocks representative of this parasite’s overall phylogenetic diversity and ecogeographical range were analyzed using random amplified
differentially expressed sequences (RADES). The bat trypanosomeT. cruzi marinkelleiwas taken as outgroup. The profiles obtained
showed that RADES polymorphism cannot be considered as a simple subsample of general RAPD polymorphism. Indeed, many RADES
bands were not present in general RAPD profiles, and vice versa. Phylogenies obtained from RADES on the one hand, and MLEE/RAPD
on the other hand, were very similar. This suggests that in spite of the recent observation of hybrid genotypes and mosaic genes inT.
cruzi, clonal evolution in this parasite has been preponderant enough on an evolutionary scale to carve the polymorphism on all types of
DNA sequences, including expressed genes, although these genes are assumed to undergo natural selection pressure contrary to noncoding
sequences and neutral polymorphisms.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Trypanosoma cruziis the flagellate protozoon responsible
for Chagas disease in Latin America and southern USA.
In the USA, native cases are exceptional, whereas several
million people are at risk in Latin America.

The analysis ofT. cruzi genetic variability in terms of
population genetics led to the hypothesis that this parasite’s
natural populations undergo predominant clonal evolution
with at best rare genetic exchange[1]. T. cruzinatural clones
are divided into two main genetic subdivisions[2,3], which
were subsequently referred to asT. cruzi I and T. cruzi II
(TC I and II) [4]. TC II is further subdivided into five lesser
clusters, for a total of six distinguishable subdivisions[5,6].
Although they are clearly delimited, these subdivisions can-

Abbreviations:DTU, discrete typing unit; MLEE, multilocus enzyme
electrophoresis; Myr, millions of years; RADES, random amplified
differentially expressed sequences; RAPD, random amplified polymorphic
DNA
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not be equated with real clades, because there are some ge-
netic exchange and genotypes of hybrid origin (see below).
These subdivisions have been referred to as discrete typing
units or DTUs[7]. DTU I corresponds to TC I, and DTU II
corresponds to TC II. DTU II’s lesser subdivisions are II a,
II b, II c, II d and II e [5].

Several studies have reported the existence of recombi-
nant genotypes in this species, either in natural populations
[8–10] or in experiments[11]. Based on these results, the
clonal model has been explicitly challenged[12].

However, the two proposals are not inconsistent with each
other. Actually, the model proposed for various major par-
asitic protozoan species within clonal theory[13] does not
state that recombination is absent, but rather that it is not
frequent enough to break the prevalent pattern of the clonal
population structure. However, the debate is again open[12]
on the impact of clonal evolution and genetic exchange in
T. cruzinatural populations.

An expected consequence of long-term clonal evolution
is an agreement between phylogenetic trees built from inde-
pendent genetic markers. Such a parity has been observed in
T. cruzibetween multilocus enzyme electrophoresis (MLEE)
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and random amplified polymorphic DNA (RAPD)[5,6,14].
After being the topic of many studies looking for natural
selection on allozymes in the 70’, MLEE variability is now
considered to be nearly neutral[15], whereas RAPD ex-
plores various parts of the genome, of which many corre-
spond to noncoding sequences. The results of theT. cruzi
genome project suggest that there are 50% coding and 50%
noncoding sequences in this parasite’s genome (El-Sayed,
personal communication). In predominant clonal evolution,
a correlation between MLEE and RAPD phylogenies is
therefore not unexpected. Coding regions could exhibit a
different pattern, since they directly govern phenotypic poly-
morphism. They are therefore bound to be under selective
pressure, and far from a pattern of random accumulation
of mutations. In this study, we analyzed the polymorphism
of gene expression inT. cruzi and have compared it to
MLEE and RAPD phylogenies. Gene expression was sur-
veyed through the analysis of messenger RNA (mRNA).

2. Material and methods

2.1. T. cruzi stocks

The 19 stocks used for this study are described inTable 1.
They correspond to a standardized set of stocks that has been
used for many studies in our laboratory. As ascertained by
previous studies relying on the analysis of more than 450
stocks[5], they can be considered as a representative sub-
sample of the entire genetic diversity and ecogeographical
range ofT. cruzi. They include stocks attributed to the six
genetic subdivisions of this parasite, or discrete typing units
(DTUs) [5–7]. All these stocks were cloned in the labora-

Table 1
List, origin and genetic identification (DTU) of the 19Trypanosoma cruziand 2T. cruzi marinkelleistocks analyzed in the present study

Species (no. of stock) Code DTU Host Country Locality

T. cruzi (1) Cutia Cl1 I Dasyprocta aguti Brazil Espiritu Santo,Colatina
T. cruzi (2) SP 104 cl1 I Triatoma spinolai Chile Region IV, Combarbala
T. cruzi (3) P 209 cl93 I Human Bolivia Sucre
T. cruzi (4) 92122102R II a Procyon lotor USA Georgia, Statesboro, Bulloch
T. cruzi (5) CanIII cl1 z3 II a Human Brazil B̀elem
T. cruzi (6) Tu 18 cl 93 II b Triatoma infestans Bolivia Tupiza
T. cruzi (7) CBB cl 3 II b Human Chile Region IV, Tulahuèn
T. cruzi (8) Mas cl 1 II b Human Brazil Brasilia
T. cruzi (9) Ivv cl4 II b Human Chile Region IV, Cuncumen
T. cruzi (10) CM17 II c Dasypus sp. Colombia Meta, Carimaga
T. cruzi (11) M 5631 cl3 II c Didelphis novemcinctus Brazil Selva Terra
T. cruzi (12) M 6241 cl6 II c Human Brazil Belen
T. cruzi (13) MN cl 2 II d Human Chile Region IV, Llapel
T. cruzi (14) Bug2148 cl1 II d Triatoma infestans Brazil Rio Grande do Sul
T. cruzi (15) SO 3 cl5 II d Triatoma infestrans Bolivia Potosi
T. cruzi (16) Sc 43 cl1 II d Triatoma infestrans Bolivia Santa cruz
T. cruzi (17) CL Brener II e Triatoma infestans Brazil Rio Grande do Sul
T. cruzi (18) P63 cl1 II e Triatoma infestans Paraguay Makthlawaiya
T. cruzi (19) Tula cl2 II e Human Chile Region IV, Tulahuen
T. cruzi marinkellei B3 – Phyllostomum discolor Brazil Bahia, São Felipe
T. cruzi marinkellei M109 – Phyllostomum discolor Venezuela Caracas

tory by micromanipulation under the microscope. The stocks
were cultivated in RPMI-1640 (FBS 20%, glutamine 1%).

The identity of the genotypes of the 19 stocks under
study was checked just prior to the study with six isoen-
zyme systems: diaphorase (EC 1.6.99.2, DIA), glutamate
dehydrogenase NADP+ (GDH, EC 1.4.1.4), glucose phos-
phate isomerase (GPI, EC 5.3.1.9), isocitrate dehydroge-
nase (IDH, EC 1.1.1.42), malate dehydrogenase NADP+ or
malic enzyme (ME, 1.1.1.40) and phosphogluconate dehy-
drogenase (6PGD, EC 1.1.1.44).

2.2. Preparation and amplification of cDNA

Messenger RNAs were isolated by a technique derived
from the RADES (random amplified differentially expressed
sequences) technique[16]. The mRNA was isolated by
magnetic beads (Dynabeads) 2.8�m in diameter, tailed by
poly(dT) (dT25 nt). The poly(A)RNA captured by poly(dT)
tail was eluted in 20�l of RNAse-free water. The mRNA
was quantified by spectrometry at 260 nm.

The reverse transcription was achieved by AMV reverse
transcriptase (15 U/�g of mRNA (Promega), using oligo(dT)
primer (dT18nt), in the presence of dNTP and with a ri-
bonuclease inhibitor (RNAsin). The mixture was incubated
at 42◦C for 60 mn. The QIA quick PCR purification kit [Qi-
agen], which eliminates oligonucleotides of less than 40 nt,
was used to purify the cDNA. The purified cDNA was quan-
tified at 260 nm.

The quantity of cDNA obtained by reverse transcription
was insufficient to be amplified by various RAPD primers
(random amplified polymorphic DNA)[17]. Consequently,
it was necessary to previously amplify the cDNA by PCR,
using two primers, a 23-nt primer based on the conserved
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mini-exon sequence, and an 18-nt oligo dT primer (dT 18)
complementary to the 3′ end. This mini-exon or spliced
leader (SL) exhibits a conserved sequence of 39 nt at the
5′ end on all mature Trypanosomatidae mRNA[18]. We
performed a bi-directional amplification on 30 ng of cDNA,
in a final volume of 30�l containing 3�l buffer (MgCl2
1.5 mM, KCl 50 mM, Tris–HCl 10 mM, pH 8.3), dNTP
0.8 mM, 0.6�M of each primer, and 1 U of Taq polymerase
(Roche). The PCR cycle was 2 mn at 94◦C, 1.5 mn at 61◦C,
and 3 mn at 72◦C, then 10 cycles of 30 s at 94◦C, 1.5 mn at
61◦C, 3 mn 72◦C, followed by 25 cycles of 30 s at 94◦C,
1.5 mn at 45◦C, 3 mn at 72◦C, with a final extension step
of 5 mn at 72◦C.

2.3. Polymorphism revealed by RAPD

The RAPD technique amplifies DNA using short primers,
usually 10 base pairs long, whose sequence is arbitrarily
selected and randomly hybridizes throughout the genome
[17]. This technique may detect polymorphisms generated
by either point mutations in the matching site or dele-
tions/insertions. Out of many primers previously tested
[6,14], we selected 17 corresponding to the A, B, E, F, N,
R and U kits from Operon Technologies (Alameda, CA).
These primers were retained because they gave us the most
readable and reproducible results, as checked by at least
two different assays. We amplified 20 ng of purifiedT. cruzi
DNA in a final volume of 60�l, with a program standard-
ized in our laboratory. It is based on 45 cycles of 1 mn at
94◦C, 1 mn at 36◦C, 2 mn at 72◦C, followed by a final
elongation step of 7 mn at 72◦C. The PCR products were
separated by electrophoresis on 1.6% agarose gels in 0.5
× TAE buffer (Tris–Acetate 40 mM, EDTA 1 mM, pH 8.0)
at 100 V for 30 mn. The gels were stained with 0.5�g/ml
ethidium bromide and visualized under UV exposure.

2.4. Data analysis

Genetic divergences between the stocks were estimated
with Jaccard’s genetic distance[19]. Each RAPD and
RADES gel band was coded with a number, starting with
1 for the heaviest band. The following formula was used:
Dj = 1 − a/(a + b + c), wherea is the number of bands
that are common to the two compared genotypes,b is the
number of bands present in the first genotype and absent in
the second, andc is the number of bands absent in the first
genotype and present in the second.

Genetic relationships among the stocks were estimated
by the unweighted pair-group method with arithmetic av-
erages (UPGMA)[20] and by the neighbor-joining method
[21]. Jaccard’s genetic distances were calculated using the
Genetics ToolBox software developed in our laboratory.
The Neighbor software from the PHYLIP package[22]
was used to build UPGMA and NJ trees, which were vi-
sualized with the Tree view software[23]. Robustness of
the phylogenetic MP trees (maximum parsimony trees)

was estimated by bootstrap analysis[24], using the appro-
priate software, which is included in PHYLIP (seqboot,
mix and consense). Agreement between genetic distances
computed from MLEE, RAPD data and RADES data (G
test) [13] were tested by correlation analysis based on the
nonparametric Mantel test[25] using the genetics software
designed in our laboratory. Contrary to a classic correlation
test, this randomization procedure requires no assumptions
on the number of degrees of freedom. The test was per-
formed by a Montecarlo simulation based on 104 iterations
[13]. This randomization test was performed on theT. cruzi
stocks only. Outgroups were excluded from the analysis.
For MLEE data, we took the genetic distance values based
on 22 isoenzyme loci for the same set of stocks[5].

3. Results

3.1. RAPD and RADES analysis

RAPD (Fig. 1a) and RADES (Figs. 1b and 2) multiband
profiles obtained by PCR with 17 primers showed substan-
tial genetic polymorphism, highly related within the stocks
of the same DTU, but also demonstrated differences be-
tween stocks belonging to different DTUs.Table 2lists all
multiband patterns obtained for the 17 primers with RAPD
and RADES. For a given primer, a given multiband pattern
is equated with a distinct genotype whose allelic composi-
tion is unknown[13]. In population genetic analyses, it is
processed as a single locus, although the involved primer
may have amplified several parts of the genome. However,
it is generally assumed that distinct primers will amplify
distinct parts of the genome[17], which is needed for pop-
ulation genetics analysis[13,14]. Table 2clearly shows that
RAPD and RADES polymorphisms are generally very dif-
ferent. For example, in DTU I, the A2 primer shows two
bands for RAPD, and only one, with a quite different mi-
gration, for RADES. For the same primer, in DTU II b, the
RADES pattern is much more complex (five bands) than the
RAPD pattern (only one band). Many bands observed with
RAPD amplification were not seen in RADES profiles and
vice versa, which means that most RADES genotypes were
specific for this technique and were different from the cor-
responding RAPD genotypes (Table 2andFig. 2).

3.2. Phylogenetic analyses

Using two T. cruzi marinkelleistocks as the outgroup,
all the phylogenic trees clustered the stocks in a similar
way, whatever the marker used, MLEE, RAPD or RADES,
and whatever the method used, either UPGMA or the
neighbor-joining tree (seeFig. 3). The robustness of the
clustering was corroborated by using a bootstrap proce-
dure that showed significant values (>0.80) for the clusters
identifying the DTUs. Phylogenetic analysis revealed a
close similarity for the clustering patterns recorded from (i)
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Fig. 1. (a) Amplification patterns of the 19Trypanosoma cruzistocks, obtained by RAPD analysis with the A9 primer. (b) Amplification patterns
obtained by RADES analysis with the B18 primer. Each number corresponds to aT. cruzi stock (seeTable 1). The groups correspond to the different
discrete typing units (DTUs) surveyed in the present work. Lanes marked with M correspond to the DNA molecular weight marker. The stock 5∗ was
not analyzed in the present study. (c) Comparison of RAPD and RADES amplification patterns obtained with the B18 primer: position 1, RAPD pattern,
position 2, RADES pattern, lanes marked with M correspond to the DNA molecular weight marker.
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Fig. 2. UPGMA dendrograms built from Jaccard’s genetic distances recorded from RAPD data (right), RADES data (left) and MLEE (below), clustering
the 19Trypanosoma cruzistocks surveyed in the present work. The numbers at the nodes indicate the Bootrstap value of each DTU.

MLEE and RAPD; (ii) MLEE and RADES, and (iii) RAPD
and RADES.Fig. 3 compares RAPD, RADES and MLEE
trees. Results of theG tests of correlation between all pairs
of markers[13], assayed by the non-parametric Mantel test
[25], were all highly significant (P < 10−4): MLEE versus
RAPD, MLEE versus RADES, or RAPD versus RADES.

4. Discussion

The proposal thatT. cruziexhibits a basically clonal pop-
ulation structure[1] has been challenged[12] on the basis

of convincing results on the presence of genetic exchange
in this parasite. Hybrid genotypes were detected inT. cruzi
natural populations by various genetic markers and gene
sequencing[6,8–10]. Moreover, experimental hybrids were
obtained from two transgenic parental strains[11]. These
studies provided the most important results, by showing an
extant ability for genetic exchange. The pattern ofT. cruzi
sexual processes is complex, with genetic exchanges oc-
curring between genetic lines that have been separated for
2–9 Myr [10,11]. Contrary to African trypanosomes[26],
meiosis is not involved. Genetic exchanges inT. cruzi lead
to genome fusions, loss of alleles, polyploidy/aneuploidy
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Table 2
Banding patterns obtained from RAPD (M1) and RADES (M2), using 17 decameric primers, for the 19Trypanosoma cruzistocks analyzed in the present work

DTU No. M A2 A7 A9 A10 E3 B1 B11 B18 F13 N4 N15 R1 R2 R8 R10 U16 U20

I 1 M1 1-2 1-2-4-8-9 1-6 2-5 2-3-4 1-2 2-3 2-3-4-5 1-2-3-5-8 2-3-6-8-9 1-4-6-9-10 2 2-5 1-2-3-4-5 3 1-4 1-2
– M2 6 3-4-8-9 6 5-6 4-5-6-7 3-5-6-7 3 5-9-10 6-7-8 8 9 3-5 5 4 4-5 3-4 1-2
– 2 M1 1-2 1-2-4-8-9 1-6 2-5 2-3-4 1-2-3 2-3-4 2-3-4-5 2-3-5-8 3-6-8-9 1-4-6-9-10 2 2-3-5 1-2-3-4-5 3 1-4 1-2
– M2 6 3-4-8-9 6-8 5-6 6 3-5-6-7 3-5 5-9-10 6-7-8 11 9 3-5 5 4 4-5 3-4 1-2
– 3 M1 1-2 1-2-4-8-9 1-6 2-5 2-3-4 1-2-3 2-3-4 2-3-4-5 1-2-3-5-8 3-6-8-9 1-4-6-9-10 2-4 2-5 1-2-3-4-5 3 1-4 1-2
– M2 6 3-4-8-9 6 5-6 6 3-5-6-7 3-4-5 6-9-10 6-7-8 8-10 9 3-5 5 1-4 4-5 3-4 1-2

II a 4 M1 2 4-7 2-5 1-2-3 2-4 1-4-5 3-5 2-3-5 2-3-6 6-8-9-10 2-6 2-3-5 2-3-5 1-2 2 2-4 1-2
– M2 3 3 3-5 0 4-6-7 3-5-6-7 3-4-5 4-6-8-9 6 8-10-11 10 3-6-8 6 3-4 0 4 1-2
– 5 M1 2 4-7 2-5 1-2-3 2-3-6 1-3-5 1 2-3-5 2-3-6 6-9-10 4-6 1-2-5-6 2-3-5 1-2 3 2-4 1-2
– M2 3 3 3-5 3-5 3-6 3-5-6-7 3-4-5 4-6-8-9 6 8-10-11 8-9-10 3-6-8 6 3-4 3-5 4 1-2

II b 6 M1 2 3-6-7 2-4 1-3-4-5 1-2-3-6 2-4-5-7 3-4 2-3-5 2-4-5-6 6-9-10 2-3-4 3 3-6 3-4 1-2 2-4 1-2
– M2 2-3-4-5 6-7 5-7-8 5 5-6 3-4 3-6 2-5-6-7-8 3-6 2-3-6-9-11 8-9-11 3 6 1-2-3-4 0 4 1-2
– 7 M1 2 3-6-7 2-4 1-3-4-5 1-2-3-6 2-4-5-7 3-4 2-3-5 2-4-5-6 6-9-10 2-3-4 3 3-6 1-3-4 1-2 2-4 1-2
– M2 2-3-5-6 6-7 5-7 5-6 5-6 3-4-5-7 3-6 2-5-6-7-8 3-6 2-10 8-9-11 2-3-4-6 6 1-2-3-4-5 3-5 4 1-2
– 8 M1 2 3-6-7 2-4 1-3-4-5 1-2-3-6 2-4-5-7 3-4 2-3-5 2-4-5-6 6-9-10 2-3-4 3 2-3-6 1-3-4 2 2-4 1-2
– M2 2-3-4-5 6-7 5 5-6 6 3-4-5-7 3-4-6 2-5-6-7-8 3-6 2-10 8-9-11 2-3-4-6 6 1-2-3-4-5 3-5 4 1-2
– 9 M1 2 3-6-7 2-4 1-3-4-5 1-2-3-6 2-4-5-7 3-4 2-3-5 2-4-5-6 6-9-10 2-3-4 3 3-6 1-3-4 1-2 2-4 1-2
– M2 2-3-5-6 6-7 5-7 5-6 5-6 3-4-5-7 3-4-6 2-5-6-7-8 3-6 2-3-6-9-12 8-9-11 2-3-4-6 6 1-2-3-4 5 4 1-2

II c 10 M1 2 3-4-5-6-7 1-2-3-5 3-4-6 2-7 2-4-5 2-4 1-2-3-5 1-3-5-6 1-9-10-12 2-4-5-9-10 1-2-3 1-2-4 1-4 1-2 2-4 1-2
– M2 4-6 6-7 6 6 3-5-7 5-6 3-4-6 5-8 3-6 3-6-9-12 10 2-4-6 5-6 1-2-3-4 3-4-5 4 1-2
– 11 M1 2 3-4-5-6-7 1-2-3-5 3-4-6 2-7 2-4-5 2-4 1-2-3-5 1-3-5-6 9-10-12 2-4-5-9-10 1-2-3 1-2-4 1-4 1-2 2-4 1-2
– M2 6 6-7 5-7 6 3-5-7 5-6 3-4-6 5-8 3-6 3-6-9-12 8-9-10 3-5-6 5-6 1-2-3-4 3 4 1-2
– 12 M1 2-6 3-4-5-6-7 1-2-3-5 3-4-6 1-2-7 2-4-5 1-4 1-2-3-5 1-3-5-6 9-10-12 2-4-5-9-10 1-2-3 1-2-3-4-5 1-4 2 2-4 1-2
– M2 2-6 6-7 5-7 6 3-5-7 5-6 3-4-6 5-8 3-6 3-6-9-12 8-9-10 4-5 5-6 1-2-3-4 3-4-5 4 1-2

II d 13 M1 2 3-6 3-4-5 6 1-3-6 2-4-5 4 1-2-3-5 3-4-5-6 1-5-9 2-3-5-6-7-10 1-3-5 1-2-3-4 1-3-4 1-2-3 2-4 1-2
– M2 3-6 6-7 5-7-8 6 4-5-6-7 4-5-6 2-3 5-8 3-6 3-8-10 9-10 3-4-6 4-5-6 2-4 3-5 4 1-2
– 14 M1 2 3-6 3-4-5 6 3-6 2-4-5 4 1-2-3-5 3-4-5-6 1-5-9 2-3-5-6 1-3-5 1-2-3-4 1-3-4 1-2-3 2-4 1-2
– M2 3-6 6-7 5-7-8 4-5-6 4-5-6-7 4-5-6 2-3 5-8 3-6 3-10 9-10 3-4-6 4-5-6 6 2 4 1-2
– 15 M1 2 3-6 3-4-5 3-4-6 1-3-6 2-4-5 4 1-2-3-5 3-4-5-6 1-5-9 2-3-5-6-7-10 1-3-5 1-2-3-4 1-3-4 1-2-3 2-4 1-2
– M2 3-6 6-7 5-7-8 4-5-6 4-5-6-7 4-5-6 2-3 5-8 3-6 3-8-10 9-10 3-4-6 4-5-6 4-6 5 4 1-2
– 16 M1 2 3-6 3-4-5 3-4-6 1-3-6 2-4-5 4 1-2-3-5 3-4-5-6 1-5-9 2-3-5-6-7-10 1-3-5 1-2-3-4 1-3-4 1-2-3 2-4 1-2
– M2 3-6 6-7 5-7-8 4-5-6 5-6 4-5-6 2-3 5-8 3-6 3-10 9-10 3-4-6 4-5-6 0 3-5 4 1-2

II e 17 M1 2 4-6-7 1-2-3-5 3-4-6 1-3-4 2-3-4-5 4 2-5-9 3-5-6 1-8-9 2-4-6 2-3-4 2-3-4 1-3-4-5 3 2-4 1-2
– M2 3-4-6 6-7 5-7 4-5-6 6 6 4-5 3-5-6-7-8 6 2-9-10 9-10 3 4 4-6 5 4 1-2
– 18 M1 2 4-6-7 1-2-3-5 3-4-6 1-3-4-7 2-3-4-5 4 2-5-9 3-5-6 1-8-9 2-4-6 2-3-4 2-3-4 1-3-4 3 2-4 1-2
– M2 3-4-6 5-6-7 5-6-7 4-5-6 6 6-7 4-5-6 3-5-6-7-8 3-6 2-9-10 9-10 3-5-6 4-5 4-5-6 3-5 4 1-2
– 19 M1 2 4-6-7 1-2-3-5 3-4-6 1-3-4-7 2-3-4-5 4 2-5-9 3-5-6 1-8-9 2-4-6 2-3-4 2-3-4 1-3-4-5 3 2-4 1-2
– M2 3-4-6 5-6-7 5-7 4-5-6 6 6-7 4-5 3-5-6-7-8 3-6 2-9-10 9-10 3-5-6 4-5 4-5-6 3-5 4 1-2
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Fig. 3. UPGMA dendrograms constructed from two independent set of
markers : RADES (A) by using nine primers and RAPD (B) by using
eight other primers. The analysis was performed on the 19Trypanosoma
cruzi stocks studied in the present work. The number at the nodes indicate
the Bootstrap value of each DTU.

and intragenic recombination generating mosaic genes
[11].

Contradictions between these results and the clonal
model are only superficial. In fact, the clonal hypothesis
does not state that genetic exchange is absent, but rather
that it is severely restricted[1,13]. T. cruzi still fits this
model. The results of Gaunt et al.[11] cast doubt on the
lines of evidence for clonality based on departures from
Hardy-Weinberg equilibrium, since genetic exchange inT.
cruzi does not operate through meiosis, and generates aneu-
ploidy. However, for the very reason that diploidy was not a
fully ascertained working hypothesis, we have discarded the
Hardy-Weinberg analysis for the time being and have taken
as circumstantial evidence for clonality only the presence
of a strong linkage disequilibrium[2].

A particularly telling case of linkage disequilibrium is the
correlation between distinct genetic markers such as MLEE
and RAPD, which chiefly concern different parts of the
genome. It can be statistically measured by a correlation test
(G test; [13]). In the extreme case, this strong association
leads to very similar or identical phylogenetic trees. Such re-
sults were repeatedly observed inT. cruzi, for MLEE, RAPD
[6,14], microsatellites[27], large and small rRNA subunits
and mini-exon genes[28]. Another line of evidence for the
scarcity of genetic exchange inT. cruzi is historical: geno-
types that were isolated more than 20 years ago[29,30], and
are still present unchanged over vast geographical areas.

As already observed, in the present study we have
recorded a close similarity between MLEE and RAPD data.
It is much more unexpected to observe a similar pattern with
the RADES results. Indeed, RADES profiles specifically
correspond to expressed genes and coding regions, which
are bound to undergo, at least for a high percentage of
them, selective pressures. The case is different for the usual
RAPD technique, which randomly amplifies any part of the
genome, including noncoding sequences[17]. When isoen-
zymes are considered, their polymorphism is considered
classically as selectively neutral[15]. It would therefore be
conceivable that the RADES polymorphism follows quite
different evolutionary patterns. Nevertheless, the agreement
between RADES on the one hand, and MLEE and RAPD
on the other hand, is close, as illustrated by the fact that the
trees generated by the three techniques show similar clus-
tering and individualize the six DTUs previously described
within T. cruzi [5,6]. Discrepancies are however, visible for
the branching orders of the stocks within the DTUs. These
phylogenies are therefore very similar, but not identical.
These slight discrepancies can be explained by: (i) lack of
resolution of the markers used at such microevolutionary
levels; (ii) limited sample size; (iii) occasional hybridiza-
tion events[8–11]. The three hypotheses are not exclusive
of each other. The same arguments can explain why some
bootstrap values are low in our data (Fig. 2). It is worth
noting than when much more stocks and a higher number
of MLEE loci and RAPD primers are used, bootstrap values
are higher, and the agreement between MLEE and RAPD
phylogenies is closer[5,6]. This favours the hypothesis of
lack of resolution due to limited size sample and set of
markers.

It could be thought that RADES polymorphism is a simple
subsample of RAPD polymorphism, since the final step of
RADES involves a RAPD amplification. However, this idea
is by no means a substantiated fact, nor based on common
sense: (a) RAPD also amplifies noncoding regions (about
50% in the genome ofT. cruzi; El-Sayed, personal commu-
nication); (b) RADES amplifies specifically expressed cod-
ing genes, whereas RAPD also amplifies those genes that are
not expressed at a given time and a given physiological state.
Such genes could be numerous. Since PCR is a competition
process, and the dominant DNA molecules are preferentially
amplified, the idea that RAPD and RADES are redundant is
therefore not certain. Also, if this were true, RADES pro-
files would be simple drawing lots of RAPD profiles, that
is to say, the same bands, but with fewer bands.Table 2
clearly shows that this is untrue. Most times, RADES pro-
files are drastically different from RAPD profiles and they
are frequently more complex. However, to definitely discard
this putative bias, we carried out the same correlation tests
using different sets of primers for RAPD and RADES. The
17 primers were randomly divided into two, nonoverlapping
sets and used for RAPD and RADES analyses. Even though
the analyses lost power (resulting in half as many primers),
(a) the correlation test gave the same level of significance
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(P < 10−4) and (b) RAPD and RADES trees remained very
similar, with nearly identical DTU subdivisions (Fig. 3). The
only exception was the branching of the CL Brener stock in
the RADES tree. This discrepancy again can be explain by
lack of resolution, but could be due to the fact that this strain
exhibits a hybrid genotype[6], which renders phylogenies
less reliable.

In light of recent results[6,8–11], it is indisputable that
genetic recombination plays an important role inT. cruzi
genetic diversity on an evolutionary scale, and it would be
misleading to regard this parasite as a purely clonal organ-
ism (which has never been proposed). However, the present
results confirm that gene flow is severely restricted in this
parasite’s natural populations. In particular, our results sug-
gest that the impact of gene mosaicism[11] on this parasite’s
gene polymorphism is limited. If mosaic genes were the rule
rather than the exception, this should cloud the agreement
between expressed genes on one hand, and other kinds of
genetic markers on the other hand, which is refuted by our
results.

Our results confirm the robustness of the discrete subdivi-
sions described within the speciesT. cruzi (DTUs I and IIa
to IIe). These subdivisions remain reliable units of analysis
for molecular epidemiology and experimental and evolution-
ary studies. Now, the existence of complex sexual processes
fully confirmed by the recent experimental study of Gaunt
et al.[11] more than ever makes it impossible to equate these
subdivisions with real clades.T. cruzi undergoes a reticu-
late evolution. It is apparent that some of its genes have a
mosaic structure, and some of its intraspecific subdivisions
have several ancestors rather than only one. They therefore
do not meet the strict criteria of the definition of clade. Such
a pattern is probably more the rule than an exception when
pathogenic microbes are involved. The need to bypass this
conceptual difficulty is why the concept of DTU has been
developed[7].

Work is in progress to analyze and sequence the genes
corresponding to RADES bands that appear to be specific
of each DTU (Table 2), and to complete the comparison of
expressed genes between different physiological states of
the parasite.
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