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Abstract

Trypanosoma cruzi, the agent of Chagas disease, has a basically clonal population structure with rare hybridization events. The species
is subdivided into six “Discrete Typing Units” called DTUs I, ITa—e, distributed into two major phylogenetic lineages, 7. cruzi I and 11
(TC I and II). The glucose-6-phosphate isomerase (Gpi) is a specific isoenzymic locus that presents homozygous profiles for DTUs I,
ITa—c, and typical heterozygous patterns, for DTUs IId and Ile. The gene was sequenced in 12 7. cruzi stocks and in three stocks pertain-
ing to related species. The phylogenetic relationships observed confirm that the DTUs I, Ila—c do constitute monophyletic groups. Never-
theless, the phylogenetic hierarchy of the DTUs is not clearly resolved with the GPI gene. The hybrid status of DTUs IId and Ile was
clearly supported. Sequence analysis revealed that the allele 4 present in both DTUs Ila and Ilc, previously considered as unique, dis-

played in fact two distinct sequences, specific for each DTU. The level of recombination between alleles has been investigated.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Trypanosoma (Schizotrypanum) cruzi (Chagas, 1909) the
protozoan parasite responsible for Chagas disease in South
and Central America, shows considerable genetic polymor-
phism. Analysis of multilocus enzyme electrophoresis
(MLEE) polymorphism in population genetics terms has
revealed that 7. cruzi undergoes predominant clonal evolu-
tion (Tibayrenc et al., 1986). This model does not rule out the
possibility of occasional bouts of sexuality, and states only
that such events are too rare to break the prevalent pattern
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of clonal population structure (Tibayrenc and Ayala, 1988).
Moreover, it has been proposed that 7. cruzi clonal geno-
types are distributed into two major genetic subdivisions
(Souto etal, 1996; Tibayrenc, 1995) which have been
referred to as 7. cruzi 1 (TC I) and T. cruzi 11 (TC II)
(Momen, 1999). However, occurrence of recombination
events has been confirmed both in the field (Bogliolo et al.,
1996; Brisse et al., 1998; Carrasco et al., 1996; Machado and
Ayala, 2001), and in the laboratory (Gaunt et al., 2003). This
makes it impossible to equate these genetic subdivisions to
real clades. This is a general methodological difficulty in
many pathogenic microorganisms that undergo both clonal
evolution and horizontal gene transfer (Tibayrenc, 1998). To
solve this problem, the concept of “Discrete Typing Unit”
(DTU) was proposed (Tibayrenc, 1998) to designate discrete
sets of genotypes that are genetically more related to each
other than to any other genotypes, and that can be character-
ized by specific molecular markers called “tags.” Studies
based on MLEE and RAPD markers have allowed the
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identification of six DTUs, of which DTU I corresponds to
T. cruzi I, and DTUs Ila—e are lesser subdivisions of 7. cruzi
IT (Barnabé et al., 2000; Brisse et al., 2000a).

Glucose-6-phosphate isomerase (EC 5.3.1.9, GPI), is an
important enzyme involved in glycolysis that catalyzes
the reversible isomerization of p-glucose 6-phosphate to
p-fructose 6-phosphate. The different genotypes of the cor-
responding isoenzyme locus, Gpi, are DTU-specific (tags).
The observed genotypes correspond to homozygous pro-
files for DTU I (5/5), I1a and Ilc (4/4), and IIb (3/3), and
typical heterozygous patterns for DTUs IId and Ile (2/4
and 3/4, respectively) (Barnabé et al., 2000).

A phylogenetic analysis of MLEE and RAPD variability
permitted the proposal that DTUs IId and Ile correspond
to hybrid genotypes whose putative parents would be geno-
types pertaining to DTUs IIb and Ilc (Barnabé et al., 2000;
Brisse et al., 2000b, 2003; Machado and Ayala, 2001). These
hybrid genotypes appear to be stabilized by subsequent
clonal propagation. They seem to have a high epidemiolog-
ical and medical relevance, since they have been isolated
from many human cases of Chagas disease, and are distrib-
uted over wide geographical areas (“major clones” (Tibay-
renc and Ayala, 1988)). To explore more in depth this
hypothesis of hybridization, we have sequenced and com-
pared the different Gpi alleles in a set of stocks representa-
tive of the six 7. cruzi DTUs, and in two related species (7.
cruzi marinkellei and Trypanasoma rangeli) taken as com-
parison.

2. Materials and methods
2.1. Parasite stocks

Origins of the stocks are given in Table 1. The 12 T. cruzi
stocks are representative of the whole phylogenetic diver-
sity of the species (two stocks for each DTU) and three
stocks from two related species were taken as potential out-
groups. All the stocks have previously been laboratory-
cloned, with visual control of the presence of a single cell
and previously characterized by MLEE studies (Barnabé

et al., 2000). Parasite cultures and DNA preparations were
as described (Brisse et al., 2000a).

2.2. Amplification of the Gpi gene and sequencing

Primers were selected within homologous regions of pre-
viously reported sequences: the Gpi gene sequences of T.
cruzi (strain CL Brener) (GenBank entry: AF052833)
(Andersson etal.,, 1998) and T. brucei (GenBank entry:
X15540) (Marchand et al., 1989) were aligned. Primers were
selected within homologous regions, namely gpil starting
at the position 370 (5'-CTTCATATTGCTTTGCGAA
ATCG-3") and gpi2 starting at the position 1126 (5'-TTCC
CCAGTTCCACACCCCA-3"). A 1274 bp fragment repre-
senting 70% of the gene length was amplified in each stock.
The PCRs were performed in a final volume of 100 ul con-
taining 10mM Tris-HCI, 1.5mM MgCl,, 50mM KCl, pH
8.3, 4x 5mM dNTP, 2x 500nM primers, and 1U Tag
DNA polymerase (Roche Applied Science, Mannheim,
Germany) and 200ng genomic DNA. Thirty-five cycles
(denaturation: 1 min at 94 °C; annealing: 1 min at 59°C;
elongation: 1 min 30 at 72 °C) were followed by a final elon-
gation step of Smin at 72°C. The amplified products were
detected after electrophoresis on 1.5% agarose gel in TAE
0.5x buffer (40 mM Tris—acetate, 2mM EDTA, pH 8.3) and
staining with ethidium bromide. The fragments were puri-
fied with the Kit “Wizzard PCR Preps DNA purification
system” (Promega). Double strand sequencing of PCR
products was carried out by using an ABI PRISM 310
Genetic Analyzer (Applied Biosystems). Sequences show-
ing ambiguous base calls, mostly between two bases indi-
cating possible heterozygote, were cloned in pGEM-T Easy
Vector System (Promega) according to the manufacturer’s
instructions.

2.3. Phylogenetic analysis
Sequences were edited and manually aligned with Sea-

view (Galtier et al., 1996). The maximum likelihood method
(ML) (Felsenstein, 1981) was used because of its advantage:

Table 1

Geographic and host origins of the 15 Trypanosoma stocks under study

Strain Species (DTU) Country/locality Host

OPS2lclll T. cruzi (1) Venezuela/Cojedes, Macuayas Human

P209cl1 T. cruzi (1) Bolivia/Sucre Human

CANIIIcll T. cruzi (11a) Brazil/Belém Human

Ep-272 T. cruzi (11a) Colombia/Porvenir, Meta Rhodnius prolixus
CBBcl3 T. cruzi (1Ib) Chile/Coquimbo, Tulahuén Human

Tul8cl92 T. cruzi (I1Ib) Bolivia/Tupiza Triatoma infestans
Mo6241cl6 T. cruzi (Ilc) Brazil/Belém Human

X110/8 T. cruzi (Ilc) Paraguay/Makthlawaiya Dog

Mncl2 T. cruzi (11d) Chile/Coquimbo Human

Bug2148cll T. cruzi (11d) Brazil/Rio Grande do Sul Triatoma infestans
CL Brener T. cruzi (1le) Brazil/Rio Grande do Sul Triatoma infestans
Tulacl2 T. cruzi (1le) Chile/Coquimbo, Tulahuén Human

B3 T. c. marinkellei Brazil/Bahia, Sao Felipe Phyllostomum discolor
B7 T. c. marinkellei Brazil/Bahia, Sao Felipe Phyllostomum discolor

RGB T. rangeli

Venezuela, Caracas

Dog
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by using an explicit model of nucleotide substitution, it
accounts for transition/transversion bias, unequal nucleo-
tide frequencies and among-site rate variation (Yang,
1996). The optimal model of nucleotide substitution was
determined by using Modeltest v.3.06 (Posada and Crand-
all, 1998), which tests the goodness of fit of 14 models (with
or without invariants and/or Gamma distribution) with the
likelihood ratio test (Felsenstein, 1988). All trees were
reconstructed by using PAUP (Swofford, 2003), version 43
10. Robustness of nodes in the trees was evaluated by boot-
strap (Felsenstein, 1985) computing 100 resamplings by
heuristic ML reconstruction. The presence of internal
recombination events (mosaic genes) was tested by the
RDP v.2 program (Martin et al., 2005), which attempts to
identify recombination breakpoints using 10 published
recombination detection methods, including Geneconv,
Bootscan, Maximun chi2, Chimaera, and Sister Scanning.
To test whether positive selection is operating on the
gene, we compared the relative abundance of synonymous
and nonsynonymous substitutions within the sequences.
For a pair of sequences, this is done by first estimating the
number of synonymous substitutions per synonymous site
(dS) and the number of nonsynonymous substitutions per
nonsynonymous site (¢N), and their variances: Var(dS) and
Var(dN), respectively. With this information, we can test
the null hypothesis that HO: dN =dS using a Z test, where

Table 2

Z =(dN — dS)/Sqrt(Var (dS) + Var (dN)). This test, as well
as translation of DNA sequences into polypeptides, was
performed by using MEGA version 3.1 (Kumar et al.,
2004).

3. Results
3.1. Sequence polymorphism analysis

PCR products from the 15 stocks under study could be
double-strand sequenced from 1192 to 1235 nucleotides and
manually aligned without indel over 1192 nucleotides. Seven
sequences showed nucleotide ambiguities between two bases,
at 27 different loci (see Table 2). The corresponding PCR
products were cloned in a plasmid vector and at least one
allele was sequenced, the sequence of the other allele was
deduced in most cases. The sequence of 7. rangeli RGB was
removed from the study because it was too distant from the
other sequences and probably not correctly aligned (mean of
identity with the other sequences was 0.85, compared to 0.96
with 7. cruzi marinkellei and to 0.98, which was the mean of
identity within 7. cruzi). Out of 1192 characters, 1103 were
constant, 89 were variable, in which 11 were variable and
parsimony-uninformative and 78 were variable and parsi-
mony-informative. The frequencies of bases were 0.287,
0.192, 0.235, and 0.286 for A, C, G, and T, respectively, show-

Sequences at the 27 sites showing uncertainties between two bases for the 14 stocks under study

Group T. cruzil T. cruzilla T. cruziIlb T. cruzillc T. cruzilld T. cruzille T. c. marinkellei
Stock sites: 1 2 3 4 5 6 7 8 9 10 11 12 13 14
7 A A G G A A G G G G A AIG A A
28 C C C C T T C A AIT AIT AIT AIT T T
61 C C C C C C C A A/IC A/C A/IC AlIC C C
87 A A A A A A G G AIG A/G AIG AIG A A
108 A A A A A A G G AIG AIG AIG AIG A A
177 T T T T T T T C CIT CIT CIT CIT T T
182 A A A A G G A A AIG A/G AIG AIG A A
183 G G G G G G A A AIG AIG AIG AIG G G
234 A A A A A A A A A A AIG AIG A A
258 A A A A T T A A A/T AT AT AIT A A
324 T T T T C C T T CIT CIT CIT CIT T T
330 T T T T C C T T CIT CIT CIT CIT C C
347 G G G G A A G G AIG A/G AIG AIG A A
348 T T T T T T T T G/T G/T G/T G/T T T
349 G G G G G G G G AIG A/G AIG AIG G G
350 A A A A A A A A AIG A/G AIG AIG C C
351 G G G G G G G G G/T GIT G G/T G G
375 G G G G G G A A AIG A/G AIG G G G
378 C C C C T T C C CIT CIT T CIT C C
417 A A G G G G A A AIG G AIG AIG A A
464 C C C C A A C C A/IC A/C A/IC AlIC C C
570 C C T T G G C C CIG CIG CIG CIG AIG A/G
693 C C T T T T C C CIT CIT CIT CIT T T
741 A A A A A A A G AIG A/G AIG AIG A A
829 G G G G G G G GIT G G G G G G
1080 C T C C G G C C G G CIG CIG C C
1146 C C C C T T C C CIT CIT CIT CIT C C

Stocks: 1, OPS21cll1; 2, P209cll; 3, CANIIIcll; 4, Ep-272; 5, CBBcl3; 6, TU18; 7, M6241; 8, X110.8; 9, Mncl2; 10, Bug2148cll; 11, CLBrener; 12, Tulacl2;

13, T.c.m.B7; 14, T.c.m.B3.
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ing a low C+G content (0.427) for this gene. These frequen-
cies are equally distributed among the stocks.

3.2. Phylogenetic analysis

The best-fit model of substitution for this gene, selected
by Modeltest v. 3.06, was the Hasegawa—Kishino—Yano’s
model (HKY), using variable base frequencies and variable
transition and transversion frequencies, with gamma dis-
tributed rate variation among sites (G), and proportion of
invariable sites (I). This model (HKY+I+G) was used to
perform a heuristic search of the maximum likelihood trees
by using a 7. cruzi marinkellei stock as outgroup and only
one tree was found (Fig. 1). Four groups of stocks were
supported by high level of bootstrap, DTU I (bootstrap
value (BP)=100), DTU Ila (BP=100), DTU IIb with
alleles from DTUs IId-Ile (BP=95) and DTU Ilc with the
other alleles from DTU Ild-lle (BP=99). The cluster 1
(Fig. 1, top) was not supported by a high bootstrap value
(75) nor was the cluster DTU I-IIa (55). The heuristic
search of the maximum parsimony trees gave similar results
(data not shown): three trees of equal length (122 steps)
with the same four principal groups supported by signifi-

T.c.m.B7-all2

T.c.m.B3-all2

T.c.m.B7-all1

T.c.m.B3-all1

0.01
Substitution per site

Cluster 2

cant bootstrap values (>95%). DTU IIb (with one of the
alleles of hybrid stocks) was in external position in all trees
whereas the relative positions of the three other groups var-
ied among the trees.

3.3. Uncertainties between two bases

Ninety-six ambiguous base calls, only between two
bases, were found at 27 sites (see Table 2), with an unequal
repartition: 8 A or C (M), 43 AorG(R),8 AorT (W),6C
or G (S),23 Cor T (Y), and 8 G or T (K). Ninety-three of
them (97%) were found in the two hybrid groups DTUs I1d
and TC Ile; 1 was found in X110.8 stock, 1 in both B3 and
B7 T. ¢. marinkellei stocks. In 22 sites over the 26 contain-
ing two bases in hybrid stocks, one base was found in DTU
IIb and the other one was found in DTU Ilc; in the other
four sites with uncertainties, only one of the two bases was
encountered in both DTUs IIb and Ilc. In DTU Ilc, X110/8
stock seemed to be the most probable parent whereas in
DTU IIb, both stocks, showing the same sequence at these
sites, could equally be one of the parents. It is worth noting
that all the uncertainties have been resolved by molecular
cloning in plasmid vectors.

100 [ Ops21cl11

P209cl1

} e

CANIlicl1 }
TClla

M6241cl6 3

Ep-272

X110/8-all1
X110/8-all2
“Mncl2-all2 >TC lic
*Bug2148cl1-all2

“*CL-all2

**Tulach-alla

“*Tulacl2-all1 A
**CL-all1
CBBcl3
>TClib
TU18cl2

92| Mncl2-all1

Bug2148cl1-all1 J

Fig. 1. Maximum likelihood phylogram of 21 alleles from 12 Trypanosoma cruzi stocks and 2 T. c¢. marinkellei stocks, reconstructed from the Gpi partial
gene (In L =2406.9). The model of nucleotide substitution model used was the HKY85+G+I model. Bootstrap percentages obtained by ML after 100 rep-
licates are given for each node. This is an unrooted tree rooted by outgroup method (here the 2 7. c.m. stocks was used as outgroup). Note that for the 4 7.
cruzi stocks from hybrid DTUSs, where two alleles were detected in the sequences, one allele, arbitrarily named “alll” falls into TC IIb group whereas the

second one, named “all2,” falls into the TC Ilc group.
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3.4. Recombination detection

Over the six methods automatically used by the program
RDP2, only two of them (Siscan and MaxChi) detected
recombination breakpoints. In all cases, only one parent
could be identified with certainty, the other parent being a
putative one. The putative daughter sequences (mosaic)
identified were Ops21clll (with parent (p) Bug-alll, and
putative parent (pp) Bug-all2); P209cl1 (p X110/8-alll, pp
Bug-alll); CANIIIcll (p Bug-alll, pp P209cll); M6241cl6
(p P209cll, pp CANIIIcll); Mncl2-all2 (p Bug-alll, pp
Ops2l1clll); CL-all2 (p TUI18cl2, pp CANIIIcll); and
Tulacl2-all2 (p P209cl1, pp CANIIIcll).

For all these potential recombination events, the pro-
gram indicated possible misidentifications of beginning
breakpoints, and it is worth noting that the other four sys-
tems (namely Rdp, Geneconv, Bootscan, and Chimaera)
failed to detect any recombination event. Finally, when the
program listed only the events detected by more than two
methods, no recombination event was found.

3.5. Synonymous and non-synonymous mutations and
protein polymorphism analysis

The overall mean distance based on the number of
mutations (calculated pairwise, with all 7. cruzi and T. c.
marinkellei sequences) was 18.95, and 9.77 for synonymous
and nonsynonymous mutations, respectively. Within 7.
cruzi only (i.e., without T. ¢. m. marinkellei sequences), these
means were 9.74 and 8.27 for synonymous and nonsynony-
mous mutations, respectively. The Z test of selection, per-
formed on this last set of sequences, rejected HO, which is
dN =dS, significantly (p <0.001) and indicated a possible
purifying selection, where dN <d8, for this gene. Out of the
397 amino acids obtained by translation, 371 were constant,
26 were variable, in which 22 were parsimony-informative
and 4 parsimony-uninformative. Pairwise distances based
on number of amino acid substitutions varied from 0 to 15,
with an overall average of 8.81. A neighbour joining tree
based on these distances corroborated the ML tree based
on nucleotide sequences (data not shown).

4. Discussion

In all trees, already known genetic distances between
species were corroborated (i.e., 7. rangeli very far from
T. cruzi and T. cruzi marinkellei close to T. cruzi but always
separated from it, in external position) (Barnabé et al,
2003). Nevertheless, sequences of 7. rangeli seemed too
divergent to consider the alignment as correct. Despite the
likely conservative constraints for a protein coding region
and a possible purifying selection for this gene that elimi-
nates deleterious mutations from a population, the Gpi
gene remains highly variable within 7. cruzi species and
appears to be a reliable marker to explore the phylogenetic
relationships within the species 7. cruzi, including bat try-
panosomes, but not much further. Within 7. cruzi, both the

maximum likelihood tree (ML-tree) and the maximum par-
simony trees (MP-tree) confirmed that DTUs I, Ila, IIb,
and Ilc are robust monophyletic units, as evidenced by
highly significant bootstrap values. This corroborates
results from other authors based on the study of two
nuclear single-copy genes and one maxicircle sequence
(Machado and Ayala, 2001). The external position of DTU
IIb was previously observed with mitochondrial genes
(Machado and Ayala, 2001), with a divergence estimated to
about 10 Myr assuming a 1% substitution rate per million
years (Brisse et al., 2003). Such a result was not observed in
various studies, using MLEE, RAPD, rDNA or miniexon
markers (Barnabé et al.,, 2000; Brisse et al., 2000a; Souto
et al,, 1996), which have been used by a college of specialists
to identify two main groups in 7. cruzi, T. cruzi 1 (TC I),
and T. cruzi I1 (TC II). These discrepancies could not be
solely explained by evolutionary differences between
nuclear DNA vs. mitochondrial DNA, because an external
position of DTU IIb sequences has been previously found
in experimental hybrids with different nuclear genes includ-
ing Gpi (Gaunt etal, 2003). Obviously, recombination
exists and was reported (Gaunt et al., 2003; Machado and
Ayala, 2001; Sturm et al., 2003), each author proposing an
evolutionary scenario to explain incongruities between
trees from different markers. A consensus tends to be clear
now that not only DTUs IId and Ile are hybrid (see below)
but also that DTUs Ila/llc (formerly called Miles’Z3,
(Miles et al., 1978)) could have an ancient hybrid origin, by
recombination between TC I and II (Sturm et al., 2003).

The analysis of recombination of the Gpi gene, reported
here, did not confirm these scenarios. Stocks from DTUs
ITa/IIc (CANIIIcll and M6241cl6) showed some putative
mosaic genes with DTUs I and IIb as putative parents, but
these mosaics are probably false because only two methods
showed recombination points over six methods scanned by
the powerful program RDP (i.e., SiScan and MaxChi), while
Rdp, Bootscan, Geneconv, and Chimaera failed to detect
recombination breakpoints (Martin et al., 2005). Moreover,
when we aligned the Gpi mosaic sequence (GenBank Acces-
sion No. AY227811, (Gaunt et al., 2003)), the program RDP
failed to detect any recombination event in the 942 bp com-
mon part of the sequence. Nevertheless, recombination
could be located in other parts of the sequence not used by
us, or/and the putative parents be absent in our sample.

All the alleles from DTUs I1d and Ile clearly clustered
with either DTU IIb or Ilc. This is the clear confirmation
of the previous hypothesis of hybrid origin of DTUs I1d
and Ile, between stocks from DTUs IIb and Ilc (Barnabé
et al., 2000; Brisse et al., 2000a) now widely confirmed by
other authors (Gaunt et al., 2003; Machado and Ayala,
2001; Sturm et al., 2003). Interestingly, none of these
alleles clustering with IIb or Ilc, was very distant to
homozygous alleles of pure IIb/Ilc genotypes, which is
confirmed by significant bootstrap values in both groups.
Like for I1a/Ilc pure genotypes, alleles from heterozygote
clustering with Ilc or IIb showed a low level of recombi-
nation, detected by few methods, with parents belonging
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to DTUs I, IIb, and interestingly Ila, that could suggest a
new type of recombination Ila/llc (see Section 3 for
details). These data tend to confirm the unusual mode of
recombination in 7. cruzi probably consisting in a fusion
of parental genotypes, homologous recombination, but
with a low frequency for the Gpi gene, and probably loss
of alleles in the course of the time, as previously demon-
strated (Gaunt et al.,, 2003). It is worth noting that the
stocks belonging to the hybrid genotypes DTUs Ild/Ile
are frequently isolated from chagasic patients (Barnabé
et al., 2000), which makes the study of their evolutionary
mode medically relevant in MLEE studies, Gpi bands
from DTUs Ila and IIc migrate at the same electropho-
retic distance and have been consequently interpreted as a
unique allele. Here, we demonstrated that the gene
sequences from DTUs Ila and Ilc, were in fact distinct.
This isoenzyme band corresponds actually to two differ-
ent proteins with very similar or identical global electric
charges that cannot be separated by electrophoresis under
our technical conditions. Complete sequencing is more
resolutive than isoenzyme analysis, which is well known.
Allozymes should be considered as families of closely
related alleles rather than as real alleles.

The results reported here do not basically question the
actual knowledge about the genetic structure of 7. cruzi
species; nevertheless they bring new insight about levels of
recombination between alleles of an important housekeep-
ing gene, the Gpi, of which the protein isoenzymic pattern is
often used for rapid identification of 7. cruzi strains, in rou-
tine in many laboratories. The six DTUs previously defined
by our team and others (Barnabé et al., 2000; Brisse et al.,
2000a,b) remain stable and reliable entities in spite of
recombination events regularly reported. Their stability,
including those genotypes that are supposed to have a
hybrid origin, has been verified over more than 20 years
(Tibayrenc et al., 1981). They can therefore be considered as
robust units of analysis for all applied studies dealing with
T. cruzi, including experimental evolution, epidemiological
tracking, vaccine and drug design. In the same way, the
classification into two main groups (TC I and TC 2) is not
questioned in spite of the external position of DTU IIb for
certain genes including Gpi.
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