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ABSTRACT

Genetic variation in Trypanosoma cruzi is likely a key determinant in transmission and pathogenesis of
Chagas disease. We have examined nine loci as markers for the extant 7. ¢ruzi strains. Four distinct alleles
were found for each locus, corresponding to the sequence classes present in the homozygous discrete
typing units (DTUs) I, Ila, IIb, and Ilc. The alleles in DTUs Ila and IIc showed a spectrum of polymor-
phism ranging from DTU I-like to DTU IIb-like, in addition to DTU-specific sequence variation. DTUs I1d
and Ile were indistinguishable, showing DTU homozygosity at one locus and heterozygosity with DTU IIb
and Ilc allelic sequences at eight loci. Recombination between the DTU IIb and Ilc alleles is evidenced
from mosaic polymorphisms. These data imply that two discrete hybridization events resulted in the
formation of the current DTUs. We propose a model in which a fusion between ancestral DTU I and IIb
strains gave rise to a heterozygous hybrid that homogenized its genome to become the homozygous
progenitor of DTUs Ila and Ilc. The second hybridization between DTU IIb and Ilc strains that generated
DTUs IId and IIe resulted in extensive heterozygosity with subsequent recombination of parental

genotypes.

RYPANOSOMA cruzi, the causative agent of Chagas

disease, infects 16-18 million people throughout
Central and South America. Following acquisition of
the parasite, a hemoflagellate protozoan of the order
Kinetoplastida, clinical symptoms range from negligible
to acute Chagas disease that is characterized by fever,
high parasitemia, and =5% mortality. The subsequent
indeterminate stage may last for decades and is char-
acterized by low parasitemia and the presence of qui-
escent amastigote forms in muscle tissue. Up to 30% of
the individuals in the indeterminate stage develop chronic
Chagas disease. Pathologies observed in chronic cha-
gasic patients include digestive tract anomalies (mega-
colon, megaesophagus) and cardiac enlargement and
malfunction (TEIXEIRA 1987), accompanied by inte-
gration of parasite minicircle DNA sequences into the
host genome (NITZ et al. 2004). Variations in disease
have yet to be linked directly to host or parasite ge-
netics; however, both of these factors are likely to play
a role (MAcepo and PENA 1998; Vaco et al. 2000;
MaceDO et al. 2002, 2004; CAMPBELL et al. 2004).

Sequence data from this article have been deposited with the EMBL/
GenBank Data Libraries under accession nos. AY540638-AY540744 and
DQ021887-DQ021899.
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T cruziis classified as a single species although there is
substantial genetic and phenotypic diversity among
isolates (DvORAK 1984; TiBAYRENC and AvALA 1988).
Different experimental approaches have yielded varying
numbers of genetically and biologically significant sub-
groups of 7. cruzi. Strains can be divided into two main
lineages by protein and genetic markers (MILES et al.
1978; TiBAYRENC 1995; SouTo et al. 1996; CAMPBELL
et al. 2004) currently designated 7. cruziI and T. cruzi 11
(ANxonyMOUS 1999) that correspond, respectively, to
Miles’ Zymodeme I and II and Tibayrenc’s discrete
typing units (DTUs) I and IIb (TiBaYRENC 2003) (see
below). Similar approaches provide evidence for a third
group, Zymodeme III (MILES et al. 1978), while ran-
domly amplified polymorphic DNA (RAPD) and multi-
locus isoenzyme electrophoresis (MLEE) analyses support
the distinction of six subdivisions referred to as DTUs I,
IIa, IIb, Ilc, IId, and Ile (BARNABE et al. 2000; BRISSE
et al. 2000, 2001). The DTU scheme, defined as “sets of
stocks that are genetically more related to each other
than to any other stock and that are identifiable by
common genetic, molecular, or immunological markers
called tags” (TiBAYRENC 1998; TIBAYRENC and AYALA
2002), gives a functional framework that best describes
the current understanding of the relationship among
the strains.

DTUs IIa and Ilc are equivalent to Miles’ Zymodeme
III and its respective B/A subdivisions (MENDONCA et al.
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2002; CaMmPBELL et al. 2004). Understanding the rela-
tionship of DTUs Ila and Ilc (Zymodeme III) to other
DTUs has been complicated by experimental results
yielding contrary associations: MLEE and RAPD assays
and HSP60 gene sequences show an overall similarity
to DTU IIb (TiBAYRENC 1995; STURM et al. 2003),
while individual enzyme profiles and SL RNA and
rRNA gene sequences indicate similarity to DTU I
(MILES et al. 1978; Coura et al. 2002; MENDONGA et al.
2002).

An understanding of the population structure of 7.
cruziis critical because of the links to transmission cycles
and disease. Broadly, DTU I is associated with the silvatic
cycle of transmission and arboreal mammals; DTU II is
associated with the domestic cycle and a terrestrial niche
(MILES et al. 1978; FERNANDES et al. 1998; ZINGALES éf al.
1998; YEO et al. 2005) and associated triatomine vectors
(GaunT and MirLes 2000) in Brazil and other South
American countries. This association may vary by region
and as the human population encroaches upon the
silvatic ecosystem. Genetically distinct organisms can be
detected in the heart and esophagus of the same patient
(VAaGo et al. 2000). T cruzi replication is predominantly
clonal (TIBAYRENC et al. 1986; TIBAYRENC and AYALA
2002; TiBayRENC 2003), although there is evidence for
limited genetic exchange among strains (BoGLIOLO
et al. 1996; CARRASCO et al. 1996; SouTo et al. 1996;
MAcHADO and Avara 2001; Brissk ef al. 2003; STURM
et al. 2003). A mechanism for genetic exchange in T.
cruzi has been identified experimentally (GAUNT et al.
2003) involving the fusion of parental genotypes, nu-
clear hybridization, loss of alleles, and homologous
recombination. The CL Brener strain, chosen to repre-
sent 1. cruzi as the first completely sequenced genome
(ZINGALES et al. 1997), is a hybrid strain classified as
DTU Ile (BRISSE et al. 1998) whose ancestral lineages are
represented by DTUs IIb and IIc (MAGHADO and AYALA
2001; Brissk et al. 2003).

On the basis of molecular markers from four strains
representing DTUs I, IIb, and Ile we concluded pre-
viously that DTUs Ila and IIc and DTUs Ild and Ile are
two independent hybrid lineages (STURM et al. 2003).
Here we extend our analysis to nine molecular markers,
composed of two single-copy coding regions and seven
multicopy, noncoding regions, applied to additional
strains representing the six 7. cruzi DTUs. The current
data reveal the genetic makeup of the hybrid strains in
greater detail. In this study, four distinct allelic sequen-
ces defined five of the six DTUs. Hybrid DTUs Ila and
IIc were homozygous at all loci, with mosaic-like se-
quences sharing similarity to DTU I and/or IIb, their
likely ancestral lineages. Hybrid DTUs IId and Ile
showed minimal distinction from one another, with
allelic heterozygosity at multiple loci and discrete re-
combination events in specific strains, reflecting a hy-
bridization event between ancestral lineages from DTUs
IIb and Ilc.

MATERIALS AND METHODS

DNA amplification, cloning, and sequencing: Most 7. cruzi
DNA samples (Table 1) were cultured at IRD, Montpellier,
France; DNA samples from strains Y from and MT4167 were
obtained from Bianca Zingales, USP, Brazil, and Octavio
Fernandes, Fiocruz, Brazil, respectively. Primers used to am-
plify the HSP60, HSP70, 1F8, histones HI, H2A, H2B, and H3
intergenic regions were as described (STurM et al. 2003).
Primers used to amplify the GPI marker were as described
(GAUNT et al. 2003). TeMSH2 primers were as described
(AuGUSTO-PINTO et al. 2003). Amplification reactions of 50 .l
total volume included 1x Red 7agq buffer (Sigma), 2 mm
MgCly, 0.4 mm dNTPs, 0.02 g/ pl of each primer, 10 ng total
cell DNA, and 1 unit Red 7ag (Sigma) polymerase. The
reaction was performed with initial denaturation for 2 min
at 94°, followed by 25-35 cycles of denaturation for 30 sec at
94°, annealing for 30 sec at 60°, and extension for 1 min at 72°,
with a final extension for 10 min at 72°. PCR products were gel
purified using the QIAGEN purification kit, cloned using the
TOPO-TA cloning kit (Invitrogen), and sequenced commer-
cially by automated fluorescent sequencing (Laragen). We
extended our original analysis (STURM et al. 2003) to include
products from at least two strains of each DTU (Table 1).
Initially, a single representative cloned PCR product was
sequenced on both strands for each examined strain. The
number of total strains sequenced for each locus is reflected in
the single nucleotide polymorphism (SNP) tables and text;
additional clones were sequenced in some cases to character-
ize precisely heterogeneous loci or in instances of unexpected
RFLP results (see below). Nucleotide sequences have been
deposited in the GenBank database with the accession nos.
AY540638-AY540744 and DQ021887-DQ021899. Some 1. cruzi
CL Brener strain sequences were retrieved from The Institute
for Genomic Research website at http:/www.tigr.org.

Computer analyses: Sequences were aligned with ClustalX
v1.8 (THOMPSON ¢/ al. 1997). Sequence alignments were edited
with the BioEdit program (HALL 1999). The assignments of
meaningful SNPs were based on their appearance within atleast
two strains, not necessarily from the same DTU. For phyloge-
netic analysis, sequence alignments were edited to areas of
confident alignment with no gaps or hypervariable regions
(alignments available upon request). Phylogenetic trees were
determined using MEGA 3.0 software package (KuMAR et al.
2004) using the neighborjoining method. The default analysis
settings were used, including the Kimura two-parameter base
substitution model. The phylogenetic trees were assessed with
1000 bootstrap replicates. All trees are unrooted, condensed,
bootstrap consensus trees displaying topology only, with signif-
icant bootstrap values included for the major sequence classes.

RFLP analyses: Following evidence that the DTU IId and Ile
strains were heterozygous hybrids of DTU IIb and Ilc
(MACHADO and AvALA 2001; GAUNT et al. 2003), we designed
PCR-RFLP analyses (summarized in Table 2) to test the extent
of heterozygosity in the DTU IId and Ile strains on the basis of
variations between at least two sequenced representatives of
the DTU IIb and IIc sequence classes. Restriction digests were
performed on PCR products using conditions suggested by
the manufacturer (New England Biolabs) from templates
representing DTU I (two isolates), DTU Ila (two isolates),
DTU IIb (five isolates), DTU Ilc (four isolates), DTU IId
(seven isolates), and DTU Ile (five isolates). Some products
required purification by Qiaquick (QIAGEN) to remove
excess salt prior to digestion. Digestion products were run
on 1.5 or 3% agarose gels in the presence of ethidium bromide
with equal amounts of undigested PCR product run in an
adjacent lane. The following enzymes were used for each
marker: EcoRV for HSP60; Acll for HSP70; Aadl for histone H1I;
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TABLE 1

T. cruzi DNA samples used in this study and defined alleles

Isolate” DTU® SL RNA° D7 rRNA? Riboclade* DHFR TR/ COII-ND1/  PGP¢ GPI" TCP”
Cutia I 1 2 A

Silvio X10 cl.1 I 1 2 2 A A A A 1 1
CANIII IIa IIa 3 Y D D B Ila Ila
MT4167 Ia IIa 3 4

CM17 Ilc “IIr” 2 3k B B B

M5631 cl.b Ilc Ilc 2 3k

M6241 cl.6 Ilc Ilc 2 3k B B B B Ilc Ilc
X9/3 Ilc 2 B

CBB cl.3 IIb 1Ib 1 C C C

Esmeraldo cl.3 IIb 1Ib 1 C C C C 1Ib 1Ib
MASI cl.1 IIb C 1Ib
MSC2 IIb 1 C C C

TU18 cl.2 IIb 1Ib 1 C

Y IIb 1Ib 1 1

GM-0 I1d

MN cl.2 I1d 1Ib 1/2

NR I1d 11 1/2 37

P255 11d

SAXP19 11d

SC43 cl.1 I1d 1Ib 1 3 IIb, ¢ 1, IIb, ¢
SO3 I1d 11 1/2 3 B, C B, C B C IIb
86,/2036 Ile B

CL Brener Ile 1Ib 1 1 B, C B, C B C IIb, ¢ 1Ib
P63 cl.1 Ile 11 B

Sabchol09a Ile 1

Tula cl.2 Ile 11 1 B, C B, C B C

“Origin of isolates are described in BRENIERE et al. (1998); BRISSE et al. (2001); BARNABE et al. (2001b).

’ According to BRISSE et al. (2000).

‘Determined in SouTo et al. (1996); CAMPBELL et al. (2004). For consistency with proposed terminology (ANoNYMOUs 1999), I
and II designations have been reversed from the original publications, e.g., SouTo et al. (1996).
1, 125 bp SouTo and ZINGALEs (1993); 2, 110 bp SouTo and ZINGALEs (1993); 3, 117-120 bp BRissE et al. (2001); MENDONGA

et al. (2002).
‘Determined in KAWASHITA et al. (2001).
/Determined in MacHADO and Ayara (2001).
¢Determined in ROBELLO ef al. (2000)
"Determined in GAUNT et al. (2003).
‘Determined in BRIssE et al. (2001).
718S rRNA KawASHITA ef al. (2001).
¥ CAMPBELL et al. (2004).

Alul for histone H3; Nialll for MSH2; Hhal for GPI. When
unexpected RFLP patterns were encountered, additional
clones were screened and sequenced.

The RFLP approach serves as a broad survey of particular
markers among the 7. cruzi strains. Our use of the RFLP
technique was primarily as a method to assay for heterozygosity
within the loci examined and could be subject to restriction site
loss or acquisition in the event of mutation with that restriction
site. Specific cases were followed up with sequence analysis.
Additional information regarding variability within the strains is
likely to be present within the amplified regions (see RESULTS).

RESULTS

T cruziis considered to be minimally diploid (G1BSON
and MILEs 1986), but aneuploid in hybrid strains

(VARGAS et al. 2004). In the following sections, we
examine the allelic structure of nine loci in the six
DTUs of T. cruzi. Examples of variant alleles of the same
DTU and the presence of two distinct sequence classes
representative of different DTUs were found within
particular strains. These two situations are technically
heterozygous; however, for the purposes of this study we
restricted the use of the term “heterozygous” to repre-
sent the latter situation.

Although distinct from one another, both the homo-
zygous DTUs IIa and Ilc share common SNPs with DTU
I, DTU IIb, or a mixture of these two DTUs (Table 3). In
terms of following the genetic flow through the millen-
nia of T. cruzi evolution, the SNP variation between
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TABLE 2
RFLP analysis of PCR products

Marker PCR (bp) Enzyme RFLP SNP(s) Digestion products (bp)
HSP60 432-462 EcoRV 125 314, 148-118 (Ilc)
HSP70 550 Acll 362, 363 359, 190 (IIb)
Histone H1 486 Aall 116, 118 364, 122 (I, IIa, Ilc)
Histone H3 635 Alul 216 437, 198 (1, I1a, IIb)
TcMSH2 875 Nlalll 2294 429, 269, 177 (1, Ilc)

429, 177, 168, 101 (IIa, IIb)
GPI 1190 Hhal 173 817, 447 (I, Ilc)

490, 447, 253 (Ila, 1Ib)

DTUs I and IIb indicated that these two DTUs are
most likely representatives of the ancestral T. cruzi I
and T. cruzi II sequences from which all other T. cruzi
sequences are derived. We present our overall DTU
results locus by locus on the basis of the relationship of
DTUs IIa/Ilc to their progenitor DTUs. Tables of SNPs,
phylogenetic analysis, and/or RFLPs are shown for the
analyzed loci, two of which are extensions of work
previously reported by other groups.

In individual isolates of DTUs IId and Ile, sequences
contained SNPs associated with both parental DTU
classes that are referred to as “mosaic” (GAUNT et al. 2003).
Mosaics are likely the result of homologous recombina-
tion events between alleles of different DTUs present in
a single heterozygous individual. For the purposes of
our analyses, we chose an arbitrary minimum of three
consecutive SNPs from a particular DTU class to consti-
tute a mosaic event when present in the background of a
different DTU profile. Using this criterion, mosaic se-
quences should be distinguished from homoplasy, or
the equivalent mutations arising separately in different
strains, and will guard our analysis against the intrusion
of random PCR infidelity or sequencing errors.

Mosaic sequences were excluded from our phyloge-
netic analyses and SNP tables for the following reasons:

(1) Within a heterozygous background, artifactual
mosaic PCR products have occurred (BRAKENHOFF et al.
1991; TANABE ¢f al. 2002), and (2) the main point of our
sequencing analysis was to determine DTU affiliation of
the heterozygous alleles and to assess the loci for useful
RFLP sites for extension of the DTU analysis. DTU as-
sociation is not affected by minor interarray heteroge-
neity (THOMAS ¢f al. 2005) . In an attempt to confirm some
of the mosaic sequences, the sequencing of additional
clones for some loci derived from subsequent PCRs was
performed, but the original mosaic sequences were not
recovered. Validation of mosaics using PCR could be
problematic due to the multicopy nature of most of our
loci, with individual reactions selectively amplifying dif-
ferent sequence variants. We used the CL Brener genome
database to validate our loci by the presence of mosaics
obtained by a PCR-free methodology. In the case of his-
tone H2A, multiple alleles were captured showing af-
finity with DTUs IIb or Ilc or a third class of sequences
that were mosaic for SNPs of DTU IIb and Ilc (see
below). Excluded mosaic sequences were 1F8and Hsp60
from the NR strain; histones H3, H2A, and H2Bfrom the
Tula strain; Hsp60 from SC43; TeMSHZ2 from the CL
Brener strain; histone HI and histone H2A from the
Mb5631 strain; and H2B from the MN strain.

TABLE 3

Average uncorrected divergence (p-distance) per 100 bp of sequences within and between groups of T. cruzi

Gene HSP70 GPI H2B MSH2 Hl H3 HSP60 1F8 H2A DHFRTS TR NC CDS Avg
Within I 020 029 149 012 126 1.89 023 0.60 1.04 0.08 0.17 096 0.17 0.67
Within ITa 098  0.67 248 012 232 063 094 0.60 2.60 0.20 na 151 025 1.05
Within IIb 123  0.14 096 031 1.19 077 036 1.01 1.11 0.29 0.00 0.95 0.19 0.67
Within Ilc 059 037 139 018 074 071 059 037 211 0.12 0.12 093 020 0.66
I vs. Ila 255 135 744 133 500 3854 4923 239 4.17 0.96 1.39 419 126 3.12
I vs. IIb 473 202 720 170 368 422 360 385 586 1.8 1.60 473 1.68 3.62
I vs. Ilc 216 093 422 150 279 295 473 257 3.68 0.73 1.03 330 1.05 248
Ia vs. IIb 480 195 775  0.89 396 3854 285 269 530 1.04 1.63 441 138 3.31
Ia vs. Ilc 275 120 6.10 091 376 279 3872  0.78 4.0 0.64 144 353 105 263
b vs. llc 498 1.82 6.66 1.87 286 328 285 287 6.01 1.04 172 422 149 3.922

Values underlined are the maximum for each locus, and values in italics are the minimum for each locus. GPI analysis excluded
putative recombinant sequences from Hcl0, 92.80cl2, Para2, and CL Brener. NC, average of noncoding regions 1F8, Hsp60,
Hsp70, H1, H2A, H2B, and H3 values; CDS, average of MSH2, GPI, DHFR-TS, and TR values; Avg, average of all loci.
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Loci in which DTUs Ila and IIc showed greater
affinity to DTU I

HSP70: The HSP70 gene family is organized in a head-
to-tail tandem array of at least seven copies on chromo-
somes of 1.03 and 1.1 Mbp in CL Brener (CANO et al. 1995;
REQUENA et al. 1988). The HSP70 intergenic region from
T. cruzil, IIb, and Ile strains contains 16 SNPs that correlate
with the T cruzil/ T. cruzi1l definition (STURM et al. 2003).

Alignment of the amplified HSP70sequences from 13
strains revealed four distinct sequence classes (Table 4).
Characteristic SNPs were identified for DTUs I, Ila, Ilc,
and IIb/IId/Ile. Sequences from 6 of the 7 strains from
DTUs IIb, IId, and Ile were identical; SC43 (IId) dif-
fered only at nucleotide 271. Phylogenetic analysis of
this region revealed robust support for four sequence
classes (Figure 1A) with DTU IIb, IId, and Ile sequences
in one clade. The restriction enzyme Acll distinguished

A MN
CBB
SC43
Esmeraldo 1Ib
Tulahuen MSH2 — RBI
CL Brener 100— Silvio } 1
P63 — g(_}lumb]un'
4167 - S
Canlll } Ila — 5
Silvio [ jhpnen 8
DM28C } 1 bh—s f}s?,rener
HistoneH2ZB_ 0 i(]’él’, 2 FiGure 1.—Loci in T. cruzi where DTU
—g‘égfem‘-f-l“ g1 — Canlll }lla ITa/IIc alleles are more similar to DTU 1.
@E MN.11 b ﬁ Il(l)g: h (A) Unrooted neighbor-joining trees of the
Y Tul8 HSP70 and histone H2B intergenic- and
géﬂ;ra]do CI%E;@““” MSH?2 partial coding-region sequences reveal
- Tula.12 CBB S Tb four DNA sequence classes. **, CL Brener
4‘:5?2—5" } IIa 5 3‘5{93 sequences from TIGR. Additional MSH2
01 2 M5631 577 sequences were taken from GAUNT et al
1“,’{5;]124 e s (2003). (B) Agarose gel electrophoresis of
CMI17 239 . HSP70, GPI, and MSH2 PCR-RFLP products.
CLBrener The DNA was stained with ethidium bro-
P g'iMVEUS(- }I mide. Size markers (M) are either the BRL
1-kb ladder or the 25-bp ladder. (¢) 1-kb
bands, (®) 0.5-kb bands, (O) 0.1-kb bands.
B L b fle 1 5 e The SNPs that create the Acll restriction site
= s —_— o 5 - polymorphism in the HSP701Ib allele are po-
E = % E m = i g §§ % o 9 g pey é - @ S & E sitions 362 and 363; a SNP at position 173
SAO0U=S8sPSSs5SS2=535 sz' Sd9sgEres creates the Hhal polymorphism in the GPI
—4 + -t — + —+ —+ — + —t = =+ —F =4 —F —f = —+

locus; and a SNP at position 2294 creates
the Nlalll polymorphism in the MSH2 locus
(Table 2).

between DTUs I/1Ia/IIc and IIb/I1d/Ile and was used
for RFLP analysis of the amplified products (Figure 1B).
Acll digestion was applied to 15 additional strains pre-
viously classified into specific DTUs by RAPD and MLEE
analysis (BARNABE et al. 200la; C. BARNABE and
M. TIBAYRENC, unpublished results). Strains from DTUs
I, IIa, and IIc were not digested by Acll and were charac-
terized by an ~550-bp product, while strains represent-
ing DTUs IIb, IId, and Ile showed complete digestion,
yielding ~360- and ~190-bp fragments. Data from the
CL Brener genome project supported the homozygous
nature of the HSP70locus in this hybrid DTU Ile strain.

The presence of four DNA sequence classes, designated
I, IIa, IIb, and IIc after their respective DTUs, represents
allelic forms of the HSP70 locus. A single sequence class
was present in each strain examined, indicating that the
locus is homozygous in all tested strains for each DTU.
This locus did not allow differentiation of the IIb/11d/Ile
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TABLE 4

et al.

Positions of SNPs for loci where DTUs Ila/Ilc are more similar to DTU 1

Strain

SNP

Dm28c, Silvio X10 (I)
CANIII, M4167 (I1a)
CM17, M5631 (Ilc)

SC43 (11d)
Esmeraldo, CBB (IIb), MN (IId),
Tula, P63, CL Brener (Ile)

X10 (I)
HC9 (I)

CanlII (IIa)

HCL3 (I1a)

M6241 (I1c), RMA34.2 (1Ib)

SC43.2 (1Id), Chaco2.1 (11d)

92.80 cl2.1 (IId)

Sp14 (Ilc)

Chaco2.2 (11d)

CLBrener.2 (Ile)

X9/3, SP13, X109/2.1 (Ilc),
X109/2.2 (Ilc), RMA34.1 (IIb)

Para2.2 (I1d)

HC10 (IIb)

92.80 cl2.2 (1Id)

Esm cl3.2 (IIb), RMA134.1 (IIb)

Esm cl3.1 (IIb)

RMA134.2 (Ilb), Para2.1 (I11d),
SC43.1 (IId), CLBrener.1 (Ile)

Dm28c, Silvio X10 (I)

M4167 (Ila)
CANIII (Ia)

CM17 (ILc)
Mb5631 (Ilc)
MN.12 (1Id)
TULA.14 (Ile)
CL Brener (Ile)

CBB (IIb), Y (IIb)
Esmeraldo (IIb)

SC43 (11d)
MN.11(IId)

TULA.12, P63.11 (Ile)
CL Brener (Ile)

HSP70

GPI

Histone H2B

111111222333333333344¢°
688147799379266666779902
607435719117101238894662

GGTTTACCCTCATTTGGTTCTTGA
GGTTTCCTCATATTTGGATCCCTC
GGTCTCACCGTATTTGGACCTTGC

AACTCCCCTGCGAGGAAATTTTTT
AACTCCCCTGTGAGGAAATTTTTT

11°

11111123334445678999900
157803337822884496883045913
389531483806363976286273262

AATTGGCCAGCCTCTCACGTTCCGGCC
AATTGGCCAGCCTCTCACGGTCCGGCC

ACTTGGCCGACTCCCTATAGTCTGGCC

ACTTGGCCGACTCCCTACAGTCTGGCT
AATTGACCAGCCTCCCATAGTCTGGCT
AATTGACCAGCCTCCCGTAGGCTGGCT
AATTGACCAGCCCCCCGTAGGCTGGCT
AATTGGCCAGCCTCCTATAGTCTGGCT
AATTGACCAGCCTCCCATAGGCTAACC
AATTGGCCAGCGTCCTATAGGTTAATC
AATTGACCAGCCTCCCGTAGTCTGGCT

TACCAGTTGGAGTCCCGTAGTCTGGCT
TACCAGTTGGAGTTCTACAGTCTGGCC
TACCAGTTGGACCCCTATAGGCTGGCT
TACCAGTTGGAGTTCTATATGTTAATC
TACCAGTTGGAGTTCTACAGGTTAATC
TACCAGTTGGAGTCCTATAGGTTAATC

11111112222233334444¢
23666668888999900003343367713490001
57013450157257803566763733585643453

TCGCCGGCTTGACCCTCGCTGGCTCAGTTCGACGC

TCAACGATTTTGTTGCTCCTAATCCGGTCCGACGC
TCAACGATTTTGTTGCTCCTAATCCGGTCTGAAGC

TCAACGATTTGACCCTCCTTGGCTTGGTTCGACGC
TCGCCTTTTTGACCCTCCTTAGCTTGGTTCGACGC
TCGCCTTTTTGACCCTCCTTAGCTTGGTTCGACGC
TCGCCGATTTGACCCTCCTGAGCTTGGTTCGACGC
TCGCCTTTTTGACCCTCCTTGGCTTGGTTCGACGC

CTGCAATGACGACCCTCCCAAACTCGTTTTTGAAG
CCGCAATGACGACCCTCCCAAACTCGTTTTTGAAG
CTGCAATGACGACCCTCCCAAACTCGTTTTTGAAC
CCGCAATGACGACCCTCCCAAACTCGTTTTTGAAC
CCGCAATGACGACCCTCCCTAACTCGTGTTTGAAC
CTGCAATGACGACCCTCCCAAACTCGTGTTTGAAC

(continued)
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TABLE 4

(Continued)

Strain

SNP

MSH2

Silvio, Colombiana, RBI, D7 (I)
4167, CanlIII (IIa)

mt5631 (Ilc)

115b

167a, 226, 231, CL Brener (Ile),
Tula, P255(Ile), MN.11 (Ild)

JG, 1005

115a, 167b

239a

239b

577

593

CBB (IIb)

Y (IIb)

TU18.4 (IIb)

TU18 (IIb), CL Brener’ (Ile)

1111111111222222222222¢
6667788999000122223334
5575779145567412793680
0861212962799034443376

CAAACTGGAGTCAGTCAAGGCG
GAGGCCGGGACTCGCGGAAGCA

GAAGCCGGAGCCCGCGGAGGCA
GAGGCCGTAGCCCGCGGAGGCA
GAGGCCGTAGCCCGCGGAAGCA

GAAGTTAGGGCCCACGACGACA
GAAGTTGGGGCCCACGACGATA
GGAGTTGGGGCCCACGACGACA
GAAGTTGGGGCCCACGACGACA
GAAGTTGGGGCTCACGACGACA
GGAGTTGGGGCTCACGACGACA
GGAGTTGGGGCCCACGACGACA
GAAGTTAGGGCTCACGACGACA
GAAGTTAGGGCCCACGGAGATA
GAAGTTAGGGCTCACGACGATA

“SNP positions relative to CL. Brener sequence.

*SNP positions relative to amplicons with assignments as reported by GAUNT et al. (2003). For strains with
more than one published sequence, different clones were labeled randomly as x.1 and x.2.

“SNP positions relative to Dm28c (I) sequence.

“The CL Brener IIb-like obtained from TIGR sequence TcTIGR_TCSDP14TR.

“SNP positions relative to MSH2 coding region.

/CL Brener IIb-like obtained from TIGR sequence TcTIGR-TCHLY26TF.

DTUs. Selective amplification of sequence classes, loss
of the diagnostic restriction site by an isolated SNP, or
recombination between alleles of different classes could
give a misleading result by PCR-RFLP analysis.

GPI—glucose phosphate isomerase: The coding re-
gion of GPIis heterozygous for CL Brener, with a DTU
IIb-like allele and a DTU IIb/Ilc mosaic allele (GAUNT
et al. 2003). GAUNT et al. (2003) demonstrate the het-
erozygous nature of DTU IId and Ile strains, with se-
quences from these strains contained within DTU IIb
and Ilc clades. We used this knowledge to select an
enzyme that would reveal heterozygosity in additional
strains originating from a DTU IIb and Ilc fusion.

The PCR products of all GPI alleles shared an Hhal
restriction site that produced digestion fragments of
817 and 447 bp, as observed in DTUs I and Ilc (Figure
1B). Strains from DTUs IIa and IIb have an additional
site within the 817-bp fragment, displaying homozygos-
ity with 490-, 447-, and 252-bp products. DTUs IId and
ITe showed 817-, 490-, 447-, and 252-bp fragments, in-
dicating that they are all heterozygous.

The GPI locus differentiates among five DTUs of T.
cruzi: the four homozygous lines and the heterozygous
DTUs I1d and Ile that share alleles with DTUs IIb and

IIc. The RFLP assay demonstrates the maintenance of
heterozygosity in DTUs I1d and IIe. However, we can con-
clude only that these alleles are heterozygous at the site of
restriction digestion. This conclusion is also strictly true
for all other loci examined by the RFLP assay only.
Histone H2B: The histone H2B genes are present at
~18 copies on a single chromosomal band of 3.5 Mbp in
CL Brener (GARCIA-SALCEDO ¢t al. 1994; HENRIKSSON ¢ al.
1995). The intergenic region has four SNP differences be-
tween DTU I and DTU IIb/Ile strains (STURM et al. 2003).
The four classes of sequence variation were resolved
by SNP haplotypes (see Table 4). Multiple cloned PCR
products from one or two reactions produced the fol-
lowing sequences: for Tula, three DTU IIb and three
DTU IIc; for p63, six DTU IIb; for MN, two DTU IIb and
three DTU IIc. One representative of each allelic type
was included in the phylogenetic analysis, labeled Tula.12,
Tula.14, p63.11, MN.11, and MN.12. Mosaic sequences
were observed initially from single cloned PCR products
from MN, Tula, and P63 strains, but excluded from
further analysis. The phylogenetic tree resulting from
analysis of the histone H2B intergenic region produced
four sequence clades, represented by DTUs I, Ila,
IIb, and IIc (Figure 1A). Examination of CL Brener
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genomic sequence reads from TIGR revealed an ~2:1
ratio of Ilc to IIb allele sequences.

This locus reinforces the DTU clades established by
GPI, showing distinction of five of the six DTUs and
heterozygosity of DTUs IId and Ile. The heterozygous
allelic forms associate with DTUs IIb and Ilc.

MSH2—mutS homolog 2: The single-copy MSH2DNA
mismatch repair gene contains 21 SNPs in a partial open
reading frame (AuGusTO-PINTO ef al. 2003) and shows
heterozygosity in some strains. We sought to determine
the nature of the MSH2 locus in the DTU IId and Ile
strains because many of the strains used in the previous
study had not been classified by the Tibayrenc rubric and
no representatives of DTU Ila were included. To complete
the genotypic assessment, we examined the identical partial
coding sequence from strains representing the six DTUs.

Neighbor-joining analysis of the MSHZ2 locus pro-
duced four clades represented by DTUs I, IIa, IIb, and
IIc (Figure 1A). In RFLP analysis DTUs I/I1a/Ilc and IIb
can be distinguished by digestion with NalIl (Figure
1B). DTUs I and Ilc were cut at two sites, yielding three
fragments, whereas DTU IIb strains had an additional
cut site by virtue of which the 269-bp fragment was
cleaved to 101 and 168 bp. Strains of DTUs IId and Ile
displayed the 269-, 101-, and 168-bp fragments, indic-
ative of allelic heterozygosity. The DTU IIb strain TU18
displayed partial digestion of its 269-bp fragment due
to an allelic polymorphism; cloning and sequencing
showed that this allele grouped with the DTU IIb clade
(Table 4). Originally, a mosaic sequence was observed in
a cloned PCR product from MN. Five additional cloned
PCR products from a subsequent reaction were all sim-
ilar to DTU Ilc with minor heterogeneity as seen in the
SL RNA gene array (THoMAS et al. 2005), although the
heterozygosity with DTU IIb was evident in RFLP anal-
ysis. A single-cloned MN sequence, MN.11, was included
in the phylogenetic analysis. Both DTU IIb and Ilc
allelic forms were found for CL Brener. This coding
region follows the same pattern as seen in the previous
regions, with four distinct allelic classes and DTU IIb/
IIc heterozygosity evident in the DTU IId and Ile strains.

Loci in which DTUs Ila and Ilc showed split affinities
to DTU I and DTU IIb

Histone H1: The 15-20 copies of the histone HI
genes are arrayed tandemly on a chromosomal band of
2.6 Mbp in the CL Brener strain (ASLUND et al. 1994;
HENRIKSSON et al. 1995). The intergenic region contains
five SNPs and a single nucleotide indel among DTUs I
and IIb/Ile (STURM et al. 2003).

Histone H1I sequences from strains representative of
the six DTUs displayed four distinct sequence classes
(Table 5). Neighbor-joining analysis produced four
sequence clades, represented by DTUs I, Ila, IIb, and
IIc (Figure 2A). Allelic variants from the CL Brener
strain were presentin both DTU IIb and DTU Ilc clades.

Robust bootstrap support was obtained for associating
the allelic sequences of DTU Ile strains Tula, CL Brener,
and P63 with the DTU Ilc clade and the DTU IId strain
SC43 and DTU Ile strain P255 with the DTU IIb clade.
An Aadl restriction site covered SNP positions 116 and
118 and differentiated between DTUs I/IIc and IIb (Fig-
ure 2B). After exposure to the restriction enzyme, PCR
products from DTU IIb were not digested, while DTUs I
and Ilc were digested. DTUs IId and Ile displayed a het-
erozygous phenotype with the presence of the three frag-
ments, as did DTU IIa, which was not anticipated. The
misleading result for DTU Ila heterozygosity by RFLP
analysis, implying that DTU Ila strains contained DTU IIb-
like and IIc-like alleles, was resolved by sequencing both
alleles. The DTU Ila strains examined possessed two nearly
identical alleles that are polymorphic at the diagnostic
RFLP site. Phylogenetic analysis resulted in the forma-
tion of a single clade specific to DTU Ila including both
alleles. CL Brener and Tula strains showed an unequal
intensity of intact bands relative to the digestion fragments,
which could be due to unequal PCR amplification, unequal
numbers of repeats in homogeneous allelic arrays, or het-
erogeneous arrays. The CL Brener genome project revealed
an ~3:1 ratio of DTU Ilc to DTU IIb histone H1 sequences;
therefore, the PCR-RFLP result was consistent with the re-
lative proportion of the two alleles present in the genome
of CL Brener. The histone H1 locus again reveals the four
allelic types and shows maintenance of heterozygosity for
DTUs I1Id and Ile with alleles similar to DTUs IIb and Ilc.

Histone H3: The histone H3 array contains 10-20
repeats localized to a single chromosomal band of 1.25
Mbp in CL Brener (BONTEMPI ¢t al. 1994; HENRIKSSON
et al. 1995). The intergenic region differs by five SNPs
and two single-nucleotide indels between DTUs I and
IIb/Ile (STURM et al. 2003).

The four classes of sequence variation were resolved
by sequence alignment (Table 5). The DTU IIb-like
sequence from the DTU IId and Ile strains contained
sequences similar to the DTU IIb or Ilc classes. Phylo-
genetic analysis provided robust bootstrap support for
the four clades (Figure 2A). An Alul site was chosen to
examine differential RFLP patterns between DTUs I/
ITa/IIb and Ilc (Figure 2B). DTU IIc was not cut by Alul,
while DTUs I, IIa, and IIb yielded two fragments. All of
the representatives of DTUs IId and Ile were heterozy-
gous, displaying the uncut PCR product and the two
digestion fragments. Analysis of CL Brener genomic se-
quence reads from TIGR revealed an ~1:1 ratio of DTU
IIc to IIb allele sequences. The histone H3 region displays
maintenance of heterozygosity in DTUs IId and Ile with
the same affinities shown in previous heterozygous loci.

Loci in which DTUs Ila and Ilc showed greater
affinity to DTU IIb

HSP60: HSP60is presentin an array of ~10 copies on
a single chromosomal band of 3.5 Mbp in CL Brener



Genetic Hybrids in 7. cruzi 535

TABLE 5
Positions of SNPs for loci where DTUs Ila/Ilc are split between DTUs I and IIb

Strain SNP

Histone H1

1111111122233344

33566890114457948915745

78118783685630407000558

Dm28¢ (I) CGGGTCTTCTCCCGTCCCCTTAC

Silvio X10 (1) CGGGTCTTCTCCTGTCCCCTTAC

CANII (ITa),” M4167 (ITa)“ CTGGCTCCTTTTTTGCGTCTCGT

CANIII (ITa)’ CTGGTTCCCTTTTTGCGTCTCGT

M4167 (Ila)® CTGGTCTCCTTTTTTCGTCTCGT

M5631 (Ilc) CTGGTCTCCTTCTGTCCTCTCAT

CM17 (Ilc), CL Brener, Tula (IIe) CTCGTCTCCTTCCGTCCTTTCAT

P63 (1le) CTCGTCTCCTTCCGTCCTCTCAT

SC43 (IId) CL Brener‘ (Ile) TTGATCCCTGTTTGTCCCCCTAT

CBB (IIb), Esmeraldo (IIb) TTGATCCCTGTTTGTTCCCCCAT
Histone H3

Dm28c¢ (1), Silvio X10 (I)
CANIII, M4167 (IIa)

CM17, M5631 (Ilc)
CL Brener, P63 (Ile)

Esmeraldo (IIb), NR (Ile)
CBB (IIb), SC43 (IId)
MN (IId), CL Brener” (Ile)

1111111122223333444555555
2551445679912570367035001235
4054080626767668952556349116

ACTTCAGCGCGTTTATCATTGTTTCTTT
TCCCCGTTACGTTTACCATCATCCTCTT

TCTTCGTCGTGAGTGTTATTATTTTTTT
TCTTCGTCGTGAGTGTTATTATTTTTTT

TCTTTGTCCTTTTCATCGCTAGCATTGC
TATTTGTCCTTTTCATCGCTAGCATTGC
TCTTTGTCCTTTTCATCGCTAGCCTTGC

SNP positions are relative to CL Brener.
“Uncut alleles from DTU Ila strains.
”Cut alleles from DTU Ila strains.

CL Brener IIb-like obtained from TIGR sequence TcTSK-TGC107157.
“CL Brener IIb-like obtained from TIGR sequence TcTIGR-TCGOI28TF.

(SULLIVAN et al. 1994; CaNoO et al. 1995). The HSP60 in-
tergenic region possesses 11 SNPs and a 9-bp indel dif-
ference between DTUs I and IIb/Ile (STUrRM et al. 2003).

Additional sequences obtained by PCR and database
mining revealed that this region is heterozygous in some
strains, including CL Brener. Four sequence classes
were identified, correlating with DTUs I, IIa, IIb, and Ilc
(Table 6). Strains from DTUs IId and Ile possessed two
sequence classes: a DTU Ilb-like sequence and a DTU
IIc-like sequence. A nonameric microsatellite (ACTAT
TATT) that corresponded to the originally described
9-bp indel was found in one to five copies in the different
strains. Phylogenetic analysis of the HSP60 intergenic
region supported the four clades of sequence variation
represented by DTUs I, IIa, IIb, and Ilc (Figure 3A). The
heterozygous strains SO3, P63, and CL Brener were pre-
sent in both the IIb and IIc DTUs. The length variation
due to the microsatellite was evident in the two bands
present in the lanes of undigested PCR products from
the DTU IId strains (Figure 3B). A SNP at position 125

created an EcoRV restriction site in the DTU Ilc-like
sequences and allowed facile assessment of genotype by
RFLP analysis. PCR products from strains of DTUs I, IIa,
and IIb were not cut by EcoRV, whereas DTU Ilc products
were digested completely. Strains of DTUs IId and Ile
showed the heterozygous phenotype, as seen by the com-
bination of 440-, 300- and 140-bp products. In the DTU
IId strains with two amplification products, the smaller
band corresponding to the DTU Ilc-like sequence dis-
appeared upon EcoRV digestion. The ratio of bands in
digestions of the DTU IId/Ile strains suggested that the
relative amounts of DTU IIb-like and Ilc-like products
were not equal, possibly reflecting a difference in copy
number of the two sequence classes. TIGR CL Brener
reads revealed an ~2:1 ratio of DTU Ilc to IIb allele se-
quences. The HSP60 locus shows heterozygosity among
the DTU IId/Ile strains associating with DTUs IIb and Ilc.

1F8—calcium-binding protein: The 1§ locus is pre-
sent in ~20 tandem copies on chromosome bands of
0.80 and 1.03 Mbp in CL Brener (GONZALEZ et al. 1985;



Ficure 2.—Loci in T. cruzi where the simi-
larity of DTU IIa/IIc alleles are split between
DTU I and DTU IIb. (A) Unrooted neighbor-
joining trees of histone H1I and histone H3in-
tergenic sequences reveal four DNA sequence
classes. *, the sequence of the uncut allele
sequence of Ila strains; **, the CL Brener se-
quences from TIGR. (B) Agarose gel electro-
phoresis of PCR-RFLP products from the

histone H1 and histone H3 loci of 25 strains.
The DNA was stained with ethidium bromide.
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SturM et al. 2003). Eight SNP differences are present
between the DTU I and DTU IIb/Ile strains in this
355-bp intergenic region. DTU I and II /FS§ alleles lo-
calize to separate chromosome bands in CL Brener
(STURM et al. 2003).

Additional representatives of the I1I§ intergenic re-
gion were amplified and sequenced or retrieved from
the TIGR database. The SNPs allowed for the discrim-
ination of four sequence classes (Table 6). DTUs IIa and
IIc were identical to one another at all but two positions.
Both DTUs IId and Ile contained two sequences
identified by screening with the DTU I and DTU II
discriminating probes (STURM et al. 2003). Neighbor-
joining analysis produced four sequence clades, repre-
sented by DTUs I, Ila, IIb, and Ilc (Figure 3A). The
sequences identified in the DTU IId and Ile strains
formed clades with the DTU IIb and Ilc sequences.
TIGR CL Brener genomic sequence reads revealed an
~1:1 ratio of DTU Ilc to IIb allele sequences, consistent
with the relative hybridization intensities (STURM et al.
2003). The IF8locus upholds the developing trend of
DTU IId/Ile heterozygosity with DTU IIb and IIc allelic

forms.

Mosaic sequences in two DTU Ile strains

Histone H2A: The histone H2A genes are present in
two arrays in strain Y, containing about six copies of a
1.2.kb repeat and 18-24 copies of a 0.75-kb repeat
(PUERTA et al. 1994) that localize to two chromosomal
bands of 0.7 and 0.9 Mbp in the CL Brener strain
(HENRIKSSON et al. 1995). The intergenic region of the
0.75-kb repeat contains 10 SNPs between DTU I and

0.5- and 0.1-kb bands, respectively. SNPs at
positions 116 and 118 create the Aadl poly-
morphism in the HT locus, and a SNP at posi-
tion 216 creates the Alul polymorphism in
the histone H3 locus (Table 2).

DTUs IIb/Ile (STURM et al. 2003). In this analysis we
included sequences generated by PCR for all DTUs, as
well as multiple CL Brener sequences from the genome
project. CL Brener sequences 37, 41, 46, 61, and 80
refer to sequences of TIGR-generated genomic reads
TCPXO37TF, TCOWB41TR, TCHHN46TR, TCKLUG61TF,
and TCOUVS80TR, respectively.

The histone H2A locus distinguished five sequence
classes, including the core DTUs I/Ila/IIb/Ilc and a
new clade composed of mosaic DTU IIb/Ilc variants
(Figure 4). Alleles of DTU IId/Ile strains fell within
both DTU IIb and Ilc sequence clades, demonstrating
the heterozygous nature of this locus. Mosaic sequences
were observed initially from single cloned PCR products
from MN and Tula strains, but excluded from the anal-
ysis. Multiple-cloned PCR products yielded the follow-
ing sequences: from MN, one DTU IIb and five DTU Ilc;
from Tula, two DTU IIb and two DTU Ilc. A single
representative from each clade was included in the phy-
logenetic analysis, labeled MN.11, MN.17, Tula.2, and
Tula.12. In addition, two Tula clones from a low-cycle
number reaction revealed a new mosaic sequence. The
validity of these sequences was strengthened through
examination of TIGR CL Brener genomic reads: Four
CL Brener histone H2A intergenic region sequences
shared elements of a mosaic pattern including DTU
ITb/IIc SNPs with the Tula mosaics (Table 7). In CL
Brener these sequences were determined to be part of
the DTU Ilc array on the basis of their clonal mate pairs.

Mosaic sequences are relatively straightforward to
identify by SNP haplotypes; however, they can cause
ambiguity in standard phylogenetic assignments by
lowering bootstrap values or relocating branches and
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TABLE 6
Positions of SNPs for loci where DTUs Ila/Ilc are more similar to DTU IIb

Strain SNP
HSP60
1111122222222333333¢
23591234813346799478999
38146522463535457932125
Dm28c, SilvioX10 (I) GCGTAAATCGCCATAACTAGCGC
CANIII (ITa) GTGTAACCTGTCATAGTGGGAAA
M4167 (IIa) GTGTAACCTGTCGTAGTGGGAAA
CM17 (Ilc), M5631 (Ilc) ACATGGCTCATCGCGGTGGGCAC
NR’ (Ile) ACACGGCTCATCGCGGTGGGAAC
CL Brener,’ P63’ (Ile), SO3" (IId) ACACGGCTCATCGCGGTGGGCAC
CBB, CL14¢ (Ilb), Esmeraldo (IIb), SO3“ (IId), GCGCAACTCCTTATAGTGGTCAC
P63 (Ile), CL Brener’ (Ile)
1F8

Dm28c, Silvio X10 (I)
CANIII, M4167 (I1a)

M5631 (Ilc)
CM17 (Ilc), MN,” SC43" (IId)
SO3’ (IId), CL Brener,” P63°, Sabcho109a’ (Ile)

CL Brenery P63 (Ile)

Y(IIb), NR? (Ile), MNc,” SC43¢ (I1d)
Sabcho109a,? SO3¢ (Ile)

Esmeraldo (IIb)

1111111222222°¢
5890555599223369
5735024801374671

CGCGCGGTGGGCTTTT
CGCGCGGGGGGLCGLGL

CGCGCGGGGTGCGCGC
CGCGCGGGTTGCGCGC
CGCGCGGGTTTTGCGC

TATTTTTGGGGCGCGT
TATGCTTGGGGCGCGT
TATTCTTGGGGCGCGT
TATGCTGCGGGCGCGT

CL14 is from GenBank X67473.
“SNP positions relative to Dm28c (I).
"DTU IIb-like allele in hybrid isolates.

“CL Brener obtained from TIGR sequence TcTIGR_TCKCA96TR.

“DTU Ilclike allele in hybrid isolates.

‘SNP positions relative to CL Brener (Ile) from GenBank BH843665.
/CL Brener IIb-like obtained from TIGR sequence TcTIGR_TCGO128TF.

in RFLP analyses by altering restriction sites. The
presence of unique SNPs for the CL Brener and Tula
mosaic sequences suggests that they have a common
origin; their complexity and similarity makes it unlikely
that the PCR-generated Tula sequences are due to
artifacts of amplification. We have used the example of
histone H2A to illustrate a process that is likely to be
ongoing and widespread within the heterozygous 7.
cruzi strains: interallelic recombination as witnessed by
mosaic SNPs. This process will generate a new allele.

DTUs I, IIa, IIb, and IIc are homozygous

Our analysis of nine loci above in representatives of all
six DTUs revealed a single class of highly conserved
sequence at each locus in DTUs I, IIa, IIb, and Ilc.
Averaged across all loci, DTUs I and IIb were the most
divergent from one another (Table 3), indicating that
these two DTUs represent the most ancient division

within the T ¢ruzi taxon. Most similar were DTUs I and
Ilc, followed closely by DTUs Ila and Ilc (Table 3),
supporting the common ancestry of DTUs IIa and Ilc,
formerly referred to as Zymodeme 3, and the contribu-
tion of DTU I to their hybrid genomes. The recombi-
nation of the DTU I and IIb SNPs in the DTU IIa/Ilc
groups distinguished the latter two DTUs from the first
two, and the accumulation of specific mutations within
those DTUs distinguished them from one another. The
remaining DTUs IId and Ile contained two distinct
alleles at eight of the nine loci analyzed, and these DTUs
were not substantially different from one another.
These data are consistent with previous observations
on the heterozygosity of DTUs IId and Ile.

DISCUSSION

A picture of the current population structure of
T. cruzi is emerging; however, the comparative genetic
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structure of all DTUs has been investigated at only a few
loci (MAcHADO and Avara 2001; GAUNT et al. 2003).
Here we analyzed an additional nine loci in representa-
tives of the six DTUs. We show that allelic classes present
in DTUs I, IIa, IIb, and Ilc, as found in previous studies
(MacHADO and Avara 2001), define DTUs I, IIa, IIb,
Ilc, and IId/Ile. In all cases, DTUs I, IIa, IIb, and Ilc
were homozygous at the tested loci. In contrast, DTUs
IId and IIe were heterozygous at all but one of the loci
tested, possessing sequences similar to IIb and IIc DTUs.
Although DTUs Ila and IlIc were homozygous at all loci
examined, the sequences shared some SNPs in common
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F1GURE 4.—Mosaicism of DTU IIb and IIc alleles within a
multicopy locus for heterozygous DTU IlId and Ile strains.
Neighborsjoining phylogenetic tree of histone H2A intergenic
sequences reveals five sequence classes. Mosaic IIb/Ilc se-
quences from CL Brener and Tula strains form their own class.

with DTU I and DTU IIb, indicative of homologous
recombination between the parental alleles in a former
heterozygous state. Unique DTU-defining SNPs support
asubstantial evolutionary divergence between DTUs IIa
and Ilc.

The revelation that 7. cruzi can undergo genetic ex-
change and homologous recombination (GAUNT et al.
2003) provides a mechanism by which to explain the
observations of heterozygosity and mosaic SNP haplo-
types. The current population structure of 7. cruzi reveals
the fate of two distinct hybridization events separated by
periods of clonal evolution (Figure 5). We hypothesize
the initial clonal evolution of two lineages (ancestral DTUs
I and IIb) from a common ancestor (universal DTU).
The first hybridization event was a fusion between the
ancestral DTUs, resulting in a “hybrid progeny” in which
mosaic alleles could form (common ancestor of IIa and
IIc). The eventual loss of heterozygosity in the progeny
was followed by independent clonal evolution to yield
DTUs IIa and Ilc. It is possible that DTUs IIa and Ilc
arose independently, but we consider this scenario less
likely due to many SNPs shared between the two DTUs.
A second hybridization between DTU IIb and DTU Ilc
generated DTUs IId and Ile. Similar to the proposed
evolution of DTUs Ila and Ilc, the extensive heterozy-
gosity in DTUs IId and Ile may resolve toward homozy-
gosity. Heterozygosity may be maintained, particularly in
genes involved in host-pathogen interactions, if it serves
an adaptive advantage such as extending host range or
improving cell invasion. DTU fusion provides the op-
portunity for the formation of an “optimized allele,” for
example, in genes that encode housekeeping proteins
that are required in general aspects of cell metabolism.
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TABLE 7

Positions of histone H2A intergenic region SNPs

Strain

SNP

Dm28c, Silvio X10 (I)
CANIII (ITa), M4167 (ITa)

CM17 (Ilc),

M5631 (Ilc)

CL Brener (Ile), P63 (Ile)
SC43 (I11d)

Tula.2 (Ile)

MN.11 (IId)

Tula.15 (Ile)
Tula.18 (Ile)
CL Brener.80
CL Brener.41, CL Brener.37
CL Brener.61

MN.17 (IId)

Y (IIb)

Esmeraldo (IIb)

CBB (IIb), Tula.12 (IId), CL Brener.46 (Ile)

1111111111111112222223333333
23444561333455566777780014672344445
69047049489024847236724833905056788

CAACGCTTGGTTTCTTTCTCGCCACTCCGCGTTTT
CAACACTCGGTTTCTTCCTCGTCACCCCGCACTAC

CAGCGGGTGGTTTCTTCCTTGTCTCCCCGCGTTTT
CAGCGGTTGGTTTCTCCCTTGTCATTCCGCACTAT
CAGCGGTTGGTTTCTTCTCAATTACTTCGCACTAT
CAGCGGGTGGTTTCTTCTCAATTACTTCGCGTTTT
CAGCGGTTGGTTTCTTCTCAATCATTTCGCGTTTT
CAGCGGTTGGTTTCTTCTCAATCATTTCGCGTTTT

TGATACGTGGCTTTCTCCTCGTCTCTCCGCGTTTT
TGATACGTGGCTTTCTCCTCGTCTCTCCGCACTAT
TAGTTCGTGGCTTTCTCCTCGTCTCTACGCACTAT
TAGTTCGTGGCTTTCTCCTCGTCTCTCCGCACTAT
CGGCCGGTGGCTTTCTCCTCGTCTCTCCGCACTAT

CAACACTCTTTCCTTGCCTCATTGCTCTCTACCAT
CAACACTCTTTCCTTTCTCCATTGCTCTCTACCAT
CAACACTCTTTCCTTTCCTCATTGCTCTCTACAAT
CAACACTCTTTCCTTGCCTCATTGCTCTCTACTAT

SNP position is relative to CL Brener (Ile).

Our hypothesis on the formation of hybrids includes
several processes: Two DTUs of 7. cruzi undergo a
genetic fusion resulting in the creation of a heterozy-
gous DTU with an aneuploid or polyploid genome, such

Time

Universal DTU]

Hybrid I/IIb

generation of

mosaic alleles loss of
heterozygosity

[DTUIa| [DTU I | [DTU 11b

accumulation of
DTU-specific
mutations

generation of
mosaic alleles

V' [oru1][prud [oru nd [oru nd] [oru g [oru ]

F1GURE 5.—A schematic of the evolution of 7. ¢ruzi groups.
Boxes represent extant groups and their ancestral progeni-
tors. The lines connecting boxes represent periods of clonal
reproduction. Arrows represent contributions of various DTUs
to form new hybrid strains. From a common ancestral univer-
sal genotype, two different genotypes arose that are repre-
sented today as DTUs I and IIb. Strains from these DTUs
subsequently hybridized to produce DTUs Ila and IIc. A
second hybridization between strains from DTUs IIb and
IIc produced DTUs IId and Ile.

as DTUs IId/Ile; recombination occurs between alleles
of the heterozygotes, resulting in mosaic sequences;
gene conversion homogenizes loci; chromosome loss
restores diploidy resulting in a homozygous diploid
organism such as DTUs Ila/Ilc. The order of these
events is not fixed and could vary for different loci.
This model resembles a more complex version of the
population structure observed in the haploid protozoan
Toxoplasma gondii, where the three predominant extant
lineages possess one of two allele classes and appear to
be the result of clonal evolution of three siblings from a
possible single meiotic event (reviewed in GRIGG and
Suzuki 2003; VoLKMAN and HArRTL 2003).

DTUs Ila and Ilc represent the products of a fusion
event between a DTU I strain and DTU IIb strain in the
distant past. Each of the four reference DTUs are
distinct from one another and from the other DTUs at
multiple positions (Table 3). The shared SNPs that
define DTUs Ila and IIc support their evolutionary
association as progeny of the same fusion and resolution
events prior to their separation and accumulation of in-
dividual defining SNPs. For our evolutionary pedigree,
we have adopted the most parsimonious assumption
that the hybrids are the result of a single hybridization
event based on the presumed rarity of genetic exchange
in this species. However, we cannot exclude the possi-
bility of multiple sequential hybridizations and back-
crossing with parental strains, a.k.a. reticulate evolution,
in the generation of the extant strains.
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TABLE 8
Summary of genotypes of hybrid groups IId/Ile
Gene Chromosome* Genotype Parent Citation
SL. RNA XVI, XV Homozygous IIb SouTo et al. (1996)
LSU D7 rRNA X1V Homozygous IIb STOLF et al. (2003)
Hsp70 XTI Homozygous IIb This report
TSSA ND Homozygous IIb CAMPBELL et al. (2004);
D1 Noia et al. (2002)
SLA1 snoRNA XVI, XV Heterozygous IIb/IIc This report
Hsp60 XX Heterozygous IIb/1Ilc This report
Histone H1 XVII Heterozygous IIb/1lc This report
Histone H2A VII, III Heterozygous IIb/IIc This report
Histone H2B XX Heterozygous IIb/IIc This report
Histone H3 XII, XI Heterozygous IIb/1lc This report
1F8 XL,V Heterozygous IIb/IIc This report
GPI ND Heterozygous IIb/IIc GAUNT and MiLEs (2000)
TCP ND Heterozygous IIb/IIc GAUNT and MILEs (2000);
ROBELLO et al. (2000)
TRS XVII Heterozygous IIb/IIc TRAN et al. (2003)
MSH2 ND Heterozygous IIb/IIc AuGusTOo-PINTO et al. (2003)
DHFR-TS ND Heterozygous IIb/Ilc MacHADO and Avara (2002)
TR ND Heterozygous IIb/1lc MacHADO and AvarLa (2002)

ND, not determined.

“Chromosome assignments based on CL Brener CANO et al. (1995); PORCILE et al. (2003).

The identification of the parental lineages of DTUs
ITa and Ilc resolves the apparently conflicting interpre-
tations of whether these DTUs are closer to DTU I or
DTU IIb. In fact, there is no conflict, as both parental
DTUs have contributed to DTU Ila and Ilc progeny. The
recombination of parental genes to generate the cur-
rent mosaic alleles seen in DTUs IIa and Ilc represent a
spectrum of allelic intermediates varying from DTU I-
like to DTU IIb-like. The existence of heterozygous loci
in DTU Ila and IIc strains has not been eliminated.

Heterozygosity and diploidy was indicated by iso-
enzyme typing and genotyping of various strains of T.
cruzi. Heterozygous enzyme activity profiles have been
described for phosphoglucomutase, 6-phosphogluco-
nate dehydrogenase, glutamate dehydrogenase NADP+,
and malic enzyme (TIBAYRENC et al. 1986; CARRASCO
et al. 1996), while heterozygous phenotypes and geno-
types were reported for aldolase, glucose phosphate
isomerase and gluteraldehyde 3-phosphatase dehydro-
genase (BocLioLo et al. 1996), and DHFR-TS and TR
genes (MacHADO and Ayara 2001). Chromosomal size
variation and RFLPs in stocks of hybrid 7. cruzi strains
have been seen using 18 ESTs (PEDROSO el al. 2003),
suggesting that many more heterozygous alleles await
identification.

DTUs IId and Ile originated from a fusion between a
DTU Ilc strain and a DTU IIb strain on the basis of this
and other studies (MAcHADO and AvALA 2001; BRISSE
et al. 2003; GAUNT et al. 2003; Evrias et al. 2005). The
heterozygosity may reflect the relatively recent fusion of
the original parentals. Individual strains showed evi-

dence of specific recombination events between the
parental alleles, indicating that homologous recombi-
nation is an active and ongoing process in the 7. cruzi
nucleus. We propose that the strains within these het-
erozygous DTUs are in the process of active reshuffling
of their alleles and, following the apparent precedent
set by the DTU I/1Ib fusion, may subsequently resolve to
near or complete homozygosity at all loci. However, the
advantages of a heterozygous state are well documented
and thus may persist in these strains, presenting an ex-
ample of hybrid vigor. Indeed, these hybrids are isolated
frequently from infected individuals throughout the
southern geographical range of the disease (BARNABE
et al. 2000, 2001a). Heterozygous hybrids may possess a
more successful phenotype that has adapted to, and
conquered, a wide range of ecological niches as pro-
posed elsewhere (WIDMER et al. 1987).

DTUs IId and Ile were not differentiated in our
analysis, indicating that their distinction is subtle,
although sufficient to be detected in alternative analy-
ses. The IId and Ile DTUs were distinguished originally
on RAPD profiles and MLEE differences for GPI,
glucose-6 phosphate dehydrogenase, glutamate dehy-
drogenase 1 and 2, peptidase 1, and phosphoglucomutase
(TiBaAYRENC and Avara 1988). DNA sequence variation
at these protein-coding loci should allow precise molec-
ular differentiation of the IId and Ile DTUs. Divergence
among DTU IId and DTU Ile strains is suggestive of the
evolution and loss of heterozygosity of clonal popula-
tions from the original hybridization event. In this regard
it resembles the beginning of the homogenization
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process that we have postulated to generate the pre-
cursor hybrid of the DTU IIa/Ilc branch.

An example of the loss of heterozygosity in the DTU
IId/IIe isolates is the »RNA locus. Heterozygous sequen-
ces in the D7 region of rRNA were described in DTU IId
strain NR, MN, and SO3; however, this locus is homo-
zygous in DTU Ild strain SC43 and in DTU Ile strains CL
Brener and Tulahuen (SouTo et al. 1996). The result is
the retention of different alleles in these DTUs, such
that CL Brener and Tulahuen are type 1 (DTU IIb) and
SC43 is type 2 (DTU Ilc) at this locus. The genotype of
the D7 rRNAlocus in these strains follows the prediction
of our hypothesis for the resolution of heterozygosity
(summarized in Table 1). The adjacent rRNA promoter
region follows a corresponding pattern of DTU affilia-
tion for MN, CL Brener, and SC43 (BRrissk et al. 2003).

The T. cruzi genome project reference strain CL
Brener is a member of the hybrid DTU Ile. Cumulative
analyses indicate the presence of 4 homozygous loci and
13 heterozygous loci in CL Brener (Table 8). However,
since the chromosomal location of all the loci are not
known, this number cannot be translated into a precise
count of homozygous and heterozygous chromosomes.
The assignment of alleles with specific chromosome
bands (haplotypes) in CL Brener will be problematic
given the heterozygous nature of the strain. A reason-
able solution to this problem is the sequencing of
representatives of the “parental” DTUs, IIb and Ilc.
Preliminary DNA sequencing (2.5X coverage) of the
Esmeraldo strain from DTU IIb has been completed
and may provide supporting information to allow further
assembly of the CL Brener parental chromosomes. The
comparative analysis of these genomes in foto will pro-
vide greater details about the resolution process in a
much more effective manner than the locus-by-locus
strategy that was previously the only avenue; indeed, this
study represents but a scratch on the surface of the total
genomic information. Additional genome sequencing
of representatives from DTUs I, Ila, and Ilc will provide
the greatest insights into the spectrum of biological
diversity encountered in 7. cruzi.
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