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Abstract

Background: The Trypanosoma cruzi genome was sequenced from a hybrid strain (CL Brener). However, high allelic
variation and the repetitive nature of the genome have prevented the complete linear sequence of chromosomes being
determined. Determining the full complement of chromosomes and establishing syntenic groups will be important in
defining the structure of T. cruzi chromosomes. A large amount of information is now available for T. cruzi and Trypanosoma
brucei, providing the opportunity to compare and describe the overall patterns of chromosomal evolution in these
parasites.

Methodology/Principal Findings: The genome sizes, repetitive DNA contents, and the numbers and sizes of chromosomes
of nine strains of T. cruzi from four lineages (Tcl, Tcll, TcV and TcVI) were determined. The genome of the Tcl group was
statistically smaller than other lineages, with the exception of the Tcl isolate Tc1161 (José-IMT). Satellite DNA content was
correlated with genome size for all isolates, but this was not accompanied by simultaneous amplification of
retrotransposons. Regardless of chromosomal polymorphism, large syntenic groups are conserved among T. cruzi lineages.
Duplicated chromosome-sized regions were identified and could be retained as paralogous loci, increasing the dosage of
several genes. By comparing T. cruzi and T. brucei chromosomes, homologous chromosomal regions in T. brucei were
identified. Chromosomes Th9 and Th11 of T. brucei share regions of syntenic homology with three and six T. cruzi
chromosomal bands, respectively.

Conclusions: Despite genome size variation and karyotype polymorphism, 7. cruzi lineages exhibit conservation of
chromosome structure. Several syntenic groups are conserved among all isolates analyzed in this study. The syntenic
regions are larger than expected if rearrangements occur randomly, suggesting that they are conserved owing to positive
selection. Mapping of the syntenic regions on T. cruzi chromosomal bands provides evidence for the occurrence of fusion
and split events inveolving T. brucei and T. cruzi chromosomes.
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Introduction demonstrates remarkable genetic heterogeneity  [4.5]. Natural
populations of 7. eruzi undergo clonal evolution with rare events of
Trwpanosoma cruzi 1s a prolozoan parasite  transmitted 1o genetic recombination [6]. However, hybrid lineages have been

vertebrate hosts by insect vectors causing Chagas disease, also
known as American trypanosomiasis. The disease is endemic in
Latin America and allects approximately eight million people [1].
with an increasing number ol cases in non-endemic countries
including the United States and Europe [2.3]. The disease has a
broad spectrum ol clinical symptoms, which may reflect parasite
and host genetic lactors. 7. emezi is a complex taxon  that
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identified in natural 77 crezi populations [7,8.9,10]. On the basis of
a number of genetic and biochemical markers, the strains ol 7.
cruzi have been divided into six discrete typing units (DTU
designed as Tel o VI [L1].

Trypanosome genetic material is organized into small chromo-
somes, which are poorly condensed during cell division, precluding
the use ol conventional cyvtogenetic analysis. The 7. ezt
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karvotvpe is poorly defined: identification of cach ol the individual
chromosomes has been problematic as many are of small-size or
very similar.  Therefore, the  precise relationships  between
homologous chromosomes have vet o be determined. There is a
significant variation in the size of chromosomes among sirains
[12.15. 14, 15.16.17]. and although the genome is generally diploid.
homaologous difler
[15 1015, 19.20]. Differences of up to 30% in the sizes of
genetically equivalent chromosomes were detected in the karyo-

the sizes  of chiromosomes considerably

tvpes of various strains, suggesting  that major chromosomal
rearrangements occurred during the evolution of 70 cozi.

Studies based on low cvtometry, microfluorometry, chemical
and renaturation kinetic analyvses have demonsirated variation of up
o 40% ol the total DNA content among 7. erazi

[

+ kinetoplast) varies lrom (.12 1o (0

i strains and clones

26,271, The absolute amount of total DNA nuclear

3 pg per cell among various
527].
The wide variation in genome size observed among cukarvotic

species is more closely correlated with the amount of repetitive DNA
than with the number of coding genes. In 7. ez repeat sequences
"

account for at least 50% [28]. The genome of 7. ouezi was sequenced

i

using a whole-genome sequencing approach from a hybrid st
[clone CL Brener) originated from genetic recombination of Tell
and TellL [8.11.28.29]. Sequence strategy resulted in high sequence
coverage from two parental haplotypes. However, high allelic
variation and the repetitive nature of the genome have prevented
the complete linear sequence ol 70 guzi chromosomes being

determined. Therelore. determining the [ull complement  of

chromosomes, identifving clhiromosome-specilic markers and estah-
lishing syntenic and linkage genetic groups are important lfor
defining the molecular karvotype and strucware of 70 ez
chromosomes.

In this study. the genome organization ol various 7. erezi strains
was analyzed using genetic and computational approaches. The
lollowing questions were addressed: (1) What is the range aof
genome sizes and repetitive DNA contents [satellite DNA and
(2) What is
the contribution ol repetitive DNA to variability in genome size

retrotransposons) across strains from 7. erzd DTUS

and chromosomal polyvmorphism?; (5) By analyzing large homol-
ogous chromosomal segments, what is the level ol synteny among
these strains? To address these questions genome sizes. repetitive
DNA contents

stradns from four DTUs including two clones [rom a hybrid strain,

and the numbers and sizes of chromosomes of nine

were determined and compared. The size distribution ol syntenic
blocks of clone CL Brener among the 7. emzi DTUs was

examined. Two 7. guzi megabase chromosomes were compared

with their counterparts in 7. drwcerz comparison between 7. o
and 7. bowed chromosomes could help the reconstruction of the
ancestral trypanosome karvotyvpe.

Methods

Ethics Statement

This siudy was carried out in sirict accordance with the
recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Instiutes of Health. The protocel was

approved by the Comminee on the Ethics of Animal Experiments of

the Federal University of Sao Paulo (Permit Number: CEPO9355-
07 All surgery was performed under sodium  pentobarbital

anesthesia, and all efforts were made to minimize sullering.

Parasites
Nine solates from the main lineages of 7. eruzi [ L 1] were used in
this study. Three solates belonged to group Tel (clone Dm28c.
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Tel 16! (Jose-IMT) isolate and G strain). two to the Tell group
[clone Esmeraldo-cld and Y strain), one to the TeV group (clone
SO3-c15) and three o the TeVI group [CL strain, CL-sirain
derived clones CL Brener and CL 14, CL Brener was kindly
provided by Dr. Bianca Zingales (I0Q-USP), clone Dm28c by Dr.
Samuel Goldenberg (ICC-Fiocruz), Y. G and CL strains and CL-
strain derived clone CL 14 by Dr. Nobuko Yoshida (UNIFESP),
clone SO3-c1d by Do Marta de Lana (UFOP) and clone
Es UFMG)L Tell6] (José-
IMT) was obtained [rom the Trypanosomatid Culture Collection
TrvC) of the Department ol Parasiiology. USP and  was
provided by Marta M. G. Teixeira (ICB-U

maintained by cvelic passage in mice and in axenic cultures ar 28

weraldo-cl3 by Dr. Santuza Teixed

Parasites were

C in liver-infusion tryprose medinm (LIT) containing 10% fetal
call serum.

Synchronization of parasite cultures and flow cytometry
Epimastigotes were diluted to a final concentration of 3 x10°
parasites per mL and maintained in the exponential growth phase
for 24 h ar 28°C. Hydroxyvurea (20 mM) was added to the
cultures. and afier incubation for 24 h the number of parasites was
determined using a Neubauer-counting chamber. Cells were
washed with PBS and fixed with 50% methanol for 10 min at 0°C.
Alter washing with PBS. parasites were resuspended in PBS
(63 10% cells/mL) containing 20 re/mL propidium iodide and
6 mre/mL RNase and subjected to low eviometry analysis i a
custom-designed low cytometer (Becton-Dickinson FACScalibur).
Culres without hydroxyurea (HU) were used as conrols.

Determination of total DNA content
Genome size of isolates [rom groups Tel (clone Dm28c, Tel 161

isolate and G swrain). Tell (clone Esmeraldo-cl3 and Y swrain), TeV
[clone SO3-c15) and TeVI (CL stain, Clestrain derived clones CL

Brener and CL 14 were determined  alter several control

experiments had been carried out. Epimastigotes of 7. cruzd strains
were arrested with HU and total DNA was isolated from 10" cells
as desceribed previously [30]. DNA content was estimated using a
M AsDNA
Assay Kin, High Sensitivity - 0.2-100 ng™ (Invitrogen) as described.
This kit
samples with pre-diluted DNA standards. Fluorescence intensity

uorescent nucleie acid stain for dsDNA “Ounani-i
provides  accurate  guantification, comparing DNA

was read on a GENios Fluorometer (Magellan program) using
485 nm excitation and 535 nm emission wavelengths, Between
three and seven independent assays were performed on each
isolate and all experiments were carried out in wriplicate. To assess
the reliability of the assay using large DNA molecules, unbroken
chromosomal DNA and sonic wave broken DNA were compared.
Control experiments demonstrated that luorophore incorporation
was the same [or both samples (data not shown). The next control
experiment involved calculating the percentage vield olained in
DNA extraction experiments using a recovered radioactive
experiment. 7. emzi chromosomal DNA was meubated overnigli
with 10 U endonuelease Asel in an appropriate restriction buller
at 37700 Alier digestion, restriction fragments were labeled with
58 vy 1 [’1-321’][](]'1‘1’__ 0.02 mM dGTP and 5 U Klenow [ragmen
in the same buller ar 657C for 1 h (adapted protocol described by
Cornillot et al., 2002} [31]. Known amounts of labeled DNA were
added belore 1otal DNA extraction. Taking into account the
percentage of radioactivity recovered, the real DNA mass in each
1. cruzi isolate could be determined. Three independent assays
were performed in triplicate (data not shown).

For statistical analysis, the one-way ANOVA test was performed
using GraphPad InStar version 3.05 [GraphPad soltware. San
Diego. CAj. The statistical signilicance level was set at P, 0.05.
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Data presented were the result ol a minimum ol three independent
experiments and plotted as mean & SD.

Copy-number measurements

The copy numbers of repetitive sequences were determined
approximately using dot-blot hyvbridization. DNA samples were
denatured with NaOH (0.4 M) for 10 min, chilled on ice and
diluted with an equal volume of 2 M ammonium acetate. DNA
was quantified using an ulra-sensitive fluorescent nucleic acid
stain lor double-stranded DNA [*OQuant-iT™ dsDNA Assay Kit,
High Sensitivity - 0.2-100 ng™ kit (Tivitrogen)]. Various amounts
of genomic DNA rom 7. ez strains (clones Dm28c. Esmeraldo-
cl3, 5O3-cld and CL Brener: Tell6] isolate: G oand Y strains)
were applied 10 mylon membranes (Amersham) using a dot-hlot
apparatus (Bio-Rad). DNA was fixed by exposure to 150 m] ol UV
“GS Gene Linker™ UV chamber” (Bio-Rad).

Stanclard samples containing repetitive sequences DNA were

radiation in a

loaded on the same [iters to provide a standard scale. The
following recombinamt plasmids were used: clone F3.17. which
carries part ol the intergenic region from the LiITe retro-

transposon and part ol reverse wanscriptase (nt 1335 w0 2021 of

clone F 10, which

LITe, GenBank accession number X83098:
g hp repeats. GenBank

2Aoanits ol satellite DNA (]
accession number AY320076)
control. Filters were hybridized in exactdy the same way as the

carries

and pUCLE as a background

chromoblots.

Afier autoradiographic exposure, the amount of *P
in cach spot was determined by liquid scintillation counting. The
amount ol probe sequence in the trvpanosome DNA samples was
estimated rom a graph of the counts present in the spots of each
repetitive sequence. Copy numbers of repetitive sequences in the
various 1. ez genomes were calculated wking into consideration
the genome size determined in this study. The pUCLE conmrol was
used 1o normalize experiment data.

For statstical analysis, a one-way ANOVA test was perlormed
using GraphPad InStar version 3.05 [GraphPad soltware, San
Diego. CA). The statistical significance level was set at P, 0.05.
Data presented were the result of at least three independent
experiments and plotted as mean & SD.

Separation of T. cruzi chromosomal DNA by pulsed-field
gel electrophoresis (PFGE)

Epimastigotes from 7. emezd were grown to late logarithmic phase.
Cells were collected in PBS and mixed with an equal volume of 1%
low-melting point agarese. Approximately 1x 107 cells (100 ) were
used Tor each gel plug: these were incubated in a solution containing
0.5 M EDTA [pH 8.0), 1% sodium laury] sarcosinate (Sarkosyl) and
I mg/mL proteinase K ar 50°C for 48 h. and stored at4 C in 0.5 M
EDTA (pH 8.0). Chromosomal bands were separated on agarose gels
using a Gene Navigator Svstem (Amersham Pharmacia Biotech, NJ.
USA) and a hexagonal electrode array. PFGE was carried out using
1.2% agarose gels in 09X TBE (45 mM Tris 45 mM boric acid:
I mM EDTA, pH 8.5) at 15°C for 132 I as previously described
[18]. G
photographed. DNA samples were incubated with 0.25 M HCI [or
45 min, denatured with 0.5 M NaOIH/1 M NaCl for 20 min,
newtralized with | M Tris-hase/0.5 M NaCl for 20 min and
translerred to myon membranes in 20X 8SSC(IX SSC=0.15 M
NaCl and 0,015 M sodium citate). The membranes were hyvbridized

s were stained with ethidium bromide (0.5 me/ml) and

as described below.

Hybridization
Membranes were pre-lvbridized in a solution comaining
50% formamide 53X SSC/HX Denhardt’s solution (Invitrogen )/
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0.1 mg/mL salmon sperm DNAY 0.1 mg/mL (RNA ar 42°C Jor
I h and hybridized overnight at 427G with *Plabeled probes.
Following hybridization. membranes were subjected to two washes
(30 min each at 42 "C) in 23 SSO containing 0.1 % SDS and 0.1%
sodinm pyrophosphate and two additional washes ar 56 "C in
0.1X SSCocontaining 0.1% SDS and 0.1% sodium pyrophos-
phate. They were then exposed 1w X-ray film. The gene
identification and the accession number of each marker used as
probe are indicated in Table S4.

Bioinformatic analysis

7. enezi contigs and scallolds were assembled into 41 platforms
named chromosomes [TeChr)[32]. The chromosome-sized scal-
lolds assigned to the Esmeraldo and non-Esmeraldo haplotypes

were designated S and P. respectively. The 7. ez clone CL
“cChr) and 7. bree
were obtained from EuPathDB Project (hup: //uinypdborg/
tritrypeb). Whole genome alignments between TeChr P oand S

Brener | (Th) chromosomes used in this study

were performed using thlastx algorithm [33] and implemented
through  big blastpl seript (from Sanger Insttute) that was
modilied by Jeronimo Ruiz. TeChr chromosomes were also used
in similarity searches using tblasix algorithm against the 7. braced
GENOMIC $COUence.

Alocally compiled database (DB} of 7. eruzi sequences was built
by parsing sequences [rom  GenBank,  Chromosome-specilic
markers from this database were used as anchors in similarity
scarches. Similarity scarches against this locally compiled DB were
carried out using the BLAST and FASTA program package
algorithms  [34.35]. The annotation and graphical owtput of
chromosome-specilic markers were obtained using the Artemis
Comparisonn Tool  [36] (hup/ Awwwosanger.  ac.uk/resources/
software fact ).

Results

We selected nine straing rom the fowr major 7. ez lineages
[Tel (DTU I, Tell (DTU IIby, TeV (DTU Id) and TeVI (DTU
e that are very well characterized in terms of epidemiological.
38.39.40]. The
isolates of DTUs L IL V and VI predominate in endemic areas

a=

biological and pathological leatres [4.8,11.21.57

and are responsible for most cases of human Chagas™ disease in
Cientral America (mostly Tel) and South America (mostly Tell).
[solates of DTU I are the most widespread isolates ol 7. cmezi
circulating in svlvatic eveles (in all Latin America) and domestic
cveles (in Central America, Colombia and Venezuela), Charac-
terization ol a large number ol solates evidenced importam
genetic population diversity within DTU T [39.41.42]. For these
reasons, three solates from Tel diverging in host and geographic
origin were included in this study.

Fluorescent nucleic acid stain for double-stranded DNA
accurately estimates genome sizes of T, cruzi isolates
The genome size. repetitive DNA content and karvotvpe ol nine
different isolates from the main lineages of 7. ez were estimated
and compared. Clone CL Brener (TeVI was chosen Tor this study
as it is the relerence strain for the genome sequencing project. The
ability of the fuorescent dye to estimate the genome size
accurately in three isolates rom group Tel [clone Dm28c.
Tel 6] solate and G sirain). two solates rom group Tell (clone
Esmeraldo-cl3 and Y swam). one solate from group TeV [clone
SO35-c1h) and three isolates from group TeVI (CL strain and CL-
derived clones CL Brener and CL 14 was assessed. The analvsis
was perlormed using parasites arrested with HU. which inactivates
ribonucleoside diphosphate reductase, thereby preventing cells
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from leaving the GL/S phase ol the cell cyele. Non-treated
trypanosomes  presented with a prolile comprising two  peaks
representing cells with 20 and 40 DNA contems, respectively [Fig.
Sl After 24 h incubation with HUL the proportion of 200 cells
increased at least 1.7-fold compared with the corresponding G
cells. indicating that epimastigotes were arrested in the G 1 phase
(Fig. SL. These results are in agreement with those oltained by
Elias et al. [453]. Cells that were post-S phase at the time of HU
addition would have progressed through the cell evele and re-
entered Gl

Epimastigote cells in the G L-phase of the cell cvele were used 1o
estimate DNA - content by guantifying the dsDNA. Conwrol
experiments were performed using well-established  haploid and
diploid 8. verevisine lineages. The estimated nuclear DNA contents
of haploid and diploid veast lineages were (L013860& 0.001989
and 0.026348
rizes the estimates of total DNA content per cell (nucleus aned
KDNA) for 7. en

assuming that 7. ez is essentally diploid [28]. Between three

0L.006 182 pe/eell, respectively. Table | summa-

¢ isolates. Values reler 1o the diploid content,

and seven independent assays were performed on cach solate.
Variance was analyzed (ANOVA test) to detect significant
differences among the solates [Table S1). The mean total DNA

contents ol parasites from groups I (Esmeraldo-cl3 and Y strain),
V (clone 5C

Brener and CL L) were higher than isolates from group Tel (G

cl%) and VI (CL strain. CL-strain derived clones CL

stirain and clone Dm28¢;. Although Tell61 belongs o the Tel
group [L1H], its genome is larger than other isolates from this
group. These dilferences were significant when assessed using
lierarchical ANOVA (T

difference (P. 0.05) among pe

able S1). There was no signilicant

sites [rom 1. er

2 groups I

(Esmeraldo-cl3 and Y strain). V (cdlone SO3-¢15) and VI [CL-strain
derived clones CL Brener and CL 14 Signilicant dilTferences
(P, 0.05) were demonstated hetween clone Esmeraldo-cl3 and
CL strain, and CL strain and done CL 14

Assuming that kDNA accounts lor 20% of the parasite’s total
DNA [21.453]. the nuclear genome size was determined for cach
isolate (Table 1). The nuclear genome of clone CL Brener was
estimated to be 122 Mb. although a previous study demonstrated
that the genome size was L0641 1007 Mb [28]. It is likely that the
discrepancy (L1 Mb) between the data presented herein and that
from the sequencing genome project represents exira repetitive
sequences in non-sequenced gaps i repeated regions such as
nucleolar organizing regions. spliced leader randem repeats and

T. cruzi Chromosome Structure and Evolution

individual reads that were not assembled in contig sequences [46].
From the data presented i this study, the nuclear genome is larger
than previously thought and its size varies up 1o L.57-lold between
strains (e.g. CL ooy Dm28c¢) and 1.25-101d within isolates from the
same strain (e.g. GLostrain oy clone GLIL Tel isolates have, on
average. smaller nuclear genomes (895 Mb, G and Dm?28c¢) than
Tell, TeV and TeVI isolates (125 Mb). These results concurred
with previous reports [ 18, 19] demonstrating that Tel isolates have
smaller genomes than Tell isolates. The only exception to this rule
was the isolate Tell6l, whose genome size (L15 Mb) s
comparable o Tell, TeV and TeVIL and higher (P, €0.05) than
other Tel isolates. G swrain and done Dm28c (89.5 M.

Copy number of repetitive sequences

Genome size dillerences could be auributed 1o the amplification
and deletion of various repeated DNA sequences  including
retrotransposons and satellite DNAL To investigate the influence
of repetitive DNA [ractions on the genome size of 7. ez isolates,
the copy numbers of a high-repetitive sequence (195-bp satellite
DNA element) and a middle-copy number non-LTR retro-
transposon  (L1Te) were estimated. The copy number of the
repetitive sequences was estimated using dor-blot hyvbricization
2t genomic DNA and recombinam

and known amounts of 7. en

plasmids containing the repetitive element. The hyvbridization
signal intensity was quantified by measuring the amount of **P in
cach spot by ligquid scintillation counting. The copy numbers of
satellite DNA per cell were estimated to be 35,474 and 29886 inY
and Esmeraldo-cl3, respectively [Tell isolatesi 29459 and 27.890
copies in the SOS5-cld and CL Brener, respectively (TeV and TeVI
isolates): and from 9.247 1o 12,582 in Tl isolates (G, Dm28c and
TellGl) [Table 2. Satellite DNA is 2.3 to 3.8 umes more
abundant in Tell, TeV and TeVI isolates than in Tel isolates.
Variance analysis (ANOVA test) demonstrated that the wrend was
significant (P, 0.001). As shown in Tables 2 and S2A, the Y strain

contains more satellite DNA and this variance is signilican when
compared with other isolates (P, 0,001} while no significam
dilference (P . 0.05) was found among Esmeraldo-cl3 (Telll, clone
SO3-cly (TeV) and clone CL Brener (TeVI. There was no
significant difference (P. 0.05) among the Tel isolates (clone
Dm28c. Tel 161 isolate and G strain) (Table S2A) These data are
in agreement with a previous report that suggested repetitive
sequences are less abundant in Tel genomes than Tell, V oand VI
genomes [16.17].

Table 1. Total DNA content and genome size of various T. cruzi isolates.

Isolate Group Total DNA content* (rg) Genome size** (Mb) Nuclear genome*** (Mb)
G | 0122270 3 0.026692 11217 S0

Dm28c | 0.121429 3 0.031253 111.40 89

Tcl1e1 | 0157183 & 0.031282 144.20 115

Y Il 0.171660 3 0.044942 157.49 126

Esmeraldo Il 0.155235 6 0.029427 142,42 114

503<ls Vi 0183778 3 0.024398 168.60 135

EE Vi 0191118 B 0.038978 175.34 140

CL14 Vi 0.152632 & 0.015553 140.03 112

CL Brener Vi 0.165813 3 0.031826 15212 122

performed in triplicate.

doi10.1371/journal.pone.0023042.t001
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*Absclute DNA mass (pg) by means of fluorescent nucleic acid stain assay per epimastigote cell. Values are the means & 5D of three to seven independent assays

**Estimate of genome size including nuclear and kDNA considering 1 base pair as 1.09%10°° pg.
""Nuclear genome size was estimated assuming that kDNA accounts for 20% of total DNA [45).
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Table 2. Copy number of Satellite DNA and L1Tc
retrotransposon in various T. cruzi isolates.

Isolate Group  Satellite DNA* L1Tc*

G | 9341 3 766 323 33 26
Dm28c | 12382 3 1261 586 [ 33
Te1161 | 9247 3 1077 720 33 15
i Il 35474 3 2231 561 3 25
Esmeraldo Il 29886 [ 1526 398 (3 17
503cls v 29459 3 3053 726 3 33
CL Brener Vi 27890 6 1878 635 [ 27

*Values are the means & 5D of three independent assays performed in
duplicate.
doi:10.1371/journal.pone.0023042.1002

L1 Te presented 1.2 1o 2.2-fold variation in copy number among
the various isolates. Signilicant dilferences were evident (P, 0.001)
between ol the majority of the isolates (Table S2B). However, no
signilicant dilference (P . 0.05) was demonstrated between Dm28c
and Y, Dm28c and CL Brener, or Tell61 and SO3-clb. LITc is
more abundant in Tell6l and SO3-cl5 genomes and less
abundant in the G stain and clone Esmeraldo-cl3. There was
no association between high numbers ol this repetitive sequence
and Tell, V and VI groups.

Satellite DNA and LIT¢ fractions account for 4.47%
and 2.6

(544 Mby)

5.18 Mb), respectively, of the genome ol clone CL

Brener. This
satellite DNA (5.15%) in clone CL Brener [46] using individual
reads rather than assembled contig sequences generated by the 70
cruz sequencing  consortium  [28]. Satellite DNA and LITec

[ractions comprised 8.62 Mb or 7.1% ol the nudear genome of

CL Brener. The content ol a 7. wuzi speciesspecilic sequence
[TeTREZO) in the genomes of CL Brener, G, Dm28c and
Tell6l was determined. TeTREZO s a site-specilic element

composed ol three sub-regions that have sequence similarity with
other 77 cruzi sequences [47]. The copy number of TcTREZO-
related sequences was estimated to be 3,998 elements per cell in
CL Brener and 1.6¢

Tellil, respectively. TeTREZO is 2.5 times more abundant in

[.546: 1,593 copies in G, Dm28c and

CL Brener than Tel isolates. Previously, we used the RepeatMas-
ker script to estimate the number of copies of TeTREZ( in the 70
cruz database [47]. Using the 1,573-bp sequence of TeTREZO
[AF508945) formaued as a custom library, we identilied 173 copies
ol the complete element per haploid genome. Taken together,
these results suggest that the majority of TeTREZO tandem
sequences were not incorporated into the CL Brener assembled
contig sequences. Furthermore, most of TeTREZO sequences are
truncated (94%).

Our results are in agreement with those [rom Sylvio X10/1
genome project, a Tel isolate which genome was fully sequenced
recently [48]. By comparison repetitive sequences content hetween
Svlvio X10/1 and CL Brener, Franzen er al. did not find
LTR/LINE copy
number of satellite DNA comparing to CL Brener genome. The

significant  difference in number and low

Svlvio X10/1 genome size was estimated to be 88 Mb, similar 1o
Tel genomes studied herein (G strain and Dm28c).Furthermore,
they conlirmed that multigenic families (e.g. MASP, mucin, DGF-
L. GP63 and RHS gene [amilies) are less abundant in Sylvio X110/
I and underliec genome size difference between these two genomes
lully sequenced (Sylvio X10/1 and CL Brener) [48].

@_ PLoS ONE | www.plosone.org

is in agreement with an estimate of abundance of
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Karyotype polymorphism

Chromosomal bands were separated by PFGE and stained with
Herein, chromosomal bands are
PFGE and visible alter

staining with ethidium bromide. The distribution ol ethidium

ethidium  bromide (Fig. 1)
delined as those bands separated Iy

bromide fuorescence was not the same for all chromosomal

bands, indicating that co-migrating chromosomes are not
necessarily homologous. A chromosome or homologue s a single
DNA molecule. The chromosomal bands of CL Brener were
numbered using Roman numerals (I-XX) and Dm28c with

Arabic numerals as previously deseribed [17.18]. The bands of

the smallest band (Fig. 1). The karvotype patterns are homoge-

neous within Tell, Voand VI isolates

bands with sizes ranging [rom 3.27 to 0.5 Mb, and thev can bhe
ng )

e s composed ol 19-22
easily differentiated [rom those of Tel isolates (G strain and clone
Dm28c).
and VIare generally different from Tel isolates (G strain and clone

\s previously reported [16,17], the karvotypes of Tell, V

Dm28c). Nineteen bands ranging lrom 0.53 o 2,83 Mb in G
strain, and 17 bands ranging from 0.57 w0 258 Mb in clone
Dm?2ic,
bands in the G sirain and clone Dm28c were smaller than those
identificd in Tell, V and VI isolates. The Tell6l genome
9 Mb.

The chromosomal bands were larger in size and number than Tel

were identified. The size and number of chromosomal

displayved 22 chromosomal bands ranging from 0.46 1o

isolates. Tt is interesting to note that although the solate Tell61
belongs to Tel, its chromosomal pattern is more similar to that of
the Tell, V' and VI isolates. This is in agreement with the
estimated value of the Tell61 genome size, which is higher than
that of other Tel isolates.

Hybridization of chromosomal bands with repetitive sequences
wellite DNA, LITe) (Fig. 82)
estimates reported above. The satellite DNA strongly hybridized

confirmed  the copy number

to 9-12 bands of Tcll, V and VI isolates, and with lesser intensity
Table S3A). It
hyvbridized with approximately 50% ol chromosomal bands b

to 710 bands in Tel isolates (Fig. S2 and

predominantly larger ones. The intensity ol the hvbridization
signal was markedly stronger in the chromosomal bands of Tell, V
and VI, suggesting the presence ol a higher DNA satellite copy
number per cell in these isolates. This is in agreement with the dot-

blot estimates that demonstrated that the satellite DNA was 1o
5.8 times more abundant in Tell, Voand VI isolates than in Tel
isolates. The retrotransposon L1ITce was distributed evenly in
almost all chromosomal bands of Tel. II, V and VI isolates, with
the exception of clone Esmeraldo-cl3 (Fig. 52 and Table S3B).
Using the intensity ol signal hyvbridization. there was a high
concentration of LI Te in the Y. SO3-c15. CL Brener and Tel 161
genomes and it was distributed among many chromosomal bands.
L1Te was concentrated in bands ranging from 1.06 to 1.50 Mb of
clone Dm2§¢
Tahble 2).

s
Esmeraldo-c

expected [rom the copy number ol estimates

LITe was less abundant in G strain and clone
5. The distribution of satellite DNA and L1Te in
the chromosomal bands was consistent with its copy numbers in
the diflerent isolates.

Large-scale synteny in T. cruzi lineages

The concept of synteny, molecular markers shared between
chromosomes and organized in the same order, was used to deline
regions ol chromosomal homology. To examine the level of
synteny among the Tel, I ¥V oand VI isolates, genetic markers
previously mapped to the chromosomal bands XVI (2.09 Mb) and
XX (3.27 Mb) of clone CL Brener were used. Physical maps of
chromosomes XVI [49] and XX [50] have been constructed using
YAC clones and hybridization with chromosome-specilic markers.
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Figure 1. Karyotype polymorphism in representative isolates of 7. cruz lineages. Chromosomal bands were separated by Pulsed Field Gel
Electrophoresis (PFGE) and stained with ethidium bromide. The chromosomal bands of clone CL Brener were numbered using Roman numerals (| —
XX) and Dm28c with Arabic numerals as described previously [17,18]. The bands of others isolates were numbered using Arabic numerals starting
from the smallest band, as the reference determined for clone CL Brener [18]. The following isolates were used: Y strain and clone Esmeraldo-cl3 from
lineage Tcll; clone SO3-cl5 from TcV; CL Brener from TcVI; clone Dm28c¢, G strain and Tc1161 (José-IMT) isolate from Tcl. Numbers of chromosomal
bands and their sizes are indicated at left and at right of each strip, respectively.

doi:10.1371/journal.pone.0023042.g001

Table 84 lists the chromosome specilic markers used as probes in
the hyvbridization experiments, and includes the gene identifica-
tion. the accession number and the chromosomal bands identified
in clone CL Brener. Here, the newly generated  sequence
assemblies of clone CL Brener identified by the EuPathDB Project
(TrvpDDB: hup:/Aivpdboorg) [32] were integrated into the
physical map of megabase chromosomes XVI and XX ol clone
CL Brener.

Recenty, 7. emzi contigs and scallolds were assembled into 41
platforms, tentatively named as chromosomes (TeChr) [32]. This
designation is not accurate as some of these chromosomes could be
part ol a single chromosome. For this reason, they are referred 1o
as chromosome-sized scallolds in the present studyv. They were
assigned to the Esmeraldo and the non-Esmeraldo haplotypes and
designated S and P. respectively [33]. The chromosome-sized
scallolds were assigned to the chromosomal bands of CL Brener
separated by PFGE. The assignments obtained were: chromo-
somes  TeChr37-P oand 5 and TeChred-P and S5 o the
elecuophoretic band XX (3.27 Mb) (Fig. 2A); TeChr39-P and S
to the electrophoretic band XV (2.09 M) (Fig. 2B TeClu7-P
and 8 to the elecrophoretic bands XVIID (2.5 Mb) and V
[0.77 Mb) (Fig. 5).

The chromosomal band XX-specilic markers delta-6-faty
acid desaturase, hexose transporter, TEUFOL80 (85 kDa HSP).
procyvelic form surface glveoprotein and hypothetical protein

@_ PLoS ONE | www.plosone.org

XM_801570 were assigned to the chromosome-sized scallolds
TeChr37-P and TeChr37-5, while TEUF000L1 [Histone H2B)
and XM_O14424 (ATP-dependent DEAD/TT RNA helicase)
were assigned to the TeChr37-P and TeChrd 7-5, respectively

(Fig. 2A). The delta-6-fatty acid desaturase gene was located at a
distance ol approx 1.11 Mb [rom the hypothetical protein gene
XM_801570 (see Fig. 2A) The 405 ribosomal protein S24E was
scallold TeChrd-P. All
markers identified in TeChr37 hybridized to one chromosomal
band in the Tell (3.23 Mb), TeV oand VI isolates (3.27 Mb) and
in the cone Dm28c (2,58 Mb). and with two distinet bands in
Tel isolates (2.00 and 2.83 Mb in G strain: 2.3 1 and 2.58 Mb in
Tell6l), The same type of pattern was observed for the 408
ribosomal protein S24E marker (Fig. 2A. Table S4). suggesting
that TeClu37 and TeChrd scaflolds are part of the same
chiromosome. The results conlirm the linkage ol these markers
on the non-Esmeraldo-like P and the Esmeraldo-like =8
indicate that the syntenic block was
conserved in Tel, IL 'V oand VI isolates. The co-localization ol
these markers with vwo chromosomal bands in Tel isolates (2.00
and 2.83 Mb in G strain: 231 and 2.58 Mb in Tel 161) could he
explained by the existence ol two dillerent-sized homologous

assigned 10 the chromosome-sized

chromosomes, ane

chromosomes or by the occurrence ol a large duplication event

comprising  the 1.1 Mb regions of two non-homologous

chromaosomes.

August 2011 | Volume 6 | Issue 8 | e23042
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Figure 2. Conservation of large syntenic regions in the genome of T. cruzi lineages. Linkage groups from TcChr37 and TcChr4 (Panel A)
and TcChr39 (Panel B) were mapped on chromosomal bands. Specific markers from in silico assembled T. cruzi chromosomes (TcChr) were
hybridized with chromosomal bands separated by PFGE. The positions of markers used as probes are indicated in the diagrammatic representation of
in silico assembled chromosomes (TcChr37 and 4, and TcChr39).The isolates are; Y and clone Esmeraldo-cl3 (E) from lineage Tcll; clone SO3-cls ()
from TcV; clone CL Brener (C) from TcVl; clone Dm28c (D), G strain and Tc1161 (JoséMT) isolate (T) from Tel. Markers from TcChr37: XM_801570,
THTc, TEUF0O001, TEUF0180, TcProcyclic, DEAD-H and delta-6. The marker 405 is located in TcChr4. Markers from TcChr39: XM_811753, H49, PI3,5K
XM_811099, JL8, katanin, iron-sulfur, syntaxin and ankyrin. The gene identification and GenBank accession number of each marker are indicated in
Table 54.

doi:10.1371/journal.pone.0023042.9g002

The chromosomal band XVI-specilic markers phosphatidyli-
nositol (3.5) kinase, H49, JL8. katanin, ron-sulliur cluster assembly
protein, svitaxin and ankvrin were assigned to the chromosome-
sized scallolds TeChr39-P and TeChr39-5. while the hypothetical
protein. XNL 11099 was  assigned 1o the TeChr39-5, and
hwpothetical protein XM_811753 to the TeChr39-P. TeClu39-P
and TeChr39-8 are approximately 185 Mb in length. The
KM_BL1753 was located approx 179 MDb [rom ankyrin (Fig. 2B).
These markers hybridized with two chromosomal bands in the Y

@ PLoS ONE | www.plosone.org

strain (2.09 and 2.24 Mb), CL Brener and SO35-¢I5 (2.09 and 2.34
Mb), and with a chromosomal band (2.09 or 2.14 Mb) in
Esmeraldo-cl3 and Tel isolates (Fig. 2B). The two chromosomal
bands identilied in hybrids and Y could be  diflerent-sized
chromosomes, as demonstrated in clone CL Brener [49]. The
results confirm that this large svntenic block is conserved in Tell
Tl TeV and TeVI solates.

Despite strong chromosomal conservation, some markers are

found only in one haplotype [TeChr-P or TeChr-S) of clone CL

August 2011 | Volume 6 | Issue 8 | e23042



& S
+“‘Q§i‘§i§ :"?ﬁ?

|234000

253500  |273000

Y ESCGDT YESCGDT

XMB803658

farnesyl synthetase

Y ESCGEDT

tryparedoxin

T. cruzi Chromosome Structure and Evolution

... TcChr7

Figure 3. Segmental duplication on a 2.5 Mb chromosomal band in the Y strain and clones SO3-d5 and CL Brener. A single segment in
TcChr7 comprising the coding sequences XM_803658, farnesyl synthetase and tryparedoxin peroxidase corresponds to a gene segmental duplication
on a 2.50 Mb chromosomal band in the Y strain and clones SO3lI5 and CL Brener. The positions of markers used as probes are indicated in the
diagrammatic representation of in silico assembled chromosome TeChr7. The isolates are: Y and clone Esmeraldo-I3 (E) from lineage Tcll; clone S03-
cl5 (5) from TcV; CL Brener (C) from TcVl; clone Dm28c (D), G strain and Tc1161 (José-IMT) isolate (T) from Tcl. Markers from TcChr7: XM_803658,
farnesyl synthetase and tryparedoxin peroxidase. The gene identification and GenBank accession number of each marker are indicated in Table 54.

doi:10.1371/journal.pone.0023042.9003

Brener. They are not necessarily  specilic-haplotype  markers
because the corresponding region of each marker is interrupted
by sequence gaps designated as an Nerich region (nucleotides not
determined). There are 56 1o 75 N-rich regions in TeChr37-P.
TeChrd7-5, TeChr39-P and TeChr39-8, comprising 10.4% 1o
20.5% ol these haplotypes. This could explain the presence of 408
ribosomal protein S24E in TeChrd-P and the many mismatches
identified in the merging of svntenic regions from Esmeraldo and
non-Esmeraldo haplotvpes [32].

A linkage group assigned 1o the chromosome-sized scallolds
TeChri-P and TeChr7-5 was analyzed. These markers hybridized
in two chromosomal hands [0.96 and 1.06 Mb in clone Dm28¢
and 0.96 and 1.02 Mb in Tell6l) of Tel solates. with the
exception ol the G strain in which only the 0.96 Mb band was
detected (Fig. 3 and Table S4). Two chromosomal bands (0,87 and
0,98 Mb) were identified i the clone Esmeraldo-cld of Tell. In
CL Brener, SO3-cl5 and Y, the probes strongly hvbridized 10 a
0.77 Mb-hand and weakly to a 2.5 Mb-band. These results suggest
that the (.77 Mb band harbors two homologous chromosomes of
the same size. Hyvbridizaton of TeChr? markers with the 2.5 Mh-
band could be the result of spontancous duplication of a DNA
segment comprising the coding sequences XM_803658. larnesyl
syinthetase and iryparedoxin peroxicase. [ollowed by wanslocation
to the 2.5 Mb chromosomal band. The fragment comprising [rom
KM_B05658 1o the third copy ol tryparedoxin peroxidase gene i
approx 20.2 kb (Fig. 3).

Chromosome architecture and comparison with T. brucei
chromosomes

1. braced and T, ez exhibit siriking conservation ol gene order
[30.52]. 1. brmeer chromosomes provide a structural basis Tor
studving 7. ez chromosome  organization [32]. The data
presented herein demonstrated thar TeChr37 and TeChrd specilic
markers map to the chromosomal band XX (3.27 Mb) of clone CL

@ PLoS ONE | www.plosone.org

Brener. Correlatons hetween 7. eonzd and 7. brwced chromosonies
were  accomplished  using  sequences ol large  chromosomal
[ragments from each species. TeChr37 was identilied as being
homologous to 1. beel chiromosome 1O (Th10) (Fig. 4. The
comparison  between  these  chromosomes  idemified a large
segment nversion involving chromosome TeChr37. The inidal
segment ol TeChr37 (1 Mb) corresponds to a region from 2.0 1o
2.8 Mb of Th1i, while the ending segment of TeClr37 (350 kb) is
similar 1o a region of L43 1o 175 Mb of Th 10 (Fig. 4.
Furthermore, the region located between the two chromosome
inversion segments in Th10 corresponds to TeChrd Although
there was no  assembling  between  these  clhromosome-sized
scallolds in the database. thev belong to the same chromosome.
On the basis of their gene content, telomeric sequences were
identilied at one end of TeChr37 and TeChrd suggesting that they
are located at the extremities of chromosome XX (see Fig. S3).
The telomeric region is located at the start of TeChr37 and at the
end of TeChrd, both in the middle of Th10, suggesting there was a
real inversion process in this 7. gazi chromosome (Fig. 83). The
complete sequences of chromosome-sized scallolds TeCGlhr37 and
TeChrt comprise 1361061 and 200400 bp, respectively which
covers 47.75% ol the entire chromosome XX (3.27 Mb). The
difference in size can be explaimed by other TeClir not allocated 1o
chromosomal band XX or by the highly repetitive natre of the
genome, where the numerous repetitive regions were collapsed
and/ or misassembled.

The complete sequence ol chromosome-sized scallold TeChr39
comprises 1849755 bp. TeChr39 was assigned 1o two dillerent 7.
braeed chromosomes: ThY and ThLL (Fig. 5). The inital region of
TeChr39 (821 kb) is homologous to a region of the same size
Iocated in one extremity of Thll. The ending part (1 Mb) of
TeChr3dd s similar o THY of T2 bweer [position 1.3 10 2.8 Mb of
ThY,. These two TeChr39 Fagments, homologous to dillerent 1.
brneer chromosomes, are separated by a short region (nt 877,707 w

August 2011 | Volume 6 | Issue 8 | e23042
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Figure 4. Alighment among homologous regions of 7. cruzi in silico assembled chromosomes TcChr37, TcChr4 and T. brucei
chromosome Th10. Panel A) Schematic representation of chromosome-spedific markers from the chromosomal band XX (clone CL Brener) in the assembly
sequence of chromosome TcChr37 and TcChr4 (clone CL Brener). These markers were used as probes in chromoblot hybridizations. Panel B) Comparison
among TcChr37 ("P" chromosome assigned to the non-Esmeraldo haplotype and “S” to the Esmeraldo haplotype) and TcChr4 ("P" and “S”) with chromosome
Th10 of T. brucei. Homologous genes are connected by colored lines. The matches and reverse matches are represented in red and in blue, respectively. The
beginning of TcChr37 (1 Mb) aligned to a chromosomal segment located in the middle of Th10 (positions 2 Mb to 2.8 Mb). The end of TcChr37 (350 kb) shows
similarity with the portion included between 143 Mb to 1.75 Mb of Th10. The TcChrd made up the middle of Th10, where there is a large chromosome
inversion. Grey blocks represent each chromosome. Chromosome-specific markers are drawn in sense (+) and antisense (-} strands.

doi:10.1371/journal pone.0023042.g004

3.257) corresponding to the 7. ez specilic sequences VIPER
DNA  elements. These

generally located in synteny breakpoints [51.0

and €6 interspersed sequences  are
]. The presence
) suggests that it
The length of 1849755 bp

52
of telomeric sequences at both ends of TeChr3¢
represents the complete sequence.
compares well with the PFGE-based estimate (mean of several
determinations) of 2.09 Mb (see Fig. 2).
chromosome-sized scallold TeChr39 incdudes 72-75 gaps which
have been indicated in the TriTrypDB as blocks of 100 o 197,373

The total size ol these gaps is estimated as 192,615 bp in
TeChr39-5 and 261904 bp in TeChr39-P, and they could be
composed ol repetitive seqquences.

Using informaton Irom genome projects. the sequences of

(see Fig. 5l
TeChr? is similar 1o the inwial region of ThY (390 Kby segment
located between 1.1-1.5 Mb of Th9), while the final region of ThY

TeChr? were compared with 7. e chromosomes

corresponds 1o TeChr39 (segment located between [LE-2.8 M of

Th9), TeChr? and l"t(:ln\)?,'w]n:liu markers livbridized with
different chromosomal bands in CL Brener, suggesting that they

are not located in the same chromosome (Figs. 28 and 3).
To understand the complexity of fusion/split ragment processes

between 7. enezd and T drueed Turther, the predicred organization of

cach chromosome was associated by experimental Southern blot
hvbridizaton with the 7. guzi chromosomal bands separated by
PFGE. and chromosome-specific genes were nsed as probes (Fig. 6).

1. bruced chromosome ThY is syntenic to the distal ends of 7. cmz

TeChr34 (blue block) and TeChr7 (green block) (Fig. 6A) However,
Thll shares syntenic regions with the initial region of TeClr39
[vellow block) and the whole chromosomes TeChrl4 (hrown block).

TeChr30 (pink block) and TeChr3d (purple Block! (Fig. 6AL

@_ PLoS ONE | www.plosone.org
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The complete sequence of

Hybridization ol markers from i sifics chromosomes (TeClir) to
chromosomal bands of CL Brener is presented in Fig. 6B and 6.
The marker TeChr39 (H449) mapped to the chromosomal band
XVL the marker located in TeClirl4 leuey] 1IRNA synthetase)
mapped 1o the chromosomal bands VII and IX. markers [rom
TeChr30 (XM_8069 18 and XM_812638) hybridized with the band
XII, and marker glucosamine-G-phosphate isomerase (TeClr3h)
mapped to the bands Tand XL Markers from these bands detected
orthologous counterparts distributed over almost the entire length of
chromosome Thll of 7. dmeei. In the same way, markers [rom
chromosomal bands V and XVTII (e.g. XM_803658 of the TeChr7)
and from part of the TeChr39 (katanin, Llutlmtmt'mm] band XVI)
were distributed throughout orthologous counterparts of 1. brace:
chromosome Th9 of [Fig. 6.
Analysis of TriTryp database comparative syntenic  regions
confirmed these data, validating svnteny among Thl | and several

1. emzi chromosomes (Fig. 4. The beginning of TeChr39 and the
entirety of TeChr 14, TeChe30

vellow,

and TeClu3h are represented by

arrows of brown, pink and purple. respectively. It is
interesting to note that other chromoesomal fragments are homol-
ogous o Thil (TeChrl6, TeCl26, TeChr27 and TeChrd 1, black

arrows). However. these TeChr were not analyzed in detail and the
syitenic ragment size related 1o each chromoesome is unknown.

Discussion

Differences in genome size in T. cruzi lineages
The absolute DNA content ol 7. oz epimastigotes  was
determined using total DNA isolated from a delined number of

cells and a DNA-specilic Muorescent dve. The presence of parasites

August 2011 | Volume 6 | Issue 8 | e23042
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Figure 5. Alignment among homologous genomic regions of 7. cruzi in sifico assembled chromosomes TcChr39 and TcChr7, and
T. brucei chromosomes Tb11 and Th9. Panel A) Schematic representation of chromosome-specific markers from the chromosomal band XVI
(clone CL Brener) in the assembly sequence of chromosome TcChr39 (clone CL Brener). These markers were used as probes in chromoblot
hybridizations. Panel B) Comparison among TcChr39 ("P" chromosome assigned to the non-Esmeraldo haplotype and "'S” to the Esmeraldo
haplotype) and TcChr7 (“P" and “S") with chromosomes Tb11 and Th9 of T. brucei. For ease of viewing, chromosomes Tb11 and Th9 were joined
together and drawn in the same line. The limit between Tb11 and Th9 is shown by a red arrow. Grey blocks represent each chromosome.

Homologous genes are connected by colored lines. .

The matches and reverse matches are represented in red and in blue, respectively. The

beginning of TcChr39 (821 kb) was aligned to the initial portion of Th11. The end of the TcChr39 (1 Mb) shows similarity with Th9 end (positions
1.8 Mb to 2.8 Mb). TcChr7 constituted the beginning of Th9 (390 kb region between positions 1.1-1.5 Mb). Chromosome-specific markers are drawn

in sense (+)} and antisense (-) strands.
doi:10.1371/journal pone.0023042.g005

in S or G2 phases of the cell cyele can lead to an overestimation of

1)_\.\ content of non-multiplving cells when all measurements are

averaged. To avoid this complication, the analysis was performed
ol the
Synchronization was conlirmed by compar-
non-treated

in the late

using parasites arrested i the G1 phase cell cvele by
treatment with HUL
ison between hydroxyurea-tireated  and parasites
(Figure S1). During HU
Gl o early S phase of the cell evele with a concomitant decrease
in the G2 peak.

Toestimate the nuclear genome size it was assumed that kDNA
20% of parasite’s total DINA that  the
proportion of nuclear and kKDNA was the same across strains
[45.55.54].
conlirmed by comparing the DNA content of haploid and diploid

treatment, cells accumulate

accounts  lor a anel

The degree ol accuracy of DNA measurements was

lincages of 8. cerevisme. The genome size estimated for 8. cererdsine
[12.72 Mb) is almost identical to that obtained by whole genomic
sequencing (12.07 Mb), confirming the accuracy ol this technigue.
The DNA content estimated for the diploid lineage was 1.9-lold
ereater than the haploid lineages.

Owerall, the Tell, TeV
TeVisolates was 125 Mb. and values for Tel isolates ranged from
89 Mb in Dm28c¢ 1o 115 Mb in Tell61 (Table 1) These values
are comparable Lewis et al, 2009 who
measured the genome size of 3 T. ez isolates wsing flow

mean nuclear genome size ol the and

to those obtained Dy

@_ PLoS ONE | www.plosone.org

cvtometry of lixed parasites stained with propidium iodide. and

they are in agreement with previous lindings that Tel strains have

lower genome sizes than strains rom other DTUs  swrains
[17.21.26.48.55.56]. The low variability in genome size values
observed among the Tel isolates and among the Tell. TeV and

TeVI isolates indicates that the dsDNA quantification technicue
was reliable and that the estimated genome sizes ol the diflerem
isolates are accurate.

However, several points should be noted. Although the mean
amount of DNA is homogeneous across the Tel group. some Tel
strains (Tel 161 and 92101601P) had a DNA content 29% higher
than the average, comparable 1o the Tell group [21,57]. 7

has been considered 1o be at least diploid. but aneuploid in hybrid

L cruct

strains [8,17.58].

Assuming a diploid content o 89.5 Nb lor G and Dm28c, the mean
DINA comtent of Tel 161 was 129% of the relerence diploid value, very
close 0 wiploid cell (2.6n). One possible interpretation of this result
would be that Tell6] was generated by Tusion of two Tel nuclei. The
the mean genomic DNA
content evolving from tetraploidy 1o near wiploid. Trs DNA content
(115 My eould correspond to a loss of 45.5% ol the DNA from the

tetraploid maclews (179 Mb). Recently, Minning et al. proposed *[ision

DNA content could be decreased with time.

then loss™ mechanism ocours more frequently among 77 emezd siraing
than previously thoughit [9.59].

August 2011 | Volume 6 | Issue 8 | e23042



A

TeChr7 m
Tb9 -+ o
1525000 75000 H225000 575000 1825000 275000
TcChr39 )
1175000 1525000 IB75000 1225000 1575000
Tbh118 ,
175000 1525000 {BT5000 naz E:DDO AE75000 1925000
TeChri4 I— TcChr30
B c
Mb Mb[TT] Mb
2.50+ XV
2.00-] XV 2.0 XVI
0.77 "
XMB03658 katanin H49
(TeChr7) (TcChr3g)

2625000

T. cruzi Chromosome Structure and Evolution

12975000

|3675000

12625000 12075000 13326000 la025000

TeChr35

Mb Mb Mb wol
1.35+ Xl 1.35- xh 1.27- X1
1.08- IX
0.97- Vil
0.53- |
|
leucyl KMB06918  XM812638  glucosamine
(TeChr14) (TeChr30) (TcChr35)

Figure 6. Split and fusion events among 7. cruz and T. brucei chromosomes. Panel A) Comparison among homologous regions of T, cruzi
chromosomes TcChr39, TcChr7, TcChr14, TcChr30 and TcChr35 and T, brucei chromosomes Th11 and Th9. The homologous regions of TcChr7 (green
box) and the end of TcChr32 (blue box) comprise the beginning and the end of Th9, respectively. The beginning of TcChr39 and the entire T. cruzi
chromosomes TcChr14, TcChr30 and TcChr35 were assigned to different regions of Th11. Soft and dark grey blocks represent T, cruzi and T. brucei
chromosomes, respectively. Panel B) Markers XM_803658 and katanin located in T. cruzi homologous regions to Th9 were hybridized with
chromosomal bands of clone CL Brener. Panel C) Markers located in T. cruzi homologous regions to Th 11 were hybridized with chromosomal bands
of clone CL Brener. The probes were the following: H49, leucyl, XM_806918, XM_812638 and glucosamine. The gene identification and the accession

number of each marker are indicated in Table 54.
doi:10.1371/journal pone.0023042.g006

[t is interesting to note that 92101601P and Tel 161 strains have
diverse origins: 92 101601P was isolated from Didelphis marsupealis in
the United States [21.57] and Tel 161 (José-IMT) Fom a north-
end-stage Chagasic
cardiomyopathy [44]. The results presented herein agree with
recent lndings that sylvatic Tel populations are more genetically
diverse than previously thought [21.39.41]. Recently, Cura et al.
proposed a subdivision in Tel group (Tel a- Tel ¢} based on
microsatellite motil of the intergenic spacer of Spliced-Leader gene
relating 1o geographical distribution and transmission cyele [+

castern  Brazilian  patient  with chronic

while Ocana- Mayorga et al idemilied geneticatly distinet groups
in Tel studving microsatellite data lor ten variable loci [12].
Furthermore, in Tel 161 there are more chromosomal bands that
are larger than in other Tl isolates, suggesting that the genome
size changes could have occurred due 1o chromosomal ancuploidy.
It is suggested that changes in genome size in Tel strains are

relatively small and occur frequently, and involve gains aof

chromosomes, Karvotypic variations are [requent among trypano-
somes and may be due to the non-disjunction of chromosomes at
mitosis and the rregularity of genetic exchange in these organisims
[38.60].

@_ PLoS ONE | www.plosone.org

The Tel group differs lrom other groups (Tell, TeV and TeV)
with regard to their genome size. and satellite DNA content is
correlated with genome size lor all isolates. This has not been
accompanied by the simultancous amplification of retrotranspo-
soms. The increase in genome size of Tell, TeV o and TeVT isolates
cannot be atributed solely to an increase in its satellite DNA
amount. (kher non-coding, repetitive DNA elements such as
microsatellites, simple sequence repeats and large gene families of
surface proteins can account for dillerences in genome size. In
addition, karvotypic changes involving the gain of chromosomes
were observed. Although the DNA content diflers signilicantly
among the 7. cruzi lineages. the grouping ol isolates by genome
size agrees with the phyvlogenetic grouping, except for TCLIGL

Synteny, chromosome polymorphism and evolution
Regardless of chromosomal polvmorphism,  large syntenic
groups are conserved among 7. emze linecages (Tel, Tell, TeV
and TeVI. Two large svitenic groups of 1.1 and 1.8 Mb in size
[TeChr37 and TeChr39) were mapped to chromosomal bands
XX and XVI of clone CL Brener, respectively. All specilic
markers demonstrated the same hvbridization patern in each

August 2011 | Volume 6 | Issue 8 | e23042



isolate, suggesting the maintenance ol gene order. Recently,
strong synteny was conflirmed by Sylvio X10/1 (Tel) genome
sequencing data alter comparison with CL Brener database [48].
Despite the large genetic distances that separate the lineages of’ 1.

The

rearrangements

cruzi [61], they exhibit conservation ol chromosome structure.

syntenic  regions  are much  larger than

occur randomly, suggesting that they are

conserved owing 1o positive selection. The results suggest a
highly dynamic genome, which could be sorted into stable regions
with genes coding lor core activities, and dynamic regions where
repetitive sequences and multigenic families are located. By array
comparative genomic hybridizaton, Minning et al. described
widespread Copy Number Variation among 7. cruzi isolates [59].
[t s more lrequent in hot-spot sites where there are located a
great number of repetitive elements and multigenic family in
every chromosome [39].

The other syntenic group (TeChr?) was assigned 1o a single

chromosomal band in the G strain. and two bands of similar size

in isolates Esmeraldo-cl3, Dm28c¢ and Tell6l which could
correspond 1o size-polymorphic homologous  chromosomes.
However, in other isolates (Y, CL Brener and SO3-cl5) the

TeChr7 markers hybridized with two bands that dilfer greatly in
size, 0,77 Mb (bhand V) and 2.5 Mb (band XVIII). The strong
hybridization of the 0.77 Mb band with TeChr7 markers suggests
that this band contains two homologous chromosomes of the
same size. The weak hybridization signal o TeChr? markers with
the 2.5 Mb-band could be explained by the occurrence of a
duplication in the 0.77 Mb-band followed by

segmelt €l

insertion event in the larger 2.5 Mb-chromosome. By means of

array comparative genomic  hybridization, Minning et al
described that aneuploidies ol chromosomes [ragments are clearly
evident [59]. The authors demonstrated a segmental ancuploidy
in Brazil strain involving a 500 kb-fragment in the TeChr39 [59].
Herein, the duplicated chromosome-sized region was retained on
both chromosomal bands as paralogous loci, increasing the
dosage ol several genes.

The

assembled chromosome sequences and the molecular karyotype

results demonstrated that the integraton ol @ silico

allowed the chromosomes present in the chromosomal bands 1o be

identified and errors to be corrected, improving the quality of

these complementary resources. This provides a valuable resource

for comparative genomics ol distinct 7. ez lineages and between
trypanosomatids.

Comparison of the genomes ol Tipanosoma species 1s essential
4

for idemtifving genetic changes involved in the acquis
unique leatures in each species such as virulence lactors (antigenic
variation and antigenic variability), and developmental intracellu-
lar forms. By comparing the @ siéfico assembled 70 crzi sequences
with 7. drucer chromosomes, homologous chromosomal regions in
1. brucet would be delined. The chromosomeTh9 shares various
regions ol syntenic homology with 7. @razi chromosomes TeChry

20

and 39, and clromosome Thll with TeChrl4, 30, 35 and 39.

-1 chromosomal

The mapping ol the syntenic regions on 7. ¢
bands provides evidence for the occurrence ol Tusion and split
events involving 7. breer and 7. orazi chromosomes. Specilic
markers lor the 77 ¢zi chromosomes belong to syntenic regions
Tho Thil
chromosomal bands in CL Brener. For instance, markers ol Th9
were mapped to 7. erezi chromosomal bands V., XV and XVIIILL
whereas markers for Th11 hvbridized with bands I, VII, IX, XI.

XIIL, and XVL By comparing the sequences ol large chromosomal

on and chromosomes  hybridized with  distinet

fragments from 7. beer, T, crwz and Lo major, Ghedin et al.
proposed two alternative hypotheses to explain the genomic
architecture in tryvpanosomatids [52]. The first hypothesis assumes

@_ PLoS ONE | www.plosone.org

expected il

ion ol
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that the ancestor of trypanosomatids had large chromosomes
similar 1o those observed in 70 drwe. Therelore, two independeint
fragmentation events would have occurred, one in the lineage
leading to Leishmania and another leading 1o 7. erazi. Allernatively,
il the ancestral state corresponded to smaller chromosomes only
one event had to occur, a chromosomal fusion in the lineage
leading to 70 brucei.

Available information cannot determine which of these two
hypotheses is most likelv. However, the results presented in this
study favor the second hypothesis. The data conlirmed the
ocourrence ol fusion and split events involving 77 diweer and 7.

¥

¢ chromosomes, and suggest that the common ancestor of
trypanosomes had small chromosomes and a more fragmented
genomic organization; during speciation these fragments joined
in different combinations, lorming diflferent genomes at the same
tume. It is likely that there is a selective pressure to keep gene
order, although several karyvotypic changes could be genetically
neutral.

In the present study, data ffom chromosomal mapping and
karyvotyping were integrated with genome sequence data. The
integrated map lacilitated dralt genome assembly and is a valuable

resource lor comparative genomics ol trypanosomatids.

Supporting Information

Figure 81 Flow cytometry analysis demonstrating DNA
synchronization after HU treatment of T. cruzi epimas-
tigotes. Panels A B, C and D present Flow cytometry analysis of
propidium iodide-stained epimastigotes of G stain (Tel), Y strain
[Tell), cone SO3-cld (TeV) and cone CL Brener (TeVI),
respectively. Histograms ol non-treated-parasites are presented
HU for 24 h are
presented on the right. The number above the  lirst

on the lelt and those weated with 20 mM
peak
corresponds to the percentage of cells in G1 phase and that above
the second peak to the S/G2 phase.

[TIF)

Figure 82 Mapping of repetitive element satellite DNA
and L1Tc retrotransposons on chromosomal bands of
various isolates. Chromosomal bands of Y strain and clone
L) rom Tell; SO35-cl5 (§) from TcV; clone CL
Brener (C) from TeVI: and clone G strain, clone Dm28c (1)) and
Tell6l (José-IMT) isolate |
PFGE, wanslferred to nylon membranes and hybridized with

Esmeraldo-cl3 (

) rom lineage Tel were separated by

probes satellite DNA and L1Te, shown at left and at right of the
figure, respectively.

[TIF)

Figure 83 Illustration of synteny between the chromo-
somal band XX of clone CL Brener and T. bruce
chromosome 10 (Tb10). Panel A) Schematic representation of
a chromosome comprising the scallolds TeChr37 and TeChrd
within chromosomal band XX, The complete sequences ol
chromosome-sized  scallolds TeChr37 and TeChrd comprise
41.6% of the entire chromosome XX (3.27 Mb). Panel B) The
beginning of TeChr37  (red rectangle, | Mb) aligned 1o a
chromosomal segment located at the middle of Thl0 (positions
2 Mb o 2.8 Mbp. The end of the TeChr37 (blue rectangle,
350 kb shows similarity with the portion included  between
L4353 Mb o 175 Mb of Thlid. The TeChrd (green rectangle)
comprises the middle of Th10 where there is a large chromosome
inversion. Alignment among homologous genomic regions ol 7.
erizt chromosomes TeChr37 and TeChrd, and 7. brucer chromo-
some Th10. Homologous genes are connected by grey lines. On
the basis of their gene contents, telomeric regions are located in
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the beginning of TeChr37 and at the end of TeChrd. Telomeric
XX

indicated by red and green triangles, respectively. Soft and dark

sequences located at the extremities ol chromosome are

grev blocks represent F. ouze and 7. bmweer chromosomes,
respectively.

[TIF)

Figure 24 Overview of Tbll compared with T. cruz

Esmeralde genomic sequences using TriTrypDB com-
parative syntenic regions analysis. Thll was assigned to
different 7.

TeChrl4, TeChr30 and TeChr3d are represented by vellow,

cruzi chromosomes. The beginning of TeChr39,

brown, pink and purple arrows, respectively. Fragments belonging

to other TceChr are demonstrated  with black  arrows.  As
demonstrated in Fig. 6. the syntenic regions located in Thll are
distributed in dillerent 7. ez chromosomes: ToChr39 was
assigned o chromosomal band XVI TeChrl4 o bands VII and

[X. TeChr30 o band XIT and TeChr35 to bands T and X1 The

gene identification and the acee

on number of cach marker are

indicated in Table 5S4

[TTF)
Table 81 Variance analysis (ANOVA) of genome sizes in
T. cruzi isolates.
XLS)
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