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Trypanosoma cruzipresents high genetic diversity and parasite isolates show remarkable differences in biological parameters. In
e evaluated whether DNA microarrays containing CL Brener cDNAs can be used for comparative genomics and for the analys
xpression inT. cruzi. We constructed a prototype microarray with 710 expression sequence tags of CL Brener and 20 sequeT.
ruzi strains. These probes represent 665 unique genes. Results from four hybridisations with genomic DNA of Silvio (T. cruzi I) and CL
rener (hybrid genotype) identified 9.3% of the probes (68/730) differentially represented in the two genomes. Data from eight hyb
ith cDNA obtained from three independent parasite harvests of Silvio and CL Brener disclosed 84 sequences of 730 (11.5%) t
tatistical significant (P≤ 0.01) changes in expression (1.6–6.5-fold). Some of the array-identified sequences were confirmed by Sou
orthern blot analysis. Only 20% of the probes with increased expression in Silvio or CL Brener presented higher hybridisation with
NA of either strain. Approximately 2.5% (18/730) and 9.0% (65/730) of the probes were differentially expressed (P≤ 0.01), respectively, i
pimastigotes and metacyclic trypomastigotes of twoT. cruziII strains isolated from chronic chagasic patients. Microarrays identified s
equences for which differences in gene copy number and/or in the levels of RNA transcripts were previously demonstrated b
pproaches. The data indicate that DNA microarrays are a useful tool for comparative studies between strains and provide furth

or a high level of post-transcriptional regulation of RNA abundance inT. cruzi.
2004 Elsevier B.V. All rights reserved.
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1. Introduction

The protozoonTrypanosoma cruziis the etiological agen
of Chagas disease, which affects 16–18 million peop
South and Central America.T. cruzilife cycle alternates be
tween vertebrates and triatomine insects, with differen
velopmental stages in each host: epimastigotes and
cyclic trypomastigotes in the insect vector and intracell
amastigotes and bloodstream trypomastigotes in the m
malian host.T. cruzi is diploid, its mode of replication
predominantly asexual and, therefore, parasite strains r
sent independent clonal lineages[1]. The strains, also nam
as stocks or isolates, were shown to be divergent for va
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biological characteristics such as in vitro growth and differen-
tiation, course of experimental infection, tissue tropism, and
susceptibility to drugs. In addition, the diversity of symp-
toms of Chagas disease: indeterminate, cardiac and digestive
forms have been attributed to the interplay between the ge-
netic characteristics of the parasite and the human host[2]. In
the last years, evidence provided by independent DNA mark-
ers such as ribosomal RNA (rRNA) and mini-exon genes[3],
isoenzyme phenotypes[4] and phylogenies of the 18S rRNA
gene[5] indicate thatT. cruziclonal genotypes cluster into
two major lineages, that were named asT. cruziI and II [6].
Epidemiological studies showed thatT. cruzi I strains circu-
late in the sylvatic cycle of the parasite transmission, whereas
T. cruzi II strains predominate in the domestic cycle where
Chagas disease is more severe[7,8]. Recently, genetic anal-
ysis points to the presence of hybrid genotypes in natural
populations ofT. cruzi [9–12]. CL Brener, the reference or-
ganism of theT. cruzigenome project[13], is one example
of these putative hybrid strains.

Although DNA microarrays have proven to be a useful tool
to discover new genes and to identify coordinated expression
of families of genes in apicomplexan parasites, few laborato-
ries have employed this technology for expression profiling
of genes in trypanosomatids (revised in[14]). These studies
revealed stage-specific gene expression in bloodstream and
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Silvio X10 cl1 (T. cruziI), isolated from a patient in the acute
phase of Chagas disease; Famema (T. cruziII), obtained from
a chronic asymptomatic individual; and Hem 179 (T. cruziII),
isolated from a chronic chagasic patient presenting cardiac
and digestive disorders. The characteristics of other stocks
used for confirmation of the microarray data can be found
elsewhere[3]. Epimastigote forms were cultured in liver in-
fusion tryptose (LIT) medium with 10% fetal calf serum, at
28◦C. Metacyclic trypomastigotes were obtained by differ-
entiation of epimastigotes in LIT medium plus 20% (v/v)
Grace’s Insect medium (Sigma) for 7–10 days and purified
by chromatography on DEAE-cellulose (DE-52, Whatman)
columns as described[11].

2.2. Construction of DNA microarrays

DNA microarrays were constructed with 710 ESTs ob-
tained from non-normalised and normalised cDNA libraries
of CL Brener epimastigotes[19]. Polymerase chain reaction
(PCR) amplification of the ESTs (average length 800 bp) was
obtained with T3 and T7 primers using DNA polymerase (Bi-
olase). The amplification products were purified with Mul-
tiscreen plates (Millipore). Inserts representing 20 clonedT.
cruzi coding and non-coding genes, control sheared DNAs
and oligonucleotides were also immobilised on the glass
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rocyclic forms ofTrypanosoma brucei[15] and changes i
NA abundance between different stages ofLeishmania ma

or [16,17]. At present, a single paper has been publis
hat describes the application of a microarray containing
omic clones and open reading frames ofT. cruzi to iden-

ify genes up-regulated during trypomastigote to amast
ransformation in Brazil strain[18]. BecauseT. cruziisolates
resent high genetic diversity, in the present study we a
t evaluating whether DNA microarrays bearing CL Bre
xpressed sequence tags (ESTs) can be used for com
ive genomics and to investigate differential gene expres
n parasite strains. For this purpose, we have producedT.
ruzi prototype DNA microarray slide containing 710 ES
nd 20 well-characterised sequences of variousT. cruzi iso-

ates. The microarray was hybridised with DNA or cD
rom two pairs of isolates: CL Brener (hybrid) and Silvio X
l1 (T. cruziI) and twoT. cruziII strains isolated, respective
rom an asymptomatic individual and a patient with car
nd digestive disorders. Some differentially recognised D
robes were confirmed by Southern and Northern blot e

ments. The data indicate that DNA microarrays can be
or comparative studies of parasite strains and provide
dence for a high level of post-transcriptional regulation
NA abundance inT. cruzi.

. Materials and methods

.1. Parasite stocks and cultivation

Four Brazilian strains were used in most of the studies
rener (hybrid genotype), isolated fromTriatoma infestans;
-

lides with Generation III Microarray System spotter (Mo
lar Dynamics) according to manufacturer’s instructions.
NA probes were distributed in 10 sub-arrays, contai
88 spots each. Each sub-array was spotted in duplicat
nd right side of the slide) resulting in at least 6 and at mo
eplicates of each probe. Detailed spotting map and rel
nformation about the probes are available insupplementar
ataathttp://www.vision.ime.usp.br/∼rvencio/Tcruzi/(User
ame: guest password: mbp). After immobilisation, D
as UV-irradiated at 254 nm (Stratagene lamp) with 50

otal energy.

.3. Sample preparation, labelling and hybridisation

.3.1. DNA targets
Whole genomic DNA of CL Brener and Silvio strains w

urified as previously described[20]. Targets for hybridisa
ion were generated from DNA templates by incorpora
f fluorophor-labelled dCTP in a random primer polymer

ion reaction. In brief, 50�l labelling reaction contained 4�g
NA, 60�M of either Cy3- or Cy5-dCTP (Amersham Bi
ciences), 50 mM Tris–HCl pH 6.8, 5 mM MgCl2, 10 mM
-mercaptoethanol, 0.12 mM each dATP, dGTP, dTTP
.06 mM dCTP, 1�l of random nonamers (Amersham) a
0 U of Klenow DNA polymerase (GIBCO-BRL). Incub

ion was at 37◦C for 2 h. The reaction was stopped by
ition of 5�l of 0.5 M EDTA and the products were pu
ed with Multiscreen plates (Millipore). The incorporati
as determined by photometric measurement (550 nm
y3 and 650 nm for Cy5). The samples were dried in
um and dissolved in H2O to reach 25% of the solution pl

http://www.vision.ime.usp.br/~rvencio/tcruzi/
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25% hybridisation buffer (Amersham Pharmacia) and 50%
formamide. DNA was denatured at 98◦C for 2 min. Hybridi-
sation to the array was performed under a glass cover-slide
(24 mm× 60 mm). The slides were kept in a waterproof hy-
bridisation chamber in a 42◦C water bath for at least 16 h.
After hybridisation, slides were washed with 1× SSC, 0.2%
SDS, followed by two washes in 0.1× SSC, 0.2% SDS. All
washings were performed at 55◦C for 10 min. An additional
wash was performed at RT in 0.1× SSC for 1 min. Slides
were dried and subjected to fluorescence detection.

2.3.2. RNA targets
The parasite cells (5× 108) were lysed in 1 ml Trizol (In-

vitrogen) and total RNA was extracted according to the man-
ufacturer’s protocol. RNA was DNase-treated and approx-
imately 20�g was labelled with fluorophor-labelled dCTP
in the first-strand cDNA synthesis. The reaction mix con-
tained 0.05 mM of either Cy3- or Cy5-dCTP, 1�l oligo-
dT(15) primer (Amersham Biosciences), 4�l of random non-
amers (Amersham), 0.1 mM each of dATP, dCTP, dTTP and
0.05 mM dCTP, 10 mM dithiothreitol and 400 U of Super-
script II Reverse Transcriptase (Invitrogen) in the buffer
provided by the manufacturer. Incubation was performed at
42◦C for 2.5 h. Subsequently, RNA was hydrolysed by ad-
dition of 2�l of 2.5 M NaOH and an incubation at 37◦C for
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to assess their quality and those that exhibited poor qual-
ity, low-intensity measurements (A≤ 2) or saturated intensity
(A≥ 9.5) were excluded from the analysis. For each probe the
mean (M̄) of theM values of all biological and technical repli-
cates was obtained. The results presented for each probe refer
to the hybridisation ratio (R= 2M̄). To identify differentially
expressed probes we used the well-knownt-test. The null hy-
pothesis tested was “̄M ≥ −0.58” and “M̄ ≤ 0.58” for down-
and up-regulated probes, respectively. Probes withP-values
≤0.01 in thet-test were considered differentially expressed.
The cutoff criterion of±0.58 for description of differential
expression (i.e., 1.5-fold up- or down-regulation) was defined
in homotypical hybridisations where the microarray slide was
hybridised simultaneously to CL Brener cDNA labelled with
Cy3 and Cy5 (see Section3). Further details of data analy-
sis can be found elsewhere[23]. Raw data, normalised data,
LOWESS graphics and additional information can be found
in the above-mentioned webpage.

2.5. Sequence analysis and search of similarity in
database

DNA was sequenced with the ABI 377 automatic se-
quencing equipment. DNA sequences were compared with
others through searches in protein and DNA databases at
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5 min. The solution was neutralised by addition of 1�l
f 2 M HEPES. The samples were purified with Multiscr
lates (Millipore). Incorporation measurement, hybridisa
ith the slides and washing conditions were as desc
bove.

.4. Image acquisition and data analysis

The slides were scanned with a laser scanner (M
lar Dynamics) resulting in 16-bit images. Intensi
ere extracted using ArrayVision 6.0 (Image Resea
oftware. To verify the influence of the image extr
ion method, the data were also analysed using Sc
se 2.5 (http://www.rana.lbl.gov/EisenSoftware.htm) soft-
are resulting in no qualitative differences. For compara
enomic analysis, four hybridisation experiments were

ormed. This means that a particular probe was meas
t least 24 times and at most 240 times, depending o
umber of spotted replicates. For differential gene exp
ion, RNA preparations were obtained from three inde
ent parasite harvests for each strain (biological replica
ifferent combinations of cDNAs of a given pair of stra

CL Brener× Silvio and Famema× Hem 179) were used fo
ybridisation with the microarray, resulting in a total of ei
icroarray experiments for each pair of isolates. Norm

ation of the hybridisation data was achieved by LOW
tting (included in the R package, available athttp://www.r-
roject.org) on M versusA-plot, whereM = log2(normalised
y5/Cy3) andA= 1/2 log2(Cy5× Cy3), as described[21,22].
ocal background was subtracted from the intensity v
f each spot on the array. Spots were manually exam
he National Center for Biotechnology Information (NC
IH, Bethesda, USA) using the BLASTN and BLAST
rograms. Sequence similarities identified by BLASTN
LASTX programs were considered statistically signific
ith E≤ 10−5. Clustering of the ESTs was performed w
ap3[24].

.6. Confirmation of hybridisation variations

.6.1. Southern blot
Total parasite DNA (2.0�g) was digested withPstI (New

ngland Biolabs), run-on 0.8% agarose gels, and blott
ylon membranes (Hybond-N, Amersham Pharmacia) u
tandard protocols. DNA probes were labelled with [�-32P]
CTP with the random primer DNA labelling kit (Invitr
en). Probes were hybridised at 60◦C in 0.1% Ficoll, 0.05%
VP, 1 mM EDTA, 3× SSC, 0.1% SDS and 100�g ml−1

almon sperm DNA. Blots were washed to a final stringe
f 0.1× SSC, 0.1% SDS at 60◦C. The radioactive image
ere collected in phosphor screens (Kodak) exposed fo

erent times and scanned with the Storm System (Mole
ynamics). Densitometric analysis of the radioactive si
as obtained with the ImageQuant Molecular Dynamics
ram. Prior to further probing, the probes were strippe
ashing at 0.1× SSC, 0.5% SDS at 90◦C for 60 min. Mem
ranes were exposed to phosphor screens to verify the
iency of the process.

.6.2. Northern blot
Total parasite RNA (10�g) was separated o

ormaldehyde-containing 1% agarose gels in MO

http://www.rana.lbl.gov/eisensoftware.htm
http://www.r-project.org/
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buffer according to standard procedures and blotted to
nitrocellulose membranes (Hybond-C, Amersham Phar-
macia). DNA probes (100 ng) were labelled by random
primer extension with [�-32P] dCTP as described above.
Hybridisation was carried out in 5× SSPE, 50% formamide,
5× Denhardt, 0.5% SDS at 42◦C, overnight. Blots were
washed to final stringency of 0.1× SSPE, 0.1% SDS at 42◦C
and exposed to phosphor screen (Kodak). The hybridisation
signals were quantified as indicated above. Probes were
removed by washing of the blot at 95◦C in 0.1× SSPE,
0.1% SDS.

3. Results

3.1. Characterisation of DNA probes for the microarray

In this article, the term probe refers to the DNA sequences
spotted on the array and the term target refers to the sam-
ple hybridised to the array[25]. To constructT. cruzi mi-
croarray, 710 clones from normalised and non-normalised
cDNA libraries of CL Brener epimastigotes were randomly
selected. The nucleotide sequence was available for 576
ESTs, which are named as TENF (normalised library) and
TEUF (non-normalised library). We have sequenced 134
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figure indicates signal saturation. The data can also be visu-
alised in a MA-plot[22] (Fig. 1B). From the analysis of the
data we defined the expression log ratioM = log2(normalised
Cy5/Cy3) cutoff as±0.58. This corresponds to a ratio
cutoff = 20.58= 1.5 (i.e., 1.5-fold up or down-regulation).

3.3. Comparative genomic analysis of CL Brener and
Silvio X10 cl1 isolates

Aiming at validating DNA microarrays for comparative
genomic analysis, we chose two “polar” strains: CL Brener,
considered a hybrid genotype and Silvio X10, typed asT.
cruzi I. Parasite DNAs were labelled with Cy3 and Cy5,
mixed and hybridised with the slide. In four independent
experiments, we observed that 9.3% (68/730) of the probes
showed statistical significant (P≤ 0.01) differential hybridi-
sation: 31 probes gave higher hybridisation signal with CL
Brener DNA, whereas 37 probes hybridised more intensely
with Silvio DNA. This suggests differences in the abundance
of the genes in the genomes of the strains and/or variation in
sequence similarity (the identity of many of these sequences
is shown inTables 1 and 2).

Some of these probes were confirmed by Southern blot
analysis with DNA of CL Brener and Silvio strains. In
Fig. 1C, the patterns obtained for three sequences that gave,
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or similarity with BLASTN and BLASTX programs ind
ated that 75% of the ESTs (532/710) have no match
rotein and DNA databases. Twenty characterisedT. cruzi
equences, sheared CL Brener genomic DNA and neg
ontrol probes were also immobilised in the array. Cons
ng the sequences with matches in database (178 ESTs a
loned genes), 77.7% (154/198) of the probes showed
larity with previously identifiedT. cruzior trypanosomati
enes, whereas 22.3% (44/198) had significant match
enes of other organisms. The most represented func
ategories were genes related to protein synthesis (24%
etabolism (16%); cell surface proteins (14%) and struc
r cytoskeletal elements (12%). Clustering of the seque
as performed with Cap3 program, indicating 51 clus
ontaining 2–5 sequences, 614 singletons and 665 (
nique sequences.

.2. Image acquisition and data analysis

A well-known source of noise that occurs in ev
icroarray experiment arises from intrinsic experime

ariation. In this study, the noise estimate was assess
xperiments where two identical mRNA samples of
rener were labelled with Cy3 and Cy5 and hybridised to
ame slide. This theoretically should give a log expres
atio (Cy5/Cy3) of 0 for all the elements arrayed on the s

scatter plot comparing the hybridisation of Cy3- and C
abelled cDNA is shown inFig. 1A. The line on the top of th
espectively, CL Brener/Silvio dye ratios of 2.1 and 2.7
ilvio/CL Brener ratio of 5.1 are shown. A control gene w
hybridisation ratio of 1 was also analysed. Variation in
enomic arrangement of the sequences was also obs
Fig. 1C). The genomic distribution of TENF0426, whi
howed hybridisation ratio CL Brener/Silvio = 2.7 was a
sed in nineT. cruzi isolates (Fig. 1D). The Southern blo
onfirmed great variation in the copy number or sequ
imilarity of this probe between the strains and suggests
t may correspond to a repetitive element.

.4. Differential gene expression in CL Brener and
ilvio isolates

Differential gene expression in CL Brener and Silvio w
nvestigated by hybridisation of the microarray with cD
btained from total RNA of epimastigotes in mid-log grow
hase. The doubling time of CL Brener and Silvio is 44
5 h, respectively. A total of eight hybridisation experime
ere performed with RNA preparations obtained from th
arasite harvests of the strains. We identified 84 prob
30 (11.5%) that showed statistically significant (P≤ 0.01)
hanges in expression: 35 probes up-regulated in Silvio
9 probes up-regulated in CL Brener. The list describing t
robes is available insupplementary data.

To confirm differential expression, nine sequences w
sed as probes in Northern blots of total RNA of CL Bre
nd Silvio, and the patterns obtained for five of these pr
re shown inFig. 2A. The hybridisation signals on th
lots were quantified by densitometric analysis using

mageQuant Molecular Dynamics Program. Hybridisa
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Fig. 1. Scatter plot (A) and MA-plot (B) of the hybridisation of the microarray with cDNA of CL Brener epimastigotes labelled with Cy3 and Cy5. (C) Southern
blot of genomic DNA of CL Brener (C) and Silvio (S) digested withPstI. Ethidium bromide stained gel and hybridisation with32P-labelled probes. Below each
panel the designation of the probe and the dye ratio (C/S) of the hybridisation in the microarray are indicated. (D) Genomic DNA ofT. cruziisolates digested
with PstI. Ethidium bromide stained gel and hybridisation with TENF0426 probe. Lanes: CL Brener (1), Silvio X10 cl1 (2), Y (3), NR cl3 (4), SO3 cl5 (5),
SC43 cl1 (6), Dm 28c (7), Esmeraldo cl3 (8) and YuYu (9) strains.

with glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
probe was used for normalisation (data not shown). The CL
Brener/Silvio hybridisation ratios obtained in the Northern
blots were compared with the ratios obtained in the microar-
ray experiments (Fig. 2A). The microarray ratios were al-
ways lower than those obtained by densitometric analysis of
the Northern blots. This discrepancy, as reported before[15],
might be caused by competition between the two fluorescent
targets used in the microarray, as well as by non-linearity in
the detection systems.

Then we asked whether the differential gene expression
was related to differences in the gene copy number and/or
sequence similarity between the strains. Accordingly, we
compared the data of the two sets of experiments where
microarrays were hybridised with DNA and cDNA targets.
Among the 35 probes with higher expression in Silvio, only
7 (7/35; 20%) showed higher hybridisation with Silvio DNA.
Among the 49 probes up-regulated in CL Brener, 11 probes
(11/49; 22.4%) presented higher hybridisation with DNA
of this strain. An interesting result was obtained for three
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Table 1
Sequences with higher hybridisation with CL Brener or Silvio X10 DNA and more expressed in CL Brener or Silvio X10

Sequences (n= 11 of 730; 1.5%) with higher hybridisation with CL Brener DNA and more expressed in CL Brener

Identity Similaritya DNA hybridisation ratiob cDNA hybridisation ratiob

CL65d 195 bp repetitive DNA 1.68 4.67
G3d 195 bp repetitive DNA 6.07 6.47
TENF0385 Tc mRNA with SIRE sequence 1.88 1.88
TENF0396e Tc one repeat of 35.2 gene 2.06 2.95
TENF0421 Intergenic region between Tc genes for

OMPDCase-OPRTase and surface protein
1.61 2.69

TENF0593 No match 2.14 3.01
TENF0599 No match 2.22 1.61
TENF0693e Tc one repeat of 35.2 gene 2.00 3.05
TENF0775 No match 1.90 2.74
TENF0855 Tc histone H2A 2.00 2.00
TENQ0711 Tc strain Y genomic DNA 1.90 2.10

Sequences (n= 7 of 730; 0.96%) with higher hybridisation with Silvio X10 DNA and more expressed in Silvio

Identity Similaritya DNA hybridisation ratioc cDNA hybridisation ratioc

B11f Retrotransposon (similar to reverse transcriptase) 1.75 4.29
Pact Actin 2 1.83 2.48
Telomere Telomeric region 1.61 2.95
TENF0453 T. cruzisterile alpha motif 1.70 1.70
TENQ0659 No match 2.00 1.77
TENQ0889 Tc SIRE repeat region 1.73 1.65
TEUF0049f Tc non-LTR retrotransposon 1.72 3.46

Sequences (n= 3 of 730; 0.41%) with higher hybridisation with Silvio X10 DNA and more expressed in CL Brener

Identity Similaritya DNA hybridisation ratioc cDNA hybridisation ratiob

TENF0310 No match 2.05 2.10
TENQ0584g Tc Esmeraldo histone H3 gene 1.80 1.90
TENF0516g Tc Tulahuen histone H3 mRNA 2.04 1.99

a The best hit obtained by BLASTN and/or BLASTX programs (E≤ 10−5).
b CL Brener/Silvio X10 (P-value≤ 0.01 int-test).
c Silvio X10/CL Brener (P-value≤ 0.01 int-test).
d–g ESTs belonging to defined gene clusters.

probes (3/49; 6.1%) that showed higher hybridisation with
Silvio DNA and were more expressed in CL Brener. The
data describing the identity of the probes and the DNA
and cDNA hybridisation ratios are described inTables 1
and 2.

We also investigated the variation of RNA levels in epi-
mastigotes of CL Brener harvested at mid-log phase (48 h)
and stationary phase (336 h) of culturing in LIT medium.
We found that 6 genes of 730 were more expressed in mid-
log phase, presenting 1.6–1.9-fold variation (P≤ 0.01). On
the other hand, we found five probes more expressed in the
stationary phase, presenting dye ratios between 1.6 and 2.0.
The confirmation of four of these probes by Northern blot is
shown inFig. 2B. The identity of these sequences is presented
in supplementary data.

3.5. Differential gene expression in T. cruzi strains
isolated from chagasic patients

In an initial attempt to identify genes differentially ex-
pressed in humanT. cruzi isolates, total RNA was extracted

on three occasions from mid-log phase epimastigotes of
Famema and Hem 179 strains, both typed asT. cruzi II and
obtained, respectively, from an asymptomatic individual and
from a patient with severe cardiomyopathy and digestive dis-
orders. Analysis of the data indicated a significant (P≤ 0.01)
differential expression of 18 probes (18/730; 2.46%) (iden-
tity of the probes and hybridisation ratios are presented in
supplementary data). The transcripts of six of these probes
were confirmed by Northern blot. InFig. 3A and B, some
patterns are presented.

We have also compared gene expression between
metacyclic trypomastigotes of the two strains. Sixty-six
probes (66/730; 9.0%) were identified as up-regulated
(supplementary data) and the RNA transcript corresponding
to TEUF 0045 probe is shown inFig. 3D.

We verified that four coincident probes were up-regulated
in both epimastigotes and metacyclic trypomastigotes of
Famema, and that eight coincident probes were up-regulated
in the two stages of Hem 179. These sequences are identified
in Table 3, and the signal ratios obtained for each develop-
mental stage are indicated.
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Table 2
Sequences with higher hybridisation with CL Brener or Silvio X10 DNA and non-differentially expressed

Sequences (n= 20 of 730; 2.7%) with higher hybridisation with CL Brener DNA

Identity Similaritya Hybridisation ratiob

TENF0018 No match 1.58
TENF0065 CL Brener cosmid 1m17 chromosome 3 2.71
TENF0146 No match 1.83
TENF0198 No match 1.90
TENF0267 No match 2.06
TENF0296 No match 2.02
TENF0303 No match 1.94
TENF0306 No match 1.83
TENF0333 No match 1.97
TENF0409 No match 1.77
TENF0426 No match 2.75
TENF0479 Tc RNA polymerase II largest subunit gene 1.97
TENF0588 No match 2.27
TENF0598 Tc histone H1 (H1.M6.1) gene, complete cds 1.80
TENF0714 SIRE sequence of putative translation factor (eIF6) gene 1.75
TENF0787 No match 1.68
TENF0912 No match 2.10
TENQ0900 No match 1.63
TENU1969 Tc adenylyl cyclase (TczAC) gene 1.87
TEUF0051 No match 1.69

Sequences (n= 25 of 730; 3.42%) with higher hybridisation with Silvio X10 DNA

Identity Similaritya Hybridisation ratioc

18SGd Tc 18S rRNA 5.80
18SYd Tc 18S rRNA
24S Tc 24S rRNA
B12 230 kDa antigen
EFe Elongation factor subunit�
Mini-exon Spliced leader RNA and intergenic region
TENF0105 L. majorstrain BT010 ribosomal protein S2
TENF0163 No match
TENF0233 T. bruceiRNA-editing complex protein MP4
TENF0388 No match
TENF0452 Tc clone 21 SIRE repeat region
TENF0536 No match
TENF0625 Tc partial G2RP gene for trans-sialidase
TENF0702 No match
TENF0718 24S� ribosomal RNA
TENQ0583 Tc trypomastigote surface glycoprotein (T
TENQ0828 Tc mRNA for elongation factor 1 alpha
TENQ0861 No match
TENQ0901d Tc strain Y 18S ribosomal RNA gene
TEUF0050 Tc mitochondrial HSP70 (MTP70) gene
TEUF0096f Tc alpha tubulin mRNA
TEUF0102 L. majorantigen
TEUF0113 No match
TEUF0253f Tc alpha tubulin mRNA
TEUF0259e Tc mRNA for elongation factor 1 alpha

a The best hit obtained by BLASTN and/or BLASTX programs (E≤ 10−5).
b CL Brener/Silvio X10 (P-value≤ 0.01 int-test).
c Silvio X10/CL Brener (P-value≤ 0.01 int-test).
d–f ESTs belonging to defined gene clusters.

Northern blot experiments attested that the transcript of
TEUF0045, which has high identity with aT. cruzi gene
encoding subunit 7 of NADH dehydrogenase (E-value = 0.0
by BLASTN), was 25-fold more abundant in metacyclic
trypomastigotes of Hem 179, as compared with Famema
(Fig. 3B). The expression of this mRNA in epimastig-
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tes of different isolates was investigated by Northern
Fig. 3D). We also observed that the abundance of
ranscript was very low in metacyclic trypomastigotes
amema (Fig. 3B) and CL Brener (Fig. 3D, lane 3) as com
ared with epimastigotes of this isolate (Fig. 3D, lanes 1
nd 2).
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Fig. 2. Northern blot of total RNA of CL Brener (C) and Silvio (S) epimastigotes (A) and CL Brener mid-log (m) and stationary phase (s) epimastigotes (B)
hybridised with32P-labelled probes. Below each panel the designation of the probe, the hybridisation ratio in the microarray (M) and the Northern blot (N) are
indicated. In each panel, the ethidium bromide stained region of the gel where 18S, 24S� and 24S� rRNAs migrate is shown.

4. Discussion

Given the diverse biological characteristics ofT. cruzi
strains, it is expected that whole genomic comparisons among
such isolates may provide important data for epidemiological

Table 3
Coincident sequences differentially expressed in epimastigotes and metacyclic trypomastigotes of Famema (F) and Hem 179 (H) strains

More expressed in Famema (n= 4 of 730; 0.54%)

Identity Accession number Similaritya Epimastigote ratiob F/H Metacyclic ratiob F/H

B13 U15616 Tc 140/116 kDa antigen 1.90 1.92
TENF0209 AA556049 No match 2.06 1.88
TENF0753c AI717881 Tc RNA binding protein (RBP) mRNA 2.96 6.24
TENQ0689c CF243287 Tc RNA binding protein (RBP) mRNA 2.84 5.66

More expressed in Hem 179 (n= 8 of 730; 1.09%)

Identity Accession number Similaritya Epimastigote ratiob H/F Metacyclic ratiob H/F

CL56d AY188964 195-bp repetitive DNA 2.61 3.11
CL65d AY327543 195-bp repetitive DNA 3.31 3.31
G3d K01771 195-bp satellite DNA 3.07 3.07
TENF0236 AA532144 No match 2.60 2.34
TENF0857e AI717801 Tc kinetoplast maxicircle DNA-NADH dehydrogenase subunit 7 (ND7) 51.22 15.70
TEUF0045e AA676164 Tc kinetoplast maxicircle DNA-NADH dehydrogenase subunit 7 (ND7) 4.15 25.29
TEUF0105 AA399706 L. amazonensis40S ribosomal protein S24e mRNA 2.24 4.12
TEUF0146e AA676184 Tc kinetoplast maxicircle DNA-NADH dehydrogenase subunit 7 (ND7) 3.81 15.87

a .
b

c

studies. However, whole genomic comparisons based on nu-
cleotide sequences of manyT. cruziisolates are not feasible.
Alternatively, genomic comparisons among microorgan-
isms have been proposed with the support of microarray
hybridisations (see references cited in[23,26]). In this
The best hit obtained by BLASTN and/or BLASTX programs (E≤ 10−5)
Statistically significant (P-value≤ 0.01 int-test).

–e ESTs belonging to defined gene clusters.



C.S. Baptista et al. / Molecular & Biochemical Parasitology 138 (2004) 183–194 191

context, pioneer studies evaluated genomic differences be-
tweenMycobacterium tuberculosis, M. bovisand BCG vac-
cines and identified several chromosome regions and open
reading frames that were deleted in attenuated strains[27].
More recently, chromosomal anomalies resulting in amplifi-
cation or deletions of genomic regions were identified in the
myelogenous tumor line HL-60 relative to normal leukocytes
using human DNA microarrays[28].

The sequencing of CL Brener genome is essentially com-
plete with 19× whole genome shotgun coverage. Current ef-
forts are now focused on optimising the assembly. At present,
about 11,000 ESTs of CL Brener have been sequenced. In
this study, we evaluated whether a DNA microarray contain-
ing predominantly CL Brener ESTs can be used for genomic
comparisons and gene profiling inT. cruziisolates. The use of
rigorous statistical methods, rather than simple fold-changes
is now becoming the standard for analysis of microarray ex-
periments. Recently, the use ofP-values estimates has al-
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lowed the identification, with high confidence, of many genes
that are regulated by less than 2-fold during differentiation of
L. majorprocyclics to metacyclics[17]. In the present study
we used stringent cutoff criteria (P≤ 0.01) in the statistical
analysis of the data to define changes in the hybridisation of
DNA or cDNA targets with the microarray.

The hybridisation of the slide with genomic DNA of
CL Brener and Silvio strains showed that all the probes
hybridised with both DNAs. However, 37 probes (37/730;
5%) gave stronger signal with Silvio DNA and 31 probes
(31/730; 4.2%), with CL Brener DNA, suggesting differ-
ences in the abundance or sequence similarity of the corre-
sponding genes. The hybridisation of the DNA of the two
strains with the sheared CL Brener genomic DNA probe
showed CL Brener/Silvio ratio of 1.4. This result could be
due to a higher abundance of repetitive DNA sequences in CL
Brener and/or differences in sequence similarity. In favour
to the first hypothesis, we observed that the 195 bp satel-
lite DNA probe, the most abundant reiterated sequence that
accounts for about 10% ofT. cruzi genome[29], showed
CL Brener/Silvio ratio of 6.0. Coincidentally, we have re-
cently demonstrated,viachromosome hybridisation and copy
number quantification, that this satellite DNA is 6-fold
more abundant in CL Brener genome as compared to Silvio
[30].
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genic regions was 57.9%[3]. It should be pointed out that
the mini-exon probe did not show variation in the expression
levels in Silvio and CL Brener.

Some probes with differential hybridisation to genomic
DNA were confirmed in Southern blot experiments with DNA
of the two isolates (Fig. 1C), and one probe, with DNA of
nine isolates (Fig. 1D). Because the microarray slide con-
tains predominantly CL Brener probes, the comparative ge-
nomic analysis here reported is unidirectional and represents
only a subset of the differences between the isolates. That is,
sequences only found in Silvio X10 genome would not be
evidenced in our experiments. Nevertheless, this approach
allows genomic comparisons between CL Brener and other
isolates, and between different strains. This information is
valuable for the sequencing project and for further analysis
of genetic diversity inT. cruzi.

Hybridisation of cDNA obtained from CL Brener and Sil-
vio epimastigotes with CL Brener DNA spotted in the mi-
croarray showed a CL Brener/Silvio ratio of 1.1. We found
that 11.5% of the probes (84 of 730) were differentially ex-
pressed in the two strains as defined by signal ratios from 1.6
to 6.5 (Table 1andsupplementary data). When we compared
the data of the hybridisation of the microarray with genomic
DNA and cDNA of CL Brener and Silvio, we verified no
correlation between the putative abundance of a particular
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The data here presented allow us to conclude that microar-
rays are a powerful tool for comparative analysis of gene
expression inT. cruzi isolates and gene discovery. By this
technology we have identified several sequences for which
differences in gene copy number and/or levels of RNA tran-
scripts have been demonstrated by other approaches. Having
validated microarrays for gene profiling inT. cruzi, we in-
tend to construct slides with a greater number of DNA probes
aiming to compare isolates from patients with different man-
ifestations of Chagas disease.
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Lages-Silva and Luis E. Ramirez for providingT. cruzi iso-
lates. We thank Marcelo N. Silva and Adriana Matsukuma
for technical assistance, Mara C. Mioto for helpful image
treatment and Nancy Vargas for the donation of RNA prepa-
rations of someT. cruzi strains. We are indebted to Dr. D.
Campbell for critical reading of the manuscript and insightful
suggestions. This work was supported by grants of Fundac¸ão
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