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Chromatin of Trypanosoma cruzi: In Situ
Analysis Revealed Its Unusual Structure and
Nuclear Organization

Barbara Spadiliero,1* Claudio Nicolini,2,3 Giancarlo Mascetti,2 Diana Henrı́quez,1 and Laura Vergani2

1Department of Cell Biology, Simón Bolı́var University, Caracas 89 000, Venezuela
2Department of Biophysical Sciences and Technologies M & O, School of Medicine, University of Genova,
Genova 16132, Italy
3ELBA Foundation, Via delle Testuggini Roma, Italy

Abstract Chromatin of Trypanosoma cruzi is known to be organized in classical nucleosomal filaments, but
surprisingly, these filaments do not fold in visible chromosomes and the nuclear envelope is preserved during cell
division. Our hypothesis about the role of chromatin structure in regulating gene expression and, more generally, cell
functioning, pressed us to verify if chromatin organization is modulated during the parasite life-cycle. To this end, we
analyzed in situ the fine structural organization of T. cruzi chromatin by means of an integrated biophysical approach,
using differential scanning calorimetry and fluorescence microscopy. We observed that logarithmic forms exhibit a less
condensed chromatin with respect to the stationary ones. Thermal analysis revealed that parasite chromatin is organized
in three main levels of condensation, barring from the polynucleosomal filament till to superstructured fibers. Besides,
the fluorescence images of nuclei showed a characteristic chromatin distribution, with defined domains localized near
to the nuclear envelope. While in stationary parasites, these regions are highly condensed, in logarithmic forms they
unfold by extending themselves toward the center of nucleus. These observations suggest that, in comparison with
higher eukaryotes, in T. cruzi the nuclear envelope plays an unusual and pivotal role in interphase and in mitosis. J. Cell.
Biochem. 85: 798–808, 2002. � 2002 Wiley-Liss, Inc.
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Trypanosoma cruzi is a protozoan parasite,
responsible for Chagas disease that afflicts 16–
18million people in South and Central America
[Herwaldt, 1999]. This disease is of significant
medical and economical importance. In fact,
prophylactic treatments are available, but they
are proving unsatisfactory due to high cost, side
effects, and the increasing emergence of drug
resistance.

During its life-cycle, Trypanosoma cruzi
undergoes complex morphological and bio-
chemical changes [Schmidt and Roberts, 1989;
Sabaj et al., 1997; Belli, 2000] as it differenti-
ates and adapts to variables environments. The
life cycle of T. cruzi can be summarized as
follows. When an insect infected with T. cruzi
bites a mammalian host, it releases trypomas-
tigotes in the feces or urine. Through the blood
stream, trypomastigotes can infect neighboring
cells; inside the cell trypomastigotes differenti-
ate into amastigotes, some of which are capable
of multiplying and redifferentiatiating into
trypomastigotes. Newly transformed trypo-
mastigotes leave the infected cell to initiate a
new cycle in adjacent cells, or they can enter the
circulation. In this way, they can propagate the
infection throughout the body. When the
hemotophagous reduviid insect feeds on blood
of the infected animal, it initiates a cycle in the
invertebrate host. In the midgut of the insect,
trypomastigotes transform into epimastigotes,
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which in the rectal glands differentiate again
into trypomastigotes, which in turn are re-
leased and eliminated with the feces during a
blood meal.
As a consequence of a complex life cycle, this

parasite is forced to make rapid adaptations to
different environments,which require dramatic
changes on gene expression. These alterations
can be accompanied by modifications of chro-
matin structure and nuclear organization. The
hypothesis that chromatin structure can play a
crucial role in the regulation of DNA transcrip-
tional activity records an increasing consensus
[Wolffe and Hayes, 1999; Wolffe and Matzke,
1999; Belli, 2000]. Moreover, it has been re-
cently observed how nuclear localization of
genes is critical for their expression, e.g., silent
genes are often localized inside the interphase
chromosomes, while active ones are observed
in the periphery [Kurz et al., 1996; Zinc et al.,
1998].
Chromatin of T. cruzi was described [Rubio

et al., 1980; Astolfi et al., 1980] as organized in
nucleosomal filaments typical of higher euka-
ryotes. Despite these similarities, mitosis is
characterized by unusual features: chromatin
fibers do not form visible chromosomes, a pre-
sence of a spindle polewas not observed, and the
nuclear membrane persists during the process.
The unusual behavior of T. cruzi chromatin
has been partially explained by the biochemical
differences between histones of T. cruzi and
histonesofhighereukaryotes [ToroandGalanti,
1990;Toroetal., 1993; reviewedbyHecker etal.,
1994; Sabaj et al., 1997]. In the last years, dif-
ferent approaches have been employed to char-
acterize in vitro the folding of chromatin fibers
isolated from different forms of T. cruzi [Astolfi
et al., 1980; Rubio et al., 1980; Hecker and
Gander, 1985; Hecker et al., 1989; Schlimme
et al., 1993; Spadiliero et al., 2002], but they
encountered several problems due to chro-
matin aggregation and fragility, mainly at
physiological salt conditions. For this reason,
we choose to employ differential scanning
calorimetry (DSC) that has proved to be very
useful for studying chromatin structure be-
cause it does not require optically clear samples
as it is instead necessary for spectroscopy
studies [Nicolini et al., 1983; Touchette and
Cole, 1985; Balbi et al., 1989]. As previously
reported [Gavazzo et al., 1997; Vergani et al.,
1998], the thermal denaturation profile of
native eukaryotic nuclei can give information

about the average condensation of the nuclear
chromatin.

According to the approach followed in pre-
vious works of our group [Nicolini et al., 1997;
Vergani et al., 1998; Vergani et al., 1999;
Mascetti et al., 2001], the thermodynamic ana-
lysis performed on native nuclei can be inte-
grated by the quantitative results obtained by
high resolution fluorescence microscopy per-
formed on intact cells stained with a DNA selec-
tive dye [Hiraoka et al., 1987; Mascetti et al.,
1996]. This technique allows us to quantita-
tively analyze in situ the chromatin organiza-
tion and the nuclear architecture through a
deep analysis of the distribution of the fluor-
escent dye (DAPI in our case) used for labeling
the DNA. Previous published works [Myc et al.,
1992; Vergani et al., 1992; Nicolini et al., 1997]
demonstrated that the integrated fluorescence
intensity of an entire nucleus is directly depen-
dent on the level of chromatin condensation,
keeping constant the DNA content. After an
appropriate mathematical processing of the ac-
quired digital images, we can obtain a fine char-
acterization of the organization and structural
features of in situ chromatin [Mascetti et al.,
1996, 2001].

Starting from previous works [Hecker et al.,
1989; Spadiliero et al, 2002] on the structure
of T. cruzi chromatin, which showed a reduced
stability and an abnormal compaction pattern
with respect to higher eukaryotes, we are
interested in understanding, at a structural
level, the peculiarity of T. cruzi chromatin and
in correlating this information with data
about the transcription regulation of the para-
site. To this end, we studied the differences at
the level of chromatin structure between two
different forms of T. cruzi: epimastigotes in
logarithmic and stationary phase of growth,
respectively.

MATERIALS AND METHODS

Culture of T. cruzi

The proliferative forms of T. cruzi, originally
isolated from a Venezuelan patient (EP), were
grown at 278C in LIT (liver infusion tryptose:
0.15 M NaCl; 5.36 mM KCl; 0.005 M Na2HPO4;
0.02 M glucose; 0.03 mM hemin; 1.5% bacto-
tryptose; 0.5% yeast extract; 0.5% liver broth;
10% heat inactivated fetal calf serum). Cul-
tures were maintained in exponential growth
through periodic passages into fresh medium.
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Epimastigotes are the replicative cellular forms
of T. cruzi, which can be readily cultivated. For
our experiments, the logarithmic-phase forms
were collected at day 5 of culture, while the
stationary-phase forms were collected at day 14
of culture.

Nuclei Isolation

Nuclei from fresh T. cruzi culture were pre-
pared in the cold and in presence of protease
inhibitors (0.5 mM tosyl-lysine chloromethyl
ketone (TLCK), 2 mM phenyl-methyl-sulpho-
nyl-fluoride (PMSF), 1 mM N-ethilmalemide;
0.5 tosyl-phenil chloromethyl ketone (TPCK)),
according to Astolfi et al. [1980] with slight
modifications. Parasites (about 1� 109) were
collected by low-speed centrifugation (500g,
10 min) and washed once with PBS (buffer
saline phosphate, 0.2% KCl; 0.2% KH2PO4; 8%
NaCl; 0.93% Na2HPO4 pH 7.0) and once in
Buffer A (20mMTris-HCl pH 8.0; 1 mMMgCl2;
250 mM sucrose; 0.01% spermidine; 0.005%
spermine). Cells were then resuspended in 2 ml
of Buffer B (20 mM Tris-HCl pH 8.0; 1 mM
MgCl2; 5 mM KCl; 3 mM CaCl2; 1% NP-40;
0.01% spermidine; 0.005% spermine; 15 mM
b-mercaptoethanol) and subsequentely lysed
with 50 strokes with a Teflon dounce homo-
genizer. The lysate was centrifuged for 5 min
at 500g; the recovered supernatant was centri-
fuged for 10 min at 2000g. The resulting pellet
wasfirst resuspended in2mlofBufferBwithout
NP-40 and then diluted with 6 ml of Buffer C
(20 mM Tris-HCl pH 8.0; 1 mM MgCl2; 5 mM
KCl; 0.2 mM CaCl2; 2 M sucrose; 0.1% spermi-
dine; 0.005% spermine; 15mM b-mercaptoetha-
nol). The suspension was layered over 2 mL
cushion of Buffer C and centrifuged at 120,000g
for 60 min at 48C in a Beckman SW 41.1 rotor.

Rat liver nuclei were obtained according to
Burgoyne et al. [1970]. Isolation, washing, and
assay were carried out in Buffer A (60 mMKCl,
15 mM NaCl, 0.5 mM spermidine, 0.15 mM
spermine, 15 mM 2-mercaptoethanol, 15 mM
tris-chloride, pH 7.4) with additions as indi-
cated. Liver from an adult rat was rapidly
homogenized in at least 7 ml/g of liver of Buffer
A-0.34mMsucrose, 2mMEDTA,0.5mMEGTA.
The homogenate was layered on a 0.33 volume
ofBufferA-1.37Msucrose, 1mMEDTA(ethylen
tiamine-tetra-acetic acid), 0.25 mM EGTA, and
centrifuged for 15 min at 16,000g. The nuclear
pellet was resuspended in 7 volumes of the same
buffer and centrifuged for 4min at 75,000g. The

pellet waswashed inBuffer A-0.34M sucrose by
centrifuging for 15 min at 16,000g.

DNase I Digestion

Nuclei from T. cruzi parasites were resus-
pended in digestion buffer (60 mMKCl; 15 mM;
spermine; 0.5 mM spermidine; 15 mMTris-HCl
pH 7.4; 1.9 M sucrose; 0.1 mM Na2EDTA) and
digested with 0.06 U per 20 A260/ml of DNase I
at 378C for 30 min. Digestion was stopped by
adding 20 mL of 0.1 M Na2EDTA/ml, and the
nuclear suspension was chilled on ice. The
nuclei were centrifugated at 4,000g for 15 min.
After washing with RSB (run on saline buffer:
Tris-HCl 10 mM pH 7.4, NaCl 15 mM, MgCl2
1.5 mM), the nuclear pellet was centrifuged at
8,000g for 60 min at 48C. The nuclear enriched
pellet was utilized for DSC experiments.

Differential Scanning Calorimetry

Calorimetric experiments were run on a Per-
kin Elmer DSC-2 (Perkin Elmer Corporation,
Norwalk, CT) interfaced with a computerized
system that guarantees good reproducibility and
sensitivity and great potential for signal acquisi-
tion, background subtraction, and data display.
As previously described [Nicolini et al., 1988],
measurements were performed in 100 mL stain-
less-steel capsules, in a temperature range
between 310 and 410 K at a low scanning rate
of 5 K/min, high sensitivity of 0.1 mcal/s, and
high sample size (about 60 mg). At least three
different measurements were acquired for each
sample in order to check the accuracy and sta-
tistical significance of the experiments.

Deconvolution of the heat capacity profiles
into Gaussian components was carried out by
least square fitting of the acquired data after
subtraction of the corresponding baseline. The
baselines were obtained by a new thermal
scanning of the denatured sample.

Calorimetric measurements were performed
on native nuclei extracted from T. cruzi and rat
liver as previously described in this section.

High Resolution Fluorescence Microscopy

Parasites from logarithmic and stationary
phase of growth were washed in PBS and cen-
trifuged at 500g for 10min. Parasites were fixed
overnight at 48C in the fixation buffer (PBS 1�,
0.75% formaldehyde, 2% glutaraldehyde, 2 mM
MgCl2, 2 mM EDTA). After fixation, parasites
were washed three times in PBS and permebi-
lizedwith0.1%TritonX-100 inPBS1� for1min
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at room temperature. After washing, parasites
were resuspended in 15 mM of 20,6-diamidino-2-
phenylindole (DAPI) for 20 min at room tem-
perature. Excess of DAPI was eliminated wash-
ing with PBS; parasites were resuspended in
PBS and observed.
For the acquisitions, weused aZeissAxioplan

light microscope (Zeiss, Oberoken, FRG) mod-
ified for computer controlled stage, shutter,
focus, and data acquisition [Mascetti et al.,
1996]with a Zeiss Plan-Neofluar 100�NA¼ 1.3
oil immersion lens. The standard epifluor-
escence set-up for DAPI was employed. Digi-
tal pictures were obtained by an air-cooled
(�508C) scientific grade Charged Coupled
Device (CCD) camera (ORCA II, Hamamatsu
Photonics, Japan) with a dynamic range of
14 bits (grey levels from 0–16,383). The CCD
camera exhibits excellent linearity within the
range of utilization and low light sensitivity
[Hiraoka et al., 1987]. The optical resolution
element (pixel), at our level of magnification,
corresponds with 67� 67 nm2 in the object
plane. Shading correction and dark image
subtraction have been applied to the acquired
images in order to obtain a quantitative repre-
sentation of fluorescence intensity. Such tech-
niques are always applied when CCD cameras
are used as imaging systems, in order to
calibrate for non-uniformity of bi-dimensional
illumination pattern and to take into account
forCCDarraynon-homogeneous [Hiraokaetal.,
1987].
For the optical sectioning, the nuclear images

wereacquiredatdifferent focalpositions (0.1mm
intervals) along the z-axis in order to have
from 64–128 slices within the sample. For each
sample, the images of about 5–10 cells were
acquired and processed using proper software
for image analysis.

Digital Image Processing

Before the quantitative image analysis, each
three-dimensional stack was deconvolved by
the theoretical point spread function (PSF) in
order to reduce the geometrical distortions in-
troduced by optics along the optical axis. In
order to increase the signal to noise ratio, a
mathematical pre-processing was performed
using a free software called OCTAVE (Depart-
ment of Chemical Engineering, University
of Wisconsin, WI). For the image processing of
each three-dimensional stack, we used a tool
called XCOSM (Biomedical Computer Labora-

tory, Washington University, WA). Mathema-
tical corrections and deconvolution procedures
were applied to each nuclear stack in order to
visualize and analyze the internal features that
are not directly visible in the original acquired
stack.

Transmission Electron Microscopy
Analysis of Thin Nuclear Sections

Nuclei were isolated from T. cruzi and rat
liver, and they were prepared for thin-section-
ing and electron microscopy according to
Hecker and Gander [1985] with slight differ-
ences [Spadiliero et al., 2002]. Breaving, an
enriched fraction of nuclei, was fixed in glutar-
aldehyde 2.5% in PBS 1� at 48C overnight. The
fixed pellet was minced and fixed in osmium
tetroxide 1%, 246mosm/L inPBS1�, 1 h at 48C.
After washing the sample carefully, it was
dehydrated progressively with ethanol 50, 70,
80, 90, and 100% for 5 min at 48C. Nuclei were
washed first into propylene oxide:ethanol 1:1
followed by propylene oxide 100% for 15 min at
48C each. The samples were imbibed in Polibet
812 resin and polymerized at 608C for 48 h. The
sections were obtained in a Porte–Blum
equipped with a diamond knife. The sections of
60 nm were stained with uranyl acetate and
lead citrate [Reynolds, 1963]. Thin sections
were disposed over a carbon-coated grid of 200
nm coveredwith collodiumand carbon film. The
adsorption was allowed for 5 min at room tem-
perature. The grids were examined in a Philips
CM-10 transmission electron microscope at a
16,000–20,000� [Spadiliero et al., 2002].

RESULTS

Structural Characterization of the
Higher-Order Chromatin Structure by

Differential Scanning Calorimetry

DSC analysis of nuclei purified from logarith-
mic and stationary forms of T. cruzi revealed
significant differences of higher-order chroma-
tin structure, strictly related with the phases
of cell growth. In this analysis, the nuclear
sample is subjected to a progressive heating,
which induces different thermal transitions
associated with the melting of specific molecu-
lar components. Therefore, a thermogram con-
sists of a series of heat absorption peaks,
each of them corresponding to the unfolding
of an energetically-distinguishable molecular
domain.
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Figure 1 reports the calorimetric profile of
nuclei isolated from rat hepatocytes: we can
identify fourmain transitions centered at about
336K (0 Transition), 356K (I Transition), 365K
(II Transition), and 373 K (III Transition).
Previous studies [Nicolini et al., 1983, 1988;
Touchette and Cole, 1985; Barboro et al., 1993;
Russo et al., 1995] supplied the correct assign-
ment for all these peaks: the first broad peak
(Transition 0) has been assigned to melting of
nuclear proteins, Transition I to nucleosome
organized in the unfolded nucleosomal filament
of 10 nm, Transitions II and III to nucleosome
organized in higher-order structures (fibers of
30 nmormore). After a gaussian decomposition,
we can appreciate that Transition II is con-
stituted by two components centered at 355 and
358 K (Transitions IIa and IIb) that represent
the melting of linker and core DNA, respec-
tively. Also, Transition III is constituted by two
components centered at 371 and 375 K (Transi-
tions IIIa and IIIb), which can be assigned to
partially and highly folded chromatin [Allera
et al., 1997; Vergani et al., 1998].

When we compare this thermogram with the
one recorded on logarithmic growing parasites
(Fig. 2a), we observe both similarities and dif-
ferences: three main transitions are immedi-
ately evident in the usual temperature range,
but their relative heights are significantly
modified. For a quantitative analysis, we per-
formed a gaussian deconvolution of the calo-
rigram, and we observed that the melting
temperatures are similar to the ones above
reported for rat hepatocytes: Transition 0 at
330 K, Transition I at 349 K, Transition II at
362 K, and Transition III at 372 K. This result
suggests a similarity in chromatin organization
between T. cruzi and higher eukaryotic. How-
ever, T. cruzi chromatin profile is characterized

by a slight shift of each transition towards lower
temperatures. Taking into account that no
previous works document a chromatin analysis
performed on T. cruzi by means of DSC, we
thought it necessary for a further control, to be
sure of correctly assigning each peak. For
instance, we analyzed nuclei isolated from log-
phase parasites digested by DNase I, which
introduces single-strand cuts inside the DNA
double helix. When DNA is organized in the
nucleosomal particle, DNase I cuts the linker-
DNA, which is more accessible with respect to
the core-DNA. So we should expect significant
modifications of chromatin organization indu-
ced by an extensive digestion with this enzyme.
In accordance with our expectations, and in
analogy with previous results obtained on rat
hepatocytes [Balbi et al., 1989], we observed a
complete absence of Transition I and III, after
DNase I digestion (Fig. 2b), with only a single
broad peak at about 365 K remaining visible
after the extensive digestion of DNA. Because
we know that DNase I digestion induces a
chromatin unfolding of the highly-condensed
domains towards less compact structures
[Touchette and Cole, 1985], we are now able to
assignTransition I to themelting of linker-DNA
and Transition II and III to melting of poly-
nucleosomal chains organized in structures
with different levels of condensation. Finally,
the first broad peak (Transition 0), as for rat
hepatocytes, is probably related to the dena-
turation of nuclear proteins.

In conclusion, the calorimetric analysis sug-
gests that chromatin organization shows com-
mon aspects in different eukaryotic cells,
without excluding significant differences be-
tween these organisms. First, in T. cruzi, with
respect to rat hepatocytes, all the peaks are
shifted towards lower temperatures, suggesting

Fig. 1. Thermal denaturation profile of nuclei isolated from rat
hepatocytes. Rat hepatocytes represent the control of DSC ex-
periments on T. cruzi. DSC acquisition was performed as des-
cribed in Materials and Methods. We can identify four main
transitions centered at 336 K (0 Transition), 356 K (I Transition),
365 K (II Transition), and 373 K (III Transition).

Fig. 2. Effects of nuclease digestion on logarithmic forms of
T. cruzi. Thermal denaturation profiles of nuclei isolated from
T. cruzi cells in logarithmic-phase growth before and after
DNase I digestion. We can see the thermogram of logarithmic
form of parasite in native conditions (dark line) versus the
thermogram of logarithmic nuclei digested with DNase I
(dashed line).
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a reduced stability of T. cruzi chromatin with
respect to rat liver. This observation well fits
with the observed lower stability of the parasite
chromatin [Hecker and Gander, 1985]. Second,
the single transitions show a redistribution of
their melting enthalpies in comparison with rat
hepatocytes: enthalpy of Transition II, in fact,
becomes similar to those of Transition I and III
(Table I). This means that T. cruzi chromatin
exhibits in situ a different pattern of condensa-
tion in comparison with rat hepatocytes, even if
the inner structure of the nucleosomal filament
is similar, as suggested by the similarity of the
melting temperatures.
Starting from these data, our attention was

then focused on verifying the existence of
significant modifications of chromatin organi-
zation in different forms of parasite. According
to our expectations,we observeddramaticmodi-
fications of chromatin structure when we
compare logarithmic growing parasites with
stationary ones. Figure 3 shows that in sta-
tionary parasites, Transition III becomes pro-
minent with respect to Transition II, while
Transition I remains almost constant. These
results suggest that when parasites enter into
the stationary phase, the unfolded chromatin
domains (Transition II) condense in more
compact structures with higher melting tem-
peratures (Transition III). Therefore, T. cruzi
significantly remodels its nuclear chromatin
during its phases of growth: a remarkable con-
densation of chromatin fibers it is associated
with the stationary phase.

Analysis of Nuclear Architecture
by Fluorescence Microscopy

The above data recorded significant struc-
tural differences between the two forms of
parasite, at the level of chromatin condensation.
It was then interesting to relate these differ-
ences with alterations of chromatin organiza-
tion and nuclear architecture. To this aim, we

employed high resolution fluorescence micro-
scopy on whole cells of the two forms of T. cruzi.
This approach has the advantage of introducing
a minimum artifact, which, knowing the fragi-
lity of parasite chromatin [Astolfi et al., 1980;
Hecker and Gander, 1985; Hecker et al., 1994],
represents a relevant advantage in order to ob-
serve the native features of nuclear chromatin.

As previously reported [Belmont et al., 1989;
Mascetti et al., 1996], the nuclear images ac-
quired at high resolution (100� magnification)
can supply quantitative information about the
organization and topographical distribution of
chromatin domains inside a nucleus. Figure 4
reports the equatorial planes resulting from the
image processing performed on two nuclei of
parasites in different growing phases. Before
the acquisitions, logarithmic and stationary
cells of the parasite were properly stained with
DAPI to selectively label the DNA. The dis-
tribution of the fluorescence inside the nucleus
allowed us to extract the nuclear features
characteristic of these two forms of the parasite.
In both forms, we can see as themore condensed
chromatin domains exhibit a characteristic tri-
angle shape and are prevalently localized near
to the nuclear envelope. In spite of these ana-
logies, we observed a significant chromatin
redistribution when parasites enter into sta-
tionary phase: the highly-folded chromatin
domains become more defined and exhibit
increased fluorescence intensity. Moreover, it
is very interesting to observe as in logarithmic
parasites the highly-compact domains seem to
unfold towards the center of the nucleus. It has
to be underlined that the electron microscopy
micrographs suggested a similar behavior of
the highly-condensed chromatin fibers. As re-
ported in the same figure (Fig. 4), the well-
defined electron-dense regions localize near
the nuclear envelope in the stationary para-
sites, and they disappear in the logarithmic
ones. Nuclear chromatin, therefore, suffers an

TABLE I. Relative Melting Enthalpy (Expressed in a.u.) Calculated for Each of the Four Main
Thermal Transitions Observed in Nuclei Isolated FromRat Hepatocytes and Epimastigotes of

Trypanosoma cruzi*

Nuclear sample
Transition 0
(330–336 K)

Transition I
(349–357 K)

Transition II
(360–365 K)

Transition III
(371–373 K)

Rat hepatocytes 0.08 (336 K) 0.16 (356 K) 0.33 (365 K) 0.43 (373 K)
T. cruzi logarithmic phase 0.04 (330 K) 0.21 (349 K) 0.39 (362 K) 0.35 (372 K)
T. cruzi stationary phase 0.12 (333 K) 0.19 (349 K) 0.15 (360 K) 0.50 (371 K)

*Two different forms of the parasite were analyzed by DSC: logarithmic and stationary form, respectively. For each value, we also
reported the exact melting temperature.
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average condensation when T. cruzi enters
into a stationary growth phase; in fact a more
homogeneous distribution of chromatin fibers
is evident in nuclei of logarithmic growing
parasites.

The images reported in Figure 4 are repre-
sentative of the different cells analyzed for each
form of the parasite. About 10 representative
cells of each growing phase were elaborated and
the intensitometric and morphometric para-
meters of each form of the parasite were
calculated and reported in Table II. The pre-
vious works of our group [Nicolini et al., 1997;
Mascetti et al., 2001; Vergani et al., 2001]
demonstrated that in a native nucleus, the total
DAPI uptake is inversely related to the average
condensation of its chromatin. Therefore, if the
DNA amount of a sample is constant, an

increase of the integrated nuclear fluorescence
Intensity is associated with an average unfold-
ing of the chromatin fibers, while a reduction is
associated with a condensation of the chroma-
tin. We know that in logarithmic phase, para-
sites increase the amount of DNA: as previously
documented [Sabaj et al., 1997] during the
stationary phase of growth, both DNA and
histone synthesis are extremely reduced, in
comparison with the logarithmic phase. Any-
way, the dramatic decrease of the integrated
nuclear fluorescence intensity measured when
parasites pass from logarithmic to stationary
phase (from 8.9 to 3.3 a.u.) can be only partially
due to the increasedDNAcontent characteristic
of log phase parasites. In fact, in log-phase the
DNA content cannot exceed of more than
twofold the stationary one. For this reason, the
observed increase of fluorescence intensity can
be partially ascribed to an increased DAPI
uptake of logarithmic forms of the parasite, as
a consequence of a less compact chromatin
structure [Mascetti et al., 2001]. It is comforting
that these observations are in accordance with
the electronmicroscopymicrographs of isolated
nuclei and with the calorimetric data, confirm-
ing that the stationary forms of T. cruzi present
a more compact chromatin structure compared
with the logarithmic one.

Whenwe analyzed the nuclearmorphometry,
we can see the nucleus size is quite different

Fig. 3. Comparison between logarithmic and stationary forms
of T. cruzi: DSC. The thermal denaturation profile of nuclei
isolated from T. cruzi in stationary-phase growth is compared
with the one acquired on logarithmic forms of the parasite.
Thermogram of logarithmic forms of the parasite (dark line) and
stationary one (dashed line).

Fig. 4. Comparison between logarithmic
and stationary forms of T. cruzi: fluores-
cence and electron microscopy. Equator-
ial plane of one representative nucleus
acquired on native T. cruzi in two different
forms: logarithmic and stationary. The
images are acquired at high magnification
(100� objective) and mathematically pro-
cessed in order to extract the inner nuclear
features. Structural organization of chro-
matin within logarithmic and stationary
nuclei analyzed by transmission electron
microscopy, surprisingly shows the same
distribution and compaction properties
observed for intact cells.
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between the twoparasite forms (Table II).While
the minor axis length is constant in both forms
of T. cruzi, the major axis decreases by 0.3 mm
when the parasite enters into the stationary
form. This decrease of nuclear area in a two-
dimensional space corresponds to a volume de-
crease in a three-dimensional space, under the
condition that the nuclear thick is constant.
The optical sectioning of nuclei of the two para-
site forms made us able to estimate that the
nuclear thick does not significantly change
(Fig. 5). It is interesting to underline that
the volume shrinking, which appears in the
stationary parasite fits well with the average
condensation observed for chromatin fibers in
this phase of growth. In fact, an inverse relation-
ship between nuclear volume and chromatin
condensation was previously observed in other
cellular systems [Vergani et al., 2001].

DISCUSSION

Chromatin in higher and lower eukaryotes is
organized in classical nucleosome filaments,
and also T. cruzi, as well as other ciliates (i.e.,
Tetrehymena, Oxytricha, Paramecium), shows
this kind of organization [Hecker et al., 1994].
Also the biochemical properties of histones are
similar in T. cruzi and higher eukaryotes [Toro
and Galanti, 1990]. Despite of all these simila-
rities, nevertheless, parasite chromatin shows a
reduced capability of folding in highly compact
structures, both in vivo (during mitosis) and
also in vitro (in different ionic conditions). This
characteristic behavior of T. cruzi chromatin
was deduced when electron micrographs of rat
liver chromatin were compared with those of
T. cruzi under identical experimental condi-
tions [Spadiliero et al., 2002].

TABLE II. Intensitometric and Morphometric Parameters Calculated on the Nuclear Images
of T. cruzi Cells in Logarithmic and Stationary Phase*

Phase of cell
growth

Length of
nuclear major
axis (mm)/SD

Length of
nuclear minor
axis 1 (mm)/SD

Nuclear area
(mm2)/SD

Integrated
fluorescence

intensity (a.u.)/SD
Intensity/area

(a.u.)/SD

Logarithmic 1.80/0.24 1.37/0.16 1.92/0.46 8.9Eþ06/2.1Eþ06 4.6Eþ06/4.7Eþ06

Stationary 1.51/0.32 1.36/0.37 1.67/0.78 3.3Eþ06/1.9Eþ06 2.0Eþ06/2.4Eþ06

*For each sample, the images of about 5–10 cells were acquired and processed as described in Materials and Methods. For the optical
sectioning, the nuclear images were acquired at different focal positions (0.1 mm intervals) along the z-axis in order to have from 64 to
128 slices within the sample.

Fig. 5. Optical sectioning of T. cruzi nuclei: logarithmic versus stationary. The three-dimensional stacks
of single nuclei have been acquired both for logarithmic (a) and stationary (b) forms of T. cruzi. Cells were
stained with DAPI and images were mathematically processed as described in Materials and Methods.
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An evident limit of this approach was essen-
tially the invasivity of the electron microscopy
technique, in particular for T. cruzi chromatin,
which has an elevated instability [Hecker and
Gander, 1985; Hecker et al., 1989]. For this
reason, we thought it essential to analyze
chromatin structure and organization of this
parasite using non-invasive techniques, such as
differential scanning calorimetry and fluores-
cence microscopy. Previous works [Nicolini
et al., 1983; Balbi et al., 1988, 1989; Giartosio
et al., 1992] demonstrated the structural orga-
nization of in situ chromatin can be successfully
investigated by DSC technique, and a lot of
studies were performed on different kinds of
eukaryotic cells (i.e., thymocytes, hepatocytes,
HeLa, CHO, etc.) in order to investigate the
changes of chromatin structure associated with
cell-cycle progression, differentiation, trans-
formation, aging, etc.

We decided to follow the same biophysical
approach for investigating chromatin organi-
zation in T. cruzi; we utilized as control the
thermogramacquired on rathepatocytesnuclei,
which have been studied in details by DSC
[Balbi et al., 1989; Nicolini et al., 1988]. Inter-
esting conclusions can be drawn fromDSCdata.
First of all, we confirm thatT. cruzi chromatin is
on average less condensed than in other higher
eukaryotes (such as rat hepatocytes), as is
suggested by the imbalance in the enthalpy of
the thermal transitions associated to chromatin
melting (Transition II and III). Second, the
same three levels of condensation, typical of
higher eukaryotes, appear also in T. cruzi: un-
folded nucleosomal filaments, partially-folded
chromatin fibers, and highly folded fibers.
On this basis, we can conclude that nuclear
chromatin of this parasite is organized similarly
as well it occurs in other higher eukaryotes.
Third, we confirmed that parasites suffer an
average condensation of their chromatin fibers
when they enter into the stationary growth
phase.

Resuming the above observations, we can af-
firm that in a parasite there is a dynamic
balance between the three levels of chromatin
condensation (from the unfolded till to the
highly folded one). This equilibrium is continu-
ously modulated during the parasite growth,
and it could be controlled by the folding/
unfolding cell machinery, which is well char-
acterized for higher eukaryotes, but not yet
described for T. cruzi. We previously observed

that at high salt concentrations soluble chro-
matin fibers isolated from stationary parasites
condense more than the logarithmic ones. In
parallel, a highly-folded organization in chro-
matin of stationary parasites was suggested
by nuclease digestion experiments [Spadiliero
et al., 2002].

The parallel analysis performed by fluores-
cence microscopy on intact cells demonstrated
that the remodeling of chromatin folding ob-
served by DSC during the parasite growth is
accompanied by a significant redistribution of
chromatin domains inside the nuclear volume.
This is important because till now no mechan-
ismofgenesilencing/activation inducedbychro-
matin remodeling was hypothized for T. cruzi.
Only post-transcriptional mechanisms were in
fact considered as possible events of gene ex-
pression control [Texeira, 1998; D’Orso and
Frasch, 2001]. Our data on the contrary suggest
that in T. cruz, we are in the presence of a
dynamic chromatin structure, which could play
a role in the activation/silencing of genes.

On the light of our observations, we propose
a model to explain the mechanisms by which
T. cruzi chromatin structure could regulate
gene expression. For this hypothetical model,
we started from the particularities exhibited
by the parasite nucleus, in particular the pre-
servation of the nuclear envelope during mito-
sis. In higher eukaryotes, the nuclear envelope
(nuclear matrix plus lamina) is known to re-
present a scaffold for the entire nucleus; on
the contrary, this function is not described for
T. cruzi. Other important features of nuclear
organizationhavebeen considered in ourmodel.
First, the flexibility of the nuclear envelope,
which could allow the parasite to control the
nuclear volume, depending on the folding status
of chromatin. Second, the chromatin distribu-
tionwithin the nucleus, which is not random. In
fact, the chromatin domains localized near
the nuclear envelope are persistent during the
different phases of parasite growth. Third, the
process of chromatin unfolding that we ob-
served in logarithmic cells, seems to proceed
from the periphery toward the center of the
nucleus by apparently using the nuclear enve-
lope as attachment site.

Based on these data, we suppose that this
ancient parasite chooses a very simple mechan-
ism to regulate its minimal requirements
of chromatin remodeling. Our model reported
in Figure 6 tries to correlate structural with
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functional observations.Maintaining an ancho-
rage system, represented by the nuclear en-
velope, the process of chromatin folding/
unfolding could take place from the periphery
towards the central region of the nucleus, when
the parasite is in a logarithmic phase of growth
(where a more relaxed chromatin structure is
required). On the contrary, during the station-
ary phase, a reverse process guarantees the
folding of chromatin fibers into more compact
domains, which present attachment sites near
to the nuclear envelope.

OUTLOOK

The prosecution of this work will require a
deeper structural and biochemical character-
ization of the transcriptionally active chromatin
of T. cruzi. The DNA of transcribing genes
can be purified from parasite chromatin and
byaSouthern blot, andwe can reveal the level of
transcription of genes associated with a specific
state of chromatin folding. In parallel, the post-
translational modifications of parasite histones
(acetylation and phosphorylation, mainly) can
be analyzed depending on the specific phase of
parasite life cycle.

ACKNOWLEDGMENTS

Our special gratitude to Prof. Eugenio Deb-
bia, Director of the Institute of Microbiology at
San Martino Hospital of Genova, who provided
proper safety areas for the cell culture of
T. cruzi. We also wish to extend our gratitude
to Cristina Rando and Fabrizio Nozza for their

technical assistance. Dr. Spadiliero was spon-
sored by a fellowship financed by Ambasciata
Italiana in Caracas (Venezuela) and Ministry
for Foreign Affairs of Italy.

REFERENCES

Astolfi Fihlo S, Martins de Sá C, Gander S. 1980. On the
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