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Trichomonas vaginalis — Tritrichomonas foetus — Golgi —
division — structure

We present observations on the fine structure and the division
process of the Golgi complex in the protists Trichomonas
vaginalis and Tritrichomonas foetus, parasites of the urogen-
ital tract of humans and cattle, respectively. The Golgi in
trichomonads is a prominent structure, associated with striated
parabasal filaments to which this organelle seems to be
connected. We followed by immunofluorescence and electron
microscopy the Golgi in interphasic and mitotic cells. Ultra-
structural studies were performed using fast-freezing fixation,
immunocytochemistry using antisera to the known adhesins
APG5 and APS51, cytochemistry (acid phosphatase, Ca**-
ATPase, zinc iodide-osmium tetroxide technique (ZIO), for
analysis of distribution of the endoplasmic reticulum and Golgi
complex, and Thiéry’s techniques), routine and serial thin-
sections. Three-dimensional reconstruction, NBD-ceramide,
fluorescentlectin (WGA) and nocodazole treatments were also
used. We demonstrate that: (1) the Golgi in trichomonads is a
single-copy organelle; (2) presents a fenestrated structure; (3) is
formed by 8-12 saccules; (4) is connected to the parabasal
filaments by thin filamentous bridges; (5) by cytochemistry,
presents a positive reaction for the lectin WGA, Cat+-ATPase,
acid phosphatase, ZIO and Thiéry’s techniques; (6) does not
appear to break down at any point of the cell cycle; (7)
elongates during the cell cycle by lateral growth; (8) is labeled
by anti-glutamylated tubulin antibodies, but it is not fragment-
ed by nocodazole treatment; (9) before mitosis, the already
elongated Golgi ribbon undergoes progressive medial fission,
cisternae by cisternae, starting at the cisternae adjacent to the
cell surface and ending with the cis-most cisternae; (10) the
Golgikinesis originates two small Golgi ribbons; (11) the Golgi
is intensely labeled with the antisera to the AP65 and AP51
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adhesins in T. vaginalis, thus seeming to be a key station in the
production of adhesins.

Introduction

Tritrichomonas foetus and Trichomonas vaginalis are flagel-
lated parasitic protists that inhabit the urogenital tract of cattle
and humans, respectively. T. vaginalis is responsible for
trichomonosis, one of the most common sexually transmitted
diseases in humans, whereas 7. foetus often results in repro-
ductive failure and is a cause of significant economic loss
throughout the cattle-raising areas of the world. Ultimately,
these organisms have been subject of extensive investigation
due to a) the presence of hydrogenosomes, an anaerobic
energy-producing organelle that raises several questions con-
cerning mitochondria evolution and origin of the eukaryotes
(Miiller, 1993, 1997; Kurland and Andersson, 1999); and to b)
molecular phylogenetic studies using large and small subunit
ribosomal RNAs indicating that these organisms are among the
most early diverging eukaryotes (Cavalier-Smith and Chao,
1996; Leipe et al.,, 1993; Viscogliosi and Brugerolle, 1993)
although one cannot discard the possibility of phylogenetic
repositioning (Embley and Hirt, 1998).

T foetus and T. vaginalis present a well-developed Golgi
complex that is different from several other parasitic protists,
like Giardia, Toxoplasma and Trypanosoma. Although current
information shows that the Golgi plays an important role in
protein glycosylation, sorting and lysosomes biogenesis, there
are few studies on the structure and functions of this organelle
in trichomonads (Benchimol and DeSouza, 1985; Queiroz
et al., 1991; Morgado and DeSouza, 1998). Due toits prominent
size, the Golgi in trichomonads may play an important function,
not yet established.

In trichomonads, the Golgi complex corresponds to the
Parabasal Apparatus, formed by the Golgi cisternae and the
parabasal filaments (Honigberg and Brugerolle, 1990). It is
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dorsally located and to the right of the nucleus consisting of
elongated cisternae with dilated rims. The parabasal filament is
a microfibrillar strand linked to the basal bodies. Some authors
claim that the two parabasal filaments give support to Golgi
cisternae and that T, vaginalis presents two Golgi complexes
(Honigberg and Brugerolle, 1990).

T. foetus and T. vaginalis are extracellular parasites and, for
infection, they must overcome the mucus barrier and parasitize
the vaginal epithelium (Nielsen and Nielsen, 1975; Alderete
and Garza, 1988). It is noteworthy that cytoadherence is a
prerequisite for cytopathogenicity, and four surface proteins
(adhesins) seem to mediate the interaction of T vaginalis with
epithelial cells (Alderete and Garza, 1988; Arroyo et al., 1992).
The Golgi complex in trichomonads may be involved in the
processing of these proteins. Additional studies are necessary to
gain better knowledge about this pathogen and to understand
the role played by the Golgi and its possible participation
during the disease development.

Recently, it was demonstrated by cell fractionation and
biochemical analysis that the Golgi complex in T. foetus would
be the principal site of Ca 2* uptake in these cells (Almeida
et al. submitted). In this regard, a calcium participation in the
process of secretory protein condensation which is postulated
to occur in higher eukaryotes (Pozzan et al., 1994) might as well
be expected in trichomonads.

Information on Golgi biogenesis is scant, thus studies are
necessary to clarify how the Golgi is distributed between the
daughter cells during the division process. In higher eukaryotic
cells, the Golgi fragments during mitosis and the vesicles are
equally distributed to each daughter cell. In the present study
we intend to better characterize the ultrastructure of the Golgi
complex in trichomonads and also shed some light in the
process of Golgi partition in these organisms.

Materials and methods

Cell culture

The K strain of T. foetus was isolated by Dr. H. Guida (Embrapa, Rio de
Janeiro, Brazil) from the urogenital tract of a bull. T vaginalis, strain J'T,
was isolated from a patient attending the Rio de Janeiro Federal
University Hospital. 7. vaginalis isolate 347+ was provided by Dr.
Alderete and was also used. The cells were cultivated in TYM
Diamond’s medium (Diamond, 1957) supplemented with 10% fetal
calf serum (T foetus) or 5% horse serum (7 vaginalis). Cultures were
maintained at 37 °C and subcultured every day.

Immunofluorescence

Cells were centrifuged and washed in warm phosphate-buffered saline
(PBS), pH 7.2, and then fixed with 4% paraformaldehyde in 0.1 M
cacodylate buffer, pH 7.2. Next, the cells were washed again in PBS and
were allowed to adhere to coverslips previously coated with poly-L-
lysine. After that, the cells were permeabilized with 2% Nonidet (NP40)
at room temperature for 40 minutes and in 100% acetone at —20°C for
15 minutes. Fixed cells were quenched using 50 mM ammonium chloride
solution and 3% bovine serum albumin/PBS. They were then incubated
for 3 hours with: (I) the individual polyclonal rabbit antisera to the
adhesins AP65 and AP51 (Arroyo etal., 1992; Alderete and Garza,
1988), as Golgi markers, and/or (2) with the monoclonals anti-alpha-
tubulin #357 (Amersham, UK) or #5168 (Sigma Chemical Co., USA), or
anti-acetylated alpha-tubulin #6793 (Sigma Chemical Co., USA),
followed by incubation for one hour in the dark at room temperature
with a rodamine- or fluorescein-conjugated anti-rabbit and/or anti-
mouse antibody diluted 1:100 (Sigma, USA). In some experiments the
cells were stained with 2 mM DAPI to visualize the nucleus and better

determine the Golgi position. The cells were washed in PBS and
examined with an Axiophot II Zeiss microscope, equipped with UV
epifluorescence. Images were acquired with a Hamamatsu chilled CCD
camera C5985. Subsequently, the images were overlaid with DIC images
and processed using Adobe Photoshop (Adobe, USA).

C,-NBD-ceramide fluorescence

The cells were collected by centrifugation, washed in medium without
serum, and allowed to adhere to coverslips previously coated with 0.1%
poly-L-lysine in PBS. Then, the living cells were incubated in a solution
containing 0.9 plfml C-NBD-ceramide (Molecular Probes Co., USA)
and 0.68 pg/ml bovine albumin (Sigma Chem. Co., USA) in TYM
medium, pH 7.2, for 10 minutes at 37°C in the dark. Subsequently, the
cells were washed several times in the same medium and incubated again
for 20 minutes as described above. The coverslips containing the cells
were mounted and observed in a Zeiss confocal laser scanning
microscope (Laser 488/LP515).

Transmission electron microscopy (TEM)

Cells were washed three times in PHEM buffer (50 mM MgCl,, 70 mM
KCl, 10 mM EGTA, 20 mM Hepes, 60 mM Pipes, pH 6.8) at 37 °C and
fixed overnight at room temperature in 2.5% (v/v) glutaraldehyde in
0.1 M cacodylate buffer (pH 7.2); post-fixation was performed in 1%
0s0, in cacodylate buffer containing 5 mM CaCl, and 0.8% potassium
ferricyanide. Cells were washed, dehydrated in acetone and embedded
in Epon. Ultra-thin sections were stained with uranyl acetate and lead
citrate and observed in a Jeol 1210 electron microscope.

Three-dimensional reconstruction

Ribbons of 20 golden serial thin sections were collected from the top of
the water surface on carbon-backed, formvar-coated 0.5 mm x 2.0 mm
slot grids, and stained in aqueous uranyl acetate for 20 min and lead
citrate for 5 min. Serial micrographs were taken and printed at a final
magpnification of x 150000. The nuclear envelope, Golgi, flagella, and
other cell components were outlined with distinct colors and each plane
was separately traced in a digitizing table (Numonics 2205) into a 3-D
reconstruction program: BIGED for IBM PC (Young et al., 1987). The
resulting data files consisted of contour outlines representing cross-
sections of the objects of interest within the volume. These files were
mounted on a fixed axis creating a reconstructed image that could be
rotated along the X, Y, and Z axis. The files were then transferred to a
Silicon Graphics workstation and the surfaces between planes were
generated using the software package SYNU (Synthetic Universe)
(Hessler et al., 1992). Selected images were photographed on a Polaroid
digital palette film recorder system.

Thiéry’s technique (periodic acid-
thiosemicarbazide-silver proteinate)

Ultrathin sections of cells, previously fixed in glutaraldehyde and OsO,
as described above, were collected on gold grids and treated for 20 min
with 1% periodic acid. After rinsing in distilled water the sections were
incubated for 48—72h in aqueous solution containing 1% thiosemi-
carbazide, and 10% acetic acid. After rinsing sequentially with 10, 5,and
1% acetic acid and distilled water, the sections were exposed to 1%
silver proteinate for 30 min in the dark, at room temperature. Sections
were observed unstained. Controls were performed by omission of the
periodic acid step.

Detection of acid phosphatase

Acid phosphatase activity was detected as previously described
(Robinson and Karnovsky, 1983; Queiroz etal,, 1991), using either
lead nitrate or cerium chloride as the capturing agent. Briefly, the cells
were fixed in 0.5% (v/v) glutaraldehyde in 0.1 M cacodylate buffer, pH
7.2, for 5 min and incubated for 30 min at 37°C in a medium containing
3.6 mM B-glycerophosphate, 10 mM MgCl,, 220 mM sucrose, and 3 mM
CeCl, in 50 mM Tris-maleate buffer, pH 5.0. After successive washings,
the samples were re-fixed in 2.5% glutaraldehyde and processed for
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TEM. Controls were performed with the omission of f-glycero-
phosphate from the incubation medium.

Ca**-ATPase

The cells were fixed in 0.5% (v/v) glutaraldehyde in 0.1 M cacodylate
buffer, pH 7.2, for 5 min and incubated for 30 min at 37°C in a medium
containing 3.0 mM ATP, 10 mM CaCl,, 220 mM sucrose, and 4 mM lead
citrate in 250 mM glycine-KOH buffer, pH 9.0. After successive
washings,  the samples were re-fixed in 2.5% glutaraldehyde and
processed for TEM. Controls were performed with the omission of
ATP from the incubation medium.

ZI0O technique (Zinc iodide-osmium tetroxide
technique)

Cells were routinely fixed for TEM and incubated as previously
described (Reinecke and Walther, 1978; Benchimol and De Souza,
1985). Briefly, the cells were washed and incubated in the dark for 17
hours at 4°C in the zinc iodide-osmium tetroxide reagent prepared as
follows: 3 g zinc powder and 1 g resublimated iodine were separately
suspended in 10 ml distilled water, then mixed, filtered, and mixed with
50 mM Tris buffer (pH4.5) in a 1:1 ratio. Four parts of this solution was
mixed with one part of 2% OsO,. For control, the cells were incubated
for 30 min at room temperature in either 1 mM N-ethylmaleimide or
1 mM dithiothreitol. After incubation, the cells were washed, dehy-
drated, and embedded in Epon. Thin sections were observed in a Jeol
1210 electron microscopy.

Freeze fracture and freeze substitution

Previously fixed or unfixed specimens were fast-frozen by “slam-
freezing” (Cryopress Med. Vac, Inc., St. Louis, MO, USA). A polished
copper block was cooled with liquid nitrogen and the specimen was
projected in free-fall against the block. Subsequently, specimens were
freeze-fractured at —115°C in a Balzers BAF 300 freeze-etching
machine and submitted to shadowing with platinum/carbon at 2 x 10-¢
Torr at an angle of 45°. Replicas were recovered in distilled water,
cleaned, and examined in a Zeiss 900 transmission electron microscope.
Alternatively, living cells were frozen by high pressure in the Balzers
high-pressure machine (HPM 010 Balzers Union, Balzers, FL), trans-
ferred to liquid nitrogen and then to a mixture of anhydrous acetone
containing 2% osmium tetroxide (v/v) at —90°Cin a freeze-substitution
unit (Balzers FSU 010). The material was gradually rewarmed during
24 huntil room temperature was attained and then embedded in Epon.

Drug treatment

Nocodazole (Sigma, St Louis, USA) was dissolved at 4 mM in DMSO
and was further diluted in culture medium. Controls contained only
DMSO at corresponding concentrations. Cells were exposed for 1, 12 or
24 h to 10 pM nocodazole. The cells were centrifuged and fixed (without
previous washes) in 2.5% glutaraldehyde and processed for immuno-
fluorescence microscopy and TEM as described above.

Measurements

One hundred micrographs from trichomonads were taken from every
cell cycle phase, by TEM and fluorescence microscopy, and Golgi
measurements were performed (see Fig. 21). The cell cycle phase was
established by several criteria, such as axostyle number and position,
nucleus shape, and flagella number and position, as previously described
(Ribeiro et al., 2000).

Results

General features of trichomonads

We studied Tritrichomonas foetus and Trichomonas vaginalis
during interphase and division by light and electron micros-
copy. Basically, similar results were obtained in both species. A
non-dividing cell (Fig. 1) is characterized by a teardrop or ovoid

shape (when in axenic culture) or amoeboid (when in process of
adhesion). These flagellated protists have four (7. foetus) or five
flagella (1" vaginalis) but one is recurrent and adheres to the cell
membrane towards the posterior tip of the cell. On the
uppermost portion of the cell, the basal bodies present several
skeletal appendages. Among them, two types of periodic fibers:
the widest and longer, called costa, lies beneath the cell
membrane supporting the recurrent flagellum. The other ones,
which are thinner and shorter, are the parabasal filaments
which are believed to support the Golgi complex (Honigberg
and Brugerolle, 1990). Surrounding the flagella emergence
region, there is a microtubular structure known as pelta.
Another structure, the axostyle, is formed by a ribbon of
parallel microtubules running from the anterior to posterior
region. Hydrogenosomes, anaerobic energy-producing organ-
elles similar to mitochondria, are distributed throughout the
cell, although preferentially located lining the axostyle,
whereas lysosomes occupy the posterior region of the cell,
During the synthesis phase of the cell cycle, the cell
duplicates all the skeletal and organelle constituents, including
the microtubule-organizing centers, which are situated beneath
one of the basal bodies. At the onset of mitosis (Fig. 2), each
duplicated cytoplast, that lies side by side, undergoes progres-
sive migration during the course of the mitotic spindle
formation/elongation until the telophase,

Golgi morphology

By electron microscopy, the Golgi is seen as a single and very
prominent structure, reaching 6 jun inlength and 1 pmin width,
anteriorly located, and presenting 812 cisternae (Figs. 1, 3),
except when the cell is in division (Fig. 2). The luminal space of
the saccules is narrow and in the order of 30—35nm. The
distance separating the saccules is in the same order of
magnitude and, as a consequence, the Golgi presents a compact
appearance (Figs. 1, 3—4). By freeze-fracture the Golgi com-
plex was observed in most cells when the fracture exposed the
cytoplasm. The cisternae presented fenestrated membranes
(Figs. 3—4). Budding vesicles were also seen at the rims of every
saccule (Figs.3-4, 5). Various types of vesicles were seen
associated with it. Small, uncoated 40-nm vesicles were present
at lateral edges of the saccules whereas coated vesicles
measured about 75 nm (Fig. 5). By high-pressure freezing,
followed by freeze-substitution, the overall Golgi character-
istics were found as in the routine preparations, except
differences in electron densities along the Golgi cisternae,
with the medial cisternae presenting a denser content (Fig. 6)
and the presence of thin filamentous bridges, connecting the cis-
most cisternae to the parabasal filament (Fig. 13).

No disturbance of the Golgi was found after nocodazole
treatment (Fig. 7). However, by fast-freezing and freeze-
substitution, microtubules were seen connecting the Golgi to
the plasma membrane (Fig. 8). Using serial thin-sections, a
prometaphase Golgi computer 3D reconstruction model was
obtained (Fig. 9).

Cytochemistry/immunocytochemistry

Ca**-ATPase was found in the endoplasmic reticulum and in
the Golgi saccules, some of them with a more intense labeling
(Fig. 10). Reaction product indicative of the presence of acid
phosphatase was observed in some Golgi cisternae (Fig, 11) and
in lysosomes, which were seen mainly at the posterior region of
the cells (Fig. 11). No reaction product was observed when p-
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Fig. 1. General view of T foetus in a longitudinal routine thin section.
This cell is in interphase (G1 phase). Note the axostyle (A), three
anterior flagella (F), a well-developed Golgi (G) with several budding
vesicles, the hydrogenosomes (H), the nucleus (N) and the pelta (P).
Bar: 1 um. Fig. 2. General view of T. foetus in a longitudinal routine
thin section. This cell is at the onset of mitosis: two axostyles (A), two
recurrent flagella (RF), two costa (C) and two axostyle tips (arrow-
heads at posterior region) are seen. Note the presence of two small
Golgi (G) at the anterior region of the cell. The anterior flagella (F),
several hydrogenosomes (H), lysosomes (L) and the nucleus (N) are
alsoseen. Bar: 1 pm. Fig. 3. View of freeze-fracture image of 7. foetus
showing the Golgi complex (G). The fracture plane crossed the
cytoplasm exposing a prominent Golgi (G) with several lamellae.
Hydrogenosomes (H) and profiles of the endoplasmic reticulum (ER)
are also seen (Figure 3). Fig. 4. Figure 4 shows a close view of the
Golgilamellae with fenestrae (arrowheads). Bars: 1 pm (Fig. 3), 0.5 pm

(Fig. 4).

glycerophosphate was omitted from the incubation medium
(not shown).

Immunogold-labeling using anti-glutamylated tubulin
showed an intense decoration of the microtubules in the
flagella, axostyle and pelta. However, an intense labeling was
also observed on the Golgi (Fig.12). Other monoclonals
antibodies, anti-alpha-tubulin (Fig. 20) or anti-acetylated tub-
ulin were also tested but they did not react with the Golgi.

Golgikinesis

We observed that during the course of the cell cycle the Golgi
ribbon seems to elongate (Fig. 21), while maintaining the usual
number of cisternae (Fig. 14). After Golgi elongation, reaching
4.7-6.0 um, the stack underwent progressive medial fission of
each cisternae beginning with the one adjacent to the cell
surface, ending with the cis-most cisternae, near the endoplas-
micreticulum (Figs. 14 -16). Golgikinesis occurs just before the
onset of mitosis, and two small Golgi ribbons, measuring 1.0
1.2 pm each, appear. During the mitotic process each Golgi
ribbon migrates together with the anterior portion of each
axostyle, positioned between the basal bodies and the nuclear
compartment. During the course of mitosis, each ribbon
gradually elongates, reaching 3.6 um at telophase, when each
daughter cell presents only one Golgi ribbon. We demonstrated
that the Golgi ribbon still elongates during the interphase,
reaching a prominent size. Figure 21 shows the progressive
Golgi elongation during the course of the cell cycle, obtained
after 100 measurements of Golgi in different phases of the cell
cycle.

Cytochemistry

Carbohydrate detection was performed using the Thiéry’s
method, and positive labeling was found on all organellar
membranes, Golgi included, and also in the glycogen granules
(Fig. 17). Fluorescent WGA was also used as a Golgi marker
(not shown) evidencing the presence of N-acetyl-glucosamine
residues. By applying the ZIO technique, which allows the
analysis of the distribution of the endoplasmic reticulum/Golgi
complex system and also the nuclear envelope, these structures
were found intensely labeled (Fig. 18). This technique allowed
the visualization of the fenestrae in the nuclear envelope and
Golgi, and also the interconnections between the cisternae,
giving us a different view of the Golgi (Fig. 18).

Golgi biogenesis

In order to follow the Golgi behavior during morphogenesis we
took advantage of our previous knowledge of the changes that
occur with the nucleus and axostyle, in every cell cycle phase
(Ribeiro et al.,2000), and the anti-adhesins antibodies labeling
which specifically decorate the secretory pathway, Golgi
included, as demonstrated by EM immunocytochemistry
(Alderete et al., 2000).

When living cells were examined using C-6-NBD-ceramide,
a Golgi marker, and propidium iodide, a nucleus stain, the
documentation was not easy due to photobleaching and also the
fast cell movement. Therefore, we used fixed cell preparations
for fluorescence microscopy to carefully analyze each cell cycle
phase. Double labeling was performed using (1) anti-tubulin in
order to determine the number and position of the axostyles for
the identification of the mitotic phase, and (2) antisera to
adhesins AP65 and AP51 (Figs. 19, 20). In some experiments
the nucleus was stained with DAPI to better determine the
Golgi position. Similar results were obtained with both T foetus
and 1. vaginalis with all approaches, except with the anti-
adhesin antibodies, which labeled only the Golgi of T. vaginalis.
The Golgi complex was promptly recognized as a characteristic
fluorescent structure in the juxtanuclear position.

In interphase cells, only one Golgi was seen (Fig. 19A)
whereas two structures were found in those cells in the process
of synthesis (Fig. 19B) and division (Fig. 19C—H). Soon after
the skeletal structures such as flagella, costa, pelta-axostyle
system, basal bodies and their associated structures are seen
duplicated, the Golgikinesis occurs (Figs. 14 —-15). Then, the
sets of basal bodies gradually move apart in opposite directions
(Fig. 19C-E). As a consequence, all other skeletal appendages
located at the anterior region of the cell also migrate, and each
Golgi also follows this migration (Fig. 19F-H). The position
displayed by the axostyle — anterior portion separated and tips
together — indicates that the cell is in the prophase of mitosis
(Fig. 19C-D). When axostyle sliding and crossing occurs, the
posterior tips start to move apart indicating karyokinesis and
the transition of metaphase to anaphase (Fig. 19E-G). Next,
the axostyles continue to cross until they get parallel. Subse-
quently, due to further spindle elongation and the complete
migration of basal bodies, axostyles reach alignment (Fig. 19H).
At this point, one can recognize two small, teardrop-shaped
cells linked by a straight connection, which characterizes phase
4 (telophase). Cytokinesis finishes when the two small daughter
cells finally separate at their posterior ends. A higher magnif-
ication of T vaginalis (Fig. 20) in anaphase (corresponding to
Figure 19, row G) is seen after double immunolabeling using
anti-a-tubulin and anti-adhesin AP51. Figures A and C show
the axostyles in two different focal planes. Figure B shows the
two Golgi labeled with anti-adhesin AP51. Figure D is an
overlay of these images. In green, the two Golgi complexes; in
blue and red, the different focal planes of the two axostyles.
Each Golgi ribbon is seen following the axostyles migration,
between the basal bodies and the nuclear envelope, always
positioned at the anterior region of the cell. Measurements
(Fig. 21) suggested an elongation of the Golgi ribbon during the
course of the cell cycle. We observed that during mitosis, while
the migration of each small (1.0 - 1.2 pm) Golgi ribbon occurs, it
also elongates gradually reaching about 2.4-3.6 um at telo-
phase. Thus, each daughter cell presents, just after mitosis, only
one Golgi ribbon that keeps growing. When its size reaches
about 4.7-6.0 um, the Golgikinesis proceeds again.
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« TFig. 5. Close view of the Golgi complex (G) in a routine thin-section

of T. vaginalis. Note the presence of budding coated vesicles (arrow-
heads). Bar: 0.2 pm.  Tig. 6. Thin section of the Golgi complex (G) of
T. vaginalis after high-pressure freezing and freeze substitution. Note a
more electron-dense content of the medial Golgi cisternae, budding
vesicles, and a well-preserved plycocalix (arrowhead). Bar:
0.2pm. Fig.7. T foetus treated with 10 pM nocodazole for 12 h.
The Golgi (G) is still present and does not show any sign of
fragmentation. Note that the mitotic nucleus (N) presents an intact
nuclear envelope. V, vacuole, Bar: 0.5 pm. Fig. 8. Thin section of a
routine preparation of T. foetus showing a bundle of microtubules
(arrowheads) interacting with the Golgi (G) and the cell cortex. N,
nucleus. Bar: 0.2 pm.

Discussion

The Golgi complex of higher eukaryotic cells has been
thoroughly studied, and several authors present, at least, three
minimal functions that Golgi must accomplish: (Z) receipt and
sorting of membrane and soluble cargo arriving at the cis region
from the endoplasmic reticulum; (2) glycosylation and process-
ing of glycoproteins and glycolipids and (3) sorting of materials

e

Fig. 9. SYNU 3D computer model showing a top view of one pole of
T. foetus during prometaphase in mitosis. The Golgi apparatus (pink) is
located between the nuclear compartment (yellow) and the emergence
of the basal bodies/recurrent flagellum (green). Scattered polyribo-

and membrane at trans face of this organelle (Mellman and
Simons, 1992). Although the details of Golgi morphology vary
considerably between different cell types, a four compartment
subdivision (cis, medial, trans and TGN) is also consistent with
the functional organization of the Golgi in T. vaginalis and T.
foetus.

Golgi structure :

Routine thin sections of trichomonads cells do not give all the
information about the role and the exact number and distribu-
tion of the Golgi cisternae and their contents. Cryofixation
vastly improves the preservation of cell structure, giving the
user confidence that the images produced are a close repre-
sentation of the living cell. This has allowed a better preserva-
tion of all cell organelles, Golgi and related structures included.
Thus, we performed our studies using complementary tech-
niques such as quick- or high-pressure freezing of living cells,
freeze substitution and immunocytochemistry. These meth-
odologies allowed us to confirm our findings obtained using
routine techniques. Among the few differences observed when
fast-freezing was used are the higher density of medial Golgi

somes (white circular particles), a portion of the cell membrane (gray),
part of the sigmoidal filaments (blue), and also some of the micro-
tubule-organizing centers (orange) are shown.
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Fig. 10, T foetus after cytochemistry for Cat+-ATPase. An intense
labeling is seen on the nuclear envelope, endoplasmic reticulum
profiles (R) and in the Golgi apparatus (G), in which some cisternae are
more intensely labeled than others. A, axostyle; H, hydrogenosome; N,
nucleus, Bar: 0.5 um. Fig. 11. T. foetus seen after cytochemistry for
acid phosphatase. Several lysosomes are densely labeled (L) and also
the Golgi complex (G). A, axostyle; BB, basal bodies; F, flagella; H,
hydrogenosomes; N, nucleus. Bar: 1 pm. Fig.12. T. foerus after
immunocytochemistry for anti-glutamylated tubulin. An intense label-
ing is seen on the pelta-axostyle system (A), flagella (F), and in the
Golgi region (G). H, hydrogenosomes; N, nucleus; PF, parabasal
filament. Bar: 0.5 pm.

cisternae contents, the observation of thin fibrils connecting
each stack and a better visualization of the glycocalix.

We only found two Golgi when cells demonstrate signs of the
synthesis phase or mitosis, i.e., duplicated cytoskeletal struc-
tures, such as the axostyle and pelta, as we have previously
demonstrated (Ribeiro et al., 2000). By freeze-fracture, we
were able to see that T. foefus Golgi is a highly fenestrated
structure at the most proximal and most distal cisternae. In a
previous study (Benchimol et al., 1993) quick-freezing and
freeze-etching revealed 2 nm wide filamentous structures in the
luminal space of the Golgi complex, connecting the two faces of
each cisternae.

Golgi and secretion

Receptor-ligand-type interactions are involved between tri-
chomonads and epithelial cells (Arroyo et al., 1993). Four
trichomonads surface proteins, referred to as adhesins, were
identified in 7. vaginalis as mediating cytoadherence, and
synthesis of the four adhesins was coordinately up-regulated by
binding to epithelial cells (Arroyo et al., 1993) and by iron
(Lehker et al., 1991). T. foetus cytoadherence also occurs and
promotes morphologic transformation (Nielsen and Nielsen,
1975). All these events involve protein synthesis, and conse-
quently the cell secretory pathway. We were able to find
labeling for adhesins in Golgi, vesicles and cell surface, using
immunogold technique (Alderete et al., 2000). In the present
study we used anti-adhesin antibodies in order to follow the
Golgi, and the secretory pathway along the course of the cell
cycle in trichomonads. In higher eukaryotic cells the secretion
activity is altered during mitosis, the traffic out the endoplasmic
reticulum is blocked and the exocytosis stops as direct
consequence of the Golgi fragmentation (Alberts etal,
1994). In trichomonads, as the Golgi structure is maintained
during mitosis, and adhesins are found in the secretory pathway,
it seems that secretion and exocytosis are continuous during the
whole cell cycle. Further studies are necessary to better clarify
this question.

Association of the Golgi complex with other cell
structures

Parabasal filaments. Previous studies have proposed that there
are two parabasal filaments (PF) in trichomonads, and each one
is known to support each dictyosome of the Golgi apparatus,
the whole forming the so-called parabasal apparatus from
where the phylum Parabasalia derives its name (Brugerolle and
Viscogliosi, 1994; Honigberg and Brugerolle, 1990). Brugerolle
and Viscogliosi (1994) labeled the parabasal fibers using
monoclonal antibodies. These authors showed that in T foetus
there is a major parabasal fiber supporting a dictyosome and a
minor one very close to the major fiber. In the present study we

have shown, for the first time, a structural connection between
the first Golgi cisternae and this periodic structure. We found
that the cis-most region of the Golgi complex is always
associated with the parabasal filaments and is also in close
proximity with the endoplasmic reticulum. Thin fibrils are seen
connecting the first Golgi cisternae and the parabasal filament
only when fast-freezing methods were used suggesting the
sensitivity of these fibrils to chemical fixatives. Studies are
necessary to identify these proteins. Nevertheless, this physical
connection is important since it provides a means by which the
organelle remains interconnected to the basal bodies from
where the parabasal filaments emerge. Keeping in mind this
connection, it helps to understand why the Golgi migration
follows migration of the basal bodies and flagella during mitosis
(Zuo et al., 1999; Ribeiro et al., 2000). It is interesting that in
other protists, such as the flagellated Ochromonas, the Golgi
complex remains supported by a striated fiber which originates
in the basal body complex. Interestingly, during the Ochromo-
nas division, not only the Golgi but also the mitochondria are
linked to basal bodies by connectors, and they move as a single
unit to the opposite poles together with the separation of the
basal bodies and flagella during the open mitosis phases (Bouck
and Brown, 1973; Mignot, 1996; Chapman et al., 2000).
Endoplasmic reticulum. ZIO reaction and Catt-ATPase were
found in both endoplasmic reticulum and Golgi, suggesting
similarities between these structures. Maillet (1962) introduced
the zinc iodide-osmium tetroxide technique, and the reaction
product has been shown in some cellular structures such as
synaptic vesicles, mitochondria, endoplasmic reticulum and
Golgi complex. However, the cellular substances that interact
with this chemical compound are not yet well established
(review by Pellegrino de Traldi (1977)). Benchimol and
DeSouza (1985) previously used this technique to analyze the
distribution of the endoplasmic reticulum-Golgi complex in T
foetus. In the present work, we have used this reaction in order
to study the ER-Golgi during the division process, since a
deposit of electron-dense material occurs in the lumen of these
membranous systems. The nuclear pores and the Golgi
fenestrae could be easily identified, appearing as a region
where no deposit of electron-dense material occurs. The
technique allowed a good view of the Golgi, and confirms the
observations obtained by other techniques.

Cytoskeleton. When cells were fixed by high-pressure freezing
or slam-freezing followed by freeze substitution, it was possible
to visualize microtubules connecting the Golgi with the cell
cortex. With the same procedures, the Golgi medial cisternae
were found to be more electron-dense and presented a higher
content. Using immunocytochemistry some of the Golgi
cisternae were labeled with anti-glutamylated tubulin, suggest-
ing the presence of microtubules or tubulin. In mammalian
cells, the Golgi complex breaks down during mitosis. It is also
perturbed by nocodazole treatment, allowing enzymes to
accumulate in pre-Golgi intermediates (Lippincott-Schwartz
and Zaal, 2000), suggesting a role of microtubules in the
organization of the Golgi apparatus (Kreis, 1990). We have
shown that agents (such as nocodazole) that normally alter the
distribution of interphase microtubules and fragment the Golgi
in other cells, do not appear to have any effect on the Golgi in
trichomonads, suggesting its different composition. A possible
explanation could be that, in trichomonads, the Golgi would
interact with a different tubulin isoform or microtubule-
associated proteins.
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Fig. 13. Routine thin section of 7. foetus where a parabasal filament
(PF) is seen connected to the first cisternae of the Golgi complex (GC)
by thin filaments (small arrows). N, nucleus. Bar: 0.2 pm. Fig. 14,
Image of T. foetus showing the Golgi (G) in Golgikinesis. Fig. 15. In
Figures 14 and 15 a well-developed Golgi with its parabasal filament
(arrowhead) appears to undergo fission. These cells are in a pre-mitotic
phase. A, axostyle; H, hydrogenosomes; N, nucleus, Fig. 16. Fig-
ure 16 shows two small Golgi complexes (G) but the cell is still in a pre-
mitotic phase. N, nucleus. Bars: 1 pm (Fig. 14, 16), 0.5 pm (Fig. 15). -
Fig. 17. T. foetus in prophase is shown after Thiéry’s technique, which
reveals carbohydrates. Note that two axostyles (A), two costa (C), two
Golgi (G), and a nucleus (N) are seen. All of these structures do not
fragment during the mitotic process. GL, glycogen granules; H,
hydrogenosomes. Bar: 1 um. Fig. 18. T. foetus after ZIO technique,
which labels Golgi membranes (G), endoplasmic reticulum and the
nuclear envelope. This cell is in division. Two Golgi and a nucleus in
process of karyokinesis are scen. Note the pore complexes (arrow-
heads). Bar: 0.2 pm.

Lysosomes. Cells submitted to cytochemistry for acid phos-
phatase showed intense labeling in several cisternae of the
Golgi, associated vesicles and lysosomes. Budding vesicles
presented intense reaction, suggesting that lysosomes in
trichomonads seem to be formed by the same pathway as that
of higher eukaryotic cells. Brugerolle' (1971) and Garcia-
Tamayo et al. (1978) observed that after cytochemistry for
acid phosphatase, the Golgi complex as well some vesicles
adjacent to this structure presented positive reaction.

Golgi functions

Ca*+ regulation. The calcium pools generated within the
endoplasmic reticuluni, Golgi complex and other organelles
are believed to participate in the regulation of a variety of cell
functions (Pezzati et al.,, 1997). It has been shown that, in
trichomonads, calcium storage takes places in the hydrogeno-
somes and endoplasmic reticulum, and more recently in the
Golgi complex (Almeida et al., submitted). The observation of
a Ca++t-ATPase in the Golgi cisternae supports these findings.
Another possibility, raised by the use of cryofixation, is that the
denser content of the Golgi and dilations that we observed in
the medial stacks could represent sites of ion accumulation as
observed in the endoplasmic reticulum. We have shown
recently that cryotechniques vastly improves preservation of
cell morphology and ion immobilization when compared to
chemical fixation carried out in routine TEM preparations
(Ribeiro et al., 2001).

Recently, using isolated membranes, we demonstrated a
striking participation of the Golgi of T. foetus in the Ca®*+ uptake
and the presence of a Ca**-ATPase in the organelle (Almeida
et al., submitted). In the present study we demonstrate by
cytochemistry a Ca*+-ATPase in the endoplasmic reticulum
and Golgi complex in trichomonads. In addition, similar results
were, obtained using the osmium-pyroantimonate technique
(Almeida et al., submitted). According to Motzko and Ruth-
man (1990), the Golgi complex assumes a predominant role in
calcium sequestration during meiosis of the insect Dysdercus
intermedius. Pezzati et al. (1997) showed by high-resolution
calcium mapping in neurosecretory cells that the calcium pools
are segregated within the endoplasmic reticulum, Golgi com-
plex, and other organelles. We intend to apply further this
methodology in the trichomonads cells.

Protein processing. Previous studies in 7. foetus using periodic
acid-thiosemicarbazide-silver proteinate showed positive reac-

tion in the Golgi membranes, indicating the presence of
carbohydrates (Benchimol et al., 1982). HHowever, no attention
was paid to the Golgi cisternae contents. In the present study,
we demonstrated using fast-freezing and freeze-substitution
techniques that there are different electron densities through
the Golgi cisternae in 7T, foetus. It probably could be a reflection
of different contents in Golgi stacks. On the other hand, using
gold-labeled lectins, we were able to show the presence of
different sugars along the Golgi stacks (Benchimol and
Bernardino, 2001), suggesting that one function of the Golgi
in T. foetus would be glycosylation, as in higher eukaryotic cells.

Golgi biogenesis

During interphase, there is only one Golgi ribbon in T. foetus
and T. vaginalis, whereas at the onset of mitosis two Golgi
ribbons are found, always close to the nucleus and following it
during all phases of the division process. Some authors
(Honigberg and Brugerolle, 1990) believed that T. vaginalis
presents two Golgi complexes. In our opinion, the analyses
made by these authors were performed with cells in the process
of division or in $/G?2 interphasic cells. In the present study we
demonstrate that the Golgi does not fragment during mitosis,
but rather it seems to elongate; and once it has at least
duplicated in size, it is separated in two, in a process herein
named as Golgikinesis. This process occurs during interphase as
a pre-mitotic event. A quantitative study was performed and
clearly showed that immediately after Golgikinesis two small
Golgiribbons are found. Each Golgi gradually elongates during
the course of the mitotic process and also during the interphase
until Golgikinesis is re-initiated.

Several organisms such as dinoflagelates, trichomonads,
Drosophila embryos, and insects (during gamete formation)
present closed or semi-opened mitosis and are known to display
permanent Golgi complexes along all mitotic phases (Barlow
and Triemer, 1988; Fritz and Triemer, 1983; Camyp et al., 1974,
Motzko and Ruthman, 1990; Stanley et al., 1997). On the other
hand, in joenids which are termite hindgut flagellates belonging
to the phylum Parabasalia, the Golgi complexes are reported to
disassemble during the beginning of mitosis and then to be
rebuilt in telophase (Hollande and Valentin, 1969). It is
important to point out that, in this case, the parabasal filaments
and other constituents of the cytoskeleton as the axostyle and
mastigont system (flagella and appended structures) undergo
the same process of fragmentation and reconstitution during
mitosis. This view of disassembly and reformation of skeletal
structures along mitosis in trichomonads is also held by
Brugerolle (1975) despite of the fact that he did not report

. observations on the Golgi complex behavior.

Other protists, such as Euglenes, present dictyokinesis, in
which a Golgi division occurs through a constriction of saccules,
which have grown longer (Mignot, 1965). In plants, it is well
known that the Golgi stacks remain intact, analogous to the
budding yeast which undergoes a closed nuclear division
(Stanley et al., 1997). However, the exact behavior of the
persistent Golgi complexes during mitosis is not well known as
compared to the more general scheme of the fragmenting Golgi
typical of higher eukaryotes.

The current view in open mitosis of higher eukaryotes
supports the idea that part of the Golgi complex breaksupinto a

. set of smaller fragments and vesicles whereas the remnants of it

are redistributed to the endoplasmic reticulum (Zaal et al.,
1999; Terasaki, 2000; Nelson, 2000).
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Fig.19. T vaginalis during morphogenesis from interphase (A)
through pre-mitosis (B) and mitosis (C—H). The double-label staining
of a-tubulin (blue) and anti-adhesin AP65 (red), shows the correlation
of number and position of the axostyle and the Golgi. The first column
shows the DIC images; the second column shows the corresponding
anti-AP65 labeling; the third column shows the a-tubulin fluorescence;
and, finally, the fourth column shows the overlay of the other images. A:
T. vaginalis in interphase (G1), where a single Golgi copy (G) is seen, as
well as one axostyle (A) and one pelta (P). B: the cell is in interphase (S/
G2) and presents an axostyle (A) but already two Golgi ribbons are
seen side-by-side. C: the cell in mitosis (prophase) is larger and shows
two aligned Golgi (G), the axostyle (A) and the pelta (P) already
duplicated. D and E: mitotic cells in phase 2 (metaphase): the cell
progressively assumes a triangular shape since the axostyles are
separated at the anterior region whereas their tips are together. In
phase 3 (anaphase, F and G) the axostyle (A) tips are separated and
each Golgi migrates. H: Mitosis in phase 4 (telophase) where the
daughter cells are joined only by their posterior regions. The Golgi (G)
are in opposite positions whereas the axostyles are aligned. Note the
presence of the spindle (S), which is labeled in the last phases of
division. Bar: 4 pm.

The endomembrane system, specifically the Golgi apparatus
or associated vesicles, has been reported at or close to the poles
in many organisms investigated (Camp et al., 1974; Barlow and
Triemer, 1988). In some cases, a region of the cytoplasm,
referred to as “archoplasmic sphere”, that is devoid of
organelles and is enclosed by the Golgi apparatus, is thought
to organize the spindle (Cachon and Cachon, 1977; Soyer, 1972,
1971). Curiously, in Ochromonas, the periodic fiber which
supports the Golgi and has its origin in the basal bodies was
clearly shown to act as a microtubule-organizing center
(MTOC) orienting spindle pole formation during open mitosis
(Bouck and Brown, 1973).

According to a recent report (Margulis et al., 2000), after
trichomonads cell division, one daughter cell retains the Golgi
and the other one has to synthesize a totally new organelle as
occurs with the axostyle. Our findings are in disagreement with
this author’s view. We observed thatin T° foefus and T. vaginalis
mitosis, the Golgi complex, parabasal filaments, flagella/basal
bodies, MTOC, pelta-axostyle complex and nuclear genome
replicate in a pre-mitosis phase and undergo segregation along
the closed mitosis phases as a unit in a similar way to the
Ochromonas process (Ribeiro et al.,2000). The dynamics of the
extranuclear spindle and flagella seem to drive the separation
of the duplicated cytoplasts (Ribeiro et al., 2000, Benchimol
et al., 2000) and consequently the organelles associated with
the skeletal structures, such as the Golgi. We claim that in
trichomonads mitosis, the cytoskeletal elements remain stable
and are combined to promote nuclear and cell division (Ribeiro
et al.,2000). In this regard, skeleton-associated organelles, such
as the Golgi, follow cytoskeletal division during synthesis phase
and during migration, elongation and separation of daughter
cells during mitosis, thus holding a new view on the behavior of
these cell structures during cell division.
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Fig.20. A higher magnification of T. vaginalis in anaphase (corre-
sponding to Figure 19G) after double immunolabeling with anti-a-
tubulin and anti-adhesin 2 (AP51). A, C: axostyles, with anti-o-tubulin
labeling, in two different focal planes. B: the two Golgi labeled with

anti-adhesin 2. D: overlay of the images. In green, the two Golgi
complexes; in blue and red, the different focal planes of the two
axostyles. Bar: 2 pm.
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Fig. 21. Size of the Golgi during the cell cycle phases. One hundred
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Golgi ribbon size was measured and the phase was established
according to parameters published previously (Ribeiro et al., 2000).
Note that the Golgi gradually grows during the course of the cell cycle.
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