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The fine structure of the axostyle and it
associations with organelles in
Trichomonads

M. Benchimol,*? J.A.P. Diniz,® K. Ribeiro%*

Abstract The fine structure of the axostyle in the protists Tritrichomonas foetus and Monocercomonas sp is
described using transmission electron microscopy after quick-freezing techniques and immunocytochemistry.
The axostyle microtubules presents a lateral projection formed by two protofilaments in addition to the 13 protofil-
aments normally found in microtubules. The axostyle is associated with other cell structures such as hydrogeno-
somes, endoplasmic reticulum, sigmoid filaments and glycogen particles. The microtubules of the pelta-axostylar
system are connected to each other by bridges regularly spaced with an interval of 9 nm. Labeling of the axostyle
was observed after cell incubation with monoclonal antibodies recognizing a-tubulin and acetylated-tubulin.
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Introduction nucleus, forming the pelta-axostylar junction. The pelta

supports the wall of the periflagellar canal from which
Among the numerous examples in the literature of highlfgmerge the flagella. The anterior part of the axostyle is
ordered arrays of microtubules the axostyle is one of the le¥¢der forming the capitulum and posteriorly to the nucleus,
studied Tritrichomonas foetuand Monocercomonas spe it turns upon itself forming a tube; the axostylar trunk. The
protists which present an axostyle. They are used by o@xostyle appears to narrow progressively until its terminal
group as interesting models for ultrastructural studies o$egment, protruding from the posterior cell region, coverec
single cell-organisms. They lack mitochondria and peroxiby the cell membrane (Honigberg & Brugerolle, 1990).
somes but contain hydrogenosomes, unusual organelles thatIn trichomonads the axostyle seems not to present an
participate in the overall metabolism of the cell to a signifi-contractility and its function is still under investigation. It
cant extent. They also present uncommon structures such'\4@s suggested that it could be a supportive entity, while the
parabasal apparatus, striated roots (cosfa. ifoetusand  Pelta could reinforce the wall of the flagellar canal
parabasal filaments), and a microtubular structure namedfonigberg & Brugerolle, 1990). We have shown recently
pelta-axostylar system (Honigberg et al., 1971). In thesthat this structure participates in the cell division process,
protists the axostyle consists of a single ribbon of microproviding constriction of the nucleus during the karyoki-
tubules in a linear array. The pelta-axostylar system consiskgsis (Ribeiro & Benchimol, 1999).

of two microtubular sheets that overlap anterior to the In the present work we report new data concerning the
fine structure of the axostyle microtubules and its associa

tion with other cell components in the protists T. foetus
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Materials and methods polished copper block was cooled with liquid nitrogen and the
specimen was projected in the free-fall against the block
Parasites Subsequently, specimens were freeze-fractured at€ida

Dr H. Guida (EMBRAPA, Rio de Janeiro, Brazil) isolated Balzers BAF 300 freeze-etching machine and deep-etchin
the K strain ofTritrichomonas foetusrom the urogenital was attained (10 min at — 1) and submitted to rotatory
tract of a bull from the state of Rio de Janeiro, Brazil. Theshadowing with platinum/carbon at 28 Torr at an angle of
parasites were cultivated in Diamond’'s TYM medium15°. Replicas were recovered in distilled water, cleaned, anc
(Diamond, 1957) for 24 h at 366G. The strain of examined in a Zeiss 900 transmission electron microscope.
Monocercomonas spvas obtained from Dr Jaroslav Kulda
(Charles University, Czech Republic). The protozoon wasdigh-pressure and freeze-substitution
isolated from the large intestine and cloaca of the woodktiving cells were frozen by high pressure in the Balzers
snakeTropidophis melanuru La Sal, Bayamo, Cuba, and high-pressure machine (HPM 010; Balzers Union, Balzers.
were grown in Diamond’s TYM medium (Diamond, 1957) FL, USA), transferred to liquid nitrogen and then to a
for 28 h at 28C. The cells were collected by low speedmixture of anhydrous acetone containing 2% osmium
centrifugation, washed three times in 0.1 M phosphatetetroxide (v/v) at —98C in a freeze-substitution unit
buffered saline (PBS, pH 7.2) and processed using one @Balzers FSU 010). The material was gradually rewarmec
the following procedures: during 24 h until the room temperature was attained anc
then embedded in Epon.
Electron microscopy (TEM-transmission electron
microscopy) High voltage electron microscopy (HVEM)
Cells were fixed overnight at room temperature in 2.5% (V) foetuswere allowed to adhere on Formvar coated gold
glutaraldehyde in 0.1 M Na-cacodylate buffer (pH 7.2), andyrigs and treated with 0.1% Triton X-100 dissolved in the
post-fixed in 1% Os@in cacodylate buffer plus 5 mM CaCl  microtubule stabilizing buffer as previously described
and 0.8% potassium ferricyanide. Cells were washed, dehYBenchimol & De Souza, 1987) for 5 min. Thereafter, the
drated in acetone and embedded in Epon. Thin sections Wegglis were fixed with glutaradehyde and osmium tetroxide
stained and observed in a Zeiss 900 electron microscope. a5 for routine TEM, dehydrated and critical point dried in
liquid CO, with the Sorvall apparatus (lvan Sorvall Inc.,

Glucose-6-phosphatase Newton, CT, USA). The grids were examined in the JEM-
For localization of glucose-6-phosphatase, the cells wergyg ajectron microscope operating at 1000 KV.
processed according to Robinson and Karnovsky’s (1983)

method. Briefly, the cells were fixed in 0.5% (v/v) c
glutaraldehyde in 0.1 M Na-cacodylate buffer (pH 7.2) for 5
min and incubated for 60 min at ¥7 in a medium
containing 3.6 mM glucose-6-phosphatase, 10 mM MgCl
220 mM sucrose, and 3 mM Cg@h 50 mM Tris-maleate
buffer, pH 7.2. After successive washings, the samples we
re-fixed as described above and processed for TEM.

ytoskeleton replicas

For observation of replicas of the cytoskeleton, axostyle
included, the parasites were allowed to adhere to glass cove
slips previously coated with poly-L-lisine (MW 70 000;
Sigma). The cells were exposed to 1% Triton X-100 for 5
[fiin and then fixed in a 0.1% glutaraldehyde — 4%
paraformaldehyde solution. Next, the samples were incu.
bated in anti-etubulin monoclonal antibody (Sigma, USA)
as described above, and thereafter incubated in goat ant
ouse IgG-20 nm gold conjugated, washed three times ir

Immunocytochemistry
After overnight fixation (4% paraformaldehyde, 0.1%

glutaraldehyde), samples were dehydrated in ethanol & S, dehydrated with ethanol, and critical point dried with

infused in Unicryl (BB International, Cardiff, UK). For S . : N
immunolabeling, sections were washed in PBS/aIbumir?oZ' Unidirectional platinum-carbon shadowing at'@5

3%, quenched in 50 mM NI for 30 min, and subse- and carbon-replication were carried out in a Balzers BAF
quently incubated for 3 h in the presence of monoclonaﬁ
antibodies recognizing-tubulin and acetylated-tubulin
(Sigma Chemical Co., USA). After washing with Tween-
PBS, sections were treated for 1 h at room temperature wi
colloidal gold (10 nm in diameter) conjugated anti-mouse
IgG antibodies (BioCell, UK). Controls were performed by
omission of the primary antibody.

00 freeze-etching machine. Replicas were released in 70¢
ydrofluoric acid, cleaned in 70% sulfuric acid, rinsed in
distilled water, and collected on 200 mesh copper grids
t'|f]hey were then observed in a Zeiss 900 electron microscopt

Results

In trichomonads the axostyle is a ribbon-shaped and promi
nent structure in the cell. It originates anteriorly, close to the
Slam-freezing freeze-etching point of origin of the flagella, where the basal bodies and
Previously fixed or unfixed specimens were fast-frozen byassociated structures are localized (Figs 1, 2, 4) and run
‘slam-freezing’ (Cryopress Med, St Louis, MO, USA). A backwards through the cell to the posterior end, appearing t

Quick-freezing
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narrow slightly but progressively until its terminal segmentWith the nucleus
and turns upon itself forming a tube, which protrudes at th®uring the mitosis, the duplicated axostyles get in touch
cell posterior tip (Fig. 2). Cells in process of division presentvith the nucleus, pressing the nuclear envelope and thu
two axostyles throughout the mitosis and they were nevgrarticipating in the karyokinesis (Figs 5 & 7).
seen depolymerized (not shown). The axostyle is always in
close association with another set of microtubular structuréVith sigmoid filaments
forming the pelta-axostylar system (Figs 1,2, 15). The pelt&igmoid filaments extend between the basal body #2 an
is found at the anterior-most region of the cell, supportinghe pelta (Figs 1, 4, 14). They terminate on the inner surfac
the periflagellar canal and it overlaps with the axostyle antesf the pelta in the region of the peltar-axostyar junction (Fig.
riorly to the nucleus, in the pelta-axostylar junction (Fig. 1).4). These structures do not present any reaction when ant
The total number of microtubules present in thetubulin antibodies are used (Fig. 14).

trichomonad axostyle is about 130 as it was counted using
whole axostyles seen under high voltage electron micrdmmunocytochemistry
scope. Whatever the number of microtubules, they ar&he axostyle showed positive reaction foracetylated
always organized into a single ribbon, wider at the anteriotubulin in Unicryl thin sections (Fig. 14) and for aat-
region of the cell, which is named capitulum (Figs 2, 15fubulin (Fig. 16), in isolated cytoskeleton. Labeling was
16). In cross-sections of cells after high-pressure pressudetected over the pelta-axostylar system and flagella afte
freezing of living cells it was possible to see the microtubuléncubation with gold conjugated secondary antibodies (Figs
wall presenting 13 protofilaments plus a lateral projectiori4 & 16).
made of two additional protofilaments (Figs 9 & 10). In
longitudinal views the microtubules are seen side-by-side
with delicate filamentous bridges connecting them (Figs 8Discussion
11, 15, 17, 18). the periodicity of this linkage was 9 nm.

There are no specific studies concerning the fine structure c
Association of the pelta-axostylar system with cell struc- the axostyle in trichomonads and its interaction with other

tures cell structures. It was suggested that the pelta-axostyla
complex could be a supportive entity, with the pelta rein-
With the smooth-endoplasmic reticulum forcing the periflagellar canal (Honigberg & Brugerolle,

The axostyle is closely associated with smooth-surfaced,990).
ribosome-free membranes, lying close against its surface Routine thin sections of the trichomonads cells do not
(Figs 5,6, 12,13). These membranes are found as vesiclggye all the information needed to conclude the role and the
as seen hy freeze-etching (Fig. 12) or very thin profiles oéxact number and distribution of the microtubules of the
membranous lamina closely attached to the axostyle aloraxostyle. Cryofixation vastly improves the preservation of
the opposite region of the recurrent flagellum when studiedell structure, giving the user confidence that the images
by thin section electron microscopy (Figs 5,6, 13). Byproduced are an accurate representation of the living cell
freeze-etching after slam-freezing of living cells, these vesiThis has allowed better preservation of all trichomonads cel
cles were seen connected to the axostyle microtubules Isgructures, axostyle included. So we performed our studie!
delicate bridges (Fig. 12). After incubation of the cells in ausing complementary techniques such as quick-freezing o
medium containing glucose-6-phosphate, positive reactioliving cells, freeze-substitution and immunocytochemistry.
was seen in profiles of the endoplasmic reticulum, including Some investigators claim that this axostyle is able to
the membranous profiles that follow the axostyle (Fig. 13).depolymerize and disappears during mitosisrathomonas
vaginalis(Brugerolle, 1975; Viscogliosi & Brugerolle, 1994;
With hydrogenosomes Viscogliosi & Delgado-Viscogliosi, 1996; Juliano et al.,
The hydrogenosomes are frequently found following thel986). The cited authors claim that the axostyle is a structur
axostyle in a linear arrangement (Figs 1, 4, 7). Electronthat disappears at the beginning of the division process, an
microscopical observation after quick-freezing allowed usould be depolymerized or ejected from the cell. It was
to find connections between these structures in a form afonsidered that the axostyle is composed of labile micro-
delicate fibers (Fig. 8). The smooth endoplasmic reticuluntubules stabilized by incubation of the cells in the presence
(SER) that follow the axostyle seems to form the peripheradf taxol (Juliano et al., 1986). However, in our studies, the

hydrogenosome vesicle (Fig. 6). axostyle was never seen depolymerized (Batista et al., 198¢
Ribeiro & Benchimol, submitted), even when the cells were
With glycogen under drug treatment using colchicine or vinblastine as

Glycogen granules are often seen in association with thgreviously reported (Silva-Filho & DeSouza, 1986). In the
axostyle, following the microtubules in all its extension, aspresent study, we observed that the axostyle was labele
o particles (rosettes) and alsoflaparticles, which form the with anti ortubulin and anti-acetylated-tubulin antibodies.

rosettes (Figs 1-3, 6). The tubulin acetylated isoform is characteristic of stable
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Fig. 1 General aspect @fritrichomonas foetus a routine thin section preparation. The pelta (P) and axostyle (A) are seen running along the main a
of the cell. Note the sigmoid filaments (S) and the pelta-axostylar junction (J) where the microtubules of both structures overlap (arrowheads). The
hydrogenosomes (H) and glycogen rosettes (GL) are seen following the axostyle (A). G: Golgi complex; C: costa; F: #&p000.

Fig. 2 General view of a Triton X-100 extract&dfoetusas seen with the high voltage electron microscope. The microtubules which form the pelta-
axostylar system are seen. The anterior part of the axostyle is wider, forming the capitulum and posteriorly it turns upon itself forming a tube, the a
trunk. Notice that the flagella (F) emerge from the same point of the costa and microtubules. The recurrent flagellum (R) is kept together with the cc
(C), as well as the glycogen granules (G). X 16 000.

Fig. 3 Freeze-etching view of the axostyle microtubules (A) in association with glycogen (G) in quickTfritiehomonas foetus< 50 000.
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Fig. 4 Routine thin-section trough the anterior regiof ofoetusshowing the basal bodies (B), sigmoid filaments (S), hydrogenosomes (H), Golgi
complex (G) and axostyle (A). The arrow points to the pelta (P) connection to the sigmoid filaments, which extend between the basal body #2 and t
pelta.x 30 000.

Fig. 5 Axostyle (A) of T. foetusn longitudinal view, showing smooth-surfaced membrane (arrowheads) lying close against its surface. Note that the
axostyle seems to constrict the nucleus (N). One hydrogenosome (H) is also seen in close association with the4ix66t/le.

Fig. 6 Axostyle (A) microtubules in cross-section of routinely prepdrefdetus Notice profiles of smooth endoplasmic reticulum in close association
with these microtubules (arrowheads). A similar membrane is seen in continuity with the hydrogenosome (H) peripheral vesicle (arrowhead). G: gly
X 125 000.

Fig. 7 Association of the axostyle (A) with the nucleus (N) during karyokinesis fioetus Hydrogenosomes (H) are also seen in this association.
% 40 000.

Fig. 8 Axostyle microtubules (M) and an adjacent hydrogenosome (H) connected by filamentous structures (arrows) as seen after quick-freeze, de
etching ofT. foetus X 80 000.
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Fig. 9-10 Axostyle (A) ofMonocercomonas sgiter high-pressure freezing, followed by freeze-substitution in acetone-osmium; arrows point to micro
tubules lateral projection presenting two additional protofilaments. The arrowheads point to ribosomes found on the nuclear envelope. N; nucleus. |
x 150 000; Fig. 10x 400 000.

Fig. 11 Deep-etch view of the axostyle microtubuled ofoetusvhere filaments are seen connecting these structures (arroi).000.

Fig. 12 Anterior region ofT. foetusafter slam-freezing and freeze-etching. The row of smooth-surfaced endoplasmic reticulum like membranes (R)
which lie close to the surface of the axostyle and connected by thin filaments (ar8&€)00.

Fig. 13 Partial view ofT. foetusafter cytochemistry for glucose-6-phosphatase. A positive reaction (arrows) is seen in the endoplasmic reticulum,
including the membrane profiles close to the axostyleXAp 000.

Fig. 14 Immunocytochemistry fom-acetylated tubulin using 10 nm gold-conjugated IgG&.ifoetus The labeling is seen over the axostyle micro-
tubules (arrowheads), but not in the sigmoid filaments (S). The flagella (F) and the basal bodies (B) are also48t@06d.
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Fig. 15 General view of the pelta-axostylar system in a Triton X-100 extrdctimbtus The isolated pelta-axostylar structure was processed by quick-
freezing and a freeze-etching replica was obtained. The sigmoid filaments (S) are seen at the pelta (P) region as a special pattern. The axostyle (A
this figure is the wider portion of the capitulum. Note the bridges connecting the microtubules which form the pelta — axostylar system §are0@s).

Fig. 16 Replica of an isolated cytoskeletonToffoetudabeled with gold conjugated anti-acetylatetlibulin. Labeling (arrowheads) is seen over the
axostyle (A) and flagella. Costa (C) and flagella (F) are still connected to the axostyle (A) which is wider at the anterior region, forming the capitulur
Note that costa (C) is unlabeled10 000.

Figs 17-18 Views of freeze-etched. foetusaxostyle (A) microtubules connected by bridges (arrows). Fig« 180 000; Fig. 18: 90 000.
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microtubules (Robson & Burgoyne, 1989), in disagreemenfEutaesaku, 1972; Andre & Thiery, 1963; Dallai & Afzelius,
with the findings of others who claim that this structure is notl991), we were able to examine the individual protofila-
permanent (Juliano et al., 1986; Viscogliosi & Brugerolle,ments in the axostyle microtubules without using any of
1994; Delgado—Viscogliosi et al., 1996). these methodologies but using freeze-substitution in
The axostyle inT. foetusand Monocercomonas si{g&  acetone-osmium tetroxide medium, a fixative harmful to
composed of singlet microtubles appearing to narrovproteins. Variations in the number of protofilaments have
slightly, but progressively until its terminal segment, andoeen described in some cell structures such as the accessc
turns upon itself forming a tube, which protrudes at thdubules of flagellar axonemes in insect spermatozos
cell's posterior tip. Axostyle cross-bridges are seen in longi¢Afzelius & Dallai, 1994) and in developing wings of
tudinal images of replicas of freeze-etched cells after quickdrosophyla melanogastdMogensen et al., 1989). In this
freezing, as previously reported by our group (Benchimol efast work it was found that the microtubules in the transcel-
al., 1993). Similar bridges along the microtubules werdular bundles have 15 protofilaments. Although micro-
described in motile axostyles, presenting a periodicity ofubules with more or less than the usual 13 protofilaments
about 16 nm (Maclintosh, 1974; Grimstone & Clevelandhave been detected in several cell types (Eichenlaub-Ritte
1965; Heuser, 1986). In contractile axostyles, Grimston& Tucker, 1984), it has yet to be ascertained whether micro:
and Cleveland (1965) presented images of axostylaubules with more or less than 13 protofilaments could be
microtubules in longitudinal sections showing regularhook decorated with exogenous tubulin (Mogensen et al.
cross-connections between neighboring microtubule4989). In the axostyle ofSaccinobaculus projections
and showing a periodicity of about 15nm. In theextending from the microtubules of one sheet to the micro-
trichomonads axostyle we found a 9 nm periodicity. It doesubules of the next sheet were seen, although they are n
not present any contraction or movement as observed formed by protofilaments (Woodrum & Linck, 1980).
other axostyles, such as those found @xymonas The axostyle in trichomonads is associated with
Saccinobaculusand Notila flagellates (Grimstone & glycogen granules, profiles of endoplasmic reticulum,
Cleveland, 1965) and also @ryptocercusgut protozoa sigmoid filaments and hydrogenosomes. It is known from
(Mooseker & Tilney, 1973). In these cells the axostylesseveral other cell types that microtubules can be associate
consist of regular arrays of microtubules, the number oWith organelles, such as mitochondria (Smith et al., 1977;
which varies between 100 and 5000 in different species. Odeggeness et al., 1978), Golgi complex (Kreis, 1990), endo
the other hand, Mooseker and Tilney (1973) found ATPasplasmic reticulum (Terasaki et al., 1986), lysosomes
activity in isolated axostyles. They also found that most ofMatteoni & Kreis, 1987) and peroxisomes (Schrader et al.,
the proteins of the isolated axostyle comigrated on SD%996), but there is no information available on hydrogeno-
polyacrylamide gels with dynein, tubulin, nexin and varioussomes. The association between hydrogenosomes ar
secondary proteins of the ciliary axoneme. The axostyle iaxostyle is well known and because of this, these organelle
the flagellates cited above, contains bridges interacting wittvere, at first, named paraxostylar granules (Honigberg e
adjacent rows of microtubules (Mooseker & Tilney, 1973).al., 1971). However, why and how this association exists is
Maclintosh (1974) reserved the term ‘bridges’ for connecan open question. The hydrogenosome is an organell
tions between tubules in adjacent rows (interrow bridgesjlescribed in trichomonads, and also in organisms phyloge
and the word ‘link’ for intrarow connections. As netically distant such as some free-living ciliates, rumen
trichomonads axostyle is composed by only one row, theiliates and chytrid fungi (Chytridiomycetes).
more appropriate term would be ‘link’. We concluded that The shape, intracellular transport and distribution of
there are two sets of linkages holding the microtubules ahost membrane-bound organelles are determined by the
the axostyle in trichomonads. We were not able to find aninteraction with cytoskeleton. Studies performed by
labeling after immunocytochemistry using anti-dynein anti-Benchimol and De Souza (1987), using the high voltage
bodies (not shown). electron microscope, clearly showed the association o
An uncommon sub-structure of the trichomonad axostylénydrogenosomes and the microtubules of the pelta-
microtubules was found. The wall of these microtubulesxostylar system. In the present study we have shown b
presents 13 protofilaments plus an additional arm consistinfgeeze-etching that this association is made by delicate
of two protofilaments forming a projection. We believe thatfibers. The composition of these filaments needs to be
this extra arm is preserved by the fast-freezing methodologgstablished. The association of the hydrogenosome with th
used here, since it was observed after high-pressure freeziagostyle could be explained-as ATP source from
followed by freeze-substitution. This arm sub-structure ifhwydrogenosomes to the axostyle microtubules similar to
different from dynein, a MAP present in several micro-what has been well established between mitochondria an
tubules, since it is found in a single pattern and presents twaicrotubules (Heggeness et al., 1978). On the other hanc
protofilaments. Although microtubules are better preservede observed that during the division process, the
when fixed in glutaraldehyde, and the protofilaments can bbydrogenosomes are distributed between the two daughte
visualized in preparations where tannic acid or negativeells in close association to the axostyle (unpublished
staining are used (Afzelius et al., 1990; Mizuhira &results). Therefore, it seems likely that the linkage betweer



186 BENCHIMOL ET AL.

hydrogenosomes and the axostyle could represent a waypelta, and the endoplasmic reticulum. Further studies ar
assure the correct hydrogenosome distribution during theecessary to clarify functional aspects of this interesting cel
cytokinesis. structure.
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