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Lecudina tuzetae is a parasitic protozoan (Gregarine, Apicomplexa) living in the intestine of a marine polychaete annelid, Nereis diversicolor. Using electron and ﬂuorescence microscopy, we have characterized the dynamic changes in microtubule organization during the sexual phase of the life cycle. The gametocyst excreted from the host
worm into seawater consists of two (one male and one female) gamonts in which cortical microtubule arrays are discernible. Each gamont undergoes multiple nuclear divisions without cytokinesis, resulting in the formation of large multinucleate haploid
cells. After cellularization, 1000 individual gametes are produced from each gamont
within 24 h. Female gametes are spherical and contain interphase cytoplasmic microtubule arrays emanating from a g-tubulin-containing site. In male gametes, both interphase microtubules and a ﬂagellum with ‘‘6 þ 0’’ axonemal microtubules extend
from the same microtubule-organizing site. At the beginning of spore formation, each
zygote secretes a wall to form a sporocyst. Following meiotic and mitotic divisions,
each sporocyst gives rise to eight haploid cells that ultimately differentiate into sporozoites. The ovoid shaped sporocyst is asymmetric and forms at least two distinctive
microtubule arrays: spindle microtubules and microtubule bundles originating from
the protruding apical end corresponding to the dehiscence pole of the sporocyst.
Because antibodies raised against mammalian centrosome components, such as gtubulin, pericentrin, Cep135, and mitosis-speciﬁc phosphoproteins, react strongly with
the microtubule-nucleating sites of Lecudina, this protozoan is likely to share common
centrosomal antigens with higher eukaryotes. Cell Motil. Cytoskeleton 62:195–209,
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Microtubules and Microtubule-Organizing Centers in Lecudina

INTRODUCTION

Microtubules are ubiquitous cytoskeletal ﬁbers
essential for many important biological processes, such
as mitosis, cell motility, intracellular transport, and cell
polarity. To perform the variety of cellular functions,
microtubules are organized into a wide range of higher
order assemblies. Microtubules are dynamic and undergo
drastic changes in their subcellular distribution. Thus,
we expect that developing organisms display highly
dynamic microtubule organization.
Gregarines are members of the protozoan phylum,
Apicomplexa, which include well-studied parasites of
medical and veterinary importance, such as Plasmodium,
Toxoplasma, and Cryptosporidium. Their life cycle is
complex involving tissues in both vertebrate and invertebrate hosts. In contrast, gregarines parasitize primarily
single invertebrate hosts, thus Lecudina tuzetae, a member of the gregarines, lives in the intestine of the marine
polychaete, Nereis diversicolor.
The remarkable life cycle of Lecudina tuzetae has
been elucidated (Fig. 1) [Schrével, 1969]. Trophozoites
in Stage 1 correspond to the in-host stage: they derive
from sporozoites that are not proliferative, but growing
tremendously in size. Concomitant with this growth is
the development of the apical complex characteristic of
this phylum. The sexual stage commences with one male
and one female haploid trophozoites, now called gamonts, associating to form a gametocyst that is released
from the host (Stage 2). An external cyst wall is secreted
during the rotational movement of each gamont, which is
tightly attached to one another through remnants of the
apical complex at the middle of the interface (Stage 3).
Inside the gametocyst, the male and female gamonts
undergo syncytial nuclear divisions to produce hundreds
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of haploid nuclei (Stage 4). After cellularization, spherical female and pear-shaped male gametes are produced
(Stage 5). Each male gamete possesses a ﬂagellum,
which has an abnormal number of axonemal microtubules rather than normal ‘‘9 þ 2’’ pattern [Schrével and
Besse, 1975]. The ﬂagellum is motile [Goldstein and
Schrével, 1982] and believed to generate a slow current
necessary for mixing and fusion of the gametes of opposite sex (Stage 6). Inside the gametocyst, each diploid
zygote secretes a cell wall to form a cyst called the sporocyst (Stage 8). Each sporocyte undergoes successive
meiotic and mitotic divisions to form eight haploid cells
(Stages 9–11), which eventually differentiate into sporozoites (Stage 11). Upon ingestion by the host, the infective sporozoites differentiate into trophozoites (Stage
12). The striking cell division and differentiation in
Lecudina gametocysts provide us with a model apicomplexa to investigate the changes in microtubule organization concomitant with sexual differentiation.
The cytoskeleton of apicomplexa, particularly those
of medical and veterinary interest, has been analyzed
[Morrissette and Sibley, 2002 for a review]. Like other
apicomplexa, the vegetative stage of gregarines appears
to utilize an actin-based gliding motility [Walker et al.,
1979; Schrével and Philippe, 1993; Chen and FanChiang, 2001; Heintzelman, 2004]. Although the presence of microtubules in the cortex of trophozoites and
the apical complex has been described [Schrével and
Philippe, 1993; Dyson et al., 1994], very little is known
about the organization of the microtubule cytoskeleton.
For the initial study of microtubules in Lecudina,
we employed both electron and immunoﬂuorescence
microscopy to characterize microtubule localization and
dynamics with special reference to the microtubuleorganizing center (MTOCs). Here, we report changes in

Fig. 1. A schematic diagram of the life cycle of Lecudina tuzetae. The in-host period is colored yellow (Stages 12, 1, and 2), and green and
blue cells correspond to the stage of gametogenesis (Stages 3–6) and sporogenesis (Stages 7–11), respectively. Stages 1–2: After sporozoites
are released into an intestinal lumen of the polychaete worm, they enter the vegetative growth phase. The cells are now called trophozoites,
which contain prominent nuclei and attach to the intestinal epithelium through a sucker called mucron located at the apex (Stage 1). When
mature, the trophozoites detach from the epithelium and differentiate into male and female gamonts, which become associated with one another
at the apex during the stage so called syzygy (Stage 2). Stages 3–5: An ensheathed gametocyte consisted of male and female gamonts is released
from a host. Two gamonts tightly attach to one another through the apical remnant at the middle of the interface (Stage 3). After undergoing successive nuclear divisions, hundreds of syncytial nuclei are included inside each half of the gamont (Stage 4). Thereafter, membrane-bound
spherical female and ﬂagellated male gametes are produced by cellularization (Stage 5). Stages 6–7: Fusion of the male and female gametes
results in the production of numerous diploid zygotes. Stages 8–11: Each zygote secretes a cell wall to become a sporocyst (Stage 8), which
undergoes meiotic and mitotic divisions (Stages 9–10) to form eight haploid sporozoites (Stage 11). Stage 12: Sporozoites are released upon
ingestion by the host polychaete, Nereis diversicolor.
Fig. 2. Immunoﬂuorescence staining of cortical microtubules in two gamonts during early gametogenesis (Stage 3). Gametocysts ﬁxed at 3 h
after excretion from host animals were observed by conventional epiﬂuorescence (A–C) and confocal ﬂuorescence microscopy (D) after immunostaining with anti-a-tubulin antibodies. (A–A0 ) and (D–D0 ) are two different focal planes of two associated gamonts inside the gametocyte.
Cortical microtubules cover the entire surface of each gamont hemisphere. They run parallel and converge at the polar region (C). Arrows in (A)
indicate the border between two gamonts and the junctional structure formed at the central position is clearly seen in (B). A few mitotic spindles
already appear in the gamonts (arrows in D and D0 ). Bars, 50 lm (A–C) and 10 lm (D and D0 ).
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the microtubule arrays and MTOCs in Lecudina at different developmental stages. Surprisingly, antibodies speciﬁc to mammalian centrosomes reacted well with MTOCs
in Lecudina, indicating that there is sufﬁcient conservation of epitopes in MTOC antigens between mammals
and gregarines.

MATERIALS AND METHODS
Preparation of Annelids and Lecudina Cysts

The polychaete worms, Nereis diversicolor, were collected during May to June on the French coast of the British
Channel near the Museum National d’Histoire Naturelle
Marine Laboratory at Dinard. The animals and parasites
were handled as reported previously [Schrével, 1969; Goldstein and Schrével, 1982]. Brieﬂy, after washing in seawater, each animal was kept at 208C in a separate petridish.
The medium was changed daily, and cysts of Lecudina
tuzetae released from the worms were rinsed with 0.22 lm
ﬁltered seawater-containing antibiotics (100,000 IU/ml penicillin and 10,000 lg/ml streptomycin). Developmental
stages were monitored by visual inspection using phasecontrast microscopy as before [Schrével, 1969].
Cell Preparation and Immunoﬂuorescence
Staining

Gametocysts released from annelids were encased
in mucous. After brief wash in seawater, cells were partially dissociated from the mucous layer, and ﬁxed with
absolute methanol at 208C. Cells were then rehydrated
with 0.05% Tween 20-containing PBS (PBS-TW20) and
individual gametocysts were manually separated under a
dissecting microscope. Several gametocysts placed in a
well of a 10 well-epoxy slide glass (VWR International
France, 94126 Fontenay-sous-Bois) were next incubated
with 20–50 ll of primary antibody solutions, including
mouse monoclonal anti-a-tubulin (Cat. No. T5168; Sigma–
Aldrich, St. Louis, MO), polyclonal and monoclonal anti-gtubulin (Sigma–Aldrich), polyclonal anti-pericentrin (Covalence, Berkeley, CA), polyclonal anti-Cep135 [Ohta et al.,
2002], and monoclonal anti-phosphoprotein antibodies
(mouse IgM] [Kuriyama, 1989]. Primary antibody incubation was done overnight at room temperature. After
washing with PBS-Tw20 for several hours to overnight,
gametocysts were further incubated with secondary antibodies (FITC-conjugated goat anti-mouse IgG plus IgM
and Texas Red-conjugated goat anti-rabbit IgG, Jackson
ImmunoResearch, West Grove, PA). Excess secondary
antibodies were washed out by rinsing with PBS-Tw20
for several hours to overnight. Before mounting in
mounting medium [Ohta et al., 2002], cells were stained
with 1–5 lg/ml DAPI for 5–10 min.

To facilitate antibody penetration, we sometimes
either extracted cells with detergent or squashed gametocysts/sporocysts before ﬁxation. Cells were ﬁrst washed
several times in a microtubule-stabilizing buffer, which
contains 100 mM Pipes at pH 7.0, 10 mM EGTA, 5 mM
MgCl2, and 20% glycerol. After incubation in the same
buffer containing 1% NP-40 for 1–2 min, the samples
were ﬁxed with cold methanol as mentioned earlier. For
preparation of squashed samples, cells in the microtubulestabilizing buffer were placed on a polylysine-coated glass
coverslip. After draining excess solution, another piece of
polylysine coverslip was mounted on the cells, and then
gently pushed while it was being rotated. After separating
two coverslips, they were dipped in 208C methanol for
ﬁxation. Both the upper and lower coverslips were used
for further immunoﬂuorescence staining.
Fluorescence observation was made on a Nikon Eclipse microscope using ImagePro software packages. Confocal microscopy was done with a MRC 1024 device (BioRad)
attached to the lateral port of an inverted Nikon TE300
Eclipse microscope controlled by Lasersharp Software.
Electron Microscopy

Lecudina cysts at different stages of differentiation
were ﬁxed in 6% glutaraldehyde in 100 mM phosphate
buffer (pH 7.3) at 48C for 12–16 h. After washing with
the same buffer containing 0.3 M sucrose, the samples
were postﬁxed with 2% OsO4 for 1 h, then processed
through standard dehydration, inﬁltration and embedding
procedures. The sample blocks embedded in Araldite
were thin sectioned, collected on grids, then stained with
uranyl acetate and lead citrate. Samples were observed
with a Hitachi HU 11 Cs electron microscope.
RESULTS
Determination of Developmental Stages

For determination of the developmental stage of
gametocysts, we ﬁrst conducted time course experiments. Highly infected worms were selected and several
hundreds of gametocysts were collected within a 3-h
period. Aliquots were ﬁxed every 3 h for ﬂuorescence
staining of nuclei and microtubules. Although the gametocysts containing developing spores (Stages 8–10) were
obtained with 24 h, two more days were required to produce mature spores (Stage 11). The time required to
reach each developmental stage is indicated in the text.
Cortical Microtubules in Male and Female
Gamonts

To identify microtubule distribution, we used antia-tubulin antibodies to immunostain methanol ﬁxed gametocysts during early development. A commercially avail-
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Fig. 3. Electron microscopy of
the cortical region of gamonts
(Stage 3). The outermost surface is covered with a dense
wall (W) and below are regularly arranged epicytic folds (F),
which are particularly prominent during early stages of
gametogenesis. At low magniﬁcation shown in (A), abundant
lipid droplets (L) and Golgi
membrane vesicles (G) are detected. In (B), arrows indicate
the position of parallel microtubules detected just below the
epicytic folds (F). Bars, 1 lm.

able anti-a-tubulin antibody (T5168, Sigma–Aldrich) produced strong immunoﬂuorescence staining. Gametogenesis begins inside the associating trophozoite pairs, which
transform into male and female gamonts. These secrete a
mucous wall to form a cyst called the gametocyst (Fig. 1,
Stages 2–3). Figures 2A and 2A0 show two different focal
planes of a gametocyst: the border between two associated
gamonts is visible at the equator (arrows). In Figure 2B,
the junction of two gamonts at the middle of the interface
(Fig. 1, Stage 3) is clearly discerned. A part of one gamont protrudes into other gamont at the equatorial plane
(Fig. 1, Stage 3). It corresponds to the remnant of the apex
of the trophozoite. In each gamont, there are parallel microtubules that encircle the sphere. The concentric microtubules converge at the polar region (Figs. 2A, 2A0 and
C), suggesting that they are derived from the trophozoite.
Microtubule organization continuously changes, as the
gamonts undergo morphological alternations inside the
ensheathed gametocyst. Cortical microtubules are more
clearly observed by confocal microscopy (Figs. 2D and
2D0 ). Concentric arrays of microtubules cover the whole
surface, and there are areas where the regularity of microtubule arrangement is disturbed. In these areas, microtubules
are more highly packed, which may have resulted from the
elongated trophozoite being deformed to a spherical shape.
Arrows in Figures 2D and 2D0 indicate the position of

mitotic spindles; the cells have already begun syncytial
nuclear divisions.
To conﬁrm the presence of cortical microtubules, we
examined the gametocysts by thin section electron microscopy. Figure 3A shows the periphery of an ensheathed
gametocyst: the surface is covered with the electron-dense
cell wall (W), below which is located the regularly arranged
epicytic folds (F). Surface architecture of the fold is common among gregarines and its detailed ultrastructure has
been reported previously [Vivier, 1968; Schrével, 1972;
Schrével et al., 1983]. Particularly prominent is the presence of numerous lipid droplets (L) and Golgi membrane
vesicles (G) in the cortex. At higher magniﬁcations
(Fig. 3B), a group of microtubules are seen just below epicytic folds (F) running parallel to them (arrows). Similar
cortical microtubules have also been observed in trophozoites [Vivier, 1968; Schrével and Philippe, 1993], suggesting that the prominent microtubule architecture in the cortex of gametocytes is derived from the trophozoites.
Mitotic Spindles in Male and Female Gamonts

Once the gametocyst becomes ensheathed, both
male and female gamonts initiate syncytial nuclear divisions (Figs. 2D and 2D0 ). Figure 4A shows an early stage
of nuclear division with about 14 nuclei/chromosomes
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Fig. 4. Fluorescence microscopy of syncytial nuclear divisions
(Stage 4) in gamonts prepared at 3–4 h (A) and 15 h (B and C) after
release from host. The same cells were seen after double staining with
DAPI (A–C) and a-tubulin antibodies (A0 –C0 ). A: A gamont at an

early stage of nuclear division and 16 DNA-containing structures
are seen. Numerous nuclei/chromosomes and spindles/microtubulecontaining structures become evident inside the gamonts at later
developmental stages (B and C). Bar, 50 lm.

revealed by DAPI staining. a-Tubulin immunostaining
shows the presence of microtubule-containing structures
associated with each DAPI-positive structure (Fig. 4A0 ):
some are mitotic spindles, while others are interphase
microtubule arrays. During early stages of nuclear division, the border between the male and female gamonts is
still visible, though weak, at the equator. We could also
see some remnants of long microtubules at the center of
the gametocyst (Fig. 4A0 ). Because cytokinesis does not
take place, multiple nuclear divisions induce numerous
syncytial haploid nuclei (Figs. 4B and 4C). Rapid divisions result in the production of 1000–2000 nuclei and
microtubule structures (Figs. 4B0 and 4C0 ) within a relatively short period (15 h).
Thin section electron microscopy reveals more
details of nuclear division. Figure 5A shows one gamont nucleus surrounded by a double membrane, which
separates the nucleus from other nuclei inside the common cytoplasm. There is a wide nuclear indentation on

one side where microtubules are located. Numerous
membrane vesicles (arrows) are present in this region
running parallel to the microtubules. The microtubules
radiate from the center where the electron-dense disclike structure is located, and this could serve as a microtubule-organizing center (MTOC). Before nuclear division, the MTOC duplicates, which is seen in both cross
section (Fig. 5B) and longitudinal section (Fig. 5C).
The mitotic MTOC appears as a cylindrical structure of
0.1–0.15 lm in diameter and 0.1 lm in length. Polymerized microtubules appear to directly associate with
this structure (Fig. 5B). Each MTOC with associated
microtubules (arrows in Fig. 5D) starts to move apart
and are eventually positioned at opposite ends of the
nucleus (Fig. 5E).
Figures 5F and 5F0 represent two serial thin sections of a nucleus undergoing division: four sets of condensed chromosomes are separating inside the membranebound nucleus. They are connected microtubule bundles
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Fig. 5. Transmission electron microscopy of syncytial nuclear divisions in gamonts at Stage 4. A: An interphase nucleus associated with
cytoplasmic microtubules at one side where a wide nuclear indentation is formed. Membrane vesicles (arrows) are prominent along astral
microtubules. B and C: MTOC duplication at the onset of M phase.
The MTOCs were seen in cross (B) and longitudinal sections (C). D
and E: Migration of the duplicated MTOCs with associated mitotic
microtubules (arrows) toward the opposite end of the nucleus. F and

F0 : Two serial sections of an anaphase cell and only the half of the
spindle region are shown. The spindle microtubules originated from
the pole penetrate into the nucleus to bind the chromosomes. Note the
presence of nuclear membrane vesicles along the microtubules
(arrows). G and H: After chromosomes move towards the opposite
poles, the nucleus starts to be cleaved into two parts. Bars, 0.5 lm (A–
F) and 1 lm (G and H).

originating from the MTOC at the spindle pole. As the
nuclear envelope persists during nuclear division, these
microtubules must penetrate the membrane to connect
with kinetochores on each chromosome. The nuclear
envelope is discontinuous in the area where microtubules cross. Membrane vesicles of various sizes and
shapes run parallel to the spindle microtubules (arrows
in Figs. 5F and 5F0 ). These may indicate that the nuclear
envelope becomes fragmented as microtubules extend

across the membranes. While some microtubules continue through the nucleus, others are kinetochore microtubules that connect the chromosome to the pole. As
chromosomes move toward the poles, the nuclear
indentation disappears and the nucleus starts to protrude
into the polar direction as it elongates (Fig. 5G). When
the chromosomes reach the pole, the cleavage furrows
initiate to pinch off two nuclear parts in the middle
(Fig. 5H).
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Fig. 6. Transmission electron microscopy of cellularization (Stages
4–5). A: The cytoplasm surrounding a nucleus with associated astral
microtubules (arrow) at one side becomes partitioned by the formation
of double membranes at the position indicated by arrowheads and
asterisks. B: At low magniﬁcation, many cellularized gametes are seen

in the compartment at right side. Residual cytoplasm and cell debris
are scattered between newly formed gametes. The cellularization
process in the left side compartment appears to be slower than that
in the counterpart gamont, and many nuclei are still syncytial. Bars,
5 lm (A) and 10 lm (B).

Formation of Haploid Gametes by Cellularization

Microtubule Assemblies in Male and Female
Gametes

After successive nuclear divisions, 1000 nuclei
are produced in each gamont. To differentiate into individual gametes, the cytoplasm surrounding each nucleus
must be partitioned by cell membranes (Fig. 1, Stages
4–5). Figure 6A is an electron micrograph showing one
nucleus with the associated microtubule aster at one
side (arrow). The cytoplasm surrounding the nucleus is
conﬁned by deposition of double membrane vesicles at
the position near the microtubule aster (arrowheads).
Additional membrane vesicles appear to join this preexisting membrane from opposite directions (asterisks),
which allows the membrane to encircle the cytoplasm
and create separate cells. It is important to note that
the abundant Golgi apparatus is frequently seen in the
vicinity of developing cell membranes. This suggests
that the plasma membrane is derived from the Golgi
vesicles. At lower magniﬁcation of the gametocyst
(Fig. 6B), individual gametes are detected in both
male and female segments. Gametes are asynchronously formed inside two segments, and residual cytoplasm and debris are noticeable between the developing
gametes.

Anti-a-tubulin antibody staining reveals the presence of microtubule arrays in both male and female
gametes. Figures 7A1–7A3 represent different focal
planes of the male region of a gametocyst labeled with
the a-tubulin antibody, illustrating that the region is
entirely covered with microtubule-containing ﬁbers
(arrows). Those ﬁbers range from 15 to 20 lm in length
and extend in different directions. They likely correspond to ﬂagella associated with male gametes [Schrével
and Besse, 1975]. Flagella are present throughout the
entire hemisphere as we detect them at different focal
planes (Figs. 7A1–7A3). When the gametocysts are
viewed from different angles, the ﬂagella are seen only
in a restricted area corresponding to the male gamont
(between polar regions at both upper and lower sides
indicated in Fig. 7B1). Although not as conspicuous as
in male gamonts, the female gamont has positive a-tubulin staining, indicating that the male and female gamonts
have different microtubule arrays.
To better observe how microtubules are arranged,
we prepared squashed samples for a-tubulin immuno-
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Fig. 7. Fluorescence staining of gametocytes prepared at 20 h after
release from the host (Stage 5). The same cells are seen after double
staining with DAPI (A and B) and anti-a-tubulin antibodies (A1–A3
and B1–B3). Microtubules located at different focal planes are shown

in A1–A3 and B1–B3. In (B), long microtubules corresponding to the
male ﬂagella are seen only in the central region (between dotted lines).
The female gamonts are located at both polar regions and are devoid
of prominent microtubule ﬁbers. Bar, 50 lm.

Fig. 8. Immunoﬂuorescence staining of microtubules and MTOCs in
female (A and B) and male (C–E) gametes. Gamonts in Stage 5 were
collected at 20–22 h after release from a host animal and immunostained with anti-a-tubulin (A–D). The sample was squashed before
ﬁxation to release the microtubule-containing structures from the
cells. Both the male and female gametes contain interphase microtubule arrays, and ﬂagella are included in the male gametes as indicated

by arrows in (C and D). B and B@: Double staining of the female interphase microtubules with a-tubulin (B) and g-tubulin antibodies (B0 ).
E: Triple-stained structures derived from the male gametes are shown
after deconvolution (green: microtubules, red: g-tubulin, blue: DAPI
staining). Both cytoplasmic microtubules and ﬂagellar axonemal
microtubules originate from the common site containing g-tubulinrelated molecule(s). Bars, 10 lm (A and C) and 5 lm (B, D, and E).
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Fig. 9. Electron microscopy of the male ﬂagella. A: The ﬂagellum
(arrow) originated from the perinuclear MTOC begins to grow out.
Note that the male gamete has already separated from adjacent cells
by cellularization (arrowheads). B: The ﬂagellum runs some distance

inside the cytoplasm before extending as a cellular projection. C:
Cross-sectional view of the ﬂagellum showing unusual ‘‘6 þ 0’’
organization of axonemal microtubules. Bars, 1 lm (A and B) and
0.1 lm (C).

staining (Fig. 8). By applying gentle pressure before ﬁxation, gametocysts were ruptured and released gametes.
In Figure 8A, there are many microtubule-containing
structures and each is derived from each female gamete.
Ten to twenty microtubules of 5 lm length emanate
from the focal center. They likely correspond to the
interphase microtubule clusters located at nuclear indentation as seen by electron microscopy (Fig. 5A). The
focal point of the interphase microtubule arrays is immunostained with anti-centrosomal antibodies raised against
mammalian g-tubulin (Figs. 8B and 8B@). It is thus reasonable that the center serves as a microtubule-nucleating site and Lecudina, a species evolutionally distant
from mammals, expresses g-tubulin that shares a common epitope(s) with the mammalian homologues.
When male gamonts were squashed, we saw slightly different microtubule arrays from those of females
(Figs. 8C and 8D). Male gametes also contain interphase
microtubule assemblies. However, in addition to those
short microtubules radiating from the center, we detect
a thicker and longer ﬁber sticking out from the same
focal center of other shorter microtubules (arrows). Those
ﬁbers represent ﬂagella of the male gametes. The site
where ﬂagellar microtubules originate is stained with
anti-g-tubulin antibodies (Fig. 8E). These results indicate

that the MTOC in the male gamete also serves as basal
bodies.
It has been previously reported that the axonemal
structure of gregarine ﬂagella is different from the highly
conserved ‘‘9 þ 2’’ organization found in a typical axoneme [Desportes, 1970; Schrével and Besse, 1975; Prensier et al., 1980]. Figure 9 shows thin section electron
microscographs of Lecudina ﬂagella. Inside the male gamete surrounded by the cell membrane (arrowheads in Fig.
9A), a ﬂagellum (arrow) extends from the perinuclear
region corresponding to the center for the interphase
microtubule arrays. The cell membrane protrudes at the
site of ﬂagellar budding. Unlike round female gametes,
male gametes show a slightly elongated shape with tapered
ends. This may result from the ﬂagellar protrusion. The
axoneme extends for a signiﬁcant distance inside the cytoplasm before extending out the surface as a typical ﬂagellum (Fig. 9B). In cross-sectional view (Fig. 9C), the membrane-bound axoneme has six doublet microtubules, rather
than nine doublet microtubules. The Lecudina axoneme
does not have central pair microtubules.
Despite their unusual axonemal organization, the
Lecudina ﬂagella are motile [Goldstein and Schrével,
1982]. This motility is believed to generate a slow current
essential for mixing male and female gametes from sepa-
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Fig. 10. A diploid zygote formed by fusion of male and
female gametes (Stages 6–7). Note the presence of two
nuclei derived from each gamete in the cytoplasm and the
axonemal microtubules (arrow) in close association with
one of these nuclei. Bar, 5 lm.

rate compartments into close proximity, which is a prerequisite for fertilization. The cell fusion/fertilization stage
lasts for 3–4 h (data not shown). Figure 10 shows an electron micrograph of a zygote formed by fusion of one male
gamete and one female gamete: two nuclei originated from
each gamete are seen inside the zygote where the ﬂagellum
derived from the male gamete is also present (arrow).
Meiotic/Mitotic Spindles and Interphase
Microtubule Arrays in the Sporocyst

After cell fusion, the zygotes secrete a cell wall to
form a sporocyst that is closely apposed to other sporocysts inside the gametocyst. Thereafter, the sporocyst
undergoes meiosis followed by a round of mitosis to produce eight haploid sporozoites (Stages 8–12 of Fig. 1).
Figure 11A is a phase-contrast micrograph of dispersed
sporocysts prepared from squashed samples. Each sporocyst is full of large amylopectin granules that are believed
to serve as a nutritional storage for further development
of the sporozoite. Immunoﬂuorescence staining shows
the presence of prominent microtubule arrays inside each
sporocyst (Fig. 11A0 ). At higher magniﬁcation, relatively
thick microtubule bundles emanate from one end of the
cyst (Fig. 11B). To examine whether the apical end of the
cyst serves as a microtubule-organizing site, we immunostained the dispersed sporocyst with anti-centrosomal
antibodies. Figure 11C is a merged image of a-tubulin
(green) and g-tubulin (red) staining: a Lecudina protein(s) closely related to mammalian g-tubulin is indeed
present at the site where microtubules emanate from.

This positive cross-reactivity with mammalian g-tubulin
antibody prompted us to examine whether other mammalian centrosomal antigens are located at the microtubule-originating site as well. Figures 11D0 and 11E0 demonstrate the localization of pericentrin in the sporocyst
double stained with DAPI (Fig. 11D) and g-tubulin (Fig.
11E). It is evident that pericentrin and g-tubulin colocalize (Fig. 11E@).
An immunostained sporocyte shown in Figure 11F
was taken after deconvolution. It is undergoing the ﬁrst
nuclear division: chromosomes stained by DAPI (blue) are
seen at the midzone of the spindle visualized by a-tubulin
antibody staining (green). Antibody speciﬁc to Cep135
(red) originally identiﬁed as a scaffolding protein of the
mammalian centrosome [Ohta et al., 2002] stains the spindle pole. Like g-tubulin and pericentrin, Cep135/Cep135related molecules are also present in the apical end of the
cyst. MTOCs are known to be associated with a subset of
phosphorylated polypeptides enriched in mitotic cells
[Vandre et al., 1984; Kuriyama, 1989]. In Figure 11G, dispersed Lecudina sporocysts are shown after immunostaining with the anti-phosphoprotein antibodies: the antigen is
clearly localized at the apical end of each sporocyst (Figs.
10G and 10H). These results strongly suggest that Lecudina MTOCs contain components similar to those found in
mammalian centrosomes.
DISCUSSION

We have used the apicomplexan, Lecudina tuzetae,
to study the cytoskeletal organization of microtubules and
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Fig. 11. Distribution of microtubules and mammalian centrosomal
antigens in sporocysts ﬁxed at 27 h after release from a host animal
(Stages 8–11). A and B: Dissociated individual sporocysts prepared
from squashed samples were stained with a-tubulin antibodies. The
same structures were seen by phase contrast (A) and ﬂuorescence
microscopy (A0 ). C–H: Immunostaining of sporocyst with mammalian
centrosomal antibodies speciﬁc to g-tubulin (g: C, E), pericentrin
(peri: D0 , E0 ), Cep135 (Cep: F), and phosphoepitopes (Pi: G and H). In
(D), the same structures were also seen by DAPI staining. Merged
images of a-tubulin/g-tubulin and g-tubulin/pericentrin are shown in

(C) and (D), respectively. A triple-stained structure in (F) was
obtained after deconvolution (green: microtubules, red: Cep135, blue:
DAPI staining). G: Double exposed image of phase-contrast and ﬂuorescence microscopy. The sporocyst contains microtubule arrays originated from one side of the cyst where MTOC components recognized
by mammalian centrosomal antibodies are present. Note the spindle
formed in the dividing sporocyte in (F). A Cep135-related molecule(s)
is at both the spindle pole and the apical end of the sporocyst. Bars,
10 lm (A, D, G, and H) and 5 lm (B–F).

their nucleating centers during sexual development. The
accessibility of all developmental stages, including gamont
association, gametogenesis, fertilization, and spore formation, makes this a suitable model for other apicomplexa
with more complex life cycles. Our studies reveal unique
microtubule arrays at different stages of the life cycle and
further indicated that there is sufﬁcient conservation of
epitopes in MTOC antigens to use antibodies raised
against mammalian centrosomal proteins.
Microtubule assemblies identiﬁed in the parasitic
protozoan include: (1) Parallel arrays of microtubules in
the trophozoite and gamonts formed by association of a
male and a female gamonts, (2) Mitotic spindles in haploid gamonts undergoing successive nuclear divisions,
(3) Interphase cytoplasmic microtubules and ﬂagella

induced in haploid gametes, (4) Meiotic and mitotic spindles in sporocysts, and ﬁnally, (5) Microtubule arrays
emanating from the apical side of the sporocyst.
Cortical Microtubules in the Gametocyte

The presence of subpellicular microtubules has
been noted in trophozoites of Lecudina by electron
microscopy [Vivier, 1968]. They radiate from the apical
complex located at one end of the cell. After two trophozoites associate, they give rise to the male and female
gamonts of the gametocyst. The characteristic junctional
complex is discernible between the gamonts by staining
with tubulin antibodies. At this junction, the remnant of
the apical region of the Lecudina trophozoites [Schrével,
1969] is seen by microtubule staining (Figs. 1 (Stage 3)
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and 2B). The microtubule arrays also persist inside the
gamonts during early gametogenesis (Fig. 4A0 ). This is
consistent with the previous observation that the subpellicular/apical microtubules in trophozoites are relatively
stable [Morrissette et al., 1997]. The two gamonts undergo
drastic morphological changes to become a round gametocyst, and microtubule architecture is modiﬁed with the
cell shape change. It would be interesting to monitor the
dynamic reorganization of cortical microtubules with
time-lapse ﬂuorescence microscopy using tagged tubulin
probes. As cells undergo repeated syncytial nuclear divisions, remnants of cortical microtubules eventually disappear (Figs. 4B and 4C). It is unknown how the cortical
microtubules, but not spindle microtubules, are selectively disintegrated inside the common cytoplasmic environment.
Nuclear Division in Male and Female Gamonts

As in other apicomplexan nuclear division, that of
gregarines does not involve nuclear envelope breakdown
[Hollande, 1972]. Spindle microtubules originate from
the disc-like MTOC structure located outside the nucleus.
At the onset of M phase, the duplicated MTOCs split and
migrate toward the opposite sides of the nucleus to give
rise to the half spindles. During interphase, microtubules
are also assembled from the same position. The microtubule-nucleating activity of mammalian centrosomes is
known to change according to the cell cycle, and 5
times more microtubules are polymerized onto the
centrosome prepared from mitotic cells than that of interphase cells [Kuriyama and Borisy, 1981]. It is thus interesting to examine whether the Lecudina MTOC induces
microtubule nucleation in a cell-cycle-dependent manner.
In Lecudina mitotic gamonts, we detected few, if
any, astral microtubules in the spindle. Because no cytokinesis occurs, the spindle may not require astral microtubules for mitosis. To form the aster-less spindle, minusend-directed motor proteins may play a central role as
shown in Drosophila male germ cells [Theurkauf and
Hawley, 1992]. To assemble microtubules that preferentially elongate toward the nucleus, molecules and/or protein complexes required for microtubule nucleation may
be enriched at the side facing to the nucleus. Alternatively, outward growth of microtubules onto the MTOC
might simply be blocked by the presence of other cytoplasmic organelles, such as Golgi and lipid droplets, at
the distal region (Figs. 5F and 5F0 ).
The nucleus has a wide indentation at one side.
Because such space is almost entirely occupied by
microtubules (Fig. 5A), one may speculate that the
indentation was created by pushing forces generated by
growing microtubules. It would be worth mentioning
that microtubules emanating from the MTOC frequently
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terminate to an electron-dense structure covering the
nuclear surface (Fig. 5A). Those materials could be
important to protect the surface from the microtubule
invasion. To establish the mitotic spindle, microtubules
penetrate inside the nucleus during mitosis: either the
nuclear envelope or the electron-dense structure, or both,
may become penetrable to microtubules during M phase.
Cellularization and Fertilization of the Gametes

Because cytokinesis does not take place, successive nuclear divisions result in the formation of hundreds
of haploid nuclei inside the gamonts. To form individual
cells, the cytoplasm surrounding each nucleus must be
partitioned by formation of new plasma membranes. We
noted the presence of abundant Golgi apparatus near the
forming cell membranes (Fig. 6A). This may indicate
that the cell membrane is formed by fusion of Golgi
membrane vesicles. Electron microscopic observation
also showed that there is abundant residual cytoplasm
between the gametes (Fig. 6B). The cellular debris is
consistent with expressed sequence tag data, indicating
that gametocyst development involves degradation and
recycling [Omoto et al., 2004]. Molecules and structures
that are no longer required may be discarded or recycled.
Alternatively, deposition of membrane vesicles between
nuclei may not always be complete. Thus, the area that
has failed to be surrounded by fusing membrane vesicles
may remain as the residual cytoplasm.
At early stage of gametogenesis, two trophozoites
associate with one another in a stage called syzygy.
Because they eventually differentiate into male and female gamonts, the paired trophozoites must carry the
characteristics of the opposite sexes. Likewise, only one
male and female gametes fuse after coming into close
proximity by the action of ﬂagellar movement [Goldstein
and Schrével, 1982]. It would be interesting to know
how a gamete selects an appropriate partner from many
other candidates in the vicinity.
Flagellar and Cytoplasmic Microtubule Arrays in
the Gametes

The process of gametogenesis produces spherical female gametes and pear-shaped ﬂagellated male gametes.
All gametes contain cytoplasmic microtubules that are
organized from the MTOC located at the juxtanuclear
position. It is important to note that the same MTOC
serves as the spindle pole for assembly of mitotic microtubules. In addition to interphase microtubule arrays, the
interphase MTOC also nucleates the ﬂagellar microtubules (Figs. 8 and 9). As with other apicomplexan ﬂagella, the axoneme is assembled in the cytoplasm and
matures into a ﬂagellum that extends out as an appendage [Sinden et al., 1976]. This type of ﬂagellar formation, such as that found in Plasmodium falciparum, may
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be called cytosolic biogenesis in contrast to compartmentalized construction observed for ﬂagella that originate from a basal body located just below the plasma
membrane [Avidor-Reiss et al., 2004].
Instead of having a normal ‘‘9 þ 2’’ microtubule
organization, Lecudina ﬂagella contain an unusual ‘‘6 þ
0’’ axonemal structure (Fig. 9C). Because the ‘‘9 þ 2’’
structure is based on a template of nine triplets microtubules of the basal body, it is likely that the MTOC that
serves as a template for Lecudina ﬂagella must be
unusual. By electron microscopy, it has previously been
reported that the unusual Lecudina axoneme does not
terminate in triplet microtubules. Rather, it directly continues to the basal body consisted of a cylinder of dense
material with about 0.13–0.14 lm in diameter and
0.25 lm in length [Schrével and Besse, 1975].
Microtubules Included in the Sporocyst

After fertilization, the diploid zygyote undergoes
three nuclear divisions, meiosis I, meiosis II, and mitosis
[Grell, 1940]. Besides mitotic and meiotic spindles, we
identiﬁed a new microtubule assembly inside sporocysts
consisting of a microtubule arrays originating from the
protruding apical end. This apical region labels with
antibodies to mammalian centrosome proteins. As those
microtubules appear to encircle the entire sporocyst, they
may function to maintain proper distribution of nuclei
inside the cyst. Alternatively, the microtubules may play
a role in controlling the plane of cell division; thus, they
ultimately determine the polarity of sporocysts. We
noted that, during ﬁrst nuclear division, such microtubule
arrays are not recognizable (Fig. 11F). Like in cultured
mammalian cells, the interphase microtubules may be
depolymerized during cell division inside the Lecudina
sporocyst.
MTOCs and MTOC Components in Lecudina

Microtubules are organized from electron-dense
amorphous structures collectively called the MTOCs.
Lecudina induces various microtubule assemblies at
different developmental stages. Each assembly is associated with the dense structures that serve as MTOCs. The
Lecudina MTOCs are labeled with antibodies raised against
mammalian centrosomal proteins, including g-tubulin,
pericentrin, Cep135, and mitosis-speciﬁc phosphoproteins (Figs. 8 and 11). g-Tubulin is known to be responsible for microtubule nucleation by a constructing multiprotein ring structure called g-tubulin ring complex (gTuRC) [Zheng et al., 1995]: individual microtubules are
nucleated from each g-TuRC [Moritz et al., 1995]. As gtubulin is highly conserved among species, cross-reactivity of mammalian g-tubulin antibodies to Lecudina
would not be surprising. Likewise, a subset of phosphoproteins located at certain locations in mitotic and/or

meiotic cells are detected in a wide range of organisms
[Vandre et al., 1984]. Therefore, we expect to detect the
common epitope in MTOCs of Lecudina. Pericentrin and
Cep135 are highly coiled-coil scaffolding proteins
required for maintaining the structural integrity of the
pericentriolar material/centrosome [Doxsey et al., 1994;
Dictenberg et al., 1998; Ohta et al., 2002]. Because the
primary sequences of these proteins are not well conserved among species, antibodies speciﬁc to mammalian
pericentrin/Cep135 have poorly recognized antigens in
non-mammals. It was thus surprising to ﬁnd that Lecudina MTOCs are indeed able to cross-react with these
antibodies. Pericentrin-like and Cep135-like MTOC
components of Lecudina may have exceptionally similar
secondary and/or tertiary structures to those of mammalian proteins to be recognized by the antibodies. Genome
analysis of gregarines will provide us with additional
information and will be a useful tool to understand
the evolution of microtubule organization in the Apicomplexa.
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locomotion. J Protozool 15:230–246.
Walker MH, Mackenzie C, Bainbridge S, Orme C. 1979. A study of
the structure and gliding movement of Gregarina garnhami. J
Protozool 26:566–574.
Zheng Y, Wong ML, Alberts B, Mitchison T. 1995. Nucleation of
microtubule assembly by a g-tubulin-containing ring complex.
Nature 378:578–583.

