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The gene encoding the membrane occupation and recognition nexus protein MORN1 is conserved across the
Apicomplexa. In Toxoplasma gondii, MORN1 is associated with the spindle poles, the anterior and posterior
rings of the inner membrane complex (IMC). The present study examines the localization of MORN1 during
the coccidian development of T. gondii and three Eimeria species (in the definitive host) and erythrocytic
schizogony of Plasmodium falciparum. During asexual proliferation, MORN1 is associated with the posterior
ring of the IMCs of the multiple daughters forming during T. gondii endopolygeny and schizogony in Eimeria
and P. falciparum. Furthermore, the expression of P. falciparum MORN1 protein peaked in late schizogony.
These data fit a model with a conserved role for MORN1 during IMC assembly in all variations of asexual
development. An important new observation is the reactivity of MORN1 antibody with certain sexual stages in
T. gondii and Eimeria species. Here MORN1 is organized as a ring-like structure where the microgametes bud
from the microgametocyte while in mature microgametes it is present near the flagellar basal bodies and
mitochondrion. These observations suggest a conserved role for MORN1 in both asexual and sexual develop-
ment across the Apicomplexa.

Protozoan parasites of the phylum Apicomplexa cause many
diseases that interfere with human well-being. Several diseases
affect humans directly, for example malaria (Plasmodium spe-
cies), toxoplasmosis (Toxoplasma gondii), and cryptosporidi-
osis (Cryptosporidium parvum), whereas various parasites (Ei-
meria, Theileria, Babesia, and Sacrocystis species plus Neospora
caninum and T. gondii) can affect domestic animals. The life
cycles of apicomplexan parasites are extremely variable, em-
ploying various methods of transmission between hosts, which
can involve direct transmission (the fecal/oral route, e.g., Ei-
meria species), insect vectors (e.g., Plasmodium, Theileria, and
Babesia species), intermediate hosts (e.g., the cyst-forming
Coccidia, such as T. gondii), or vertical transmission (mother to
offspring, e.g., N. caninum and T. gondii). In all cases, the life
cycle involves both asexual and sexual development and, as
obligate intracellular parasites, most of this development oc-
curs within the confines of host cells.

Within the Apicomplexa, there have been numerous studies
of both asexual and sexual development, but this has been
limited to morphological studies of in vivo development with
the exception of the few parasite stages that can be maintained
in culture. In the case of asexual division, the start and end
points are always the same: an (increased number of) invasion-
competent motile “zoite” (Fig. 1). However, ultrastructural
studies have identified four variations of the asexual process
related to differences in the number and timing of DNA rep-

lication and nuclear division and the location of daughter for-
mation, which result in distinctive morphological features (11,
14, 30, 35, 38, 40) summarized in Fig. 1. The vast majority of
species in all genera of the Apicomplexa undergo a process
termed schizogony in which large numbers (ranging from 16 to
many hundreds) of daughters are formed simultaneously from
one invading zoite. The process involves repeated cycles of
DNA replication and nuclear division, giving rise to a multinu-
cleated stage, followed by daughter cell formation, which is
associated with budding from the surface of the mother cell
(Fig. 1). However, within a subgroup of the Coccidia, termed
the cyst-forming Coccidia, three additional processes can be
identified (Fig. 1). All three processes differ from schizogony in
that daughter formation takes place within the mother cell
cytoplasm, but the processes differ from each other in the
number of DNA replication cycles and timing of nuclear divi-
sion (Fig. 1). The terms schizogony, endodyogeny, Toxoplasma
endopolygeny for the process undergone by T. gondii in the
definite host, and Sarcocystis endopolygeny for that undergone
by Sarcocystis species in the intermediate host were proposed
previously (reviewed in reference 14).

The most extensively studied division process is the simplest
form, endodyogeny, undergone by the tachyzoite of T. gondii in
which two daughters are formed (15, 16, 18, 19, 31, 35, 39).
One of the earliest steps in endodyogeny is the duplication of
the centrosome (16, 31, 39), which appears to provide the
spatial nucleation cue for the development of two new daugh-
ter cytoskeleton scaffolds (15, 18, 19). The new scaffolds de-
velop into cone-shaped structures with the open end always
directed toward the nuclear poles/centrosome (15, 22, 29, 35).
These daughter cytoskeletal scaffolds are composed of a com-
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bination of flattened vesicles and intermediate filaments with
underlying microtubules, collectively known as the inner mem-
brane complex (IMC). The IMC grows posteriorly and forms a
scaffold for new organelle assembly and segregation (19, 40).
Finally, the mother’s cytoskeleton is disassembled and the mother
cell plasma membrane encloses the emerging daughters. In a
recent study, it was shown that the protein TgMORN1 is associ-
ated with endodyogeny (15). With the use of an antibody to
recombinant TgMORN1, it has previously been shown that the
protein was located in the nuclear pole and the free ends of the
IMC, with weak staining of the anterior polar ring and stronger
staining of the posterior ring of the mature tachyzoite (15).
During endodyogeny, the protein was prominently associated
with the open end of the daughter IMC as it grew posteriorly
(15). Therefore, the first question investigated in the present
study was whether MORN1 played a similar role in Toxo-
plasma endopolygeny during coccidian development. This mat-
ter was examined during asexual development within the small

intestine of the cat by using immunocytochemistry. In addition,
MORN1 homologues are conserved in a number of apicom-
plexan species (15), which raises the question of a possible
conserved role for MORN1 during development across the
Apicomplexa. The present study was extended to examine
asexual development during schizogony of Eimeria tenella, Ei-
meria acervulina, and Eimeria maxima in the ceca and small
intestines of the chicken and Plasmodium falciparum within in
vitro-cultured erythrocytes.

With the exception of Plasmodium species, where the sexual
stages can be observed in the insect blood meal or the process
of gamete development can be stimulated in vitro, our knowl-
edge of sexual development has almost exclusively been lim-
ited to in vivo morphology and a few immunohistological stud-
ies (23, 37). To date, the sexual stages of all coccidian parasites
have proven refractile to cell-culturing techniques, which has
made applying modern molecular techniques difficult. Within
the Coccidia, sexual development involves the formation of
distinctive micro- and macrogametes that fuse to form a zy-
gote. The zygote is the only diploid stage and immediately
undergoes meiotic division, making all the asexual stages hap-
loid. Within the definitive host, after a number of asexual
cycles, merozoites entering new host cells can develop into
either microgametocytes or macrogametocytes rather than un-
dergoing another round of asexual proliferation. Since the
parasite is haploid and there are no sex chromosomes, this
development must represent a phenotypic change. However,
the factors controlling the conversion to sexual development
and the factors controlling whether a merozoite will develop
into a micro- or macrogametocyte are unknown. The micro-
gametocyte gives rise to a number (ranging from 30 to many
hundreds) of microgametes, which bud from the surface of the
mother cell (7, 11, 33). The motile microgametes are unique
within the coccidian life cycle in possessing flagella. In contrast,
macrogametogony involves an increase in size, but no nuclear
division, and the synthesis of material required for oocyst wall
formation (wall-forming bodies) and storage (polysaccharide
granules and lipid droplets) to allow the mature macrogamete
to develop into the oocyst and undergo sporulation in the external
environment (8, 12, 34). In the present study, while examining
the asexual development in the definitive host, we also exam-
ined the expression of MORN1 during sexual development in
T. gondii and in the three species of Eimeria. An unexpected
finding was the observation that MORN1 was involved with the
budding process during microgamete formation and was also
present within the mature microgamete. Thus, MORN1 ap-
pears to play a conserved, possibly structural role in both
asexual and sexual development.

MATERIALS AND METHODS

Parasites. (i) T. gondii. The coccidian stages of T. gondii were examined in the
small intestines of cats as described previously (9).

(ii) E. tenella, E. acervulina, and E. maxima. Samples of small intestine (E.
maxima and E. acervulina) or cecum (E. tenella) were taken from chickens
autopsied at various intervals postinfection by using a technique described pre-
viously (14).

(iii) P. falciparum. The process of schizogony was examined in the A4 strain of
P. falciparum grown in human erythrocytes by using techniques described pre-
viously (42).

FIG. 1. Apicomplexan cell division flexibility. (A) The beginning
and end product of division is the host cell invasion-competent “zoite.”
Endodyogeny (A to C) is the formation of two daughters through
internal budding. In schizogony (A and D to F), parasites first go
through multiple rounds of DNA replication and mitosis before bud-
ding and this is set apart from other strategies in that budding takes
place at the plasma membrane. Division by endopolygeny, as carried
out by T. gondii in the cat gut (A, D, G, and H), also involves multiple
rounds of DNA replication and mitosis, but budding takes place in-
ternally within the cytoplasm. Endopolygeny, as undergone by Sarco-
cystis neurona (A and H to J), goes through several rounds of DNA
replication but omits karyokineses, and budding takes place internally
within the cytoplasm. Daughter cell budding in schizogony and both
forms of endodyogeny is dependent on a final round of DNA replica-
tion and mitosis and, in this last round, is very reminiscent of
endodyogeny. The nucleus is shown in light blue, the cytoskeleton is
shown in red (IMC-positive subpellicular microtubules), and apical
rhoptry organelles are presented in green. The black “knobs” on the
nucleus represent the spindle pole/centriolar complex.
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Antibodies. (i) Anti-TgMORN1. Anti-TgMORN1 is an affinity-purified rabbit
antibody against the recombinant membrane occupation and recognition nexus
protein 1 (MORN1) of T. gondii (15).

(ii) Anti-TgIMC1. Anti-TgIMC1 is a monoclonal mouse antibody that recog-
nizes the T. gondii IMC protein 1 (IMC1) (26) (kindly provided by Gary Ward,
University of Vermont).

(iii) Anti-TgENO2. Anti-TgENO2 is a mouse antibody that recognizes the
enolase 2 (ENO2) isoform of T. gondii, which weakly stains the cytoplasm and
strongly stains the nuclei in actively developing parasites (13) (kindly provided by
Stan Tomavo, Universite des Sciences et Technologies de Lille, France).

(iv) Anti-TgENR. Anti-TgENR is a mouse antibody that recognizes the enoyl
reductase (ENR) of T. gondii, which is located in the apicoplast (10).

(v) Anti-TgGRA7. Anti-TgGRA7 is a mouse monoclonal antibody to the dense
granule protein 7 (GRA7) (20) that stains the parasitophorous vacuole and the
dense granules within the merozoites (9) (kindly provided by D. Jacobs, Inno-
genetics NV, Belgium).

(vi) Anti-EtENR. Anti-EtENR is a mouse antibody to E. tenella ENR, which
identifies the apicoplast in Eimeria species (14).

(vii) Anti-EtAMA2. Anti-EtAMA2 is protein that recognizes the apical mem-
brane antigen 2 protein (AMA2) that is located in the micronemes of the
merozoites of E. tenella (F. Tomley, unpublished data).

(viii) Anti-EmAPGA. Anti-EmAPGA is a protein raised against affinity-puri-
fied gametocyte antigens (APGA) of E. maxima that recognizes the wall-forming
bodies within the macrogamete and the oocyst wall (5).

Histology and immunocytochemistry. Portions of the small intestine or cecum
(E. tenella) were removed and fixed in 2% paraformaldehyde in 0.1 M phosphate
buffer, dehydrated, and embedded in wax. For histology, sections were stained with
hematoxylin and eosin. For immunocytochemistry, sections were dewaxed and pres-
sure cooked prior to immunolabeling. The sections were single labeled with anti-
MORN1 or were double labeled with anti-TgMORN1 combined with one of the
following: anti-TgENR, anti-TgIMC1, anti-TgENO2, anti-TgGRA7, anti-EtENR,
anti-EmAPGA, or anti-EtAMA2. After tissue sections were washed, the location of
the primary antibody was visualized by using either goat anti-rabbit immunoglobulin
(Ig) conjugated to fluorescein isothiocyanate (FITC) for single labeling or a mixture
of anti-rabbit Ig conjugated to FITC and goat anti-mouse Ig-conjugated Texas Red.
After being washed, the sections were exposed to 4�,6�-diamindino-2-phenylindole
(DAPI), washed, and mounted. Sections were examined by using a fluorescence
microscope, and images were recorded by using Openlab software (Improvision).

Smears of sporozoites of E. tenella and P. falciparum-infected erythrocytes
containing mature parasites were fixed in 2% paraformaldehyde and then ace-
tone before being air dried. The smears of P. falciparum were pretreated by an
antigen-retrieval method involving heat treatment (80°C) in citrate buffer prior
to staining with anti-TgMORN1. After blocking with 1% bovine serum albumin
(BSA)-phosphate-buffered saline (PBS), slides of both parasites were stained
with anti-TgMORN1, washed, and visualized with goat anti-rabbit Ig conjugated
to FITC. Slides were exposed to DAPI and mounted prior to examination.

Electron microscopy and immunoelectron microscopy. Small pieces of the
surface mucosa of the small intestine or cecum were fixed in 4% glutaraldehyde
in 0.1 M phosphate buffer for routine electron microscopy. For transmission
electron microscopy, the samples were postfixed in osmium tetroxide, dehy-
drated in ethanol, treated with propylene oxide, and embedded in Spurr’s epoxy
resin. Sections were stained with uranyl acetate and lead citrate prior to exam-
ination with a JEOL 1200EX electron microscope (9). For scanning electron
microscopy, small slices (through the mucosa) were dehydrated, critical point
dried, mounted on stubs, sputter coated with gold, and examined under a Philips
505 scanning electron microscope.

For immunoelectron microscopy, small pieces of tissue were fixed in 2% para-
formaldehyde in 0.1 M phosphate buffer, dehydrated, and embedded in LR White
acrylic resin. Thin sections on Formvar-coated nickel grids were floated on drops of
1% BSA in PBS to block nonspecific staining, followed with the use of primary
antibody, anti-TgMORN1. After being washed, sections were floated on drops of
goat anti-rabbit Ig conjugated to 10-nm gold particles. The sections were stained with
uranyl acetate prior to examination with the electron microscope (9).

P. falciparum cell fractionation. Synchronous cultures of P. falciparum para-
sites were harvested at the ring stage (6 to 12 h), the trophozoite stage (18 to
24 h), and the schizont stage (36 to 42 h). Cells were solubilized in 150 mM NaCl,
5 mM EDTA, 50 mM Tris (pH 8.0), 1% Triton X-100 with protease inhibitors to
generate the Triton X-100-soluble fraction. Triton X-100-insoluble pellets were
then extracted in the same buffer supplemented with 2% sodium dodecyl sulfate
(SDS) to produce the Triton X-100-insoluble, SDS-soluble fraction. Cocultured
uninfected human red blood cells were processed as described above to provide
control samples for subsequent analysis. The samples were subjected to SDS-
polyacrylamide gel electrophoresis (10% acrylamide) and blotted onto nitrocel-

lulose membranes. Immunodetection was carried out using ECL reagents
(Amersham) with anti-TgMORN1 antibody (1:1,000 dilution) and peroxidase-
conjugated swine anti-rabbit secondary antibody (1:1,000 dilution; DAKO).

E. tenella-stage isolation and Western blotting. (i) Sporozoites. Sporozoites
were recovered from cleaned oocysts by in vitro excystation and purified by anion
exchange chromatography over columns of nylon wool and DE-52 cellulose (32).

(ii) In vitro first-generation schizogony. Monolayers of Madin-Darby bovine
kidney cells (Flow Laboratories) were seeded into 24-well culture plates (Nunc)
in Ham’s F-12 nutrient medium with 10% fetal calf serum and infected with
250,000 freshly sporulated sporozoites. Cells were then cultured at 41°C in 5%
CO2 until first-generation schizonts were observed. Samples were taken at 40 h
(mid-stage schizonts) and 55 h (late-stage schizonts) postinfection. The cell
medium was aspirated, the monolayers were washed three times, the number of
schizonts per well was counted, and cells were scraped into 100 �l PBS contain-
ing protease inhibitors.

(iii) In vivo second-generation merozoites. Second-generation merozoites
were recovered from the cecal mucosa of chickens at 112 h after oral inoculation
with 5 � 105 sporulated oocysts (36).

(iv) Gametocytes. Chickens at 4 weeks of age were infected with 10,000
oocysts. The chickens were killed at 143 to 145 h postinfection, and the ceca were
removed and washed with cold SAC (170 mM NaCl, 10 mM Tris-HCl, pH 7, 10
mM glucose, 5 mM CaCl2, 1 mM phenylmethanesulfonyl fluoride, 1 mg ml�1

BSA). The ceca were slit open and incubated at 37°C in a beaker with 0.5 mg
ml�1 hyaluronidase in SAC (five ceca in 50 ml). The ceca were placed on top of
a 17-�m mesh filter, and the mucosae were washed through with SAC (room
temperature). The material left on the mesh was discarded, and the flowthrough
was filtered through a 10-�m mesh filter. The gametocytes accumulated on this
filter and were washed off with SAC and centrifuged at 800 � g for 5 min (44).

The Western blot analysis was set up using standard procedures. Proteins from
each sample were resolved by electrophoresis through 4 to 15% gradient SDS-
polyacrylamide gel electrophoresis gels and transferred to nitrocellulose mem-
branes by semidry blotting. Nonspecific binding sites were blocked by incubation
for 1 h in 5% BSA in PBS, and then filters were probed with anti-MORN1,
followed by goat anti-rabbit IgG conjugated to horseradish peroxidase. Binding
was visualized by ECL (Amersham).

RESULTS

Asexual replication of T. gondii in the definite host by en-
dopolygeny. The asexual development of T. gondii in the cat
intestine has previously been described as involving a prolifer-
ative phase with repeated nuclear divisions, followed by a dif-
ferentiation phase involving daughter formation. Daughter
formation is initiated within the mother cell cytoplasm and
progresses internally (Fig. 1 and 2A). Because more than two
daughters are forming, this mechanism has been termed en-
dopolygeny (11, 14, 30). The process was examined by double-
labeled immunofluorescence using anti-TgMORN1 combined
with anti-ENR, anti-ENO2, anti-GRA7, or anti-IMC1 to assist
in identifying the individual developmental stages. It was ob-
served that the early multinucleate stages, possessing elongate
and branched ENR-positive apicoplasts, were unstained with
MORN1 (data not shown). However, in the later stages, with
multiple fragmented ENR-positive apicoplasts and ENO2-pos-
itive nuclei, there were multiple MORN1-positive ring-like
structures distributed within the mother cell cytoplasm (Fig.
2C). To identify the subcellular location of MORN1, immuno-
electron microscopy was employed. At an early stage in daugh-
ter formation, the eccentric nuclear spindle present in each of
the multiple nuclei was labeled for MORN1 (Fig. 2B). In
addition, the free ends of the cone-shaped structures formed
by the daughter IMC were also labeled (Fig. 2B). The labeling
appeared at the ends of the IMC as small clumps of gold
particles in longitudinal sections (arrowheads, Fig. 2B) or an
elongate line of gold particles in tangential sections (Fig. 2B).
Two daughters formed in association with each nucleus and
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FIG. 2. MORN1 distribution during endopolygeny of T. gondii in the cat intestinal epithelium. (A) Transmission electron micrograph of a
parasite in mid-stage Toxoplasma endopolygeny, showing the internally located cone-shaped IMCs of the developing daughters (D) associated with
the multiple nuclei (N). Bar � 1 �m. (B) Electron micrograph of the early stage in daughter formation; immunostaining was done with TgMORN1
antibody, and labeling was done with 10-nm gold particles. Note the gold particles localizing to the spindle poles (NS) of the multiple nuclei (N) and
the posterior extremities of the cup-shaped (arrowheads), newly forming, inner membrane cytoskeleton scaffolds (I). In addition, one IMC has
been cut tangentially through the base of the cone, showing gold particles along its length (parallel arrows in the lower right corner). Bar � 100
nm. (C) Fluorescent micrograph of T. gondii (in a stage of endopolygeny similar to that shown in panel A) double labeled with anti-MORN1
(green) and ENO2 (red) counterstained with DAPI (blue). A number of MORN1-positive rings (arrows), often in pairs (arrows), are observed over
the ENO2- and DAPI-positive nuclei (N) distributed throughout the cytoplasm. Bar � 1 �m. (D) Detail of part of an immunoelectron micrograph
of a schizont showing more advanced daughter formation with the IMCs (outlined by the dotted lines) enclosing the ends of the crescent-shaped
nucleus (N). Arrowheads mark MORN1-specific gold particles at the sites of posterior budding of the IMC. In addition, apical staining is observed
(arrow). R, rhoptry. Bar � 100 nm. (E) Immunofluorescence section stained with anti-MORN1 (green) and ENO2 (red) showing a mature schizont
with fully formed merozoites. Note the strong MORN1 staining of the basal end of the merozoites (arrow), with weak labeling of the nuclear pole
(arrowhead). N, nucleus. Bar � 1 �m. (F) Immunofluorescence section stained with anti-MORN1 (green) and anti-IMC (red), showing a mature
schizont with fully formed merozoites. The merozoites are outlined in red due to the IMC staining and exhibit strong posterior staining for MORN1
(arrow). I, IMC. Bar � 1 �m. (G) Immunoelectron micrograph of a mature schizont labeled with anti-MORN1, showing the fully formed
merozoites (M) still connected by their posterior ends to the residual cytoplasmic mass. Bar � 1 �m. (H) Enlargement of the enclosed area in panel
G showing numerous gold particles associated with the basal end of the IMC (arrows). Bar � 100 nm.
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were located above the nuclear poles (Fig. 2B and C). As the
posterior growth of the IMC continued, they started to enclose
various organelles, with each nucleus dividing between two
daughters (Fig. 2D). During this process, the ends of the IMC
remained labeled with MORN1 and there was evidence of low-
level labeling of the anterior ring of the IMC (Fig. 2D). This
growth continued until the daughters were fully formed and oc-

cupied all the space within the mother cell (data not shown). The
final stage involved invagination of the mother cell plasmalemma
around each of the daughters from anterior to posterior to form
the characteristic pellicle with the posterior of each daughter
remaining attached to a small amount of residual cytoplasm (Fig.
2E to H). The posterior ring formed by the IMC was still strongly
labeled for MORN1 (Fig. 2E to G).

FIG. 3. Schizogony in E. tenella (A to D) and E. acervulina (E to L) in sections of chicken gut was examined by immunofluorescence (A, D,
E, G to J, and L), light microscopy (B, C, and F), and electron microscopy (K). The immunofluorescent sections were labeled with anti-MORN1
(green) and anti-ENR (red) that identifies the apicoplast and counterstained with DAPI (blue). (A) Fluorescence micrograph of a large mid-stage
schizont showing the multiple nuclei (N) and a number of large ENR-positive apicoplasts (A). The only MORN1 staining observed was that of
a single small relatively weak staining structure toward the periphery of the nuclei (arrows). Dotted line outlines parasite. Bar � 1 �m. (B and C)
Light micrographs of 1-�m plastic sections illustrating large multinucleated schizonts. (B) Stage prior to the initiation of daughter formation
showing the nuclei (N) close to the plasmalemma and its deep invaginations (arrows). (C) Later stage showing the early formation of daughters
at the surface of the schizont (arrows). Bars � 5 �m. (D) Schizont at an early stage of daughter formation identified by the presence of
MORN1-positive material at the plasmalemma and its invaginations, which in certain orientations has a ring-like appearance (arrows). Note the
numerous nuclei (N) and the fragmented apicoplast (A). Bar � 1 �m. (E) Small schizont (outlined by dotted line) with relatively few nuclei (N) and
a single elongate ENR-positive apicoplast (A). Note the absence of any MORN1 staining at this stage. Bar � 1 �m. (F) Light micrograph of a
stage similar to that shown in panel E, illustrating the few nuclei (N) contained within the schizont. Bar � 1 �m. (G) Schizont with peripherally
located nuclei (N) and a fragmented centrally located apicoplast (A). A number of MORN1-positive plaques located at the plasmalemma directly
above the nuclei represent the initiation of daughter formation (arrows). Bar � 1 �m. (H) Stage (slightly later than that shown in panel G) in which
the individual apicoplasts (A) have relocated adjacent to the nuclei (N) close to the peripherally located MORN1-positive plaques (arrows). Bar �
1 �m. (I) Tangential section through the surface of a schizont at a stage (similar to that shown in panel H) showing the tightly packed
MORN1-positive rings associated with early daughter formation (arrows). Bar � 1 �m. (J) Later stage in daughter formation, showing the
MORN1-positive rings representing that the posterior growth of the IMC has advanced beyond the apicoplasts (A) and nuclei (N). (K) Electron
micrograph of a late schizont showing the daughters still connected to the residual cytoplasm (RC). N, nucleus. Bar � 1 �m. (L) Late-stage schizont
in which the fully formed daughters possess nuclei (N) with associated apicoplasts (A) and show strong MORN1-positive staining of their posterior
end (arrow). Bar � 1 �m.
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MORN1 in classical Eimeria species schizogony. In a man-
ner similar to that for Toxoplasma endopolygeny, schizogony
also involves a proliferative phase with repeated nuclear divi-
sions, followed by a differentiation phase involving daughter
formation by budding from the mother cell surface (Fig. 1E
and F). The number of daughters produced varies significantly
between species and even between asexual generations within
each species. The number of daughters ranges from approxi-
mately 16 (E. acervulina and E. maxima) to many hundreds (E.
tenella). When schizonts produce large numbers of daughters,
the surface area is increased by multiple deep invaginations of
the plasmalemma (Fig. 3B) (14).

In E. tenella, a large number of nuclear divisions gives rise to
over 100 nuclei (Fig. 3B) and a number of large apicoplasts
(Fig. 3A). In E. acervulina, there are fewer nuclear divisions,
giving rise to approximately eight nuclei (Fig. 3F) with a single
elongated apicoplast (Fig. 3E). In both cases, the schizonts did
not stain with anti-MORN1, although in certain samples, light
staining of the nuclear pole was visible (Fig. 3A). At the end of
the proliferative phase, the nuclei move to the periphery of the
mother cell and locate beneath the plasmalemma (Fig. 3C and
F). The first evidence of daughter formation was the appear-
ance of MORN1-positive plaques beneath the mother cell
plasmalemma (Fig. 3G) or its invaginations in E. tenella (Fig.
3D). The initiation of daughter formation coincides with frag-
mentation of the apicoplast (Fig. 3D and G). By electron
microscopy, the plaques appear to represent the IMC of each
of the developing daughters and possess a centrally located
conoid (Fig. 4A) and underlying microtubules (Fig. 4C). Each
IMC was located beneath the plasmalemma, directly above a
nuclear pole/centriolar complex (Fig. 4A). The two nuclear
pole/centriolar complexes formed during the final division of
each nucleus were each directed toward a developing daughter
(Fig. 4C). By immunoelectron microscopy staining for
MORN1, it was possible to identify gold particles at the free
ends of the IMC at the point where the daughters are budding
into the parasitophorous vacuole (Fig. 4B and E). As the
daughters form by growth at the posterior end of the IMC, the
growing edge remains in close contact with the plasmalemma,
resulting in the daughters appearing to bud out from the sur-
face (Fig. 3C and 4C and D). The progressive formation of the
daughters can be difficult to illustrate in the large schizonts of
E. tenella due to the size and complexity of daughter formation
(Fig. 3C and 4D). However, in the small schizonts of E. acer-
vulina, it was easier to follow the morphological changes. It was
observed that after fragmentation of the apicoplast (Fig. 3G),
the individual small apicoplast reoriented to become associ-
ated with the nuclei located beneath the MORN1-positive
plaques (Fig. 3H). In more tangential sections, the plaques
appeared as closely packed, ring-like structures (Fig. 3I). As
the daughters grow, the MORN1-positive rings appear to
move over the nuclei (Fig. 3J) and end with strongly positive
posterior staining, where the daughters remain connected to
the residual cytoplasm (Fig. 3K and L). This strong labeling of
the posterior ring was also confirmed in the late stages of
merozoite formation in E. tenella by electron microscopy (Fig.
4F and G). However, with detachment and release of the
mature merozoites, it appeared that the strong posterior stain-
ing was greatly reduced, although the nuclear pole was still
stained (data not shown).

To confirm the expression of MORN1, attempts were made
to isolate various parasite stages of E. tenella. It was possible
to obtain pure samples of sporozoites, which showed anti-
TgMORN1 staining of the posterior ring, the nuclear pole and
weak staining of the anterior ring (Fig. 4H and I) in a manner
similar to that reported for the T. gondii tachyzoite (15). In
Western blots, this sample showed a single band of approxi-
mately 41 kDa (Fig. 4J, lane 1). In the relatively pure samples
obtained from the in vitro-cultured first-generation schizonts,
similar bands were identified in the mid-stage (Fig. 4J, lane 2)
and late-stage (Fig. 4J, lane 3) schizonts compared to the
uninfected culture cells that were negative (Fig. 4J, lane 6).
Unfortunately, no band was observed for the in vivo-produced
merozoites (Fig. 4J, lane 4), although a very weak band was
observed for the gametocyte fraction (Fig. 4J, lane 5).

MORN1 localizes to the merozoite budding sites on Plasmo-
dium schizonts. To consolidate the case for a conserved role of
MORN1 across the different modes of zoite budding, schizog-
ony of P. falciparum in the red blood cell was examined. Due
to the small size of P. falciparum and the ability to culture in
vitro, no sectioning is required, which allows the entire schiz-
ont and developing merozoites to be examined. Initially, the
multinucleate stages were unstained with anti-MORN1, but in
the later stages, a number of MORN1-positive plaques or rings
(depending on the orientation) were observed on the surface
(Fig. 5A to C). It was possible to identify 16 rings in the
majority of schizonts (Fig. 5A to C). Posterior growth of the
rings appears to result in the formation of 16 merozoites with
strong posterior staining in addition to an anterior MORN1-
positive structure probably representing the nuclear pole (Fig.
5D to F), but this will require further confirmation. Therefore,
the distribution of MORN1 during schizogony in P. falciparum
was identical to that observed for Eimeria species.

PfMORN1 is expressed late in schizogony and fractionates
into both detergent-soluble and -insoluble fractions. MORN1
in T. gondii tachyzoites fractionates into detergent-soluble and
-insoluble fractions, indicating that MORN1 is in part associ-
ated with the cytoskeleton and likely forms a bridge to the
membrane component of the IMC (15). Since MORN1 local-
ization across division modes was reminiscent of dividing
tachyzoites, we sought to perform similar extraction for other
parasites and division modes. It was not possible to obtain
sufficiently pure samples from the chicken gut to carry out
Western blotting studies of the MORN1 associated with de-
velopment in Eimeria species. However, in the in vitro-cultured
P. falciparum, it was possible to obtain parasites at various
stages throughout their intraerythrocytic development and to
extract the cells with 1% Triton X-100 (Fig. 5G). Western
blotting with the anti-TgMORN1 antibody identified a single
band of the expected size (41.4 kDa) for PfMORN1 (Fig. 5G).
Furthermore, the Western blot showed that PfMORN1 was
absent or under the level of detection in the early stages of
development (ring and trophozoite), but it was easily detect-
able in later stages (38 to 48 h), which coincides with the late
stages in schizogony and merozoite budding. As observed pre-
viously by Gubbels et al. for T. gondii tachyzoites (15), the
Plasmodium blot showed that MORN1 was found in both
detergent-soluble and -insoluble fractions (Fig. 5G).

MORN1 distribution during sexual development within the
Coccidia. Sexual development of Coccidia takes place in the
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FIG. 4. Electron micrographs of sections routinely processed (A and C) and sections immunostained with anti-MORN1 (B, E, F, and G) plus
a scanning electron micrograph (D) of schizogony of E. tenella in chicken cecum. (A) Detail of part of the surface of a mid-stage schizont,
illustrating the early stage in daughter formation, with cone-shaped dense IMC with central conoid (C) close to the plasmalemma (arrows) and
directly above a nucleus with the nuclear pole (NP) and centrioles (Ce) directed toward the IMC. Bar � 100 nm. (B) Developmental stage (similar
to that shown in panel A) immunostained for MORN1 showing the gold particles located at the free ends of the IMC (arrows). N, nucleus.
Bar � 100 nm. (C) Part of the surface at a slightly later stage, showing three daughters budding out into the parasitophorous vacuole. In the upper
nucleus (N), the two nuclear poles (NP) can be seen directed toward developing daughters. Note that the IMC is associated with the budding
daughters, with the free end located at the junction with the plasmalemma of the mother cell (arrows). R, rhoptry. Bar � 500 nm. (Insert) Detail
of part of a cross section through a developing daughter, showing the inner membrane plaques with underlying microtubules adjacent to the
plasmalemma forming the intact pellicle. Bar � 100 nm. (D) Scanning electron micrograph of part of a schizont showing the irregular surface
invaginations and the irregular orientation of the numerous merozoites budding from the surface (M). Bar � 1 �m. (E) Immunostained section
of a stage similar to that shown in panel C showing clumps of gold particles associated with the free end of the IMC (arrows). Note the lightly
labeled (arrowhead) nuclear pole (NP) directed toward the interior of the developing daughter. Bar � 100 nm. (F) Low-power magnification of
part of a late-stage schizont, illustrating a fully formed merozoite still attached to the residual cytoplasm (enclosed area). N, nucleus. Bar � 1 �m.
(G) Enlargement of the enclosed area in panel F, showing numerous gold particles associated with the basal end of the IMC (arrows). Bar � 100
nm. (H and I) Immunostained (H) and phase-contrast (I) images of a sporozoite of E. tenella showing the nucleus stained with DAPI (N) and the
anterior (AR) and posterior (PR) refractile bodies, which autofluoresce slightly red. Note the anti-MORN1 staining associated with the anterior
and posterior rings (arrows) and the nuclear pole (arrowhead). Bar � 1 �m. (J) Western blot in which lane 1 shows the sporozoite sample, lane
2 shows the in vitro-cultured, mid-stage, first-generation schizonts (40 h postinfection), lane 3 shows the late-stage, first-generation schizonts (55
h postinfection), lane 4 shows the in vivo second-generation schizonts (112 h postinfection), lane 5 shows the in vivo gametocyte sample (148 h
postinfection), and lane 6 shows uninfected MDCK cells. The membranes were probed with anti-TgMORN1 as a first layer and peroxidase-
conjugated swine anti-rabbit secondary antibody. Note the single band present in the sporozoite and the mid-stage and late-stage in vitro schizonts
and a weak staining band in the gametocyte sample, all at approximately 41 kDa.

704



cecum and small intestine, resulting in microgametes and mac-
rogametes with morphological features reminiscent of male
and female gametes, respectively. Microgametogony gives rise
to a variable number of motile microgametes, whereas mac-

rogametogony gives rise to a single macrogamete. Sexual de-
velopment was studied across four coccidian species: T. gondii,
E acervulina, E. tenella, and E. maxima. They developed in
similar manners and varied only in size and the number of
gametes formed. Therefore, coccidian sexual development will
be represented in a combined description without differenti-
ating between the species. Various stages in the development
of the two processes were observed located in adjacent epithe-
lial cells (Fig. 6A, B, and D and 7A).

During macrogametogony, the invading merozoite grows
into a large spherical structure with a single large electron
lucent (determined by transmission electron microscopy) and
DAPI-negative nucleus (determined by immunofluorescence)
(Fig. 6B to E). Maturation involved the synthesis of numerous
polysaccharide granules and lipid droplets in addition to a
number of large granules termed wall-forming bodies (Fig. 6A,
B, and D and 7A). When examined for MORN1 expression, no
positive material was observed (Fig. 6C and E).

In microgametogony, as the invading merozoite grows, it
loses its IMC confirmed by the absence of staining with anti-
IMC1 (data not shown) and undergoes a variable number of
nuclear divisions. During this proliferative phase, it is not pos-
sible to differentiate between parasites that will undergo asex-
ual development and those that will form microgametes. In all
four species, the nuclei move to the periphery of the mother
cell (Fig. 6F and G and 7A) or invaginations of the plasma-
lemma in the large microgametocytes of E. maxima (Fig. 6B
and C). Only the single nuclear pole in each nucleus was
labeled with anti-MORN1 and was always directed toward the
plasmalemma (Fig. 6F and 7B). This stage was followed by the
appearance of MORN1-positive plaques directly above the
nuclear pole and adjacent to the plasmalemma (Fig. 6H and J).
In tangential sections, the plaques appear as rings of MORN1-
positive material (Fig. 6I) and, in certain cases, the rings had a
targetoid appearance due to the central MORN1-positive nu-
clear pole (Fig. 6I). By electron microscopy, two small clumps
of gold particles were observed adjacent to the plasmalemma,
consistent with cross sections through the MORN1-positive
ring (Fig. 7C). This observation was followed by condensation
of the heterochromatin within each nucleus into a single clump
at the side adjacent to the centrioles and plasmalemma (Fig.
7A). This result coincides with a loss of the MORN1-positive
nuclear pole, but was associated with a marked increase in the
MORN1 signal (Fig. 6C and H to J). At this point, the cent-
rioles appear to convert to two basal bodies from which flagella
start to grow, protruding into the parasitophorous vacuole
enclosed by the mother cell plasmalemma (Fig. 7D). Micro-
gamete formation was initiated by the protrusion of cytoplasm
containing the basal bodies, a dense portion of the nucleus,
and a mitochondrion passing through the ring formed by the
collar of electron-dense material beneath the plasmalemma
(Fig. 7E). As this proceeds, the electron-dense portion of the
nucleus separates from the electron lucent portion, which re-
mains in the mother cell as a residual nucleus. During this
movement, the electron-dense collar was MORN1 positive
(Fig. 7G), but gold particles were also observed in the imma-
ture microgamete cytoplasm adjacent to the mitochondrion
(Fig. 7G). By light microscopy, the microgamete nuclei ap-
peared as small, spherical, dense structures at the periphery of
the microgametocyte (Fig. 6K). By immunofluorescence, the

FIG. 5. MORN1 in schizogony of Plasmodium. Images of infected
erythrocytes immunostained with anti-MORN1 (green) and the nuclei
counterstain showing the DAPI-positive nucleus (blue) (A and D).
Panels B and E present the green channel in gray, increasing the clarity
of the MORN1-positive staining. Panels C and F represent the trans-
mitted light image. (A to C) Infected erythrocyte illustrating a late
stage in schizogony in which 16 individual MORN1-positive rings (tan-
gential appearance [arrows]) or plaques (longitudinal orientation [ar-
rowheads]), representing the free ends of the cone-shaped IMCs, can
be identified. (D to F) Infected erythrocyte containing a mature schiz-
ont showing the DAPI staining of nuclei (N) of the daughters with
strong posterior MORN1 staining (arrows) and a smaller, more apical
MORN1-positive structure, possibly representing the nuclear pole (ar-
rowheads). The transmitted light images illustrate the dark-appearing
hemozoin pigment (P) in panels C and F. In panel F, individual
merozoites (M) can be identified. Bars � 1 �m. (G) Western blot of
the Triton X-100-soluble and Triton X-100-insoluble fractions from
uninfected erythrocytes and erythrocytes infected with P. falciparum at
various stages of development. A single band was identified in the
Triton X-100-soluble and Triton X-100-insoluble fractions of schizont-
stage parasites, and it was of a molecular weight matching the expected
size (41 kDa) of PfMORN1. RBC, red blood cells; Troph, trophozoite;
Schiz, schizont.

VOL. 7, 2008 MORN1 IN APICOMPLEXA 705



FIG. 6. Sections illustrating the light microscopic (A, B, D, G, K, and O) and immunolight microscopic (C, E, F, H to J, L to N, P, and Q)
appearances of the sexual development of various coccidian parasites in the intestine of the definitive host. The immunostained sections were
labeled with anti-MORN1 (green) combined with anti-APGP (wall-forming bodies stained red) (C and E) or anti-ENR (apicoplasts stained red)
(F, H to J, L to N, P, and Q), and all were counterstained with DAPI (blue). The light microscopy for morphology consisted of wax sections stained
with hematoxylin and eosin (A) or 1-�m plastic sections stained with Azure A (B, C, G, K, and O). (A) Low-power magnification of a longitudinal
section through a villus of a chicken infected with E. maxima, illustrating numerous developmental stages of microgametocytes (Mi) and
macrogametocytes (Ma) and early oocyst formation (O) within the epithelial cells. Bar � 10 �m. (B and D) Moderate-power magnification
showing sexual development of E. maxima and E. tenella, respectively, showing early-stage (EMi), mid-stage (MMi), and late-stage (LMi)
microgametocytes and an adjacent macrogametocyte (Ma) in panel B characterized by the presence of densely staining granules representing the
wall-forming bodies (W). Bar � 5 �m. Panels C and E show sections containing sexual stages similar to those in panels B and D, respectively, in
which the microgametocytes were labeled with anti-MORN1 (green), while the macrogametocytes (Ma) identified by the wall-forming bodies
(W) were unstained. Note that in the early microgametocyte (EMi), there was low-intensity staining limited to the nuclear poles, while there was
increased staining intensity in the mid-stage microgametocytes (MMi) and late microgametocytes (LMi) associated with microgamete formation.
Bar � 5 �m. (F) Early microgametocyte of E. tenella showing the peripherally located nuclei (N), each with a single MORN1-positive spot on the
outer aspect of each nucleus (arrows), while the cytoplasm contains a few small apicoplasts (A). Bar � 1 �m. (G) Light microscopy (of a stage
similar to that shown in panel F) showing the peripherally located nuclei (N). Bar � 1 �m. (H) Early microgametocyte of E. acervulina in which
MORN1-positive plaques were present at the surface of the parasite (arrows) directly above each nucleus (N), representing the initiation of
microgamete formation. A, apicoplast. Bar � 1 �m. (Insert) Enlargement of the enclosed area in panel H in which it was possible to resolve the
MORN1-positive nuclear pole just beneath the MORN1-positive plaque. Bar � 500 nm. (I) Tangential section through the surface of an E.
acervulina microgametocyte (similar to that shown in panel H) illustrating the ring-like appearance of the plaques in cross section (arrows). A few
have targetoid appearances, where the centrally located MORN1-positive nuclear pole was also visible (arrowhead). Bar � 1 �m. (J) Early
microgametocyte of T. gondii showing relatively few MORN1-positive plaques (arrows) at the surface above the nuclei (N). Bar � 1 �m. (K) Light
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nuclei were strongly stained with DAPI and had moved from
being internal to the MORN1-positive material (Fig. 6H to J)
to being located on the external side of the MORN1-positive
rings (Fig. 6L and M). The microgamete matures while still
attached by its anterior to the mother cell by an aperture
delineated by the electron-dense collar (Fig. 7F), which labels
with MORN1 (Fig. 7H). Maturation involves the continued
growth of the two flagella and elongation of the mitochon-
drion, which is located close to the basal bodies and partially
overlaps with the DAPI-positive, elongated, crescent-shaped
nucleus (Fig. 6N and O and 7F and H). This was also associ-
ated with an elongated appearance of MORN1 staining mate-
rial in the anterior of the microgamete (Fig. 6M, N, and P),
which correlated to the numerous gold particles observed in
the microgamete anterior around the mitochondrion (Fig. 7K,
L, and M). The mature microgamete is released by detachment
from the ring-like collar. The anterior of each microgamete
possesses two basal bodies from which long flagella protrude,
an electron-dense, bar-like structure termed the perforatorium
and four microtubules that run posteriorly over the mitochon-
drion and part of the nucleus (Fig. 6P and 7I and J). The free
microgametes retain the strong anterior MORN1 staining, al-
lowing individual microgametes to be identified by immuno-
fluorescence within the gut lumen and close to early oocysts
(Fig. 6Q). Immunoelectron microscopy showed a few gold
particles at the apex (Fig. 7M), but the largest numbers were
located in the cytoplasm between the mitochondrion and the
plasmalemma (Fig. 7K, L, and M).

DISCUSSION

This study provides evidence that the antibody to TgMORN1
recognizes and stains the MORN1 homologues with the cor-
rect predicted molecular weight in E. tenella (Fig. 4J) and P.
falciparum (Fig. 5G). From examination of the asexual and
sexual processes, we observed that MORN1 has similar dy-
namic expression and localization patterns and therefore prob-
ably has a conserved function in the various members of the
Apicomplexa. MORN1 has been identified at four distinct
locations, the nuclear poles, the edges of the IMC during
asexual development (the leading edge during formation is
specifically enriched in MORN1), the site of budding of the
microgamete, and the anterior of microgamete.

Nuclear localization. The early stages of Toxoplasma en-
dopolygeny, schizogony, and microgametogony are indistin-
guishable and involve repeated nuclear division, giving rise to

a multinucleate organism. At this stage, MORN1 staining was
observed to be limited to the nuclear poles. This observation
was described in detail during endodyogeny in T. gondii, where
it was shown that MORN1 was associated with the character-
istic conical-shaped structure of the nuclear pole, the centro-
cone, formed by a dilation of the nuclear membranes, which
remain intact during division (15). In the present study, this
location was confirmed across the Apicomplexa species exam-
ined. The presence and specific orientation of the MORN1-
positive nuclear spindle pole and associated centrioles appear
to act as an organizing unit for both daughter and microgamete
formation. In both situations, this control mechanism will en-
sure that a nucleus will be associated with each developing
zoite or microgamete, thus ensuring their viability. However,
microgametogony is characterized by peripheral condensation
of the nuclear chromatin and with loss of the nuclear pole,
which is the first distinguishing morphological feature of mi-
crogametogony (11). In contrast, the zoites formed by all forms
of asexual development retain the MORN1-positive nuclear
pole throughout their transmission cycle, which is consistent
with the case described previously for the tachyzoite of T.
gondii (15).

Maintenance of MORN1 in the centrocone throughout the
asexual cycle was also shown in the endopolygeny of Sarcocystis
neurona, since here the polyploid nucleus has to be resolved
into haploid zoites. The maintenance of the spindle and asso-
ciation with the chromosomes throughout the cell cycle en-
sures that each zoite is endowed with a single complete set of
chromosomes (15, 43). However, the stability of MORN1 lo-
calization in the centrocone is not dependent on the presence
of microtubules, as its localization remained unchanged upon
incubation with the microtubule depolymerizing agent oryzalin
(15). Therefore, it appears that in addition to the proposed
involvement of MORN1 with nucleation of daughter scaffolds,
it is likely also part of the structural complex organizing the
spindle pole, where the microtubules penetrate the nuclear
envelope. Both functions appear to be conserved throughout
the different asexual division modes across the Apicomplexa.

Asexual replication. While there are distinct morphological
differences in the various asexual processes undergone by api-
complexan parasites concerning the number and timing of
nuclear divisions and the number and location of daughter
formation (Fig. 1), the mechanism of daughter formation ap-
pears to have retained many similarities across the phylum. In
all four processes, the formation of the IMC of the daughter
pellicle appeared to be coordinated via the nuclear pole/cen-

micrograph of a mid-stage microgametocyte of E. tenella in which the dense staining spherical-shaped nuclei (N) are arranged around the periphery
of the parasite. Bar � 1 �m. (L) Stage (similar to that shown in panel K) showing the spherical DAPI staining nuclei (N) now located on the
external side of the MORN1-positive plaques (arrows). Bar � 1 �m. (M) Slightly later stage than that shown in panel L, showing that the nuclei
(N) have started to elongate and an elongated MORN1-positive structure is present anterior to the nuclei (arrows). Bar � 1 �m. (N) Part of a
late microgametocyte of E. maxima in which a large number of microgametes with crescent-shaped DAPI-positive nuclei (N) and elongated
anterior MORN1-positive structures (arrows) are still attached to the mother cell. Bar � 1 �m. (O) Light micrograph of a late microgametocyte
of E. tenella in which a number of mature microgametes with elongated nuclei (N) can be identified. Bar � 1 �m. (P) Late microgametocyte of
E. acervulina showing a number of mature microgametes each with the DAPI-positive nuclei (N) and the elongated anterior MORN1-positive
structure (arrows). Bar � 1 �m. (Q) Section through the lumen of a cecal crypt of a chicken infected with E. tenella in which two microgametes
can be identified by the DAPI-positive nucleus and the undulating MORN1-positive anterior staining (arrows). Note that one is adjacent to an early
oocyst (O) recognized by the slight autofluorescence of the oocyst wall (arrowheads) and the apicoplast (A) associated with the nucleus. Bar �
1 �m.
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FIG. 7. Micrographs of microgametogony of coccidian parasites using routine transmission electron microscopy (A, D, E, F, and J), immunoelectron
microscopy of sections stained with anti-MORN1 (B, C, G, H, and K to M), and scanning electron microscopy (I). (A) Micrograph (with low-power
magnification) of an E. tenella infection showing part of a macrogametocyte (Ma) characterized by electron-dense granules representing the wall-forming
bodies (W) and numerous polysaccharide granules (PG) plus a number of microgametocytes at various stages of maturity. Based on nuclear morphology,
these range from the early stage (1) with open nuclei through the slightly later stage (2) with peripheral condensation of the chromatin to the middle stage
(3), where the electron-dense mass of the nucleus has protruded into the parasitophorous vacuole, and finally the mature stage (4) with fully formed
microgametes with elongate electron-dense nuclei located in the parasitophorous vacuole. Bar � 2 �m. (B) Part of the periphery of an early
microgametocyte showing a nucleus (N) with a nuclear pole (NP) labeled with gold particles directed toward the plasmalemma. Bar � 100 nm. (C) Stage
(similar to that shown in panel B) in which two clumps of gold particles (arrows) are located at the plasmalemma on either side of the nucleus (N). Bar �
100 nm. (D) Early stage in microgamete formation showing flagella (F) arising from the basal bodies (B) and growing into the parasitophorous vacuole.
An electron-dense plaque at the anterior that represents the perforatorium (P) is also present. N, nucleus. Bar � 200 nm. (E) Detail in which the
electron-dense portion of the nucleus (N) is protruding into the parasitophorous vacuole, leaving an electron-lucent residual portion of the nucleus (RN).
A mitochondrion (Mi) is also associated with the dense portion of the nucleus. Note the electron-dense material beneath the plasmalemma at the base
of the protrusions (arrows). F, flagella. Bar � 200 nm. (F) Low power of a mid-stage microgametocyte of T. gondii showing a number of microgametes
maturing within the parasitophorous vacuole by elongation of the nucleus (N) and mitochondrion (Mi) and growth of the flagella (F) while still attached
by their anteriors to the mother cell by a thin neck of cytoplasm with a marked electron-dense collar (arrows). B, basal body. Bar � 1 �m. (G) Stage
(similar to that shown in panel E) with immunolabeling for MORN1 showing the electron-dense nucleus (N) protruding into the lumen with adjacent
mitochondrion and flagella. Note the gold particles in the collar region of the protruding cytoplasm (arrows) but also in the protruded cytoplasm between
the mitochondrion and plasmalemma (arrowhead). RN, residual nucleus. Bar � 100 nm. (H) Part of a maturing microgamete (at a stage similar to that
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triolar complex, with daughter formation always associated
with the final round of mitosis and initiated directly above each
nuclear spindle pole. In the present study, MORN1 appeared
to be a unifying feature across the various processes. In all
cases, the nuclear poles are labeled with MORN1 as well as the
free and growing edge of the conical-shaped IMC, irrespective
of whether daughter formation occurs at the surface (classical
schizogony) or within the cytoplasm (endodyogeny, Toxo-
plasma endopolygeny, or Sarcocystis endopolygeny). The asso-
ciation of MORN1 with the IMC during Sarcocystis endopoly-
geny has previously been described (15). The IMC consists of
a double-unit membrane structure formed by flattened vacu-
oles produced by the Golgi, with an underlying meshwork of
intermediate filaments (named IMC proteins) and longitudi-
nally running microtubules (2–4, 28). MORN1 is present as a
continuous ring on the posterior end of the IMC, and this
location, confirmed by immunoelectron microscopy, is consis-
tent with the “free” end of the IMC, where no microtubules are
observed (15). In the final stage, the posterior ring at the point
of attachment with the residual body is strongly labeled. In
contrast, posterior labeling is reduced in free merozoites.
These features are similar to those observed in the sporozoite
of E. tenella (Fig. 4H).

The loss of intensity upon maturation suggests that MORN1 is
required in the budding process but less so to maintain the cy-
toskeleton in the mature zoite. It was previously shown that in T.
gondii TgMORN1 segregates in roughly equal proportions in the
detergent-soluble and detergent-resistant fractions (15). Since the
majority of T. gondii TgMORN1 is found at the posterior ring in
mature and dividing tachyzoites, these data are consistent with
MORN1 having a bridging role between the alveolar vesicles
forming the inner membrane and the intermediate filaments of
the IMC, specifically at the free end of the IMC. In the case for P.
falciparum schizogony, Western blotting with the anti-TgMORN1
antibody shows that PfMORN1 is under the level of detection in
the early stages of development (ring and trophozoite). This pat-
tern is in agreement with the microarray data (www.plasmodb
.org) which indicate low-transcript abundance in early stages and
a strong increase, with a peak at 38 h in the 48-h intraerythrocytic
cycle (1, 24), coinciding with the initiation of merozoite budding.
In addition, detergent extraction showed that the signal is found
in both the detergent-soluble and -insoluble fractions, which is
comparable to the case for T. gondii (15). Therefore, it appears
that MORN1 is present in the same functional niche in T. gondii
and P. falciparum, at the interface between alveolar membrane
and intermediate filament cytoskeleton. These data support a
model wherein TgMORN1 fulfills a bridging position between
the alveolar membrane and the IMC-filament meshwork. How-

ever, the exact function of the MORN domain is not known. It
has been shown that the MORN domain is able to maintain a
membrane association through direct binding to phospholipids
(25). This observation fits the detergent-extractable fraction of
MORN1, whereas the detergent-resistant fraction could serve as
the scaffold maintaining the budding ring. With the similarity of
expression and location across the Apicomplexa, MORN1 ap-
pears to have a conserved role in daughter bud stabilization dur-
ing asexual development. Because this location is the site where
the bud grows, MORN1 potentially serves as a scaffold for the
budding machinery. The overexpression of TgMORN1 resulted
in incorrect initiation of the daughter buds and an uncoupling of
the microtubular skeleton from the IMC skeleton and resulted in
unstructured IMC formation (15). Taken together, this strongly
suggests that MORN1 is required for the assembly of the IMC
skeleton and/or connection with the microtubule skeleton. We
previously showed that myosin C is colocalizing with the MORN1
ring during T. gondii tachyzoite budding (15), but this may not be
the case for other parasites, because myosin C is not strongly
conserved across the Apicomplexa (data not shown). More re-
cently, a calcium-dependent contraction of the MORN1 ring in
the maturation of the daughters was proposed to be mediated by
TgCentrin2 (17). The future direction of our work is to identify
the functional components in the establishment and extension of
the asexual bud.

Microgamete. Unfortunately there are no in vitro systems
for the production of the sexual stages of any coccidian para-
site, which has greatly limited the examination of these para-
sites by molecular techniques. The current study therefore
provides a significant extension of current molecular knowl-
edge. We were able to examine the expression and localization
of MORN1 during sexual development within the definitive
host by using anti-TgMORN1 for four coccidian species (T.
gondii, E. acervulina, E. tenella, and E. maxima). However, the
possibility that anti-TgMORN1 staining in microgametes re-
sults from cross-reactivity of the antibody with other MORN
domain containing proteins cannot be excluded, although it is
unlikely, since the weak 41-kDa band observed by Western
blotting was consistent with the predicted mass of EtMORN1.

The role of the MORN1-positive nuclear pole appears to
direct to the location of microgamete formation, as discussed
above. The formation of a MORN1-positive ring-like structure
beneath the plasmalemma is shared between both sexual and
asexual development, but in the case of the microgametocyte,
MORN1 was associated with amorphous dense material lo-
cated beneath the plasmalemma in the absence of an IMC. The
dense collar at the site of microgamete protrusion has previ-
ously been described for various species of Eimeria, Isospora

shown in panel F), where gold particles can be seen associated with the dense collar underlying the plasmalemma (arrows) and also between the
nucleus (N) and mitochondrion (Mi) of the microgamete (arrowhead). Bar � 100 nm. (I) Scanning electron micrograph of a mature microgamete
showing the elongated nucleus (N) and the two very long flagella (F). Bar � 500 nm. (J) Longitudinal section through a mature microgamete
showing the two flagella (F) arising from basal bodies in the anterior below which is the elongated mitochondrion (Mi) and then the electron-dense
nucleus (N). Bar � 500 nm. (K) An immunostained longitudinal section showing a few gold particles anterior (arrowhead) to the basal bodies (B)
and a larger number of gold particles lining either side of the mitochondrion (Mi). The gold particles were located between the mitochondrion
and the plasmalemma, but they did not appear to encircle the mitochondrion. Bar � 200 nm. (L) Cross section through the anterior portion of
a microgamete at the level where the mitochondrion (Mi) and nucleus (N) overlap. Note that the gold particles (arrowheads) only partially
surround the mitochondrion. Bar � 100 nm. (M) Detail of the anterior of a microgamete showing a number of gold particles located both apical
(arrow) and basal (arrowhead) to the basal body. Bar � 100 nm.
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felis, and T. gondii (6, 11, 33). It appears that MORN1 is
associated with ring formation and maintains the integrity of
the site of microgamete budding. This observation suggests
that the ring-like appearance of MORN1 requires neither IMC
nor microtubules and is controlled at another cytoskeletal
level. MORN1 itself could, at least in part, play a role in this,
as MORN1 shows a strong tendency to aggregate into multim-
ers and, upon overexpression, has been observed in fiber-like
structures (15, 18; N. Sahoo and M. J. Gubbels, unpublished
data). Interestingly, an IMC1 knockout generated in Plasmo-
dium berghei resulted in sideways budding of sporozoites from
the oocyst and mechanically unstable sporozoites (21). It is
expected that MORN1 localization is undisturbed in this con-
text, and this will be interesting to investigate.

Since the developing microgamete remained enclosed by the
plasmalemma of the mother cell, new membrane is required.
New membrane may be formed within the developing micro-
gamete, or it could be an extension of plasmalemma from the
mother cell, which may mean movement through the collar
region. Since the flagella form by an outgrowth into the para-
sitophorous vacuole, the subunits for microtubular formation
must be transported to the free end of the flagella. Unlike
merozoite formation, where there is a budding out involving
posterior growth of the pellicle, the developing microgamete
remains attached by the anterior end and undergoes changes in
shape during maturation while still attached. The maintenance
of the connection during microgamete maturation will be im-
portant for the rapid movement of materials synthesized in the
mother cell into the microgametes. This will be particularly
important for the growth of the flagella.

An additional observation is the finding of MORN1-positive
material associated with the anterior end of the microgamete
located within the apex and also partially enclosing the mito-
chondrion. This is the first report of a specific molecule asso-
ciated with microgamete formation and the mature microga-
mete. Therefore, MORN1 is the first immunocytochemical
marker that can be used to identify individual microgametes,
which, due to their small size, can be extremely difficult to
identify in normal histological sections. It can be hypothesized
that this anterior location of MORN1 is involved in maintain-
ing rigidity and structural integrity of the microgamete during
massive physical stresses that will be associated with flagellar
movement. It may also be that it functions as the anchor of the
mitochondria to stay close to the flagellum, where the energy
produced in the mitochondria is consumed by the beating
flagellum (Fig. 7M). Similar close membrane oppositions have
previously been described for eukaryotic myocytes, where a
MORN1-like protein called junctophilin maintains the sarco-
plasmic reticulum position underlying the plasma membrane
(27, 41).

Conclusion. The exact function of the MORN1 protein is
unknown, but from the distribution observed in the present
study across the Apicomplexa, it is possible to hypothesize
about its role. The amount of MORN1 protein appears to vary
with developmental stage: an increased amount is associated
with daughter and microgamete formation during asexual pro-
liferation and microgametogony, respectively, but it is not ob-
served during macrogametogony, where no division occurs.
This distribution during both asexual and sexual development
and the location in the mature zoite and microgamete would

be consistent with MORN1 maintaining structural integrity,
probably by cross-linking other structural components. This
may also explain its possible role within the nuclear pole.
Further characterization of additional components that specif-
ically interact with MORN1 are under way to advance our
understanding of the specific and distinct localizations and
roles of MORN1 in the various developmental processes.
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