J. Parasitol., 93(3), 2007, pp. 479–484
䉷 American Society of Parasitologists 2007

ULTRASTRUCTURE OF THE GREGARINA NIPHANDRODES NUCLEUS THROUGH
STAGES FROM UNASSOCIATED TROPHOZOITES TO GAMONTS IN SYZYGY AND THE
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ABSTRACT: In Gregarina niphandrodes, an apicomplexan parasite, the sexual stage of its life cycle begins with the association
of 2 gamonts. Here, we describe the ultrastructure of the syzygy junction and the nucleus during the transition from unassociated
trophozoites to paired gamonts to gamonts in syzygy. Throughout this process, the folds within the syzygy junction undergo
changes that correspond to changes of the epicytic folds. The nucleus goes through dramatic changes from multiple spheres of
condensed chromatin in unassociated trophozoites, to mostly uncondensed chromatin in paired gamonts, to a large single sphere
of condensed chromatin encasing many smaller spheres in gamonts in syzygy. These differing nuclear ultrastructures reflect the
dramatic cellular and transcriptional changes associated with life cycle transitions and are indicative of the numerous cell divisions
that follow.

Gregarines are members of the Apicomplexa, which consists
of obligate parasites. Gregarines are of no medical importance
and consequently are understudied, unlike species of Plasmodium, Toxoplasma, Cryptosporidium, Eimeria, and Babesia.
The eugregarine, Gregarina niphandrodes, is easily maintained
in the laboratory in its host, Tenebrio molitor, the yellow mealworm beetle. Gregarina niphandrodes has a monoxenous life
cycle in which a haploid sporozoite is consumed by an adult
T. molitor beetle. The sporozoite travels to the intestine where
it grows into a large (between 0.1 and 0.2 mm in length) trophozoite, the feeding stage of the life cycle. Trophozoites have
2 main compartments, the smaller headlike protomerite and the
larger deutomerite plus a smaller epimerite (Clopton et al.,
1991). The sexual stage of the life cycle begins when one trophozoite (the satellite) connects its protomerite to the base of
its partner’s (the primite’s) deutomerite (Fig. 1). After making
this connection, both trophozoites lose their oblong shape and
become gamonts in syzygy. The gamonts then encase themselves within a tough gametocyst wall; at this stage, they are
shed with the host frass. Multiple cell divisions and differentiation result in male and female gametes. Mixing of the gametes
is followed by fertilization. The diploid zygote undergoes meiosis, followed by mitosis to form haploid sporozoites within
oocysts that are released from the gametocyst in chains.
A number of ultrastructural investigations of gregarines have
shown the roles of microtubules during the sexual stage (Kuriyama et al., 2005), actin and myosin (Chen and Fan-Chiang,
2001; Heintzelman, 2004), and epicytic folds in trophozoites
(Reger, 1967; Schrevel et al., 1983). The structure of paired
gamonts of the eugregarines Gregarina polymorpha (Devauchelle, 1968), Gregarina rigida (Beams et al., 1959), and Pterospora floridiensis (Landers, 2002), and the archigregarine Selenidium pennatum (Kuvardina and Simdyanov, 2002), have
been studied, but little is known regarding the transition from
unassociated trophozoites to cells in syzygy. Many ultrastructural observations of the gregarine nuclei have been made
(Walsh and Callaway, 1969; Desportes, 1974; Lucarotti, 2000;
Ciancio et al., 2001; Hoshide and Janovy, 2002); however, there
have been few observations comparing the nuclear ultrastructure of different stages. We have undertaken a detailed inves-

tigation into the junction between 2 trophozoites, gamonts in
syzygy, and the transformation of the nuclear structure from
unassociated trophozoites to gamonts in syzygy.
MATERIALS AND METHODS
Transmission electron microscopy
Tenebrio molitor intestines were dissected in insect Ringer’s solution
(120 mM NaCl, 1.2 mM KCl, 1.4 mM CaCl2). Unassociated G. niphandrodes trophozoites, paired gamonts, and gamonts in syzygy were
fixed overnight at 4 C in 2% paraformaldehyde and 2% glutaraldehyde
with 0.1 M cacodylate buffer. Samples were rinsed 3 times in 0.1 M
cacodylate buffer prior to a 2-hr postfixation with 2% osmium tetroxide
in 0.1 M cacodylate buffer. They were rinsed 3 times in distilled H2O
and stained in 1% tannic acid for 1 hr. The specimens were dehydrated
in an acetone series and embedded in Spurr’s resin. Ultrathin sections
(70 nm) were cut with a glass knife on a Leica Reichert microtome and
placed on formvar coated copper grids. Grids were stained with uranyl
acetate and Sato’s lead and viewed on a JEOL 1200 EX TEM (Electron
Microscopy Sciences, Hatfield, Pennsylvania). Photos were processed
with Photoshop 5.0. All measurements were performed with NIH
ImageJ 1.34S.
Light microscopy
Unassociated trophozoites, paired gamonts, and gamonts in syzygy
were harvested and processed as described above and also embedded
in Spurr’s resin; 300-nm sections were obtained using a glass knife and
heat-dried on a glass slide. Sections were stained for 45 sec with Stevenel’s blue; this stain reflects the electron density of the same material
in the electron microscope and provides excellent differentiation between materials, particularly in the nucleus (del Cerro et al., 1980).

RESULTS
Surface and junctional features
Paired gamonts: Within the intestinal lumen of T. molitor, 2
trophozoites pair together (Fig. 1). The protomerite and deutomerite of both cells are visible as is the junction between the
2 partners. The junction is a complex structure with an appearance similar to a chain-link fence ⬃1.6 m wide (Fig. 2). The
surfaces of the trophozoites are covered in long epicytic folds
(Fig. 3) that run the cell’s length. Within the junction, the gamonts’ epicytic folds directly contact each other with the tips of
the epicytic folds interlocking (Fig. 2). The epicytic folds of
the protomerite surface are the same size as the epicytic folds
within the junction on the protomerite side of the syzygy junction, ⬃300 nm (Figs. 2, 4), as are the ⬃800-nm folds on the
deutomerite and the epicytic folds within the junction on the

Received 9 August 2006; revised 9 November 2006, 22 November
2006; accepted 27 November 2006.
* To whom correspondence should be addressed.
479

480

THE JOURNAL OF PARASITOLOGY, VOL. 93, NO. 3, JUNE 2007

FIGURE 1. Light micrograph of 2 paired gamonts. Both cells with their protomerite (P), protomerite (D), and nucleus (N) are visible. The
syzygy junction (SJ) is also visible in this section. Scale bar ⫽ 10 m.

deutomerite side (Figs. 2, 3). An internal lamina (IL) runs basal
to both the epicytic folds on the gamonts’ surfaces and within
the junction (Figs. 2–4). At the tips of both the epicytic folds
on the cell’s surface and within the junction are rows of thin,
⬃10–12-nm, apical filaments (Figs. 2, 5).

Gamonts in syzygy: During the next stage, the gamonts undergo dramatic structural transformation. They lose their oblong
shape and become spherical prior to the laying down of the
gametocyst wall. The cytoplasm is now filled with large spherical globules, and the junction is stained very densely at the

FIGURES 2–5. Transmission electron micrographs (TEM) of syzygy junction and epicytic folds. (2) TEM of the syzygy junction. The protomerite
(P) and satellite (S) are noted. An internal lamina (IL) is visible beneath the folds within the syzygy junction. Filaments (F) are observed in the
tips of the folds. Electron-dense material is found sandwiched between the folds of coupled cells. Scale bar ⫽ 0.5 m. (3) TEM of the epicytic
folds (EF) of the deutomerite. The internal lamina (IL) runs basal to the epicytic folds. Scale bar ⫽1 m. (4) TEM of epicytic folds on the
protomerite. Internal lamina (IL) can be seen basal to the epicytic folds (EF). Scale bar ⫽ 0.5 m. (5) Higher-magnification TEM of apical
filaments (F) in the tip of an epicytic fold. Scale bar ⫽ 0.1 m.
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FIGURES 6–8. Micrographs of gamonts in syzygy stage. (6) Light micrograph of syzygy between gamonts in syzygy. The junction between
the gamonts appears dense. Scale bar ⫽ 500 m. (7) Higher magnification TEM of the junction between the 2 gamonts in syzygy. Apical filaments
(F) can be seen under the membrane. Scale bar ⫽ 0.2 m. (8) TEM of epicytic folds on a gamont surface. Apical filaments (F) line the tips of
the epicytic folds. A continuous outer membrane (M) appears to stretch between the folds. Scale bar ⫽ 0.2 m.

light-microscopic level (Fig. 6). At this stage, there is a structural change in the junction between the 2 cells and in the
epicytic folds. The length of the epicytic folds during this stage
is ⬃200 nm, and the folds are more flattened. The length of
folds within the syzygy junction of both gamonts is also ⬃200
nm; one partner’s folds have the flattened shape found along
the surface and the other partner’s folds are narrower (Fig. 7).
Also, a thin membrane appears to stretch between the folds
(Fig. 8); this may be the early stage of gametocyst wall formation. The junction between the 2 cells is less compact than
in earlier stages of syzygy; there is greater space between the
epicytic folds within the syzygy junction of both gamonts (Fig.
7). The ⬃10–12-nm apical filaments continue to line the epicytic folds within the junction (Fig. 7) as well as the gamont
surface (Fig. 8).
Nucleus
Trophozoites: The trophozoite nucleus is quite large (⬃22
m in diameter) (Fig. 9), and has numerous indentations (Figs.
9, 10). Spherical condensed chromatin is easily observed in a
central circular region within the nucleus at the light-microscopic level using Stevenel’s blue stain and at the electronmicroscopic level (Figs. 9–11). Both Figures 9 and 10 show a
large clear circular region framed by the condensed chromatin

spheres. The diameter of this central circular region is ⬃15 m.
The inside of the nuclear membrane is lined with a honeycombpatterned structure (Fig. 12).
Paired gamonts: Concavities within the nuclear membrane
are visible on the nucleus of paired gamonts (Fig. 13). There
was partly decondensed chromatin organized in several areas
throughout the nuclei (Fig. 13). Nuclei of 3 paired gamonts
were sectioned through in their entirety and examined at the
light-microscopic level and no spherical condensed chromatin
was observed (Fig. 1). Honeycomb-patterned structures within
the nuclei were also observed in the nuclei of paired gamonts
(Figs. 14, 15).
Gamonts in syzygy: The spherical gamont nuclei are also
large and easily seen using light microscopy (Fig. 16). A large
sphere of condensed chromatin (⬃10-m diameter) was always
observed at the periphery of the nuclei (Fig. 16). Many smaller
spheres of dense chromatin are visible within this dense sphere
of chromatin. These smaller spheres were visible using Stevenel’s blue stain at the light-microscopic level (Fig. 16) and at
the electron-microscopic level (Fig. 17). Four (Fig. 17) to 19
(Fig. 16) small spheres of varying size from ⬃90 nm2 to 1.5
m2 were observed, depending upon the section plane. At this
stage, the inner lining of the nuclear membrane lacked the honeycomb pattern (Fig. 18).
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FIGURES 9–12. Micrographs of unassociated trophozoites. (9) Light
micrograph of an unassociated trophozoite. A large nucleus (N) is found
in deutomerite (D). Numerous chromatin spheres (C) are visible with
Stevenel’s stain. Scale bar ⫽ 10 m. (10) TEM of an unassociated
trophozoite nucleus showing numerous chromatin spheres framing a
central circular region. Scale bar ⫽ 10 m. (11) High-magnification
TEM of a single chromatin sphere Scale bar ⫽ 0.5 m. (12) TEM of
a nucleus (N) of an unassociated trophozoite. Honeycomb (HC) structure lines the interior of the nuclear membrane. Scale bar ⫽ 0.25 m.

DISCUSSION
In gregarines, syzygy is defined as the stage in which the
haploid trophozoites of opposite mating types initiate the processes of sexual reproduction. This process involves major
changes in cellular morphology as well as in gene expression.
Thus, we sought to characterize in detail the cell–cell junction
and changes in nuclear morphology during this process.
In G. niphandrodes, 2 trophozoites couple together with the
protomerite of one cell attaching to the deutomerite of the other
cell (Fig. 1). Epicytic folds (Figs. 2, 3) characteristic of the
surface architecture of many gregarines have been studied in
detail (Reger, 1967; Devauchelle, 1968; Schrevel et al., 1983;
Heintzelman, 2004). Upon syzygy, the tips of their epicytic
folds interlock tightly in a chain-link–like structure (Fig. 2).
Epicytic folds both within and outside the junction are multimembranous structures underlain by internal lamina with ⬃10–
12-nm filaments at their apical aspect (compare Figs. 2 and 3
with Figs. 7 and 8). The lengths of the epicytic folds within the
junction correspond to their lengths outside the junctional region.
The structure of the junction in gamonts in syzygy is similar
to that of paired gamonts. During both stages, the epicytic folds
within the syzygy junction reflect the structure of surface epicytic folds. Within the junction of gamonts in syzygy, the epicytic folds are reduced in size compared to paired gamonts.
Within the syzygy junction, the size of the epicytic folds corresponds to the epicytic folds on the surface of the gamonts in
syzygy. The epicytic folds in the junction of gamonts in syzygy

are also less compact than in paired gamonts. Paired gamonts
have electron-dense material sandwiched between the epicytic
folds in the junction, whereas this is lacking in gamonts in
syzygy (Fig. 7).
Similar interlocking of the epicytic folds’ tips during the
paired-gamont stage in other eugregarines has been observed
(Beams et al., 1959; Devauchelle, 1968). In paired gamonts of
G. rigida (Beams et al., 1959), it was speculated that droplets
of darkly stained mucus hold the trophozoites together. In
paired gamont micrographs of G. polymorpha (Devauchelle,
1968), the interlocking tips of the epicytic folds are present, yet
no vesicles or mucus droplets were noted. Interestingly, epicytic
folds are lacking in gregarines that do not exhibit gliding movement, such as the Selenidiidae, an archigregarine (Schrevel et
al., 1983). Syzygy has been studied in Selenidium pennatum by
Kuvardina and Simdyanov (2002); however, they observed that
the association between the trophozoite partners was unstable
and that the dehydration process disrupted them. This was not
observed in G. niphandrodes; no special precautions were necessary to maintain the association of paired gamonts. In G.
niphandrodes and other eugregarines, there is a regular and
consistent interlocking of the tips of the epicytic folds (Fig. 2).
This would provide a large surface area for stable interactions
that may help bind the trophozoites together that perhaps the
Selenidiidae lack.
The eugregarine Pterospora floridiensis lacks epicytic folds
and instead has epicytic ridges, which lack the apical filaments
observed in epicytic folds. In contrast to the tips of the epicytic
folds interlocking, the majority of the junction is pressed together flatly (Landers, 2002). The interactions between the associated trophozoites within this junction may hold the syzygy
intact. In these gregarines, trophozoites form syzygy early, so
it is unknown if there is a structural change in the region where
the junction occurs in the transformation of unassociated trophozoites to paired gamonts/gamonts in syzygy (Landers,
2002).
The transition of G. niphandrodes from a large single trophozoite actively feeding and metabolizing to an association of
2 gamonts to begin the sexual stage to form many gametes
within a gametocyst requires dramatic changes in cellular activity. These changes must involve major changes in nuclear
activity and are accompanied by structural transformation of the
nucleus. The chromatin in the nucleus of G. niphandrodes has
distinct structures in each of the 3 observed stages, i.e., unassociated trophozoites, paired gamonts, and the gamonts in syzygy. The unassociated trophozoite nuclei have spheres of tightly
condensed chromatin, which frame a central circular region,
and the nuclei of paired gamonts have mostly uncondensed
chromatin. However, some darker regions of more condensed
chromatin were also observed. The gamonts in syzygy possess
a single condensed chromatin sphere containing smaller dense
spheres, whereas the rest of the nuclei have a homogeneous
appearance. The variation in chromatin structure in these stages
of G. niphandrodes may reflect changes in transcription and
preparation for nuclear division.
Within unassociated trophozoites’ nuclei, many spheres of
condensed chromatin are visible (Figs. 9–11). These spheres
are then arranged in a circular region within the nucleus (Figs.
9, 10). These observations are very different from the nuclei
observed in the unassociated eugregarine trophozoites Lanke-
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FIGURES 13–15. TEM of nuclear structure of paired gamonts. (13) TEM of nucleus. The chromatin in the nucleus appears more diffuse. Two
concavities (*) are visible in the nucleus. Scale bar ⫽ 10 m. (14) Higher-magnification tangential section of the honeycomb structure of trophozoite
nucleus in syzygy. Scale bar ⫽ 0.5 m. (15) TEM of a nuclear membrane. Honeycomb (HC) structure lines the interior of the nuclear membrane.
Scale bar ⫽ 1 m.

steria culicis and Lankesteria ascidiae, which possess large nucleoli with finely dispersed chromatin (Walsh and Callaway,
1969; Ciancio et al., 2001). Hoshide and Janovy (2002) observed many round nucleoli in the trophozoite of Odonaticola
polyhamatus. However, they were scattered throughout the nuclei and lacked the organized circular region present in G. niphandrodes. The nuclei of unassociated trophozoites of the eugregarine Leidyana canadensis sometimes divides many times
prior to the pairing of gamonts (Lucarotti, 2000). This was not
observed in G. niphandrodes, which possesses a single large
nucleus through all stages, from unassociated large trophozoite
to spherical gamont.
The honeycomb pattern we found on the inner lining of nu-

clei in both unassociated trophozoites and paired gamonts has
been observed in several other unassociated gregarine trophozoites (Beams et al., 1957; Desportes, 1974; Hoshide and Janovy, 2002). The latter authors have suggested that the honeycomb layer may provide structural support for the nucleus.
During the initial stages of association, the condensed chromatin within the trophozoite appears more dispersed throughout
the nucleus (Fig. 13). Association of gamonts is the beginning
of dramatic changes in cellular and transcriptional activity. The
changes in nuclear morphology may be necessary to facilitate
this transformation. Two concavities were observed in the nucleus (Fig. 13). Similar concavities have been observed in Lecudina tuzetae gametocysts, possibly because of the forces of
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FIGURES 16–18. Micrographs of gamonts in syzygy. (16) Light micrograph of a nucleus (N) containing condensed chromatin (C) spheres.
Scale bar ⫽ 10 m. (17) Higher-magnification TEM of condensed chromatin spheres. Scale bar ⫽ 2 m. (18) High-magnification TEM of the
nuclear membrane (NM). Scale bar ⫽ 0.2 m.
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