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ORIGINAL ARTICLE

Ultrastructure of the archigregarine Selenidium vivax (Apicomplexa)
— A dynamic parasite of sipunculid worms (host: Phascolosoma
agassizii)

BRIAN S. LEANDER

Canadian Institute for Advanced Research, Program in Evolutionary Biology, Departments of Zoology and Botany,
University of British Columbia, Vancouver, BC, V6T 1Z4, Canada

Abstract

Selenidium vivax is a large and unusual unicellular parasite that inhabits the intestinal lumen of the dotted peanut worm,
Phascolosoma agassizii. Molecular phylogenies suggest that this archigregarine lineage diverges near the nexus of the
apicomplexan radiation and could shed light on to the early evolution of parasitism within the group. The behaviour and
ultrastructure of the trophozoites were described using digital videography and scanning and transmission electron
microscopy. The trophozoites were extremely flat and capable of dynamic cellular deformations. An intimate association
between a superficial layer of mitochondria and longitudinal clusters of subpellicular microtubules formed a distinct
functional configuration that helped explain the mechanism behind the cellular motility. Although inconclusive, the
presence of small mitochondria-like profiles and narrow connections between larger mitochondrial profiles suggested that
an expansive mitochondrial reticulum might surround the trophozoites. The nucleus was highly convoluted and gave rise to
blebs of different sizes. The nuclear blebs were connected to the nucleus proper and surrounded by one cisterna of
endoplasmic reticulum, giving the impression of four membrane-bound organelles that were misleadingly reminiscent of
apicoplasts. The novel attachment apparatus consisted of a transverse ridge, a linear arrangement of pores that contained
thread-like structures and a network of dense bodies and endoplasmic reticulum.
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Introduction terms, however, have very different meanings in the
coccidian literature.) Meiosis within each oocyst
usually produces four banana-shaped sporozoites.
However, sporozoite numbers ranging from six to 16
have also been reported in some archigregarines
(Grassé 1953; Levine 1971). In eugregarines, addi-
tional rounds of mitosis can produce more sporo-
zoites per oocyst. In the case of archigregarines and
intestinal eugregarines (e.g. Lecudina, Lankesteria
and Gregarina), the oocysts, via the gametocysts,
leave an infected host with the faeces and become
widely distributed in the environment only to be

Archigregarines are an ill-defined group of apicom-
plexans that are parasitic of intestinal systems in a
wide range of marine invertebrates, especially poly-
chaetes. Like gregarines in general, the haploid
lifecycle of archigregarines consists of relatively large
feeding cells, the “trophozoites”, that inhabit extra-
cellular spaces within the animal host and pair up
with one another in a process known as “syzygy”,
which marks the onset of sexual reproduction. A
gametocyst forms around these pairings (i.e. the

“gamonts”) within which hundreds of gametes are
formed by multiple rounds of mitosis. Gametes
derived from different gamonts fuse to form zygotes
(the fleeting diploid stage), which develop into
robust oocysts. (Note that “oocyst” and “sporocyst”
are synonymous in the gregarine literature. These

orally ingested by other hosts living in the same
environment.

Once ingested by the new host, the sporozoites
excyst and infect the host intestinal epithelium. It
has been suggested that some archigregarines un-
dergo “merogony” (Levine 1971), which is the
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asexual multiplication of either sporozoites or tro-
phozoites. The absence of merogony in most species
has been used to exclude them from the archigregar-
ines sensu stricto and has resulted in the disruption of
otherwise highly cohesive genera (e.g. Selenidium
versus Selenidioides) (Levine 1971). Because obser-
ving merogony is not straightforward and “demon-
strating an absence” is difficult, I have chosen not to
follow this taxonomic scheme and instead refer to
members of Selenidium as archigregarines sensu lato,
which is consistent with other workers in the field
(Schrével 1971a,b; Théodoridés 1984; Gunderson
& Small 1986; Kuvardina & Simdyanov 2002).

An unambiguous synapomorphy for the archigre-
garines has yet to be identified, probably because
members of the group have retained several features
that appear to be plesiomorphic for the Apicomplexa
as a whole. Unlike in eugregarines, where tropho-
zoite morphology and behaviour are significantly
different from the sporozoites from which they
develop, the intracellular sporozoite and extracellu-
lar trophozoite stages in archigregarines are often
remarkably similar but differ in size (Schrével
1971a,b). For instance, both stages are often spin-
dle-shaped, capable of undulating movements and
have an apical complex (Ray 1930; Schrével 1968,
1970; Dyson et al. 1993, 1994; Kuvardina &
Simdyanov 2002). The trophozoites appear to use
the apical complex for feeding by myzocytosis (the
process whereby a predatory cell pierces the wall of a
prey cell or host cell and withdraws the cytoplasmic
contents into a food vacuole) (Schrével 1968). This
mode of feeding is also present in the nearest free-
living relatives of the parasitic apicomplexans,
namely colpodellids (Mylnikov 1991, 2000; Simp-
son & Patterson 1996; Kuvardina et al. 2002;
Leander et al. 2003b; Cavalier-Smith & Chao
2004). Moreover, unlike in eugregarines, the cell
surface of archigregarine trophozoites has relatively
few folds (e.g. <60 longitudinal striations). Archi-
gregarines are also confined to marine environments
and the intestinal tracts of their invertebrate hosts,
and like all other gregarines and many coccidians,
they complete their lifecycle within a single host. For
all of the above reasons, several authors have
speculated that archigregarines might form the
paraphyletic stem group from which all other
apicomplexans have evolved (Grassé 1953;
Théodoridés 1984; Vivier & Desportes 1990; Cox
1994; Leander & Keeling 2003; Leander et al.
2006). Although inconclusive, molecular phyloge-
netic analyses have so far been consistent with this
inference (Leander et al. 2003a, 2006; Cavalier-
Smith & Chao 2004).

Nonetheless, many archigregarine species appear
to be highly derived along independent evolutionary
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trajectories (Ray 1930; Schrével 1970; Kuvardina &
Simdyanov 2002; Leander et al. 2003a). Here we
present one such example by characterizing the
ultrastructure of an archigregarine that inhabits the
intestinal tracts of the sipunculid Phascolosoma
agassizii, namely Selenidium vivax. This archigregar-
ine was first described in 1986, but no micrographs
of any kind were presented at that time (Gunderson
& Small 1986). Subsequently, this species was
studied with scanning electron microscopy (SEM)
and molecular phylogenetics using the small subunit
rRNA marker (Leander et al. 2003a). Molecular
phylogenetic analyses demonstrated that S. vivax is
a divergent lineage that branches near the nexus of
the apicomplexan radiation. These data, combined
with the highly unusual morphological features
found in this species, led me to further examine its
ultrastructural characteristics using real-time digital
videography, SEM and transmission electron micro-
scopy (TEM).

Material and methods
Collection of organisms

Forty individuals of the sipunculid Phascolosoma
agassizui Keferstein, 1967 were collected at low tide
(0.2—-0.3 m above the mean low tide) from the rocky
pools of Grappler Inlet near the Bamfield Marine
Sciences Centre, Vancouver Island, Canada in June
2003. Trophozoites that conformed exactly to the
species description of S. vivax were isolated from the
convoluted intestines of five different worms (Gun-
derson & Small 1986).

Light microscopy

Trophozoites were observed and micromanipulated
with a Leica MZ6 stereomicroscope and a Leica
DMIL inverted microscope. Micropipetted tropho-
zoites were washed with filtered seawater and placed
on a glass specimen slide. Digital movies and
differential interference contrast images of individual
trophozoites were produced with a Zeiss Axiovert
inverted microscope connected to a PixeLink Mega-
pixel colour camera.

SEM

Trophozoites were released into seawater by teasing
apart the intestine of the sipunculids with fine-tipped
forceps. Approximately 20 parasites were removed
from the remaining gut material by micromanipula-
tion and washed twice in filtered seawater. Indivi-
dual trophozoites were deposited directly into the
threaded hole of a Swinnex filter holder, containing
a 5um polycarbonate membrane filter (Coring
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Separations Division, Acton, MA, USA) submerged
in 10 ml of seawater within a small canister (2 cm
diameter and 3.5 cm tall). Whatman filter paper was
mounted on the inside base of a beaker (4 cm
diameter and 5 cm tall) and saturated with 4%
0Os0y,. Placing the beaker over the canister fixed the
parasites with OsO, vapours. After 30 min of vapour
fixation, six drops of 4% OsO,4 were added directly
to the seawater and the parasites were fixed for an
additional 30 min. A 10 ml syringe filled with 30%
ethanol was screwed to the Swinnex filter holder and
the entire apparatus was removed from the canister
containing seawater and fixative. The trophozoites
were dehydrated with a graded series of ethyl alcohol
and critical-point dried with CO,. Filters were
mounted on stubs, sputter coated with gold, and
viewed under a Hitachi S4700 SEM. Some SEM
micrographs were created from montages of three
individual images of the same cell and illustrated on
black backgrounds using Adobe Photoshop 6.0
(Adobe Systems, San Jose, CA, USA).

TEM

Approximately 25 trophozoites were concentrated in
an Eppendorf tube by micropipetting and slow
centrifugation. The small pellet of parasites was
pre-fixed with 2% (v/v) glutaraldehyde at 4°C for
30 min in filtered seawater. Trophozoites were
washed twice in filtered seawater before post-fixation
in 1% (w/v) OsO, for 30 min at room temperature.
Cells were dehydrated through a graded series of
ethanol, infiltrated with acetone-resin mixtures
(pure acetone, 3:1, 1:1, 1:3, pure resin) and em-
bedded in pure resin. The block was polymerized at
60°C and sectioned with a diamond knife on a Leica
Ultracut UltraMicrotome. Thin sections (70—
85 um) were post-stained with uranyl acetate and
lead citrate and viewed under a Hitachi H7600
TEM.

Results
Cell shape and motility

The extracellular trophozoites of S. wivax were
highly active and capable of extreme cellular defor-
mations (Figure 1). The general shape of the
trophozoites is best described as tape-like and
approximately 120-500 pm in length, 15-80 pm in
width and 2-15um in depth. The cell shape,
however, was never static. Each trophozoite was
capable of folding on itself (Figure 1D-G, T—-Z) and
could twist, stretch and contract different cell
regions independently of one another (Figure 1H-
T). This behaviour is perhaps best described as
“metaboloid movement” because it is reminiscent of

metaboly in some euglenids. The anterior end of the
trophozoites was also plastic and had a wide range of
morphologies, including edge-like (Figures 1H, I, O,
2A, C), pointed (Figure 1G, N, S) and multi-
digitated (Figure 1V, W). The posterior end tapered
to a blunt point in relatively extended trophozoites
and could be more rounded in contracted tropho-
zoites (Figures 1, 2A—D). Peristaltic waves were also
observed and usually passed from the posterior end
to the anterior end of the cell (Figure 2A, B).

Cell surface and cytoskeleton

Crests in the lateral margin of the cell were
associated with transient longitudinal striations in
the cell surface that were reminiscent of the body
folds of most other archigregarines (Figure 2A-D).
The trophozoites of S. vivax also had transverse
striations distributed over the surface of contracted
cell regions (Figures 2C, D, 3A—E). The transverse
striations had three distinct but related morpholo-
gies, including: (1) transverse series of small long-
itudinal ridges aligned in parallel (Figure 3C), (2)
transverse striations supported basally by small
longitudinal ridges (Figure 3D) and (3) smooth
transverse striations that terminate with tapered
ends (Figure 3E). TEM confirmed that the trans-
verse striations were a series of organized folds
(wrinkles) in the plasma membrane and subtending
inner membrane complex (Figure 3F). The inner
membrane complex or pellicle was comprised of
three layers and was consistent in structure to that
found in other apicomplexans (Figure 3I). The
internal structure of the transverse folds was devoid
of microtubules. However, the bases of the trans-
verse folds were subtended by dense bundles of
microtubules that were oriented along the long-
itudinal axis of the cell (i.e. perpendicular to the
transverse folds) (Figure 3F). Weakly associated
bundles of microtubules were evident in transverse
sections through the cell surface, which corre-
sponded to the transient longitudinal striations on
the cell surface (Figure 3G—J). Micropores were not
observed, except near the anterior attachment appa-
ratus (see below).

Mitochondria and multiple membrane-bound organelles

Longitudinal sections through the trophozoites
demonstrated a complex cytoplasm consisting of
vacuoles, mitochondria, paraglycogen granules
( =amylopectin), Golgi bodies and several types of
multiple membrane-bound organelle (Figures 4A—
F, 5A—E). The mitochondria were localized to the
most superficial regions of the cytoplasm (Figure
4A—-F) and were not observed in the deeper regions
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Figure 1. A trophozoite of Selenidium vivax isolated from the intestines of the sipunculid, Phascolosoma agassizii. (A—BB) A time series of
differential interference contrast micrographs (1 frame s~ ') showing the general cell shapes and convoluted wriggling movements of
trophozoites; the anterior end of the cell is oriented to the left. The trophozoites had relatively large tape-like cell shapes that actively
changed in conformation by twisting, folding, shrinking and expanding the cell volume (bar =30 pm).

of the cytoplasm. It was not definitively determined
whether the independent mitochondrial profiles
were linked together within a large reticulum or
constituted a population of disconnected organelles.
Nonetheless, a dense layer of mitochondria was
always present immediately beneath the longitudi-
nal bundles of pellicular microtubules (Figures 4,

5A). The region between the mitochondrial profiles
and the pellicular microtubules contained small
circular profiles (~0.1 um in diameter) that were
otherwise similar in structure to the mitochondria
(Figure 5A).

The mitochondria had tubular cristae and often
contained a ring-shaped inclusion consisting of a
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Figure 2. Light and electron micrographs of Selenidium vivax showing general trophozoite characteristics. (A, B) Differential interference
contrast light micrographs showing the generation and progression of peristaltic waves moving from the posterior end to the anterior end of
the cell. As crests in the lateral margin (double arrowheads) moved anteriorly (the left-hand side of the images) and passed over the nucleus,
the nuclear shape changed from circular to ovoid; the nucleolus did not change shape (arrowhead). Longitudinal striations in the cell
surface (arrows) reflected an underlying mechanism for the generation and co-ordination of the metaboloid movements (bars =50 um). (C)
Scanning electron micrograph (SEM) of a folded trophozoite; the anterior end is oriented to the left and towards the viewer (bar =5 pm).
(D) SEM of the posterior tip of a trophozoite showing a folded cell surface (black and white arrows) in a twisted conformation (bar =5 pm).

double membrane (Figure 5B, C). This ring-shaped
inclusion was occasionally pressed against the inner
mitochondrial membrane of smaller profiles, giving
the appearance of a four membrane-bound organelle
(Figure 5C). Less common structures consisted of
several concentrically nested membranes (Figure
5D—-E). Bundles of two or three microtubules were
occasionally observed deep within the cytoplasm
(data not shown).

Nucleus

The large nucleus of S. vivax was positioned in the
centre of trophozoites, bulging from the relatively
flat surfaces (Figure 6A), and possessed a conspic-
uous nucleolus that was consistent in size with
previous reports (Gunderson & Small 1986). The
nucleus changed shape from spherical to ovoid as the
waves of contraction passed over the centre of the
trophozoites; the nucleolus did not change shape
(Figure 2A, B). The ultrastructure of the nucleus
consisted of homogeneous euchromatin, a darkly
stained nucleolus and a vesicular layer immediately
inside the nuclear envelope (Figure 6A—C). The
margin of the nuclear envelope was often highly

convoluted, giving rise to finger-like extensions and
nuclear blebs of various sizes (Figure 6B—D). The
nuclear blebs were frequently observed attached to
the nucleus proper by a thin stalk (Figure 6D). One
cisterna of endoplasmic reticulum surrounded the
nuclear envelope, including the nuclear blebs. The
two membranes of the nuclear envelope combined
with the cisterna of endoplasmic reticulum around
the nuclear blebs gave the appearance of four
membrane-bound organelles near the nucleus (Fig-
ure 6C-E).

Attachment apparatus/mucron

The most stable configuration of the anterior end of
trophozoites took the form of a straight edge
(Figures 2C, 7A). The edge consisted of a contin-
uous transverse ridge that spanned the entire width
of the cell and was adjacent to a linear series of pores
(Figure 7A, B). Discontinuous ridges delimited the
pores on the opposite side of the transverse ridge.
Vermiform-shaped structures emerged from some of
the pore openings (Figure 7A, C). The cytoplasm
near the anterior end contained a large accumulation
of dense bodies and an elaborate system of endo-
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plasmic reticulum (Figure 7D, E). This region of the
cytoplasm also contained an unidentified linear
structure consisting of the following components: a
continuous thread flanked on one side (left in Figure
7F) by a putative membrane and flanked on the
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other side (right in Figure 7F) by a linear row of
small granules. A cluster of seven small granules was
also evident on the opposite side (left in Figure 7F)
of the thread (Figure 7D, F). The three-dimensional
nature of this structure was unclear. Although a few

Figure 3 (Continued)
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microtubules were observed near the bases of some
pores, no evidence of a conoid was observed (Figure
7H). The pores of the attachment apparatus pierced
the plasma membrane and the inner membrane
complex (Figure 7G, H).

Discussion

The large, flattened cell shape of S. vivax has also
been observed in a few other gregarine parasites
that infect sipunculid worms, namely S. jfolium,
S. orientale, S. franciana, S. stellatum, S. cantoui
and Exoschizon siphonosomae (Hukui 1939; Tuzet &
Ormiéres 1965; Gunderson & Small 1986). The size
of the trophozoites in S. wivax, however, is the
largest known within the genus Selenidium . The large
size, flattened cell shape and active motility increase
the amount of surface area that can interact with the
nutrient-rich environment within the lumen of the
host intestine. This set of adaptations is remarkably
similar to the set of characteristics that has conver-
gently evolved in the individual proglottids of
cestode flatworms that inhabit similar environments
within their vertebrate hosts. It can be reasonably
inferred, therefore, that the cell shape and behaviour
of S. vivax facilitates nutrient uptake across the cell
surface of trophozoites via endocytosis. This is
consistent with the possibility that an apical complex
(i.e. conoid, rhoptries and micronemes) is absent in
trophozoites; this apparatus is present in the tropho-
zoites of many species within Selenidium and Digya-
lum and is thought to facilitate the acquisition of
nutrients by myzocytosis (Schrével 1968; Dyson
et al. 1993, 1994).

However, micropores were not observed over the
cell surface in S. vivax, which would be an expected
mechanism for surface-mediated nutrition. It is
highly likely nonetheless that some of the multiple
membrane-bound structures found in the cytoplasm
(Figure 5D, E) are nutrient-carrying vesicles pro-
duced by endocytosis. Vesicles with the same struc-
ture and function (so-called “pinocytotic vesicles™)
have been demonstrated in several archigregarines
and intestinal eugregarines (Vivier & Schrével 1964;
Vivier 1968; Schrével 1971b; Desportes 1974;

Hoshida & Todd 1996). Like S. vivax, the tropho-
zoites of intestinal eugregarines lack an apical com-
plex and have dramatically increased the surface area
to volume ratio by folding the cortex into hundreds
of longitudinal striations (Vivier 1968; Warner 1968;
Vavra & Small 1969; MacMillan 1973; Leander et
al. 2003a). Presumably, the epicytic folds help
facilitate the surface-mediated uptake of nutrients
and gliding motility in eugregarines. Overall, S.
vivax (together with its flattened relatives) and
intestinal eugregarines (e.g. Lecudina, Lankesteria
and Gregarina) might represent two independent
lineages that have replaced myzocytotic-based feed-
ing using an apical complex with surface-mediated
nutrition. Therefore, surface-mediated nutrition
seems to be facilitated by significantly increasing
cell surface area in at least two different ways: (1)
large cell size, cell flattening and active motility in S.
vivax and (2) cell rigidity and hundreds of epicytic
folds in intestinal eugregarines.

The attachment apparatus in S. vivax, especially
the highly convoluted network of endoplasmic re-
ticulum, is novel. Presumably, the thread-like struc-
tures emerging from the linear row of pores along the
anterior edge function in the attachment of the
parasites to the epithelial cells of the host intestines.
It is unclear whether nutrients are absorbed through
the pores of the attachment apparatus. The cluster-
ing of dense bodies below the attachment apparatus
is similar to that found in the trophozoites of other
marine gregarines (e.g. Schrével 1968; Dyson et al.
1994; Kuvardina & Simdyanov 2002). Understand-
ing the structural and functional significance of the
unidentified linear structure shown in Figure 7D and
F will require three-dimensional reconstructions and
further analysis.

The structure of the cytoskeleton in S. wvivax
reflects the underlying mechanism behind the active
cellular deformations observed in the trophozoites.
The trophozoites were capable of twisting, contract-
ing, extending and folding, and generating co-ordi-
nated waves that usually passed from the posterior
end to the anterior end of the cell (Figures 1, 2A, B).
The parallel bundles of longitudinal microtubules
beneath the inner membrane complex appear to be

Figure 3. Scanning (SEMs) and transmission electron micrographs (TEMs) of Selenidium wvivax showing general characteristics of the
trophozoite surface and underlying cytoskeleton. (A, B) SEMs of two trophozoites in a contracted state (upper) and a semi-relaxed state
(lower) showing transverse striations over the cell surface (bar =20 um). (C—E) SEMs showing the inferred progression in the development
of transverse folds. Stretched regions of the trophozoite surface appear smooth or contain transverse rows of tiny longitudinal ridges,
arranged in parallel (arrowheads). These transverse rows of parallel ridges develop into continuous transverse folds in contracted regions on
the trophozoite cell surface (C, bar =2.5 pm; D, E, bars =2 um). (F) Longitudinal TEM through a trophozoite showing the transverse folds
in transverse view, the convoluted plasma membrane (double arrowheads), underlying inner membrane complex and subtending
microtubules in longitudinal view (arrowheads) (bar =0.5 um). (G) SEM showing longitudinal striations on the trophozoite surface
(arrowheads) (bar =2.5 pm). (H) Transverse TEM showing distinct clusters of microtubules in transverse view (brackets) that correspond
to the longitudinal striations shown in (G) (bar =0.5 pm). (I) High-magnification TEM showing the clustered microtubules in transverse
view (arrowheads) (bar =0.2 um). (J) High-magnification TEM showing a tangential view of clustered microtubules (arrowheads) (bar =

0.25 um).
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Figure 4. Transmission electron micrographs (TEMs) of Selenidium vivax showing the vast, complex cytoplasm of trophozoites and the
superficial distribution of mitochondria. (A, B) Identical low-magnification TEMs with the mitochondria highlighted in black in (B) (bar =
4 pm). (C, D) Identical mid-magnification TEMs with the mitochondria highlighted in black in (D) (bar =1 pm). (E, F) Identical high-
magnification TEMs with the mitochondria highlighted in black in (F) (bar =1 pm).

involved in the production of the forces necessary for
cell motility. Studies on the bending movements of
flagellar axonemes and oxymonad axostyles have
demonstrated that microtubule-associated molecu-

lar motors (MAPs), such as kinesins or dyneins,
are responsible for sliding between adjacent micro-
tubules. Although speculative, a similar mechanism
acting on pellicular microtubules or adjacent bun-
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Figure 5. Transmission electron micrographs (TEMs) of Selenidium vivax showing the ultrastructure of mitochondria and other multiple
membrane-bound organelles. (A) TEM showing mitochondria with well-formed tubular cristae (double arrowheads) and small profiles of
mitochondria-like vesicles beneath the cytoskeleton (arrows) (bar =0.5 pm). (B) TEM showing a Golgi body (g), vesicles (v), paraglycogen
granules (p) and mitochondria with ring-shaped inclusions (arrows) (bar=0.5 pm). (C) High-magnification TEM of a ring-shaped
inclusion within a mitochondrion showing a pair of inner membranes (arrow) and a pair of outer membranes (double arrowhead) (bar =
0.2 um). (D) TEM showing a putative pinocytotic vesicle consisting of a dense accumulation of concentric membranes (bar =0.5 um). (E)
TEM showing a putative pinocytotic vesicle consisting of three pairs of concentric membranes (arrows; i =inner, m =middle, o =outer).
The square-shaped structure within the membranes is probably a fixation artefact (bar =0.2 um).

dles of microtubules might be responsible for the
cellular deformations observed in S. wivax. This
putative mechanism would also cause transient
longitudinal striations that are consistent with those

observed in S. vivax. Moreover, microtubular slid-
ing would help explain the generation of transverse
folds on the surfaces of contracted cell regions. If the
microtubules (or microtubular bundles) interdigi-
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Figure 6. Transmission electron micrographs (TEMs) of Selenidium vivax showing the ultrastructure of the nucleus. (A) Transverse TEM
through a trophozoite at the level of the nucleus (n) showing the flattened cell shape, the nucleolus (no) and the bulge in the cell created by
the large nucleus (arrow) (bar =4 um). (B) TEM of a nucleus (n) showing a vesicular layer (arrowheads) positioned beneath the fingers of
the convoluted envelope (arrows) (bar =2 pm). (C) High-magnification TEM showing endoplasmic reticulum (arrowheads) around
mitochondria-like organelles (arrow) and vesicle-like projections of the nucleus (n) (bar =1 um). (D) TEM showing endoplasmic reticulum
(arrowheads) and a bleb emerging from the nucleus (n) by a constricted stalk (arrow) (bar =0.5 pm). (E) High-magnification TEM
showing four membranes (arrow-1, arrow-2, arrow-3, arrow-4) around a nuclear bleb (n). The outer two membranes are interpreted to be
endoplasmic reticulum (bar =0.25 pm).
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Figure 7. Scanning (SEMs) and transmission electron micrographs (TEMs) of Selenidium vivax showing the general characteristics of the
trophozoite attachment apparatus (anterior end). (A) Low-magnification SEM showing the anterior edge of a trophozoite consisting of a
transverse ridge (arrows) and a linear arrangement of pores (arrowheads) (bar =2.5 um). (B, C) High-magnification SEMs showing pores
(arrowheads) beneath the transverse ridge (arrows) and thread-shaped structures emerging from the pores (double arrowheads) (bars =
1 pm). (D) Low-magnification TEM of the anterior end showing clusters of dense bodies (arrowheads), endoplasmic reticulum (er),
anterior pores (arrows) and an unidentified linear structure (double arrowhead) (bars =2 pm). (E) Higher magnification TEM showing the
distribution of endoplasmic reticulum (arrowheads), vesicles (v), mitochondria (arrow) near the anterior end of trophozoites (bars =1 pm).
(F) High-magnification TEM showing the unidentified linear thread (arrow) shown in (D) with an adjacent row of small electron-dense
granules (arrowheads) to the right and a small cluster of seven small electron-dense granules to the left (double arrowhead) (bars =
0.25 um). (G, H) High-magnification TEMs showing the openings of several pores (arrows) and subtending microtubules (arrowheads)
(bars =0.1 pm).
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tate, then the sliding of microtubules towards the
middle of the cell would shrink the overall cell length
and the overlying inner membrane complex and
plasma membrane would need to fold over (wrinkle)
in order to compensate. Transverse folds, like those
found in S. vivax, have been observed in Digyalum
and other species of Selenidum (e.g. Dyson et al.
1993, 1994; Leander et al. 2003a).

The viability of this putative mechanism is en-
hanced by the fact that a dense layer of mitochondria
is positioned superficially in the cells, directly
beneath the pellicular microtubules. The presence
of highly developed mitochondria suggests that
aerobic metabolism is possible within the intestines
of the sipunculid host. As generators of ATP,
mitochondria provide the chemical energy necessary
for MAP activity. Therefore, an intimate association
between the mitochondria and pellicular microtu-
bules provides a highly functional configuration for
active cellular motility (see also Schrével 1971b). It
should also be stressed, however, that dynamic
instability of the microtubules might also play a
role in the cell motility of S. vivax. Nonetheless, a
similar MAP-based mechanism has been proposed
to explain the undulating and bending movements
for other species of Selenidium (Schrével 1971b;
Stebbings et al. 1974; Mellor & Stebbings 1980).

It remains unclear whether the independent
mitochondrial profiles positioned below the pellicu-
lar microtubules are linked together within a large
reticulum or constitute a population of disconnected
organelles. Reticulated mitochondria have been
reported in distantly related parasites, such as
trypanosomatids (Paulin 1983), and there is some
evidence suggesting that a mitochondrial reticulum
might be present in some lecudinid gregarines,
namely Cygnicollum lankesteri (Desportes &
Théodorides 1986). The small mitochondria-like
profiles immediately below the pellicular microtu-
bules and the presence of narrow connections
between larger mitochondrial profiles is suggestive
of an expansive mitochondrial reticulum that com-
pletely surrounds the trophozoites in S. wiwvax.
Moreover, circular inclusions within some small
mitochondrial profiles give the appearance of four
membrane-bound organelles (Figure 5C); identical
inclusions have been reported in other gregarines
(Vivier & Schrével 1966; Schrével 1971b). A more
detailed study involving serial sectioning will be
required to fully understand mitochondrial structure
and organization in this parasite.

The nucleus in the trophozoites of S. wvivax is
enormous (diameter =20—40 pm in this study; dia-
meter =23-48 um in Gunderson & Small 1986),
and the large nucleolus and uniform euchromatin
are consistent with the nuclear ultrastructure re-
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ported in other gregarines and apicomplexans. The
convoluted nuclear envelope and nuclear blebs
observed in S. wiwax are uncommon in marine
archigregarines, but have been observed in several
eugregarines (Desportes & Théodoridés 1969; Bau-
doin & Ormiéres 1973; Desportes 1974). The
nuclear blebs were of different sizes and were
surrounded by a cisterna of endoplasmic reticulum,
which gave the appearance of four membrane-bound
organelles near the nucleus proper (Figure 6C—E).
This general morphology and position within the cell
is reminiscent of the apicoplasts (i.e. vestigial photo-
synthetic organelles surrounded by four membranes)
that have been reported in several different apicom-
plexan lineages (McFadden et al. 1997; Lang-Un-
nasch et al. 1998; Waller & McFadden 2005).
Although apicoplasts have not been definitively
demonstrated in gregarines (or Cryprosporidium),
four membrane-bound organelles of unknown
homology and function have been reported in the
literature prior to the discovery of apicoplasts (Vivier
& Hennere 1965; Schrével 1971b; Porchet-Hennere
1972). Accordingly, it is very difficult to determine
from images alone whether the multiple membrane-
bound organelles in the earlier literature represent
apicoplasts or other cellular inclusions such as the
nuclear blebs or pinocytotic vesicles reported here.
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