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SUMMARY

Prior to the separation of merozoites from the Plasmodium falciparum schizont, various stage-specific organelles are
synthesized and assembled within each merozoite bud. The apical ends of the merozoites are initiated close to the ends
of endomitotic spindles. At each of these sites, the nuclear membrane forms coated vesicles, and a single discoidal or cup-
like Golgi cisterna appears. Reconstruction from serial sections indicates that this structure receives vesicles from the
nuclear envelope and in turn gives off coated vesicles to generate the apical secretory organelles. Rhoptries first form as
spheroidal structures and grow by progressive fusion of small vesicles around their margins. As each rhoptry develops,
2 distinctive regions separate within it, an apical reticular zone with electron-lucent areas separated by cords of granular
material, and a more homogenously granular basal region. The apical part elongates into the duct, with evidence for
further vesicular fusion at the duct apex. The rounded rhoptry base becomes progressively more densely packed to form
a spheroidal mass, and compaction also occurs in the duct. Typically, one rhoptry matures before the other. Cryofractured
rhoptry membranes show asymmetry in the sizes and numbers of intramembranous particles at the internally- and

externally-directed fracture faces.
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INTRODUCTION

Within the bloodstream of their vertebrate hosts,
malaria parasites undergo repeated cycles of in-
tracellular invasion, growth and multiplication. In
Plasmodium falciparum the multiplicative stage
(schizont) undergoes 4 rounds of endomitotic nu-
clear division before budding off about 16 merozoites
from its perimeter, each able to invade another
erythrocyte (Read et al. 1993 ; see also Vickerman &
Cox, 1967 for Plasmodium vincker). The mechanisms
of coordinated synthesis, trafficking and emplace-
ment of organelles within the maturing merozoite
have yet to be determined (see the discussion by
Shaw & Tilney, 1992, for the related genus
Thetleria), but are clearly of interest because of their
relevance to antimalarial drug and vaccine devel-
opment. The present paper is concerned with the
formation of the merozoite rhoptries, pear-shaped
secretory organelles which discharge their contents
on to the red cell membrane during invasion to
enclose the parasite in a membrane-lined (parasito-
phorous) vacuole (for reviews see Bannister &

Dluzewski, 1990; Ward, Chitnis & Miller, 1994).
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Rhoptries contain a considerable number of proteins
(see Etzion, Murray & Perkins, 1991 ; Perkins, 1992),
several of which have been localized by immuno-
electron microscopy in either the rounded base (e.g.
the proteins RAP1 and RAP2: Crewther et al. 1990)
or the apical duct (including AMA-1, Crewther et al.
(1990), a 225 kDa protein, Roger et al. (1988) and
a 140/130/110 kDa family, Sam-Yellowe et al.
(1995)). It has been shown in P. falciparum that
rhoptry proteins RhopH-3, RAP1 and RAP2 are
synthesized in the cytoplasm, and accumulate per-
ipherally in small vesicles which grow into rhoptries
(Jaikaria et al. 1993). In both P. yoelii (Ogun &
Holder, 1994) and P. falciparum (Howard &
Schmidt, 1995; Howard et al. 1998), rhoptry
proteins translated in the endoplasmic reticulum
require a brefeldin A-sensitive step for their matu-
ration, indicating a route via a Golgi body. Ultra-
structural evidence suggests that the secretory path-
way in Plasmodium involves a minimal Golgi com-
plex (LLangreth et al. 1978 see also Tilney & Tilney,
1996; Ward, Tilney & Langsley, 1997) formed by
fusion of vesicles derived from the nuclear envelope,
as also in Toxoplasma (Vivier & Petitprez, 1972;
Hager et al. 1999), although these structures have
not been reported in detail in Plasmodium.

In the present paper we describe the structural
development of rhoptries in the budding merozoite
in relation to possible routes of protein targeting, as
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a basis for further experimental work (at present in
progress). Some of these findings have been alluded
to in a short review of the merozoite cytoskeleton
(Bannister & Mitchell, 1995).

MATERIALS AND METHODS
Electron microscopy

P. falciparum of the I'TO4, Paolo Alto and C10
strains were cultured and synchronized by standard
methods (LLambros & Vanderberg, 1979). Schizont-
infected red cells were concentrated on a Percoll
cushion (Dluzewski et al. 1984), from parasitaemias
between about 15 and 259, as detailed elsewhere
(Webb et al. 1996). After a brief wash in culture
medium to remove adherent Percoll, these cells were
allowed to grow for a further 30 min—1 h at 37 °C,
and were then processed as detailed by Bannister &
Mitchell (1989) for transmission electron microscopy
(TEM). Briefly, fixation was carried out at room
temperature for 3 h in 2-59%, (v/v) glutaraldehyde
and 0-75 9%, (w/v) tannic acid, buffered at pH 7-0 with
0-1 m sodium cacodylate. Cells were washed 3 times
by centrifugation in cacodylate buffer, pelletted,
then post-fixed in 19, osmium tetroxide in caco-
dylate buffer, rinsed in distilled water and block
stained with 19, aqueous uranyl acetate for 1 h.
After dehydration in an acetone series, pellets were
embedded in TAAB epoxy resin. Sections were
stained with uranyl acetate and lead citrate. For
serial reconstructions, blocks were trimmed to a
minimal size to facilitate the identification of in-
dividual cells. Ribbons of sections were mounted on
Formvar or Pioloform-coated slotted grids, then
stained with uranyl acetate and lead citrate.

For freeze-fracture, cells fixed in tannic-glutaral-
dehyde as described above were washed thoroughly
in buffer, frozen in slushed nitrogen, freeze fractured
and shadowed with platinum and carbon in a Polaron
freeze fracture station. Measurements of particle
frequencies and sizes were taken from micrographs
at a magnification of x 150000.

Reconstruction

Electron micrographs were taken of serially sectioned
schizonts at magnifications of x 30000-60000 and
further enlarged to x 150000 before being traced on
to clear acetate sheets. The images were aligned
according to ‘best fit’ considerations, using several
position makers from adjacent regions of the infected
red cell and surrounding structures. The images
were either reconstructed manually on graph paper
or were transferred via a digitized pad to a Kontron
image processor running 3-dimensional reconstruc-
tion software. Sequences of 15-25 sections were used
in these reconstructions and altogether 6 complete
series were used for this study. These were supple-
mented with partial reconstructions of early stages of
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rhoptry development from 2 sequences of 6—10 serial
sections.

RESULTS
Position of rhoptry genesis

species of Plasmodium

(Vickerman & Cox, 1967), merozoite apices are

As reported for other
formed around the periphery of the schizont (Fig.
1A, B), commencing during and immediately after
the final endomitotic divisions of the schizont stage.
Towards the end of schizogony, the nuclear lobes lie
close to the schizont’s surface, spaced at regular
intervals around its perimeter. The nuclear envelope
remains intact during mitotic division (endomitosis),
as in all the Apicomplexa. The terminal mitotic
spindles (Fig. 1A) lie around the cell’s periphery
with their axes approximately parallel with the cell’s
surface. At both ends of each spindle, the spindle
microtubules are inserted into an electron-dense
mass (spindle pole body) occupying a nuclear pore
(Fig. 2A). The axis of the spindle is generally tilted
by about 70° (Fig. 1A) to the nuclear envelope at
either end. The nuclear envelope bears ribosomes
around most of its periphery, although not in the
region of the spindle attachment (Fig. 2B, C).
Peripheral to the spindle pole body, numerous free
ribosomes and finely granular material are present
within the cytoplasm (Fig. 2D).

Next, a thin layer of dense granular material
begins to form an undercoating of the parasite’s
plasma membrane, defining the position of the future
merozoite apex (Fig. 1A, B), and at the same time a
cluster of coated vesicles, some of them in the
process of budding from the outer nuclear mem-
brane, appears to one side of the spindle pole body
(Fig. 2A, D). Adjacent to this cluster a single large
Golgi-like cisterna is formed, followed by rhoptries,
micronemes and dense granules (Figs 2 A and 3 A-F).
Small flat membranous vesicles come to lie close to
the plasma membrane of the merozoite apex,
extending beneath the plasma membrane to form the
subplasmalemmal cisterna of the mature pellicle. A
ring of dense granular material is formed just beneath
the plasma membrane opposite the rhoptries, and
the cisterna spreads out radially from this, leaving the
central region free of cisternal membrane. The single
dense ring eventually resolves into the 3 polar rings,
and the plasma membrane is shaped into the elevated
apical prominence (Fig. 3 F). During these processes,
2 (or sometimes 3) parallel subpellicular micro-
tubules (Fig. 4A) are assembled, their trajectory
extending from the polar rings over the coated
vesicle budding zone (Figs 3A, 4A and 6).

Golgi cisterna formation

The coated vesicle budding zone of the nuclear
envelope consists of a distinct single cluster of up to
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Fig. 1. Sections through early stages of merozoite formation, showing the relationship between the mitotic apparatus,
the nucleus and the merozoite apices. (A) Terminal endomitotic spindle, with spindle pole bodies (arrows) inserted
into a nuclear pore at each end. Opposite each spindle pole body is a focus of apical organelle formation, with the
beginnings of a subpellicular cisterna (arrowheads), Golgi cisternae/vesicles and on the right of the micrograph, an
early rhoptry (r). (B) Later stage, with clefts beginning to separate 2 merozoite apices containing developing rhoptries
(r). Note the different degrees of development of the two rhoptries on the right of the micrograph, one loosely
granular with a circular profile (above) and the other, immediately below it, showing the more mature, denser pear-
shaped form. On the left there are indications of vesicular fusion at the periphery of one rhoptry (arrowhead). The
magnifications of A and B are the same.
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Fig. 2. (A) Section through 2 late-stage merozoite buds. The merozoite on the left shows the remains of a spindle and
a prominent spindle pole body (s) passing through a nuclear pore; the nucleus (n) with a coated vesicle budding zone
(arrow) and a single Golgi cisterna (g) are visible here. In the right hand merozoite the section has passed through a
mature rhoptry, its duct pointing towards the apical prominence. (B) Nucleus (n) surrounded by rough endoplasmic
reticulum in a late-stage schizont, with the nuclear envelope bearing numerous ribosomes, and the nuclear envelope
continuous with the rough endoplasmic reticulum (arrow). (C) Section through parts of 2 juxtaposed nuclei (n)
bearing clusters of ribosomes attached to their outer membranes. (D) Section through a spindle pole body (s) in early
rhoptry formation, with a mass of dense granular material in the neighbouring cytoplasm and the end of the spindle
within the nucleus (n). A coated vesicle (c¢) is seen to be budding from the outer nuclear membrane to the right of the
spindle pole body.
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Fig. 3. (A-F) A sequence of 6 serial sections through the apical region of a budding merozoite showing the
relationship between the nucleus (n), the coated vesicle budding zone (c¢), Golgi cisterna (g), rhoptries (r) and polar
rings (p). Note the presence of a microtubule pair (arrows) beneath the pellicle. The series from which this sequence
was selected was used to establish the 3-dimensional reconstruction shown in Fig. 6.
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Fig. 4. (A) The subpellicular microtubule pair (arrows) shown in Fig. 3 A, at higher magnification. (B) Detail of the
coated vesicle budding zone (c¢) in an early merozoite showing coated vesicles budding from the outer nuclear
envelope, and an overlying Golgi cisterna (g); the nucleus is below (n). (C—F) Details of the Golgi cisterna and
associated structures; (C) shows part of the nucleus (n), a coated vesicle budding zone (c), a Golgi cisterna (g) and the
base of a rhoptry (r), as well as other large and small vesicles. Similar structures are visible in (D), although here
there are indications of a more complex Golgi apparatus, with 3 cisternal profiles; the 3 membranes of the merozoite
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Fig. 5. A reconstruction of the apical ends of merozoites
from sequences of 11 serial sections depicting the
relationship between nucleus (n) with the residual
spindle microtubules converging on the spindle pole
body (s) inserted into a nuclear pore, the nuclear coated
vesicle budding zone (c), Golgi cisterna (g) and
rhoptries (r). The apical prominence (a) contains the 3
sets of polar rings (p).

20 vesicles (determined from serial sections) of
uniform shape and diameter (about 50 nm) and
bearing bristly coats (Figs 2A, D, 3A, 4B-D, 5 and
6). Adjacent to this vesicular cluster and sited closer
to the parasite’s surface is situated a single, or in rare
instances 2 large smooth walled flattened cisterna
(Fig. 4 D). Reconstructions from serial sections (Figs
5 and 6) confirm its single cisternal nature and shows
that it is highly variable in form, being variously a
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flat or concave discoidal structure 330-500 nm in
diameter. Rarely, 3 cisternae were found, one larger
than the others (see Fig. 4D), or the cisterna took
the form of a convoluted tubular sac (not shown).
The perimeter of the cisterna typically bears a few
small protrusions with bristly exteriors similar to
those of coated vesicles (Figs 3C, 4E and 6). These
protrusions are also seen clearly in freeze-fractured
specimens (Fig. 4F). More peripherally towards the
parasite’s surface is a further cluster of vesicles, of 2
sizes: (1) small (40 nm diameter) vesicles, some of
them bearing bristly coats, and (2) much larger
smooth elliptical, rounded or irregularly shaped
vesicles in the range 85-230 nm (Figs 7A and 8C).
The vesicle—cisterna complex appears at the earliest
stage of rhoptry formation, and disappears only after
the merozoite has separated from the residual body.

Rhoptry formation

In our study, the sequence of rhoptry development
was determined in random sections from more than
50 schizonts of different stages of maturation, and in
17 sets of serial sections of budding merozoites (Figs
7A-G and 8 A-C). The extent of general merozoite
assembly and budding was taken to indicate the stage
of development in this analysis. Rhoptries were first
detected as small vesicles with a circular profile,
about 150 nm in diameter situated between the
nuclear envelope and the plasma membrane of the
schizont (Jaikaria et al. 1993), close to the cluster of
trans-Golgi vesicles. These early rhoptries contain a
loosely packed matrix of 5-8 nm granules. Small
(about 40 nm) vesicles are present on the juxta-

Fig. 6. (A and B) The views at 180° of a reconstruction of the complex of coated vesicle, Golgi cisterna and rhoptries,

derived from a series of 9 serial sections in a developing merozoite; 6 of these sections are depicted in Fig. 3.

¢, Nucleus-derived coated vesicle cluster; g, Golgi cisterna with other coated vesicles budding off around its margin;

r, rthoptry; v, other vesicles of various sizes.

pellicle are also visible (pm). (E) A section cut parallel to the main plane of the Golgi cisterna (detail from Fig. 3C),
showing coated vesicle formation (arrows) around the perimeter of the Golgi cisterna (g). (F) A similar Golgi cisterna

(g) and a rhoptry (r) in a freeze-fractured specimen. Note the presence of intramembranous particles in the

cytoplasm-facing surfaces of the fractured membranes of both organelles.
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Fig. 7. For legend see opposite.
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nuclear aspect of these spheroidal rhoptries, and
both sectioned and freeze-fractured material show
vesicles which appear to be fusing with the rhoptry
base and sides (Figs 1B and 9C). As the rhoptry
grows in diameter, its contents eventually become
more closely packed, and when mature the rounded
base is almost filled with a mass of dense granules
(Fig. 8 B).

The first sign of duct development appears in
rhoptries with diameters of about 350 nm in the
region facing obliquely towards the schizont surface,
with an electron-lucent area appearing at the end
closest to the developing polar rings (Fig. 7C). In a
slightly later stage, the rhoptry surface in this region
is distorted into a low conical projection (Fig. 7D).
The membrane of this part of the rhoptry gains a
dense undercoating which persists as an apical cap
on the growing duct (Fig. 7D, E), and the internal
matrix consists of cords of finely granular or
flocculent appearance with lucent gaps between.
Thereafter this region extends progressively from
the basal bulb to form a rhoptry duct up to 240 nm
long, conferring a pear-shaped profile on the mature
organelle (Fig. 10).

During this second phase of rhoptry development,
the duct frequently assumes rather bizarre shapes
with irregular bulges or bends along its length (Fig.
7 G). Eventually the tip of the growing rhoptry duct
comes into close proximity with the central area of
the merozoite’s apical prominence, and the long axis
of the rhoptry is now orientated approximately
parallel to that of the merozoite (Fig. 11 D). In all the
specimens examined, the tips of the two rhoptries
remained separate from each other into maturity,
although a single small (about 8 nm) vesicle was
often observed where their tips converged on the
membrane of the apical prominence (not shown). No
central microtubules could be convincingly identi-
fied in association with the rhoptry duct in P.
falciparum.

Within the basal region of the rhoptry the matrix
becomes very densely packed, and the apparent
granule size decreases from a maximum of 8 nm to
about 4 nm (Fig. 7D, F, G). In contrast, the interior
of the rhoptry duct alters considerably during
development, beginning as a heterogenous matrix of
jumbled material resembling loosely packed irreg-
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ular vesicles (Fig. 8 A), but becoming more closely
packed until, when mature, they present a dense,
finely granular appearance (Fig. 8 B). No lamellar
configurations such as those described in tannic acid-
fixed merozoites of P. falciparum (Stewart,
Schulman & Vanderberg, 1986) or P. knowles:
(Bannister et al. 1986) were detected, but freeze-
fractured rhoptry ducts showed some signs of a
heterogenous matrix internally (Fig. 9 A).

As the duct elongates, a line of vesicles (diameter
40 nm) is present in the region between the Golgi
cisterna and the duct’s apex, suggesting the flow of
vesicular traffic from the former to the latter (Fig.
8C) although no instances of actual fusion were
found.

In all parasites examined, including serially
sectioned material, 1 rhoptry was seen to have begun
formation and to mature before the other (see Fig.
1B). Occasionally, an additional dense spheroidal
mass resembling the basal bulb of an immature third
rhoptry was found in association with a mature
rhoptry pair.

Rhoptry membrane

In section, each rhoptry is surrounded by a 7 nm-
thick unit membrane (Fig. 8A-C). In freeze-
fractured and freeze-etched material (Figs 4F and
9 A-D) the 2 fracture faces of the rhoptry membrane
show distinctive populations of intramembranous
particles (IMPs). In a limited number (10) of
rhoptries examined, the IMPs exposed on the
concave fracture surface of the outer membrane
leaflet (i.e. facing the interior of the rhoptry) had a
frequency of 1070-2241/um?* and had diameters of
about 12 nm, with a small number of larger (16 nm)
IMPs. The IMPs of the convex surface of the leaflet
adjacent to the rhoptry interior were fewer (569—
903 /um?®) but predominantly larger (14-16 nm) than
on the apposed surface of the membrane, with a few
smaller (10-12 nm) IMPs in the population; oc-
casional rod-like IMPs measuring 24 x 10 nm also
occurred on this face. Many of the 14-16 nm particles
showed central depressions (Fig. 9B).

There were no signs of regional differences
between the basal and duct regions of rhoptries,
although in some cases both P and E faces have areas

Fig. 7. (A-G) Details of rhoptry formation during merozoite development. (A and B) Small, early rhoptries with
granular interiors, surrounded by small vesicles; the 3 membranes of the merozoite pellicle are visible, with the
parasitophorous vacuole membrane (pvm) above them. In (C) the rhoptry has increased in size and an electron-lucent
region has appeared in the region closest to the forming apical prominence where the polar rings are beginning to
form (p) and the inner pellicular membranes are absent within the ring (arrow). In (D) the apical end of the rhoptry
has begun to develop a rhoptry duct, first seen as a bulge at its apical end (right); here the rhoptry membrane has a
dense undercoating, shown in more detail in (E), where the reticular interior of this region is also depicted. In (F) the
rhoptry duct has lengthened and the granular material of the basal part has become more tightly packed. In (G) this
process has proceeded further and the rhoptry duct is also more electron-dense, although clearly different in
composition from the basal part of the rhoptry. The magnifications of (B-D) and (F, G) are the same as in (A).
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Fig. 8. (A-C) Details of rhoptry development. (A and B) Two later stages in rhoptry maturation. In (A) the rhoptry
duct (d) is full length, although its shape is not fully mature. The loose, reticular appearance of the rhoptry duct is
clearly quite distinct from the spheroidal basal region (b), which is now densely packed and coherent. In (B), in the
fully mature state, the duct contents have attained a finely granular/fibrillar texture, and the duct is now relatively
narrow. In (C) there are indications of vesicular traffic from the coated vesicle budding zone of the nucleus (c) to the

Golgi cisterna (g) and thence by smaller dense coated vesicles (arrows) to the rhoptry duct tip.
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Fig. 9. Freeze-fracture replicas of developing rhoptries, showing the distribution of intramembrane particles in their
membranes. (A) A maturing rhoptry with a short duct which has been fractured across apically to show the complex
texture of its interior. Note the variety of large, small and rod-shaped IMPs in the cytoplasm-facing fracture face of
its membrane. (B) Basal end of a developing rhoptry, with the cytoplasm-facing fracture face exposed; IIMPs of
different sizes and rod-shaped IMP are visible. (C) T'wo rhoptries, one more advanced than the other, and with
different fracture faces visible; the younger, more rounded rhoptry (left) shows the externally-facing fracture face
with large IMPs, and the other (right) reveals the fracture surface facing the rhoptry interior, with smaller but more
homogenous IMP sizes; a likely instance of vesicle fusion with the rhoptry base is indicated by an arrow. (D)
Another pair of rhoptries, the rounded one to the left being again less advanced than that on the right showing a
rhoptry duct. The left fractured rhoptry is convex in this replica, and the right one is concave, revealing, respectively
fracture surfaces facing the rhoptry exterior and interior. Areas of particle-free membrane are visible on the right-
hand rhoptry. Note that (C) and (D) are oriented in opposite directions: the merozoite apex is at the bottom of (C)
and the top of (D) in order that the direction of shadowing is the same in both replicas. The magnifications for (B),
(C) and (D) are as in (A).
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Fig. 10. A diagram summarizing the spatial relationships
of the coated vesicle budding zone (c) of the nucleus (n),
the spindle pole body (s) with attached microtubules
within the nucleus, the Golgi cisterna (g), rhoptries (r)
and polar rings around the apical prominence in a
merozoite bud. The arrows indicate the proposed routes
of vesicle trafficking within the coated vesicle-rhoptry
complex to the basal and apical ends of the rhoptries.
Also shown are the band of subpellicular microtubules
(mt) and ribosomes attached to the nuclear envelope

(rb).

of particle-free membrane (Fig. 9 C). Small vesicular
extensions of the rhoptry base suggest the fusion of
small vesicles with this structure (Fig. 9C).

DISCUSSION
Site of rhoptry formation

Our results agree with the conclusions of Aikawa,
Huff & Sprinz (1967) for P. elongatum, and Shaw &
Tilney (1992) for Theileria that the anterior poles of
new merozoites and their contents are closely related
to the spindle pole bodies of the final division
spindle. Hence, merozoite apices are paired, one at
each end of each terminal mitotic spindle (Fig. 10).
The spindle pole body’s proximity to the zone of
coated vesicle budding suggests that it (or some
related entity) initiates the formation of the apical
secretory organelles, as well as the synthesis of
cytosolic proteins by the cluster of ribosomes which
accumulate at this locus.
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Route of protein targeting to rhoptries

The association of rough endoplasmic reticulum,
nuclear envelope and vesicle budding zone are
similar to those proposed as a site of protein synthesis
and targeting to the apical organelles in Toxoplasma
(Hager et al. 1999). Vesicle budding from the nuclear
envelope has also been indicated previously in
merozoites of P. falciparum (Langreth et al. 1978)
and P. knowlesi (cited by Ward et al. 1994), and in
sporozoite formation in P. berghei (Schrével, Asfaux-
Foucher & Bafort, 1977) and may be characteristic of
invasive stages in apicomplexans as a group. Pre-
liminary evidence also indicates that at least one of
the rhoptry proteins (RAP-1) immunolocalizes to
the nuclear envelope during development (L. H.
Bannister and R. E. Fowler, unpublished obser-
vations).

The Golgi body

Although inhibition of rhoptry protein processing by
brefeldin implies a Golgi body in the secretory
pathway, there has been much debate about the
existence of true Golgi bodies in Plasmodium erythro-
cytic stages (Haldar & Holder, 1993; Banting,
Benting & Lingelbach, 1995; van Wye et al. 1996).
The candidate Golgi bodies in trophozoites, detected
by immunolabelling with the Golgi marker rab6 (van
Wye et al. 1996) are tubulo-vesicular structures, and
appear to be rather different in organization from
those of nascent merozoites, described in the present
paper, although there is developmental continuity
between the two (L.H. Bannister and J. M.
Hopkins, unpublished observation). Our results
show the early merozoite Golgi body to be a single
discoidal cisterna, receiving small vesicles at its cis-
face from the nuclear envelope, and budding off
around its perimeter vesicles of various shapes and
sizes destined to form membranous organelles of the
merozoite apex and pellicle. The single cisterna
Golgi body of the P. falciparum merozoite clearly
differs from the multi-cisternal Golgi body of
Toxoplasma (Shaw, Roos & Tilney, 1998), but its
relation to the nuclear membrane-derived vesicles
and other vesicular structures appears to be identical.

Segregation of basal and duct rhoptry regions

The immuno-electron microscopical data of Bushell
et al. (1988), Ingram et al. (1988) and Crewther et al.
(1990) showed that RAP-1 is exclusively localized to
the rhoptry base, while AMA-1 is confined to the
apical duct, as also are the 225 kDa rhoptry protein
(Roger et al. 1988) and the 140/130/110 kDa rhoptry
protein complex (Sam-Yellowe et al. 1995), a
remarkable occurrence considering that they are
contained within a single bounding membrane. This
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Fig. 11. (A-D) A sequence of diagrams depicting the origins and development of rhoptries in Plasmodium falciparum

from the earliest appearance of a small rhoptry vesicle to the mature state within a late stage merozoite bud. a, Apical
pole of the future merozoite; b, basal end of the rhoptry; c, coated vesicle budding zone; d, rhoptry duct; g, Golgi
cisterna; mt, subpellicular microtubules; n, nucleus; p, polar rings or polar ring precursors; pm, 3 membranes of the
pellicle, including the parasite plasma membrane and the 2 underlying membranes of the subplasma membrane
cisterna; r, rhoptry; s, spindle pole body; sm, spindle microtubules.

prompts 2 questions: how do the proteins reach
these 2 domains, and how do they remain in them
rather than intermingling by diffusion?

Our structural evidence suggests that the rhoptry
grows initially by progressive fusion of small Golgi-
derived vesicles at its perimeter to form a spheroidal
mass, from which the duct later extends partly by
some external shaping process and perhaps also by
vesicle fusion at its apex. When the incipient rhoptry
duct is first detected as a low conical projection, the
rhoptry interior is clearly divided into 2 regions: (1)
a basal uniformly granular mass, and (2) a more
apical region with electron-lucent areas between
cords composed of smaller granules. Jaikara et al.
(1993) reported that RhopH-3 (the 110 kDa duct
protein) is synthesized and transported to early
rhoptry vesicles before RAP-1 (which eventually
occupies the rhoptry base). This would suggest that
after they entered the early rhoptry, duct proteins
co-aggregate and are displaced towards the rhoptry
apex by other types of protein delivered by vesicular
fusion at the basal end. At the same time, more
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protein may be added at the duct apex by further,
differential vesicle delivery to increase the size of
this part of the rhoptry and its complexity. The
mechanisms of vesicle delivery to the rhoptry are not
clear. The rhoptry base is close to the Golgi cisterna,
and vesicles could reach it by random diffusion, but
some more vectorial system carrying vesicles to the
duct tip, e.g. along microtubules, may be present
(although we have not found evidence of close
contact or structural links between subpellicular
microtubules and rhoptry-related vesicles).

During the later stages of rhoptry maturation,
there is a great increase in internal density, pointing
to the removal of water and co-aggregation of its
proteins, as also found in other secretory vesicles,
e.g. zymogen granules in mammalian pancreatic
acini (see Goncz, Behrsing & Rothman, 1995). These
processes could also ensure the maintenance of
distinctive basal and duct protein populations by
differential co-aggregation caused, e.g. by non-
covalent complex formation, as occurs between the
basally situated proteins RAP-1 and RAP-2 (Bushell
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et al. 1988; Howard & Reese, 1990; Ridley et al.
1990; Saul et al. 1992), and also between the 3 duct
proteins RhopH1-3 (140/130/110 kDa). It is
interesting that Toxoplasma rhoptries become acidi-
fied as they mature (Shaw et al. 1998), since a
lowering of pH causes aggregation of pancreatic
acinar proteins in vitro (Dartsch, Kleene & Kern,
1998). Such a process might explain the transition to
a tightly packed internal structure in developing
rhoptries.

The above considerations apply to the proteins of
rhoptries, but these organelles may also contain
substantial amounts of lipidic material. Evidence for
a lipid presence includes: (1) fluorescent lipid probes
are incorporated into the P. falciparum merozoite
apex and thence into the parasitophorous vacuole
during invasion (Mikkelsen et al. 1998); (2) RhopH-
3 is more susceptible to trypsin after phospholipase
treatment, indicating a lipid association (Etzion et al.
1991); and (3) Toxoplasma rhoptries have a 269,
lipid content (Foussard, Leriche & Dubremetz,
1991). As yet, lipids (or lipid precursors) have not
been identified ultrastructurally within rhoptries,
but they may be of relatively low molecular weight,
and unless in salt form, are likely to be depleted by
non-polar solvents used in preparation for electron
microscopy. The electron-lucent apical regions of
the early rhoptries and minor electron-lucent com-
ponents of the early rhoptry neck may therefore be
areas from which lipid has been extracted, although
lipid may become complexed intimately with
proteins as rhoptries mature and therefore indis-
tinguishable in sectioned material.

The rhoptry membrane

On the basis of our freeze-fracture results, at least
four morphologically distinct classes of IIMPs are
present in the rhoptry membrane, distributed over
both basal and apical parts of the rhoptry, and
asymetrically arranged within the membrane bilayer.
The functions of the IMPs and other membrane
proteins which may be present await further investi-
gation, although activities such as ionic and water
regulation as well as Golgi vesicle and microneme
docking and fusion can be predicted. It is significant
that the larger IMPs show central depressions
indicating central pores, suggesting they might be
transport channels.

The high IMP frequency also indicates a sub-
stantial protein presence within the rhoptry mem-
brane, which must contribute to the numerous
rhoptry protein classes reported for this organelle
(see Etzion et al. 1991). It is worth reflecting that not
all rhoptry proteins are located in the interior or are
likely to be secreted during invasion. However, such
proteins are likely to be crucial to the maturation of
rhoptries, and merit further investigation, e.g. as
potential targets for ion transport blockade.
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