Eukaryoric CELL, Apr. 2011, p. 474-482
1535-9778/11/$12.00 doi:10.1128/EC.00314-10

Vol. 10, No. 4

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Mitosis in the Human Malaria Parasite Plasmodium falciparum’
Noel Gerald, Babita Mahajan, and Sanjai Kumar*

Division of Emerging Transfusion Transmitted Diseases, Center for Biologics Evaluation and Research,
Food and Drug Administration, Rockville, Maryland 20852

Malaria is caused by intraerythrocytic protozoan parasites belonging to Plasmodium spp. (phylum Apicom-
plexa) that produce significant morbidity and mortality, mostly in developing countries. Plasmodium parasites
have a complex life cycle that includes multiple stages in anopheline mosquito vectors and vertebrate hosts.
During the life cycle, the parasites undergo several cycles of extreme population growth within a brief span, and
this is critical for their continued transmission and a contributing factor for their pathogenesis in the host. As
with other eukaryotes, successful mitosis is an essential requirement for Plasmodium reproduction; however,
some aspects of Plasmodium mitosis are quite distinct and not fully understood. In this review, we will discuss
the current understanding of the architecture and key events of mitosis in Plasmodium falciparum and related
parasites and compare them with the traditional mitotic events described for other eukaryotes.

SERIAL MITOSIS IS A COMMON THEME IN MALARIA
PARASITE REPRODUCTION

There are four critical points in the life cycle of Plasmodium
parasites in which a small number of parasites rapidly multiply
to generate much larger populations (60). These life cycle
stages are male gamete development (72), sporozoite forma-
tion (5, 13), liver-stage development (68), and blood-stage
asexual reproduction (9, 60). The first two of these processes
occur within the mosquito vector, and the second two pro-
cesses take place in the vertebrate host. During each of these
Plasmodium life cycle stages, the parasites increase their num-
bers by using serial rounds of mitosis to create multinuclear
cells and then orchestrating mass cytokinesis events to release
their progeny (71). Mitosis is the process by which eukaryotic
cells segregate their chromosomes in preparation for cell divi-
sion (33, 47, 51).

To create male gametes in preparation for sexual reproduc-
tion, the parasite begins with a haploid (1n) cell called a mi-
crogametocyte which is ingested by the mosquito during a
blood meal (34, 72). Within 12 min, this microgametocyte
undergoes three rapid rounds of DNA synthesis and mitosis to
generate a cell with an 8n genomic complement (35, 36, 73).
Over the next 3 min, these genomes separate from one another
and eight new haploid (In) male gametes begin to assemble
from the surface of the original cell (4, 69, 71).

Within the mosquito midgut, a small number of the male
gametes will fuse with female gametes that have also devel-
oped in this compartment, and this fusion will create diploid
(2n) zygotes (15). These zygotes develop into motile ookinetes
(4n) (36) that ultimately become embedded in the basal lamina
beneath the midgut epithelial wall as oocysts (14). Over the
course of several days, a single oocyst undergoes 10 to 11
rounds of DNA synthesis and mitosis to create a syncytial cell
(sporoblast) with thousands of nuclei (61, 70, 82). In a massive
cytokinesis event, thousands of haploid (1n) daughter sporo-

* Corresponding author. Mailing address: DETTD/OBRR/CBER/
FDA, 1401 Rockville Pike (HFM-313), Rockville, MD 20852. Phone:
(301) 827-7533. Fax: (301) 827-4622. E-mail: sanjai.kumar@fda.hhs
.gov.

¥ Published ahead of print on 11 February 2011.

474

zoites assemble from the surface of the mother cell (61, 67),
and these infective sporozoites then migrate to the mosquito
salivary glands for transmission to the host.

Of the thousands of sporozoites that are produced from a
sporoblast, only a few will be transmitted to the vertebrate host
when the mosquito takes another blood meal, and an even
smaller number may reach the host liver for further develop-
ment (60). In liver-stage schizogony (45), a single invading
sporozoite grows as a trophozoite (1n to 2n) within a liver cell.
The parasite then undergoes 13 to 14 rounds of DNA synthe-
sis, mitosis, and nuclear division to produce a syncytial cell
(schizont) with tens of thousands of nuclei. From the surface of
this syncytial parasite, tens of thousands (16, 68) of haploid
(1n) daughter liver-stage merozoites assemble and are eventu-
ally released into the bloodstream in parasite-filled vesicles
called merosomes (77).

Once released into the bloodstream, merozoites invade red
blood cells and continue to expand their numbers with blood-
stage schizogony (10). All of the clinical symptoms of malaria
(fever, anemia, and neurological pathologies) are associated
with the blood stage of the parasite life cycle (65). In blood-
stage schizogony, following invasion, a single invading mero-
zoite begins within the red blood cell as a ring stage and
progresses into a trophozoite (1n to 2n) and then undergoes
three to four rounds of DNA synthesis, mitosis, and nuclear
division to produce a syncytial schizont with 16 to 22 nuclei (6,
10, 44, 53). In a synchronous mass division step, approximately
22 haploid (1n) daughter merozoites (depending on the spe-
cies) assemble from the surface of the mother schizont, and
with the rupture of the red blood cell, the new merozoites are
released for more rounds of invasion and expansion (10, 44,
75). In nonimmune hosts, blood-stage parasites may undergo
uncontrolled growth unless they are restricted by innate and
adaptive immune responses. Splenic clearance is considered a
major mechanism of this parasite growth regulation. However,
the parasite has developed highly sophisticated mechanisms to
evade immune-mediated clearance, such as expressing variant
antigens on the surface of infected red cells to sequester them
on endothelial cells in different organs. Nonetheless, in both
immune and nonimmune hosts, the parasite burden can be
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maintained by repeated cycles of asexual schizogony from only
a few intraerythrocytic parasites.

Thus, the malaria parasite builds large populations from a
relatively small number of founding members in every major
stage of its development, and each time, the parasite relies on
serial mitosis to accomplish this growth. These growth periods
enable parasite transmission, and as a by-product, the toxins
released by rupturing schizonts help to fuel the pathogenic
symptoms of the disease. Similar reproductive strategies have
been described for other apicomplexans, such as Sarcocystis
(75, 80). This paper highlights some of the distinctive features
of mitosis in Plasmodium parasites with a special emphasis on
the mitotic spindle and microtubule organizing centers
(MTOCs), and we will compare them to some of the visual
hallmarks of traditional mitosis that are often associated with
higher eukaryotes.

TRADITIONAL VIEWS OF MITOSIS

Historically, mitosis has been divided into stages that visually
chronicle chromosome movement and nuclear membrane dy-
namics (prophase, metaphase, anaphase, telophase); however,
it is clear that there is a rich diversity in the methods that
eukaryotes use to accomplish mitosis (18, 33, 51). Depending
on the particular species and cell type, chromosomes may
condense into discrete structures, or they may remain dis-
persed over large areas. Nuclear membranes may completely
disperse, partially disperse, or appear to remain completely
intact throughout mitosis (17). Microtubule organizing centers
(MTOCs), the complex structures that nucleate and help or-
ganize microtubule arrays, may assume a wide variety of intri-
cate conformations that can persist in the cytoplasm or may be
found embedded within membranes. These variations can be
particularly striking in fungi and in protozoan species such as
Plasmodium spp. and other apicomplexan parasites (33).

At the onset of traditional mitosis (prophase), chromosomes
begin to condense into discrete structures within the nucleus
and the MTOC duplicates within the cytoplasm (Fig. 1A, Tra-
ditional View of Mitosis [Traditional]). The mammalian
MTOC:S, called centrosomes, are complex structures consisting
of a central pair of cylindrical structures (centrioles) that are
tethered to one another within a protein matrix in the cyto-
plasm (8). Since these MTOCs and their microtubules are
usually cytoplasmic, the nuclear membrane must disassemble
before the microtubules can contact the chromosomes. De-
pending on the cell type, the nuclear membrane may disperse
partially, or it may disperse completely (Fig. 1B, Traditional)
to allow access of the cytoplasmic microtubules. At metaphase
(Fig. 1B, Traditional), chromosomes are captured by microtu-
bules from both spindle poles and begin to convene at the
center of the spindle called the metaphase plate. The main
points of contact between the chromosomes and the microtu-
bules are protein structures on the chromosomes called kinet-
ochores. During anaphase (Fig. 1C, Traditional), the sister
chromatids separate and begin to move toward opposite poles
as the spindle extends. At telophase (Fig. 1D, Traditional),
nuclear membranes assemble around the daughter genomes,
chromosomes begin to decondense, and the cell begins to
assemble the machinery to divide the daughter cells.

These ordered events of mitosis are controlled by complex
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networks of regulatory proteins, structural scaffolds, motor
proteins, and proteases (8, 47, 51, 83). Some of these networks,
called checkpoints, can delay the progression of the cell cycle
until the critical elements in a particular step have been ac-
complished. Checkpoints help control the timing of the start of
mitosis, the assembly of the spindle, and its coordination with
DNA replication, and by doing so they serve important quality
control functions for the cell (48, 58). Since mitotic events can
take place in various forms in different cells, the components of
these regulatory networks can also serve as precise bench-
marks for cell cycle progression, provided that these compo-
nents are identified and their functions defined (51).

MITOSIS IN BLOOD-STAGE SCHIZOGONY

P. falciparum mitosis differs from the traditional view of
mitosis in several respects. P. falciparum chromosomes do not
appear to condense during mitosis (Fig. 1A to D, Plasmodium
Mitosis [Plasmodium])), a feature that is also found in other
protozoan and fungal species (33). The uncondensed chromo-
somes of Plasmodium spp. often appear diffuse or indistinct by
fluorescent microscopy (53), and they are also difficult to image
by transmission electron microscopy (TEM) because of their
low electron density (10). The mitotic MTOCs of Plasmodium
parasites (also known as kinetic centers, centriolar plaques, or
centrosome equivalents) are electron-dense plaques that ap-
pear to be embedded in pores of the nuclear membrane with
one face exposed to the nuclear interior and the other face
exposed to the cytoplasm (11, 66). The spindle microtubules
that form inside the parasite nucleus are anchored to the
nuclear face of these MTOCs (Fig. 1A to D, Plasmodium).
Thus, an early hallmark of mitosis in Plasmodium spp. is the
duplication of membrane-bound MTOCs and the assembly of
microtubules in the nucleus (Fig. 1A, Plasmodium). P. falcip-
arum chromosomes do contain kinetochores that are captured
by microtubules from both spindle poles in a process that is
reminiscent of traditional metaphase (52) (Fig. 1B, Plasmo-
dium; see also Fig. 2 and 3). However, it is not clear whether
the parasite kinetochores align in a single midpoint plane of
the spindle, and so far, it is not clear whether the parasites use
a spindle assembly checkpoint to control the timing of mitosis
exit similarly to mammalian cells. In P. falciparum mitosis, the
nuclear envelope appears to remain intact throughout mitosis
(Fig. 1A to D, Plasmodium), similar to some fungi (42, 53, 66).
In the related coccidian parasites Toxoplasma and Eimeria, the
mitotic spindle forms through a cone-shaped extension of the
nuclear membrane called the centrocone (22, 30, 75); however,
the nuclear membrane also remains largely intact in these
organisms. Thus, at the conclusion of mitosis, organisms that
retain their nuclear envelope (closed mitosis), such as Plasmo-
dium spp., must divide this nuclear envelope to complete ge-
nome separation, while organisms that disperse the nuclear
envelope (open mitosis) must form a new nuclear membrane
around each daughter genome (18) (Fig. 1D).

In many eukaryotes, mitosis is followed very closely by the
assembly of structures that will divide the cell. In contrast,
repeated mitosis without cell division is a means that Plasmo-
dium parasites use to create multinuclear cells as part of their
reproductive strategy (Fig. 1D). As the multinuclear cell de-
velops in P. falciparum blood-stage schizogony, most of the
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Plasmodium Mitosis

Traditional View of Mitosis

FIG. 1. Comparison of traditional views of mitosis with current knowledge of mitosis in blood-stage Plasmodium parasites. A schematic cartoon
of mitosis indicating plasma membranes (black lines), microtubule organizing centers (MTOCsS, red circles), microtubules (green lines), kineto-
chores (tan ovals), nuclear membranes (dark blue lines), condensed chromosomes (light blue), and uncondensed chromosomes (light blue with
stipple pattern). (A) Early mitosis. In early traditional mitosis (prophase), chromosomes begin to condense within the nuclear membrane, and
cytoplasmic microtubules are nucleated by two cytoplasmic MTOCs. In early Plasmodium mitosis, chromosomes remain uncondensed, the two
MTOC:s are embedded in the nuclear membrane, and microtubules begin to form inside the nucleus. (B) Metaphase. In traditional mitosis, the
nuclear membrane has disassembled, condensed chromosomes are attached to the bipolar spindle microtubules through the kinetochores, and the
kinetochores are aligned at the metaphase plate. In Plasmodium mitosis, the nuclear membrane remains intact, the chromosomes remain
uncondensed, and the kinetochores are captured by the bipolar mitotic spindle forming inside the nucleus. (C) Anaphase. In traditional mitosis,
sister chromatids and their associated kinetochores separate and begin to move to opposite poles of the spindle. In Plasmodium, sister kinetochores
separate and migrate to opposite spindle poles while the sister chromatids remain uncondensed. (D) Telophase. In traditional views, nuclear
membranes assemble around each daughter genome, chromosomes begin to decondense, and the cell begins to divide. In Plasmodium blood-stage
schizogony, the nuclear membrane divides to separate daughter genomes and the cell does not divide until several cycles of mitosis have produced
a multinuclear cell.

nuclei do not divide synchronously (6), and this asynchrony
produces numbers of nuclei beyond the expected simple geo-
metric progression (2, 4, 8...) (10, 53). These aspects of Plas-
modium biology hamper efforts to determine the timing be-
tween DNA synthesis and mitosis (49) and make it difficult to
predict the exact number of progeny that any single schizont
will produce (6, 40, 49, 53). Even within a clonal P. falciparum
line growing in vitro, the number of merozoites produced from
a single schizont can vary 2- to 3-fold (21, 54), demonstrating
that there is no fixed number of nascent nuclei that are re-
quired before cytokinesis can commence.

However, there are a few pieces of evidence that suggest that

Plasmodium parasites exert some level of global control over
mitosis during schizogony. By visually counting stained nuclei
in schizonts with divided merozoites, Reilly et al. observed that
the majority contained an even number of final nuclei (54).
One possible cause for an even number of progeny could be if
the parasite uses one final round of synchronized mitosis at the
end of schizogony (31). This explanation would be consistent
with the mitotic synchrony that has been noted in the syncytial
stages of other apicomplexans (31, 75, 80). Considering that
asynchrony is the norm in Plasmodium schizogony, this would
indeed be an intriguing finding. A global level of control is also
suggested in the apparent coordination of multiple cleavage
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FIG. 2. Interpretation of hemispindle and full mitotic spindle de-
velopment in Plasmodium from TEM. Images of mitosis during sporo-
gony in P. berghei. (A) A single hemispindle. (B) Hemispindle dupli-
cation. (C) Formation of a full mitotic spindle. Microtubules (F and
F.C.), MTOC:s (c.c.), and kinetochores (k) are indicated. p, nuclear
pore; e.n., nuclear envelope; s, cystplasmic satellite; P, bridge of dense
material; N, nucleus. (Reprinted from reference 66 with permission of
the publisher.)

furrows with a final mitosis in schizogony. Electron microscopy
studies have described the alignment of dividing nuclei around
the outer edge of the schizont, the assembly of daughter or-
ganelles around each spindle pole, and the progression of
cleavage furrows around the still-dividing nuclei (10, 11, 44).
Coordinated cleavage furrow formation has also been sup-
ported by the appearance of simultaneous rings of PPIMORNI,
a protein that is a component of mitotic spindle and cleavage
furrow machinery in Toxoplasma and other apicomplexans
(26). Recently, simultaneous furrow ingression at the end of
schizogony has also been observed by live, time-lapse micros-
copy (59). However, in spite of these observations, the molec-
ular mechanisms governing mitotic checkpoints in Plasmodium
have not been fully identified. Biochemical, genetic, and
genomic studies indicate that apicomplexan (and in particular
Plasmodium) signaling networks may not rely on all of the
same components that are conserved in other eukaryotes (19,
31, 74).

Despite these variations from traditional modes of mitosis,
in the end Plasmodium parasites must achieve the same result
from mitosis as all eukaryotes: they must correctly sort and
separate their duplicated genomes. In this regard, there are
some elements of mitosis that Plasmodium parasites share with
higher eukaryotes. Similar to other eukaryotes, Plasmodium
parasites use a bipolar, microtubule-based mitotic spindle that
is nucleated by two MTOCs and that captures chromosomes
for segregation (Fig. 1B). Plasmodium parasites have a clear
anaphase, in which the duplicated chromatids separate (ob-
served through kinetochore movement as described below)
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phase in a P. falciparum blood-stage parasite. One thin-section image
is shown. MTOCs marking the mitotic spindle poles are visible as
dense masses at the northwest and southeast corners of the image. Two
kinetochores attached to spindle microtubules are indicated by arrows.
The remaining kinetochores are visible in other serial sections from
this sample. (Reprinted from reference 52 with permission of the
publisher.)

and the spindle elongates (Fig. 1C), and a clear telophase, in
which genome separation completes (Fig. 1D). In addition,
some of the components of these structures in parasites are
homologous to the structural components found in other eu-
karyotes.

Recent research has led to the identification of a number of
Plasmodium proteins as homologues of known cell cycle reg-
ulatory proteins. CDKs (cyclin-dependent kinases), NIMA
(never in mitosis gene a) kinases, centrin proteins, and Aurora-
related kinases have been identified within this growing list in
Plasmodium species (19, 20, 32, 39, 42, 56). In Toxoplasma, an
impressive amount of work has recently begun to dissect the
specific functions of structural and regulatory proteins in the
cell cycle of this organism (29, 31). However, so far, such
efforts lag behind in Plasmodium, and only a few of the poten-
tial regulatory gene products have been experimentally dem-
onstrated to have defined roles in mitosis (19). Some
Plasmodium proteins appear to be essential for blood-stage
development since they cannot be knocked out or disrupted in
a loss-of-function manner in genetic transfection studies. This
inability to recover a genetic-knockout-deficient phenotype
also makes it difficult to identify a specific point in the cell cycle
in which they are required (for a recent review, see reference
19). In P. falciparum, a high-throughput drug screen has iden-
tified several other candidate mitotic regulators that appear to
be essential for blood-stage development (28). In P. berghei, a
large-scale gene disruption screen of the entire Plasmodium
kinome has identified roles for kinases in the development of
sexual and asexual blood stages, oocysts, and sporozoites (78).
It is likely that some of these gene products do not directly
regulate mitosis even though they may be essential for parasite
reproduction (23). A conditional knockdown approach (62)
will be very useful for future studies that aim to demonstrate
specific roles for these proteins in mitosis.

Two Plasmodium genes that do have a defined cell cycle role
encode the NIMA-related kinases (Neks) Nek-2 and Nek-4
that have been described in P. falciparum and P. berghei. Both
nek-2 and nek-4 have been shown to be essential for the DNA
replication that precedes meiosis in the parasite zygote, and
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disruptions in these genes prevent further development of
mosquito-stage parasites. Interestingly, nek-2 and nek-4 are not
required for mitosis in blood-stage development (55, 56), while
nek-1 and nek-3 could not be disrupted in the blood stage of P.
berghei, suggesting that they are essential in this stage (78).

There is strong evidence in P. falciparum that suggests that
the centrin protein PfCEN3 is a component of the mitotic
spindle MTOC during blood-stage schizogony (42). Centrin
proteins are key components of MTOCsS in a wide variety of
eukaryotes (8, 63, 64), and centrin-3 proteins are essential for
spindle MTOC duplication and stability in human and yeast
cells (46, 50, 64). In blood-stage P. falciparum parasites,
PfCEN3 localizes to discrete regions of the nuclear membrane
that coincide with the mitotic spindle poles (42). Recently, an
Aurora-A-related kinase, PfArk1, was also identified in P. fal-
ciparum and was shown to localize to mitotic spindle poles
during schizogony (57). In higher eukaryotes, Aurora-A is an
important mitotic regulator of MTOC maturation and separa-
tion, and it has been implicated in the assembly of the mitotic
spindle (8, 12). PfArkl appears to be essential for blood-stage
development, as the authors were not able to generate PfArk1-
deficient parasites. Interestingly, PfArkl localizes only to
paired MTOC:s, and it is only visible in a subset of the schizont
nuclei which have short intervening mitotic spindles, suggest-
ing that its function is restricted to a specific phase of mitosis.
It will be very interesting to learn whether the appearance of
PfArkl1 at the spindle poles coincides with a specific stage of
spindle progression (spindle assembly, chromosome capture,
anaphase), DNA replication state, and/or maturity of MTOC.

We think that further genetic and biochemical studies will be
needed to advance our understanding of the molecular basis of
the regulation of mitosis in Plasmodium. Nonetheless, our cur-
rent understanding of mitotic events in these parasites comes
from direct observation of mitosis by microscopy. The con-
served architectures of the mitotic spindle have allowed the use
of microtubules, MTOCs, and DNA as visual landmarks to
study the progression of mitosis in Plasmodium parasites. With
this in mind, we will examine visual descriptions of these struc-
tures in Plasmodium from both electron and light microscopy
studies and discuss potential inconsistencies observed between
these two microscopy methods.

ELECTRON MICROSCOPY VIEWS OF PLASMODIUM
PARASITE MITOSIS

In Plasmodium spp., the best simultaneous views to date of
MTOC duplication, mitotic spindle assembly, and chromo-
some segregation have come from transmission electron mi-
croscopy (TEM) studies. TEM has the resolution (~0.2 nm) to
reveal individual microtubules of the mitotic spindle (2, 11, 52)
which are normally below the resolution limit of light micros-
copy (~0.2 pm). Like other eukaryotes, the Plasmodium mi-
totic spindle appears to contain at least three types of micro-
tubules: those that extend from both MTOC:s to overlap near
the midzone or hang freely in the nucleoplasm, those that
extend from one MTOC to the other, and those that extend
from the MTOC:s to contact the chromosomes (66). As men-
tioned above, since most of the parasite chromatin does not
condense during mitosis, TEM does not clearly depict chro-
mosome arms. However, TEM does resolve the kinetochores
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(52) (Fig. 2 and 3), the protein structures that mediate the
attachment of chromosomes to microtubules. Kinetochores
can be used to monitor chromosome movements during mito-
sis by TEM because they are electron dense and they corre-
spond one-to-one with chromosomes. TEM also reveals the
spindle MTOC:s, which appear as dense clouds of material that
originate within nuclear membrane pores and extend into the
cytoplasm (11, 52, 66) (Fig. 2 and 3). Mitotic spindles consist-
ing of two MTOC:s, a full set of chromosome kinetochores, and
the associated microtubules are three-dimensional (3D) struc-
tures that are difficult to image in a single TEM section. Thus,
the main work that has charted the progression of parasite
mitosis at high resolution has relied on serial section three-
dimensional TEM.

The earliest sign of Plasmodium parasite mitosis that has
been reported by TEM is the appearance of the hemispindle
(also called the half-spindle), as seen during sporozoite devel-
opment in the mosquito (66) (Fig. 2A). The hemispindle is
an array of microtubules which radiates into the nucleus
from a single MTOC embedded in the nuclear membrane.
Hemispindles have been shown in P. falciparum schizogony
(74); however, it has not been clearly demonstrated that the
first mitotic division begins with a single hemispindle in this
parasite stage. It is believed that the hemispindle duplicates
(Fig. 2B) and that these two half-spindles join together to form
a full, bidirectional mitotic spindle with one MTOC at each
pole (66) (Fig. 2C). After the spindle microtubules from both
poles capture the chromosomes (approximate metaphase; Fig.
1B), the kinetochores separate to opposite poles (signaling
sister chromatid separation) and the mitotic spindle extends in
length (anaphase; Fig. 1C) (52). As the spindle elongates, the
MTOC:s located at the poles move apart from one another and
appear to migrate to opposite sides of the nucleus in prepara-
tion for nuclear division (telophase; Fig. 1D).

An important and often overlooked piece of information
from TEM studies on Plasmodium parasite mitosis is the rel-
ative size of these structures. It is essential to keep scale in
mind, especially when attempting to correlate TEM-reported
structures with the morphology that is visible by light micros-
copy. TEM studies indicate that the early mitotic spindle struc-
tures in P. falciparum are quite small and that even fully as-
sembled bidirectional spindles begin with lengths between 0.5
and 0.7 pm and widths between 0.3 and 0.4 pm (52, 66).
Kinetochores for all 14 chromosomes can be found on spindle
microtubules (approximate metaphase) when the spindles are
roughly only 1 wm long from pole to pole (52) (Fig. 3). Kinet-
ochore separation (anaphase A) is also visible in spindles that
are roughly 1 wm long (3, 52, 74). These small spindles are still
positioned close to one inner face of the nuclear membrane, as
they do not extend far from the paired MTOCs that are em-
bedded in pores of the nuclear membrane (11). This suggests
that the events of chromosome capture and separation are
likely already completed before the nucleus displays overt signs
that would be visible by conventional light microscopy staining
techniques. It is also possible that the chromosomes may re-
main attached to the hemispindle microtubules throughout the
cell cycle (75); however, further work will be required to dem-
onstrate this definitively in Plasmodium.
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FIG. 4. Fluorescence light microscopy images of mitotic spindle during blood-stage schizogony in P. falciparum parasites. 3D confocal
microscopy views of blood-stage P. falciparum parasite cell morphology (DIC microscopy), nuclei (DAPI, blue in merged images), mitotic spindle
(anti-alpha-tubulin antibody, green in merged images), and mitotic spindle MTOC:s (anti-PfCEN3 antibody in rows i, i, iv, and v or anti-Cr Centrinl
antibody 20H5 in row iii, red in merged images) as previously described (42). Schematic cartoons are drawn for each example, indicating spindle
MTOC:s (red circles), microtubules (green lines), and outlines of stained DNA (blue lines). Dotted black lines indicate separate parasites in
multiply infected host cells. Row i, @ and b, short mitotic spindles bounded by MTOCs. The spindle in nucleus b which resembles an oblong tubulin
spot has a pole-to-pole distance that is approximately 1 wm long, similar to the lengths of anaphase spindles as described by TEM (52) (also see
Fig. 3). Rows ii and iii, c to f, larger spindle structures. In d and e, spindle extends across separate nuclear bodies. In f, a dark line is visible down
the center of the DAPI-stained DNA near the spindle midzone (DAPI, arrows). Row iv, asynchronous schizont nuclei have spindles with different
geometries in multiple stages of extension. Row v, segmented parasites after the final mitosis of schizogony. Furrows are visible between daughters
(arrows), nuclei are condensed, and microtubules appear in the daughter cytoplasms. Row i is a single confocal slice from a 3D series. Rows ii to
v are maximum-projection images of full 3D series. Rows ii to iv were processed with deconvolution software. Scale bar, 2 um.

LIGHT MICROSCOPY VIEWS OF P. FALCIPARUM
BLOOD-STAGE MITOSIS

and MTOCs in combination with optical sectioning tech-
niques, it is possible to observe the full three-dimensional
structure of the P. falciparum mitotic spindle by light micros-
copy (Fig. 4). Although individual parasite chromosomes are
difficult to image by light microscopy, the staining intensity of
DNA in the nucleus can yield useful clues about chromosome

Fluorescent light microscopy remains a valuable tool in
the study of P. falciparum mitosis and can be used to com-
plement the information from TEM (7, 24, 42, 44, 53, 74).
Samples for light microscopy are usually prepared under

less-disruptive fixation conditions than TEM samples and
thus are less susceptible to certain (but not all) types of
artifacts. Importantly, fluorescence microscopy also offers
the opportunity to observe organelles in living cells (79) and
the possibility of using several markers simultaneously to
correlate organelle development with the schizont nuclear
cycle (1, 44, 57, 76, 81).

With the use of markers for chromosomes, microtubules,

disposition (44, 53, 80). Recently, a significant amount of in-
formation about the internal organization of the parasite nu-
cleus has become available with the use of markers for telo-
meres, nucleoli, centromeres, and gene-specific loci (7, 27, 41,
43). This has the advantage of examining the chromosome
structures that are currently not visible by TEM, leading to
further insights into the fine details of the nuclear cycle in
schizonts.
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Tubulin proteins, the building blocks of microtubules, are
highly conserved among eukaryotes, and there are several an-
tibodies and other reagents for tubulins that have been used to
stain P. falciparum microtubules for fluorescence microscopy
(24, 42, 53, 74). Studies using fluorescent probes against tubu-
lins have highlighted the variety of P. falciparum microtubule
structures (53) that are comprised of differentially expressed
tubulin isotypes and posttranslational modifications (24, 38,
53). In addition, tubulin fluorescence has been used to corre-
late spindle development with the nuclear cycle (7, 42, 53) and
to characterize the disruption of mitotic structures in response
to antimalarial drug treatments (25, 74). These studies have
indicated that during the later stages of schizogony when the
parasite becomes crowded with nuclei, the maximum lengths of
the mitotic spindles appear to become progressively smaller in
the limited space (42, 53). After the final mitosis of schizogony,
anti-tubulin reagents label the cytoplasmic microtubules of the
nascent daughter parasites (53, 74).

However, there are some aspects of fluorescent tubulin
structures that appear to be inconsistent with TEM. In some
studies using fluorescent reagents against tubulins, relatively
long (2 to 4 wm) and sometimes astral microtubules have been
described inside nuclei in blood-stage P. falciparum (24, 25,
53), and it has been postulated that these structures are
hemispindles similar to those described by TEM studies of
mitosis (Fig. 2). However, the early mitotic hemispindles de-
scribed by TEM are small (~0.5 to 0.7 wm long) (66, 74), as are
the early stages of the fully assembled spindles (~1 pwm long)
(3, 52) (Fig. 3). From these data, it is difficult to determine
when these longer microtubule structures arise during the pro-
cess of spindle formation and dissolution, but it seems likely
that they are products of the later stages of mitosis (Fig. 1D
and Fig. 4, row iii, f). In another example of apparent scale
inconsistency, fluorescence studies have also identified short,
discrete plaques in P. falciparum nuclei that stain intensely with
anti-microtubule reagents (7, 24, 25, 53), and these structures
have been interpreted as the MTOC:sS that are visible by TEM.
These tubulin-rich plaques have been reported in the literature
with a variety of sizes. Many of these tubulin-rich plaques are
larger than the membrane-embedded MTOCs reported by
TEM (0.2 to 0.3 pm) (52, 66) and instead appear to be closer
in size to the early mitotic spindles (0.4 to 0.5 wm wide and 0.5
to 1.0 pm long) (3, 52) (Fig. 3). Also, without the use of an
additional reference marker for the nuclear membrane and
three-dimensional sectioning, it is difficult to distinguish po-
tential tubulin-rich MTOCsS in nuclear membrane pores from
the spindle microtubules inside the nuclear lumen, particularly
when they are labeled with the same tubulin marker. We sug-
gest the possibility that some of the tubulin-rich plaques in
these size ranges that are detected by fluorescence microscopy
may actually represent small mitotic spindles in different stages
of extension (Fig. 4, row i). We think it is important to recon-
cile inconsistencies such as these between TEM and fluores-
cence microscopy because the orders of events in MTOC du-
plication, movement, and microtubule extension that we infer
from these observations are critical pieces of data for our
understanding of P. falciparum spindle formation (33).

As discussed above, PFCEN3 and PfArkl are two markers
that may be used to track P. falciparum mitotic MTOCsS inde-
pendently of microtubules (42, 57). It will be useful to validate
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both markers by immuno-EM to confirm their accuracy and to
colocalize them with other MTOC components. Regardless of
the specific reagents that are used, simultaneously viewing
spindle microtubules and MTOCs with separate markers pro-
vides the advantages of confirming which microtubules are
components of the spindle and determining the orientation of
the small spindles by identifying their poles and by helping to
estimate spindle length as a measure of mitotic progression.
Adding a third marker for individual chromosomes (such as a
fluorescent kinetochore marker) would significantly help to
correlate the timing of events between TEM and fluorescence
microscopy. More confirmed markers for each of these struc-
tures are needed in Plasmodium.

CONCLUSION

Several decades of studies in electron microscopy and light
microscopy have identified some of the architectural compo-
nents of mitosis and shed light on the major sequence of events
in Plasmodium nuclear development. Nevertheless, we are still
missing many of the intervening details in these processes, and
so mitosis in Plasmodium remains poorly understood. Specifi-
cally, mitosis in Plasmodium still lacks a fully reconciled picture
of the earliest steps of MTOC duplication, mitotic spindle
formation, and chromosome capture. Due to the complexities
of this parasite’s biology that include asynchronous multinu-
clear cells, many of these questions are best answered by the
direct observation of individual parasites, preferably in three
dimensions. Ideally, Plasmodium microtubule and kinetochore
dynamics should be followed at a level of detail similar to that
used to investigate the overlap between S and M phases in
Saccharomyces cerevisiae (37). We are also missing a complete
picture of the molecular signaling networks that regulate mi-
tosis in Plasmodium. Further biochemical studies as well as
genetic knockout and knockdown experiments will be essential
for identifying additional components of this regulatory ma-
chinery and for dissecting the precise functions of such net-
works in mitosis. The unique aspects of mitosis in malaria
parasites may yet include targets to address the pathogenesis
and transmission of the disease. As molecular and instrument
technologies advance and improve both our spatial and tem-
poral resolution of these processes in Plasmodium, it is hoped
that we will gain a better understanding of the reproduction of
this important parasite and come to appreciate the lessons it
can teach us about eukaryotic mitosis.
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