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Live cell imaging of human malaria parasites Plasmodium falciparum during gametocytogenesis revealed that
the apicoplast does not grow, whereas the mitochondrion undergoes remarkable morphological development.
A close connection of the two organelles is consistently maintained. The apicoplast and mitochondrion are not
components of the male gametes, suggesting maternal inheritance.

The human malaria parasite Plasmodium falciparum is
responsible for severe disease and persists as a major global
health problem. P. falciparum belongs to the phylum Api-
complexa and harbors a relic plastid (apicoplast) acquired
via secondary endosymbiosis (10, 13). Although the apico-
plast has lost its photosynthetic ability (10), it still retains
critical metabolic pathways such as type II fatty acid synthe-
sis, isoprenoid synthesis, and part of heme synthesis (11, 20,
29, 39, 41). Because these pathways are fundamentally bac-
terial and distinct from equivalent human pathways, the
apicoplast is a promising drug target (28).

Like all plastids, apicoplasts cannot be created de novo
and must be vertically inherited. We previously demon-
strated that both the apicoplast and the mitochondrion be-
gin as small globular structures in the initial erythrocyte
phase and then grow and branch before segmenting into
multiple daughter organelles that are segregated into the
daughter parasites (3, 15, 16, 20, 37, 39).

Despite detailed investigation of organelle inheritance in
the asexual erythrocyte stages, little is known about other
life cycle stages. The falciparum malaria parasite’s life cycle
is divided between the human and the mosquito. Transition
from the human to the mosquito stages involves gametocy-
togenesis, which commences in erythrocytes and then pro-
ceeds in the mosquito gut, where the macrogametocyte
(female) produces a single macrogamete and the microga-
metocyte (male) produces eight microgametes after three
serial nuclear divisions. Gametes fuse to produce a zygote,
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which eventually develops into motile forms ready for injec-
tion into a new human host.

We wanted to explore the behavior of the apicoplast and
the mitochondrion in gametocytes (20, 27, 37, 39). We
therefore created a new, tagged organelle line in the game-
tocyte-competent line 3D7 (2, 25, 30) with a novel fluoro-
phore, mOrange (32), in the apicoplast for improved label-
ing. The 3D7 ACP(L):mOrange-CS(L):GFPmut2 line has
red apicoplasts and green mitochondria, and examination of
the asexual erythrocyte stages confirmed previous observa-
tions of organelle development and partitioning (37).

Five morphological developmental stages of gametocytes
(14) are recognized (Fig. 1 and 2). In contrast to the apicoplast
in asexual erythrocyte phases, we observed little to no apico-
plast change during gametocytogenesis; the apicoplast stayed
small and rounded or was only slightly elongated. Despite its
morphological inertia in gametocytes, the apicoplast is func-
tionally active. Sullivan et al. (35) demonstrated that inhibition
of the apicoplast translation in the P. berghii gametocyte by
thiostrepton blocks parasite transmission (12, 23). Further-
more, gametocyte transcriptomics shows upregulation of genes
for apicoplast type II fatty acid biosynthesis (FASII), lipoate
synthase and the pyruvate dehydrogenase E1 alpha subunit
(42), and at least two FASII enzymes are detected in gameto-
cyte proteomes (18).

In contrast to the morphologically static apicoplast, the
mitochondrion undergoes spectacular morphological devel-
opment as gametocytes mature. In stage II gametocytes, the
mitochondrion elongates and branches in a manner some-
what reminiscent of that in the asexual schizont cell, except
that it forms a cluster around the small apicoplast (Fig. la
and b; see also the movies in the supplemental material).
The mitochondrion keeps this unusual association with the
apicoplast throughout the whole gametocyte developmental
process, typically appearing like a thicket of elongate mito-
chondrial profiles virtually encasing the apicoplast.

As the gametocyte elongates at Stage III, the mitochon-
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FIG. 1. Live cell images of 3D7 ACP(L):mOrange-CS(L):GFPmut2 gametocytes at stage II (a and b) and stage III (c to f), showing a small
apicoplast (red) that is always encased by the mitochondrion (green). At stage III, the apicoplast is round (c and e) or slightly elongated (d and
f). In contrast, the mitochondrion forms branches from the cluster that encase the apicoplast. Sometimes the GFP labeling for the mitochondrion

is heterologous, but continuous (c and d). Scale bars, 3 pm.

drion also elongates longitudinally (Fig. 1c to f; see also the
movies in the supplemental material). In these cells, part of
the mitochondrion is often folded a few times along the
elongated apicoplast. As the gametocytes enlarge and ma-
ture (stage IV and V; Fig. 2), the mitochondrion in some
cells forms a denser cluster with short, round branches that
emerge from a center and emcompass the apicoplast (Fig.
2a, c, and d; see also the movies in the supplemental mate-
rial). However, the morphology is diverse and does not
correspond to gametocyte sex or maturity.

Our observation of an expanding mitochondrion in the
gametocyte is consistent with the activation of mitochon-
drial metabolism in gametocytes. Parasites in the asexual
erythrocyte phase rely exclusively on cytosolic glycolysis and
eschew the mitochondrial tricarboxylic acid (TCA) cycle.
Indeed, Painter et al. suggest that mitochondrial electron

transport in erythrocytes is only necessary for the reduction
of dihydroorotate dehydrogenase (4, 8, 27, 38). However,
transcriptomics reveals that 15 of the 16 mitochondrial TCA
cycle enzymes are upregulated in gametocytes (42), and nine
of these enzymes are detected proteomically in females and
four are detected in males (18). Gametocyte mitochondria
also develop the tubular mitochondrial cristae that are
largely absent in the asexual stages (21) but are required for
full mitochondrial function. The elaboration of the mito-
chondria during gametocytogenesis reflects this develop-
ment of mitochondrial activity.

The proximity of the mitochondrion and the apicoplast is
intriguing. In the asexual phase, there is a constant physical
association of the apicoplast and the mitochondrion (1, 15,
37), which even persists when the organelles are isolated
(19, 26). This contact is proposed to facilitate metabolite
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FIG. 2. Live cell images of 3D7 ACP(L):mOrange-CS(L):GFPmut2, at stage IV (a and b) and stage V (c and d), showing the apicoplast (red)
and mitochondrion (green) association in macrogametocytes (a and ¢) and microgametocytes (b and d). The apicoplast (red) does not elongate
or branch but stays small. Often, the mOrange signal for the apicoplast is weak in the mature microgametocyte (d). Scale bars, 3 pum.

exchange (20, 39). Available evidence suggests that synthesis
of heme by malaria parasites is a cooperative activity be-
tween the apicoplast and mitochondrion and that protopor-
phyrin intermediates are shuttled between the organelles
(31, 39, 40). The gametocyte proteome includes at least one
apicoplast and one mitochondrial enzyme for the putatively
conjoined heme synthesis pathway (42), and the connection
reported here may facilitate substrate shuttling. It has also
been suggested that the two organelles may share tRNAs
(16).

In the present study, we observed a single mitochondrion
with the different segments visibly connected by thin strands.
This is similar to rhodamine-123 staining of live gametocytes
(17). The highly lobed mitochondrial structure may be re-
sponsible for the reports of multiple (four to eight) mito-
chondria based solely on electron microscopy of gameto-
cytes of P. falciparum (33) and other Plasmodium species
(21).

We also wanted to explore how the organelles might be
inherited during sexual reproduction. In plants, both the
plastid and the mitochondria are typically maternally inher-
ited (22), but there are examples of biparental or paternal
inheritance (24). We attempted to induce microgametogen-
esis (exflagellation) in our 3D7 ACP(L):mOrange-CS(L):
GFPmut2 line without success. Instead, we used immuno-
fluorescent markers for the mitochondrion and apicoplast to
examine fixed parasites of the exflagellation-competent
strain NF54 (25, 30).

We focused on the microgametogenesis, or exflagellation,
since the obvious metamorphosis allows us to unambigu-
ously distinguish mature gametes. NF54 parasites developed
into gametocytes and the males could be induced to ex-
flagellate as previously described (9). Seven minutes after
the exflagellation induction, the microgametocyte begins to
develop axonemes (Fig. 3a and b), retaining a single apico-
plast and a single mitochondrion. At 30 min after the in-
duction, when microgametes were being released, the single
apicoplast and the single mitochondrion remain lodged in
the original gametocyte cytoplasm and hence are not parti-
tioned into the microgamete (Fig. 3c to f). The absence of
mitochondria and apicoplasts in male gametes is consistent
with genetic evidence for the maternal inheritance of the
mitochondrial and apicoplast genomes (5), as well as elec-
tron microscopy (33, 34). The absence of apicoplasts and
mitochondria in microgametes of other apicomplexan par-
asites (6, 7) suggests that this may be a common feature of
the phylum (33).

Conclusions and future prospects. Gametocytogenesis in P.
falciparum is the first step of the sexual reproduction, which
is an essential bridging stage from humans into the mosquito
host. In the present study, we made thorough morphological
observations of the different gametocyte stages to demon-
strate that the gametocyte has a single unelaborated apico-
plast that undergoes minimal expansion through gametocy-
togenesis. In contrast, the single mitochondrion expands
greatly to form a cluster around/along the apicoplast during
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FIG. 3. Exflagellated microgametes. Immunofluorescence images
of the mitochondrion in NF54 parasites, fixed 7 min (a and b) or 30
min (c to f) after exflagellation induction. (a to d) The mitochondrion
(labeled with the anti-Hsp60 antibody [green]) stays single even after
each microgamete (whose axoneme is labeled with the anti-alpha tu-
bulin antibody [red]) is formed (a and b) and exflagellated (c and d).
(e and f) The apicoplast (labeled with the anti-ACP antibody [green])
stays single and does not enter the exflagellated microgametes (whose
axoneme is labeled with the anti-alpha tubulin antibody [red]). Scale
bars, 3 pm.

gametocyte development. The morphologies are congruent
with metabolic activity in the two organelles at this stage.
Recent transcriptome and proteome analyses of the he-
patocyte phase of the rodent malaria P. yoelii revealed high
activity of the apicoplast and the mitochondrion (36), so it
will be interesting to visualize the organelles in these stages,
as well as sexual reproduction process in the mosquito host.
A complete picture of what the organelles are doing at
various life cycle phases will inform development of inter-
vention strategies, particularly when and how to use drugs
targeting apicoplast or mitochondrial metabolisms.
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