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Abstract

The apicoplast is a plastid organelle, homologous to
chloroplasts of plants, that is found in apicomplexan
parasites such as the causative agents of Malaria
Plasmodium spp. It occurs throughout the Apicomplexa
and is an ancient feature of this group acquired by the
process of endosymbiosis. Like plant chloroplasts,
apicoplasts are semi-autonomous with their own genome
and expression machinery. In addition, apicoplasts import
numerous proteins encoded by nuclear genes. These
nuclear genes largely derive from the endosymbiont
through a process of intracellular gene relocation. The
exact role of a plastid in parasites is uncertain but early
clues indicate synthesis of lipids, heme and isoprenoids
as possibilities. The various metabolic processes of
the apicoplast are potentially excellent targets for drug
therapy.

Introduction
The apicomplexan plastid was a discovery waiting to
be made. With hindsight it seems incredible that such
an organelle could have so long concealed its identity
in cells that have received as much scientiyc attention
as Plasmodium. In fact these plastids, referred to
as apicoplasts in apicomplexan parasites, had been
observed but not recognized as plastids. As early as
the 1960s electron microscopists had described the
ultrastructure of a mysterious multi-membrane-bound
organelle from Plasmodium spp. as well as from all other
major groups of apicomplexan parasites (see McFadden
et al.,, 1997 for review). Moreover, circular organellar
DNAs, that we now know belong to the apicoplast, were
observed, measured, and cruciform secondary structures
noted (formed by inverted repeats of rRNA genes, a
classic feature of plastid genomes) (Kilejian, 1975; Dore
et al.,, 1983; Borst et al., 1984). We were even aware
of the sensitivity of Plasmodium to a range of plastid-
targeting antibiotics (though these were assumed to target
the parasite mitochondrion). However, none of these
observations could have reasonably inspired anyone to
claim that Plasmodium is descended from photosynthetic
stock and that it still maintains a plastid organelle.

It required the depth of genomic data to awaken
us to the strange possibility of Plasmodium being a
highly derived alga. lain Wilsonis group paved the
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way to apicoplast discovery with studies of extra-
chromosomal DNAs recovered from isopycnic density
gradient fractionation of total Plasmodium DNA. This
group recovered two DNA forms; one a 6kb tandemly
repeated element that was later identiyed as the
mitochondrial genome, and a second, 35kb circle that
was supposed to represent the DNA circles previously
observed by microscopists (Wilson et al., 1996b; Wilson
and Williamson, 1997). This molecule was also thought
to be mitochondrial DNA, and early sequence data of
eubacterial-like rRNA genes supported this organellar
conclusion. However, as the sequencing effort continued
a new conclusion, that was originally embraced with
some awkwardness (fHave malaria parasites three
genomes?), Wilson et al.,, 1991), began to emerge.
Gradually, evermore convincing character traits of a
plastid genome were uncovered, and strong parallels
with plastid genomes from non-photosynthetic plants
(Epifagus virginiana) and algae (Astasia longa) became
clear. These studies culminated with the completion of
the 35kb sequence, by which time the chromosome
architecture, gene content and gene arrangement were
undeniably plastid-like (Wilson et al., 1996b; McFadden
and Waller, 1997; Wilson and Williamson, 1997; Gleeson,
2000).

Final proof of a plastid organelle awaited deyning
the location of this plastid-like DNA. Maternal inheritance
of this DNA circle strongly argued that it was located in
a non-nuclear organelle (Creasey et al., 1994). A lack
of co-puriycation with the mitochondrion (converse
to the 6kb extra-chromosomal DNA) told us that this
organelle was separate to the mitochondrion (Wilson
et al., 1992). Therefore a relict plastid seemed most
likely. Suddenly plastid spotting in the old ultrastructural
literature became a favored pastime of many, and the
mysterious multi-membrane organelles quickly became
the (odds-on betl. In situ hybridization experiments in
Toxoplasma gondii using probes complementary to the
plastid genome or its gene transcripts offered the ynal nail
in the cofyn by deyning the locality of these molecules
as a multi-membrane-bound compartment distinct from
the mitochondrion or other organelles (McFadden et al.,
1996; K®hler et al., 1997).

Genomic data had provided the yrst hint of a plastid
in Apicomplexa, and also provided the tools for its
identiycation at the cell level. Two immediate questions
were raised by this discovery. (1) What is the origin of
the apicoplast? (2) What is the function of the apicoplast
in parasites? Again genomic data provided the major
springboard for tackling these questions. Addressing the
yrst question, phlylogeneticists have continuously poured
over apicoplast molecular data for hints of the source
of this plastid ever since the Wilson groupis yrst partial
sequences of the 35kb circular DNA were produced.
These studies have matured substantially as the body
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Figure 1. Plastid origins and protein targeting. (A) Primary endosymbiosis describes the uptake of a prokaryote by a eukaryote. Plastids derived by primary
endosymbiosis are surrounded by two membranes and targeting of nucleus-encoded gene products to the endosymbiont is affected by an N-terminal transit
peptide (T). (B) Secondary endosymbiotic plastid origin involves a heterotrophic eukaryote phagocytosing a photosynthetic eukaryote possessing a primary
endosymbiont. The secondary endosymbiontis cytoplasm and nucleus (N?) are typically lost and the resulting plastid is surrounded by four membranes.
Sometimes one of the two outer membranes is lost at this point, resulting in a total of three. Targeting of nucleus-encoded (N?) gene products to secondary
plastids requires a signal peptide (S) to mediate protein passage across the outer membrane followed by a transit peptide (T) for import across the inner

membranes.

of genomic data has expanded from parasites and other
protists alike and their somewhat alarming yndings will
be discussed below. The second question T apicoplast
function T has also provided an interesting journey. The
sequencing of the apicoplast genome promised to offer
insights into apicoplast metabolism, but instead revealed
an extremely streamlined genome principally dedicated
to its own expression plus that of a small handful of
unidentiyed open reading frames. Direct biochemical or
proteomic studies of the apicoplast have been obstructed
by the lack of effective apicoplast puriycation techniques.
So again, genomics have been called upon, this time to
paint a picture of apicoplast metabolism from nucleus-
encoded genes whose products are targeted to the
apicoplast. Through the characterization of the apicoplast-
targeting signals in nucleus-encoded genes an ever-
growing list of putative apicoplast genes in the nucleus
is being assembled. This list enables a fvirtual touri of
apicoplast metabolism from genome data. To date this
has provided our greatest insights into apicoplast function.
Furthermore, these studies have lead directly to the
identiycation of novel anti-malarials. This is undoubtedly
the most exciting aspect of apicoplast research because
the apicoplastis plant-like heritage offers a broad
range of unique targets for chemotherapeutics. The
completion of the Plasmodium genome potentially offers
the identiycation of the complete protein content of the
apicoplast, from which an extensive picture of apicoplast
metabolism can be made.

Few areas of malarial research can boast gaining
so much from genomic studies. This review presents a
summary of our current understanding of the apicoplast
based both on genomic and other data.

Origin of the Apicoplast
All plastids are derived from a prokaryote that entered into
an endosymbiotic partnership with a eukaryotic host cell

(Cavalier-Smith, 1982). In fact, it is widely believed that
all modern plastids are derived from a single symbiotic
event where the endosymbiont was a cyanobacterial-like
organism (Delwiche and Palmer, 1997). The apicoplast
is, without doubt, a bona yde member of this family of
organelles because of its plastid-type genome. However,
there are two main categories of plastids T primary
plastids and secondary (or complex) plastids. Primary
plastids are the products of a symbiosis between a
prokaryote and a eukaryote (see Figure 1A). These
plastids are surrounded by two membranes and are
represented in three major groups; plants and green
algae, red algae, and an unusual algal group called
glaucophytes (Delwiche, 1999). Secondary plastids are
more complicated. These are derived from symbioses
between two eukaryotes where a primary plastid-
containing eukaryote is engulfed by a second eukaryote
(Figure 1B). With time this engulfed eukaryotic is stripped
of its now redundant features, and many of its genes are
transferred to the host nucleus, until essentially only a
plastid remains (exceptions do exist where a miniature
nucleus and some cytosol persist). However, this plastid
remains bound by either one or two extra membranes
derived from its former host cellis plasma membrane
and/or the food vacuole of its new host (Figure 1B).
These extra membranes are diagnostic of secondary
plastids that are found in the following diverse algal
groups; dinopagellates, heterokont algae (including kelps
and other brown algae), haptophytes, cryptomonads,
chlorarachniophytes and euglenoids (Delwiche, 1999).
Apicoplasts are also surrounded by extra membranes
(see following section for discussion of how many)
which is evidence for them being secondary plastids.
The route of protein trafycking to plastids is also strongly
discriminating between primary and secondary plastids
and in apicomplexans provides a compelling case for the
apicoplast being a secondary plastid (protein trafycking is
discussed in detail in a following section).



The identiycation of the apicoplast as a secondary
plastid tells us the method by which the progenitor of
apicomplexans acquired a plastid, but key questions
remains unanswered. What type of plastid-containing
organism (alga) was the endosymbiont? Was this plastid
acquired before apicomplexans diverged from related
protists or after? If the answer is before, do other groups
share this plastid? If the answer is after, have different
apicomplexans independently acquired their own
plastids? It is important to note that the sister taxon to the
Apicomplexa is the dinopagellate algae, and the nearest
relatives of this pair are the ciliates. This grouping is well
supported by both molecular and ultrastructural data,
and is referred to as the Alveolata (Vivier and Desportes,
1990; Baldauf et al., 2000). Most dinopagellates possess
a secondary plastid (containing peridinin pigment)
(Delwiche, 1999) which has lead to the enticing
hypothesis that apicomplexans and dinopagellates share
a common plastid. However, this scenario is confounded
by numerous of the dinopagellates having acquired further
secondary plastids independently (Delwiche, 1999),
raising the possibility that either the dinopagellates, or
apicomplexans or both may have acquired their plastids
separately. Ciliates, on the other hand, typically lack a
plastid.

Traditional features that help deyne plastid lineages
such as pigments (chlorophyll b versus chlorophyll c)
and genes associated with photosynthesis (Rubisco
forms) are absent in the non-photosynthetic apicoplast,
so other molecular markers must be sought for the task
of tracing apicoplast history. Genes encoded on the
plastid genome are one obvious class of useful markers
of plastid lineage. Nucleus-encoded genes, however,
can also be very useful markers particularly as they
are independent of any evolutionary constraints placed
on plastid-encoded genes such as strong AT content or
codon usage biases. Thus, genes that originated with
the plastid (either from the plastid DNA or, in the case
of secondary plastids, the endosymbiontis nucleus) but
have relocated to the nucleus can also serve as useful
markers of plastid heritage. Most of these genes trafyc
their products back to the plastid, although, some may
come to fulyll functions in the host cytosol. In either
case, such genes can offer phylogenetic information of
the endosymbiont from which they derive. Genes that
derive from the host cell rather than the endosymbiont,
but become associated with plastid function, can also be
useful markers. An example is a host gene whose protein
product has become targeted to the plastid to fulyll an
organellar role. If its role is stable, it can continue to be a
useful marker for all plastid descendants subsequent to
its adoption. Attempts to identify the source and history of
the apicoplast have utilized all of these different classes
of molecular markers.

Plastid-Encoded Markers

Apicoplast-encoded sequences have received the
greatest attention in attempts to identify apicoplast
afynities with other plastids. Early studies, conducted as
the yrst apicoplast sequences were becoming available,
were encumbered by poor taxa representation in the
data sets and will not be discussed here (see Jeffries
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and Johnson, 1996, for a comprehensive review). With
the completion of several plastid genome sequences,
including two from the Apicomplexa (Plasmodium
falciparum and Toxoplasma gondii) (Wilson et al., 1996b;
K®hler et al., 1997) and partial genome sequences from a
number of others (Denny et al., 1998), these studies have
become much more potent.

Apicomplexa Share a Common Plastid
Plastid sequence data strongly support that all apicoplasts
share a common origin. Lang-Unnasch and co-workers
constructed phylogenetic trees from apicoplast-encoded
rRNA genes representing much of the diversity of the
Apicomplexa (Lang-Unnasch et al., 1998). These tree
topologies basically match those derived from nuclear
sequences suggesting that the apicoplast has been
co-evolving with the host cell throughout apicomplexan
diversiycation. Further evidence for all apicoplasts sharing
a common origin comes from the striking similarities
of apicoplast genomes. Plasmodium falciparum and
Toxoplasma gondii, representing haemosporins and
coccidians respectively, have near identical plastid
genomes in terms of gene content and order (Wilson et
al. 1996b; Kehler et al., 1997; http://www.sas.upenn.edu/
~jkissing/toxomap.html). Denny et al. (1999) have
added further partial genome sequences from another
coccidian, Eimeria tenella, and the piroplasm Theileria
annulata. These sequences also show a remarkable level
of genome conservation. This uniformity of the genome
not only supports a common origin of the apicoplast, but
shows that its genome had reached a stable evolutionary
state prior to apicomplexan diversiycation. This suggests
that the acquisition of this secondary plastid may predate
the divergence of the Apicomplexa from related protists.
This conclusion implies that all apicomplexa should
contain a plastid, unless members have subsequently lost
this organelle. Indeed, molecular and/or ultrastructural
data indicates that an apicoplast is present in all
major apicomplexan groups (McFadden et al.,, 1997;
Lang-Unnasch et al., 1998). One possible exception
is Cryptosporidium for which extensive searching for
evidence of an apicoplast has failed to ynd any (Zhu et
al., 2000a). This member may, therefore, have lost its
apicoplast since its divergence from other apicomplexa.

Apicoplast-Encoded Genes Support a Non-Green
Origin?

If the apicoplast is monophyletic (of single origin) and
possibly more ancient than apicomplexan diversiycation,
then this raises the possibility that it may be the homologue
of other algal secondary plastids. Again the spot-light falls
upon the Apicomplexais sister taxon the dinopagellates.
For a long time no plastid DNA could be recovered from
dinopagellates, preventing any comparison of heritage
with the apicoplast. In 1999 two groups broke this
impasse. However, what they found was highly divergent
genes each arranged individually on DNA mini-circles
(Takishita and Uchida, 1999; Zhang et al., 1999; 2001).
This radical reorganization of their plastid genomes
is perhaps consistent with other aberrant features of
dinopagellate genetic organization (such as the nucleus).
Again, comparisons to the apicoplast were frustrated.
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Figure 2. Hypothesised evolution of protists sharing a common ancient
secondary plastid. Apicomplexans, dinopagellates and ciliates form a
well supported grouping known as the Alveolata. GAPDH phylogenies of
Fast et al., (2001) support that apicomplexans, dinopagellates, heterokont
algae and cryptomonad algae share a secondary plastid derived from a
single endosymbiotic event (arrow). This implies that ciliates and oomyctes
(well established sisters to the heterokont algae) are derived from plastid
containing ancestors that have lost their plastid (arrowheads).

Earlier studies argued for a link between apicoplasts
and green (chlorophyll b-containing) plastids. rRNA
and RNA Polymerase gene sequences often grouped
the apicoplast with euglenoid algae (these contain
green secondary plastids) (Howe, 1992; Gardner et
al.,, 1994; Egea and Lang-Unnasch, 1995), while TufA
gene sequences suggested a direct link with green
algae (implying that the apicoplast is derived from an
green algal endosymbiont acquired independently from
dinopagellate plastids) (K®hler et al., 1997). However,
limited taxon sampling, poor statistical support for these
alliances, and the artifactual phenomenon of divergent
sequences (often with strong AT biases) attracting in
phylogenies, all cast a shadow over these conclusions
(Blanchard and Hicks, 1999).

Analyses of plastid gene loss and rearrangement on
plastid genomes argues more convincingly for apicoplast
afynities with non-green plastids. Plastid ribosomal
protein genes are organized into two gene clusters
in cyanobacteria, plants and green algae, whereas
non-green plastids have combined these into a single
fisuper operond. Apicoplasts share this fisuper operono
gene organization (Wilson et al., 1996b; McFadden
et al.,, 1997). Furthermore, while gene loss from the
plastid genome has occurred in all plastids since their
endosymbiotic origin, the apicoplast retains more of
these ribosomal protein genes in common with non-green
plastids compared to the green counter-parts (McFadden
et al., 1997; Blanchard and Hicks, 1999).

Nucleus-Encoded Markers

Markers for the apicoplast that are encoded in the nucleus
didnit become available for some time after the discovery
of this organelle. The yrst to be analyzed were ribosomal
protein genes rps9 and rpl28, and fatty acid biosynthesis
gene fabH, all of which encode proteins that are trafycked
into the apicoplast (Waller et al., 1998). Phylogenies
with these sequences supported their plastid origin but
again limited taxon sampling prevented any meaningful
resolution of the order amongst the plastids (Waller et al.,
1998). Nevertheless, these sequences offered a ray of

hope given that many more (most probably hundreds) of
other apicoplast genes promised to be found in the nuclear
genome. This promise has indeed been fulylled and this
resource will undoubtedly provide the greatest power
for resolving this issue of apicoplast origin. Amongst
these genes, Sato et al, (2000) have even apparently
identiyed genes that derive from the apicoplast, but now
fulyll cytoplasmic functions. Useful phylogenetic markers
still await identiycation from these genes. However, one
group (Fast et al., 2001) have made a promising break
through from an unexpected quarter.

Fast et al. (2001) noted that plastid-targeted GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) in
dinopagellates was distinct from that of plants, green aglae
and red algae. The later all possess a cyanobacterium-
type version of this enzyme that is nucleus-encoded
and plastid-targeted (this is in addition to a eukaryotic-
type cytosolic version of this enzyme that all eukaryotes
possess). Dinopagellates, on the other hand, target a
eukaryotic version of this enzyme to their plastids (Fagan
et al.,, 1998). This suggests that a gene duplication of
the cytosolic form has lead to one copy displacing the
cyanobacterial version at some point in dinopagellate
evolution (endosymbiotic gene displacement is not
uncommon in plastids) (Liaud et al., 1997; Fagan et al.,
1998). Fast et al. (2001) recognized that this dichotomy
amongst plastids offered an excellent opportunity to
test the relationship of apicoplasts to dinopagellate
plastids. They sequenced several plastid GAPDH genes
including one from Toxoplasma gondii, and several
from non-green algae, and revealed that apicoplasts
possess a eukaryotic GAPDH similar to dinopagellates.
Moreover, other non-green algae (heterokont algae and
cryptomonads) also possess this eukaryotic version, and
in GAPDH phylogenies these group tightly together with
the Apicomplexa and dinopagellates. Interestingly, the
cytosolic version of GAPDH from all of these taxa (with
the exception of cryptomonads) also group together and
form a sister group to the plastid targeted form. This is
consistent with a gene duplication event prior to the
divergence of these groups.

This stunning result has the profound consequence
that the apicoplast is derived from an extremely ancient
secondary endosymbiotic event, and is shared not
only by dinopagellates, but also heterokont algae, and
probably cryptomonads (notable plastid losses are also
predicted, see Figure 2). The original endosymbiont
was almost certainly a red alga based on strong
pigmentation and plastid gene data that links the plastids
of heterokont algae and cryptomonads with those of red
algae (Delwiche, 1999). This result also lends support to
heterokonts being the sister to the Alveolata, a notion with
increasing support (Baldauf et al., 2000; Van de Peer et
al., 2000). Further analysis of the Plasmodium genome,
in conjunction with expanding genome data from other
protists, will offer many more opportunities to test the
hypothesis of Fast et al. (2001). However for now, we
are enjoying the clearest picture that we have had yet
of the apicoplast, as a formerly photosynthetic, ancient
secondary plastid that has played a major role in the
evolution of protistan life.



Figure 3. Apicoplast ultrastructure in Plasmodium falciparum. Parasites
represent schizont stages containing multiple nuclei. GFP is targeted to
the apicoplast via a transgene (encoding ACPpresequence-GFP. see
iProtein targeting to apicoplastsi section) and is visualized by immuno-
gold detection of GFP. Mitochondrion proyles are seen in close proximity
to apicoplasts in Bi and Cb. Sections are made from cryopreserved cells.
N, nucleus; FV, food vacuole; arrowhead, apicoplast; m, mitochondrion.
Scale bar = 10m.

Apicoplast Morphology and Division

Apicoplast ultrastructural studies enjoy the unusual
distinction that much of this work was done decades
before the discovery of this organelleis true identity.
These early apicoplast studies span much of the diversity
of the Apicomplexa and, because no one knew they
were observing a plastid, the apicoplast acquired many
different labels (see McFadden et al., 1997 for summary
of early microscopy). Amongst Plasmodium spp.,
fispherical bodyo, fidouble walled organelled and simply
fivacuoled were used. These studies, in conjunction with
more recent work, still contribute substantially to our
understanding of apicoplast structure.

Number of Surrounding Membranes

The apicoplast is a multi-membrane-bound compartment
that can vary in size and shape during the cell cycle. The
number of membranes surrounding apicoplasts has been
a matter of some debate due to the required exceptional
levels of membrane preservation for this to be accurately
deyned. Consequently, in the past the apicoplast was
often simply described as a multi-membrane compartment
without any commitment to an actual membrane number.
Some exceptions, however, do exist, and Toxoplasma
gondii is the most noteworthy having dazzled electron
microscopists for years with superb ultrastructural
preservation. In this case it is clear that four membranes
surround the apicoplast (Dubremetz, 1995; K®hler et al.,
1997). Other apicomplexa have also lent themselves to
answering this question of membrane number. Another
coccidian, Hepatozoon domerguei, is identiyed as having
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Figure 4. Apicoplast ultrastructure in late schizont-stage Plasmodium
falciparum parasites expressing ACPpresequence-GFP (see Figure 3).
Immuno-gold detection of GFP labels the apicoplast. (A) Multi-nucleate
stage with a long apicoplast proyle. (B and C) Segregating parasite with
proyles of branched forms of the apicoplast. (C) Enlarged branched
apicoplast showing multiple membranes surrounding the apicoplast.
Panel A represents standard chemical yxation whilst panels B and C
represent cyropreservation. Arrowheads, apicoplast; N, nucleus; FV, food
vacuole; r, rhoptry. Scale bar = 1Hm.

four membranes around its apicoplast (Vivier et al., 1972),
as does Coelotropha durchoni (Viviere and Hennere,
1965), a further coccidian, and the gregarine Selenidiidae
pendula (Schrevel, 1971). More recently, a study of the
haemosporin, Garnia gonandati, clearly identiyes a four
membrane apicoplast in this close relative of Plasmodium
spp. (Diniz et al., 2000).

From this broad representation of apicomplexa it is
probable that most, if not all, apicoplasts will be bounded
by four membranes. However, one group (Hopkins et al.,
1999) have argued that Plasmodium spp. are exceptions,
having three membranes around their apicoplasts.
Hopkins et al. (1999) have made a detailed microscopic
study, including the use of serial sections, of apicoplasts
from P. falciparum. P. falciparum in notorious for poor
ultrastructural preservation by chemical yxation, and this
study also is confounded by wavy and folded membrane
proyles that are often dilated, discontinuous and merge
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into one another. Comparisons with smoother membrane
proyles from cryopreserved material (Figures 3 and 4)
suggest that this waviness is likely the result of chemical
yxation artifacts. Despite recognizing that different
apicoplast proyles showed three, four and yve bounding
membranes, Hopkins and co-workers are convinced that
three is the true number for P. falciparum. It is interesting
to note that if the apicoplast has a common ancestry
with dinopagellate, heterokont and cryptomonad plastids
(see previous section), then the loss (or gain) of plastid
membranes has occurred before in this plastid lineage.
Heterokont and cryptomonad plastids are surrounded by
four membranes (most likely the ancestral state) while
this plastid in dinopagellates has only three (Delwiche,
1999). This suggests that one membrane has been lost
during dinopagellate evolution, and an equivalent event
could have happened much more recently in Plasmodium
evolution (since the two haemosporins, Garnia and
Plasmodium, diverged). This membrane loss is not
evident, however, by protein-targeting to apicoplasts,
either in the route or interchangeability of protein-
targeting motifs between P. falciparum and Toxoplasma
gondii (discussed in the following section). Furthermore,
one image from a P. falciparum gametocyte (for which
ultrastructural preservation is typically better than for
the asexual blood stages) shows a likely apicoplast
clearly with four surrounding membranes (McFadden and
Roos, 1999). Therefore, we await further conyrmation of
membrane number from Plasmodium spp..

Apicoplast Contents

Throughout the apicomplexa apicoplast contents are
typically homogenous with aynely granular and sometimes
ybrous texture (Figures 3and 4, and McFadden etal., 1997
for references). These yne granules are consistent in size
with plastid-type 70S ribosomes (McFadden et al., 1996;
Hopkins et al., 1999). Occasionally, some differentiation
of the lumenal contents has been noted where more
darkly staining regions in electron micrographs co-occur
with pools of rRNAs (McFadden et al., 1996; McFadden et
al., 1997). The ybrous nature of the apicoplast lumen has
been suggested to represent the DNA content of these
organelles. Apicoplast genome copy number is another
contentious issue, with earlier estimates of average
apicoplast content based on Southern blot analysis
suggesting extremely low counts of six for Toxoplasma
gondii and only one for Plasmodium falciparum (Fichera
and Roos, 1997; K®hler et al., 1997). More recently,
measurements have been made on individual cells using
video-intensiyed microscope photon counting, and less
extreme values were determined with approximately 25
copies for T. gondii and 15 for P. falciparum (Matsuzaki
et al., 2001). Interestingly, in T. gondii, the apicoplast
DNA content showed signiycant variation, with up to 80
copies evident in some apicoplasts (Matsuzaki et al.,
2001). Apicoplast DNA has been observed as a discrete
nucleoid concentrated in a small portion of the T. gondii
apicoplast by puorescence microscopy (Striepen et al.,
2000). At the electron microscope level, a similar result
is seen by immuno-detection of DNA, with most staining
in concentrated foci (Matsuzaki et al.,, 2001). The latter
authors, however, suggest that this is artifactual based

on seeing more homogenous DNA staining in their
puorescent studies. Yet in the absence of an independent
apicoplast stain for these puorescent images, they may
have overlooked any segregation of DNA staining within
apicoplasts.

The Hopkins study (Hopkins et al.,, 1999) of
Plasmodium falciparum apicoplasts report extra
membranous structures both inside the apicoplast
lumen as well as on the outside surfaces. These
internal structures are unique to Plasmodium and
consist of infolding waves and whorls of membrane that
are apparently continuous with the bounding plastid
membranes (the nature of the external structures is less
clear). Hopkins et al. (1999) observe these structures to
become more elaborate as the parasites develop right
through to schizonts and early merozoites. It is suggested
that these membranes may indicate mass lipid transport
out of the apicoplast to the rest of the parasite (Hopkins et
al., 1999). However, at this stage we cannot rule out that
these structures represent artifacts of chemical yxation,
and we note that we have not observed any equivalent
structures in cryopreserved material representing late
trophozoites and schizonts (Figures 3 and 4).

Apicoplast Lifecycle In Asexually Reproducing
Plasmodium falciparum

In Plasmodium falciparum each parasite contains only
one apicoplast. This is clearly evident from studies
of live parasites using targeted GFP as a marker for
the plastid (Figures 5 and 6A) (Waller et al., 2000).
Apicoplast-targeted GFP has also provided an
unprecedented opportunity to observe this structure
throughout the lifecycle of P. falciparum with observations
of many hundreds of live cells. These studies reveal a
continuous, intimate association of the apicoplast with the
mitochondrion (Figure 6A) (Waller et al., 2000). This union
has also been observed at the electron microscope level
(Figure 3Bi-Cib) (Hopkins et al., 1999), and is even more
pronounced in some of the non-human malaria parasites
where the apicoplast sits within a deep invagination of the
mitochondrion (Aikawa, 1966; Aikawa and Jordan, 1968;
Aikawa, 1971; Hopkins et al., 1999). The signiycance of
this association is unclear.

At the beginning of the asexual lifecycle of P.
falciparum, when it has newly infected an erythrocyte,
the apicoplast is rod shaped and slightly curved, perhaps
due to being appressed against the plasma membrane
in these tiny cells (Figure 5A). As this early ring stage
develops the apicoplast rounds up into a small spherical
structure (Figure 5B). This spherical conformation
persists for most of the asexual life cycle, with only a
gradual increase in apicoplast size taking place as the
trophozoite grows (Figure 5C). The mitochondrion, on the
other hand, elongates and elaborates early on in parasite
development (Divo et al., 1985), although it continues
to remain in contact with the apicoplast (Figures 3Bi-Ci,
and 6A). When the parasite has enlarged to yll most
of the erythrocyte the sequence of cell division must
commence. It is now that we see a dramatic change in
apicoplast morphology.



Figure 5. Plasmodium falciparum apicoplast morphology in live cells
throughout the asexual lifecycle of blood stage parasites expressing
apicoplast-targeted GFP (arrows). Stages represent ring form (A), small
trophozoite (B), large trophozoite (C), three stages of early schizonts
(D-F), late schizont (G) and recently released merozoites (remnant
food vacuole is seen amongst the merozoites, arrowhead) (H). Single
apicoplasts enlarge slowly, elongate to branched forms during schizogony
and then divide and segregate prior to merozoite egression. These stages
were seen for all transfectants with apicoplast-targeted GFP. Panels A-
E and G-H represent ACPpresequence-GFP expressing parasites and
panel F represents a FabHpresequence-GFP expressing parasite. Scale
bars = 5Hm.

Apicoplast Division

During the late trophozoite/early schizont stage the
apicoplast elongates and develops into a multi-branched
reticulum (Figures 4, 5D-F). This elongate, branched form
persists through successive rounds of nuclear division
(Figure 7A) and well into late stage schizonts where
organelle segregation has commenced (Figures 4B-C).
In GFP expressing live cells the next observed stage
is of multiple, squat rod-shaped apicoplasts in mature
schizonts (Figures 5G and 7F). This implies that the
multiple division of the apicoplast is either simultaneous
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Figure 6. (A) Live intra-erythrocytic Plasmodium falciparum parasites
expressing the apicoplast-targeted GFP fusion protein ACPpresequence-
GFP and co-stained for mitochondria (red) [right-hand erythrocyte contains
multiple (5) infections]. (B) Parasite expressing ACPpresequence-GFP
(presequence containing the signal peptide plus the transit peptide) with
GFP accumulating in the apicoplast. (C) Parasite expressing ACPgjgnal-
GFP with GFP accumulating in the parasitophorous vacuole (some GFP
re-enters the parasites into the food vacuole). (D). Parasite expressing
ACPgignal-GFP with GFP accumulating in the parasitophorous vacuole
(some GFP re-enters the parasites into the food vacuole). (C) Parasite
expressing ACPyansit-GFP with GFP accumulating in the cytosol. Scale
bar = 5Hm.

or occurs as an extremely short chain of events. Upon
schizont rupture each merozoite inherits only one
apicoplast, and there is no left over organelle with the
remaining cell debris (Figure 5H).

This intriguing morphology and timing of apicoplast
division has likely co-evolved with the unusual pattern of
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Figure 7. Ultrastructure of intra-erythrocytic Plasmodium falciparum
during schizogony. Cryopreserved cells represent pre-segregation stage
with multiple nuclei (A), stages during organelle segregation into new
apical cups and cytokinesis (B T E), and mature schizonts consisting of

separate daughter cells escaping from the parasitophorous vacuole (F).

Whilst thin sections cannot provide full detail of apicoplast morphology
in these stages, occasional proyles reveal the elongate nature of the
apicoplast (A). Arrowhead, apicoplast; N, nucleus; r, rhoptry; FV, food
vacuole; arrows, micronemes. Scale bars = 1Hm.

cell division (schizogony) seen in Plasmodium spp. and
many other apicomplexans. The process of schizogony
is unusual in that multiple nuclei are produced prior to
organelle segregation or cytokinesis (see Figure 7). In
P. falciparum the number of daughter cells (merozoites)
produced by schizonts is variable, ranging anywhere from
8 to 24 (Kudo, 1971). This number must be tied to the ynal
number of nuclei produced. DNA replication and nuclear
division in P. falciparum is an apparently disordered affair
where synchrony of mitosis is quickly lost after the yrst
couple of mitotic events (Read et al., 1993). This more
pexible regime is probably the key to the variability in
daughter cell number, and may allow schizogony to be
better tuned to cell resources and ytness. A disorderly
conclusion to nuclear replication (Read et al., 1993)
(rather than a co-ordinated ynal round of mitosis
(Bannister et al., 2000)) determines the ynal number of
nuclei, which may be an odd number. For the apicoplast
to segregate such that each daughter cell receives one
apicoplast, apicoplast division needs to receive some
cue as to the number of nuclei and divide accordingly.
Delaying apicoplast division until the completion of
nuclear division may thus be necessary.

How then does the apicoplast know how many
nuclei have been produced? This is most likely through

a close association with the centrosomes. Electron
microscopist have noted in coccidia that the apicoplast
is often seen associated with centrosomes (Vivier and
Desportes, 1990; Speer and Dubey, 1999), and a recent
elegant study in Toxoplasma gondii (Striepen et al., 2000)
conyrmed this association by immuno-puorescence
throughout the cell cycle. Moreover, dividing apicoplasts
are seen to be drawn apart by centrosomes at each end,
with an apicoplast DNA nucleoid just beneath the limiting
membranes at these points of centrosome association
(Striepen et al., 2000). The apicoplast is then apparently
cleaved in two with the development of the pellicle of
the daughter cells (Striepen et al., 2000). This model
presents an attractive explanation for the complex
branched apicoplasts seen in P. falciparum schizonts. An
association with centrosomes replicating during nuclear
replication would draw the apicoplast into an elaborate
conformation as nucleus number increases. By analogy,
in T. gondii if apicoplast division is blocked by prolonged
microtubule inhibition with dinitroaniline herbicides,
apicoplasts with several centrosomes develop and these
apicoplasts are elongate and multiply branched (Striepen
et al., 2000). In Plasmodium, delaying apicoplast division
until the ynal stages of segregation while maintaining
this centrosome association would be necessary to
ensure that each nucleus, and hence each daughter cell,
receives an equal apicoplast inheritance (including copies
of the apicoplast genome). The close association of the
mitochondrion with the apicoplast may be a mechanism
to ensure that this organelle is appropriately partitioned
also. We await conyrmation of a link between Plasmodium
apicoplasts and centrosomes to further substantiate this
model.

Division Molecules

It is a nice testimony to the prokaryotic nature of plastids
that many have retained the molecular apparatus for
organelle division that bacteria use for cell division. In
bacteria the tubulin homologue FtsZ forms a division
ring at the center of the cell coordinated by the a family
of Min proteins. In most plant and algal groups surveyed
gene homologues for FtsZ and some Min proteins have
been found, and these have been shown to be linked to
plastid division (Gilson and Beech, 2001; Osteryoung,
2001). Interestingly, FtsZs have been implicated in
mitochondrial division also, although many eukaryotes
(including animals, fungi and plants) have apparently
evolved alternate division mechanisms independent of
FtsZ (Osteryoung, 2001). The heterokont algae, which
are likely relatives of apicomplexa (see previous section),
have been shown to use FtsZ molecules in the division of
both their plastids and mitochondria (Beech et al., 2000;
Gilson and Beech, 2001). It therefore seemed probable
that FtsZs would be found in apicomplexa. To date,
however, no FtsZs have been found despite extensive
searching of the Plasmodium falciparum genome and
PCR screening of Toxoplasma gondii (Striepen et al.,
2000). Though such molecules may be discovered, it is
possible that apicomplexa have found alternate division
strategies. These may involve dynamin-like proteins as
have apparently been adopted by yeast for mitochondrion
division. Matsuzki et al., (2001) report conspicuous darkly



staining patches and even rings at the constriction
between dividing apicoplasts in T. gondii that might be
evidence of some form of division apparatus. Streipen
and colleagues (Striepen et al., 2000), on the other hand,
have been unable to observe any compelling division
structures, and suggest that apicoplast division may
be achieved by a slicing force generated by the mitotic
spindle pulling the apicoplast against the extending
daughter cell pellicle. Presently, this is a topic with more
questions than answers.

Protein Targeting to Apicoplasts

While no plastid is known to have completely lost its
prokaryote-type genome, all plastids have undergone
extensive transfer of genes to the host cell nucleus
(Martin and Herrmann, 1998). This gene transfer has
left these organelles heavily dependent upon proteins
targeted to the organelle from the host cytosol. In cells
with primary plastids (see earlier section) a system
of plastid protein import has evolved where a peptide
extension, referred to as the transit peptide, occurs at
the N-terminus of the protein to be targeted. This transit
peptide interacts speciycally with the plastid membrane
lipids and protein complexes Toc and Tic (Translocon at
the outer/inner envelope membrane of chloroplasts) which
facilitate protein import into the plastid (Figure 1A) (Bruce,
2001; Jarvis and Soll, 2001). This system is analogous
to protein import into mitochondria, and plant cells must
discriminate between proteins destined for mitochondria
and those destined for plastids. Cells that have acquired
a secondary plastid (see earlier section) most likely
inherited this Toc/Tic system for protein targeting to
plastids. However, upon gene transfer to the new host
cell nucleus, cytosolically translated plastid proteins are
faced with additional membranes that must be passed on
route to the plastid (Figure 1B). In all secondary plastids
studied to date, an additional targeting motif has been
appended to the transit peptide in response to the extra
obstacles of these multi-membrane bound plastids (van
Dooren et al., 2001). This motif is a short hydrophobic
peptide that apparently acts as a signal peptide for
entry into the endomembrane system. This appears to
be a logical solution given that the plastid now resides
within a derived food vacuole, which is part of the hostis
endomembrane system (Figure 1B).

Apicoplasts are secondary plastids and are therefore
faced with the same extra membrane obstacles for protein
import as their algal counter-parts. When the yrst nucleus-
encoded genes whose protein products target to the
apicoplast were described, from Plasmodium falciparum
and Toxoplasma gondii, it was abundantly clear that
apicoplasts employ a similar targeting mechanism as
algae with secondary plastids. From these genes the
predicted proteins (fatty acid biosynthetic proteins ACP,
FabH and FabZ, and ribosomal proteins S9 and L28)
all had a substantial N-terminal presequence that by
bioinformatic analysis consisted of two parts (Waller et
al., 1998). The most N-terminal portions were identiyed
as classic von Heijne-type signal peptides, and these
were followed by domains similar to plant-type transit
peptides. P. falciparum and T. gondii are unique amongst
secondary plastid containing organisms in that they are
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amenable to genetic manipulation and this has allowed in
apicomplexa a thorough exploration of protein trafycking
to secondary plastids.

Targeting Presequences Comprise a Signal Peptide and
Transit Peptide

Using GFP as a reporter molecule several studies have
demonstrated that the N-terminal bipartite presequences,
of apicoplast-targeted proteins, are necessary
and sufycient for apicoplast import in Plasmodium
falciparum (Figures 3, 4, 5, 6A-B) (Waller et al., 2000)
and Toxoplasma gondii (Waller et al., 1998; Yung and
Lang-Unnasch, 1999; DeRocher et al., 2000; Jelenska
et al., 2001; Yung et al., 2001). It has also been shown
that P. falciparum presequences successfully targets
GFP to T. gondii apicoplasts (Jomaa et al., 1999) and
vice versa (Waller et al., 2000). This exchangeability of
targeting presequences demonstrates the high level of
conservation of trafycking route to apicoplasts between
disparate apicomplexa.

The bipartite nature of the presequences has also
been examined by deleting either the signal peptide
domain or transit peptide domain. If the transit peptide
domain of ACP (acyl carrier protein) is removed, leaving
only the signal peptide domain, GFP is secreted outside
of the cell into the parasitophorous vacuolar space for
both Plasmodium falciparum (Figure 6B) (Waller et
al., 2000) and Toxoplasma gondii (Roos et al., 1999).
This result is also obtained with the S9 presequence
(DeRocher et al., 2000; Yung et al., 2001). This validates
the bioinformatic identiycation of a signal peptide in
the bipartite presequences, and indicates that the yrst
trafycking step of proteins destined for the apicoplast
is entry into the endomembrane system. Moreover, it
suggests that once within the endomembrane system,
the transit peptide domain is required to sort the protein to
the apicoplast. In the absence of this sorting signal GFP
follows a default route of secretion out of the cell. If the
ACP signal peptide is removed from the GFP construct,
leaving only the transit peptide domain, GFP accumulates
in the cytosol (Figure 6D) (Roos et al., 1999; Waller et
al., 2000). This suggests that the apicoplast sorting
machinery that recognizes the transit peptide is within the
endomembrane system and cannot facilitate apicoplast
sorting from the cytosol.

Protein targeting to apicoplasts is therefore at least
a two step process, with co-translational import into the
endomembrane system the yrst step, and subsequent
sorting to the apicoplast the second step. A signal
peptide followed by a transit peptide is sufycient for these
two trafycking events. These bipartite presequences
apparently lack any further cryptic sorting signals as
is demonstrated by some elegant domain swapping
in Toxoplasma gondii. Either the signal peptide was
replaced with one from a secreted protein (P30, T.
gondii), or the transit peptide replaced with a plant transit
peptide (FtsZ, Arabidopsis thaliana) without effect upon
apicoplast targeting (Roos et al., 1999). Furthermore,
DeRocher et al. (2000) show that the T. gondii S9 transit
peptide is recognized by, and facilitates, protein import
into isolated pea chloroplasts. It is curious, though not
surprising, that in T. gondii the S9 transit peptide (in the
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absence of the signal peptide) can facilitate protein import
into the parasiteis mitochondrion (DeRocher et al., 2000;
Yung et al., 2001). Dual targeting of proteins to plant
chloroplasts and mitochondria is seen for a number of
proteins (Peeters and Small, 2001) and this result only
further emphasizes the relatively generic nature of the
apicoplast transit peptide.

Apicoplast Transit Peptides

While signal peptides are relatively simple, and their
mode of action extensively studied from a variety of
systems, plastid-targeting transit peptides remain
enigmatic (see Bruce, 2001 for review). They vary greatly
in size, have no primary sequence conservation, and
when analyzed in aqueous conditions apparently lack
any stable secondary structure (this may change upon
interaction with plastid membrane lipids, see below).
Their main deyning features are considered to be an
enrichment in hydroxylated residues (particularly serine
and threonine) and a net positive charge. These criteria
have held up quite well across algal and plant transit
peptides studied to date (Cline and Henry, 1996; Liaud et
al., 1997; Sulli et al., 1999; Deane et al., 2000). How then,
do apicomplexan transit peptides compare?

The transit peptides of Plasmodium falciparum and
Toxoplasma gondii both show a net positive charge
though this bias is predominantly at the N-terminal region
of the transit peptide (Waller et al., 1998). Longer transit
peptides may become more neutral downstream of this
region. A net positive charge in the yrst 17 residues
is such a consistent feature of P. falciparum transit
peptides that it has been adopted as a useful deyning
character for predictive software for P. falciparum transit
peptides (discussed below). An enrichment for serine
and threonine residues is also observed in T. gondii
transit peptides, but this is not the case for P. falciparum
(Waller et al., 1998; Zuegge et al., 2001). In fact, despite
the apparent importance of these residues in plant
transit peptides, the mutational removal of all remaining
serine and threonines from the transit peptide of FabH
apparently had no effect upon apicoplast targeting (Waller
et al., 2000). P. falciparum does, on the other hand, show
a strong preference for lysine and asparagine residues
in its transit peptides (Waller et al., 1998; Zuegge et al.,
2001). While the signiycance of this is unclear, it may be
a consequence of the P. falciparum AT bias (82%) given
that both residues can be encoded without a C or G. The
lysines also lend much of the positive charge to the transit
peptide. Given that P. falciparum transit peptides have
been demonstrated to work in T. gondii and vice versa
(Jomaa et al., 1999; Waller et al., 2000), it seems more
likely that the differences between them repect genome
pressures rather that modiyed trafycking mechanisms.

Transit peptide length has also been studied by a
number of groups. From a set of 35 putative Plasmodium
falciparum apicoplast-targeted proteins, Zuegge et al.,
(2001) record a median length of 78 residues, with
approximately 20 and 580 the extremities of this range.
In Toxoplasma gondii two groups have performed serial
deletion experiments with transit peptides and show
that there is apparently enormous redundancy in some
of these longer transit peptides (DeRocher et al., 2000;

Yung et al., 2001). From the approximately 150 residue
presequence of ribosomal protein S9, all but 55 could be
deleted from the C-terminal end without loss of apicoplast
targeting. Upon the deletion of a further six residues,
transit peptide function was lost and the reporter protein
was secreted from the cell (Yung et al., 2001). Whilst this
suggested that one or several of these six residues is
essential for function, a further construct that lacked only
these six out of the 150 residue presequence trafycked
normally to the apicoplast (Yung et al., 2001). Therefore,
perhaps a minimal length is more important than speciyc
residues. Similar redundancy of transit peptide length has
also been shown for T. gondii ACP (Roos et al., 1999).

If we return our attention to plants it is worth noting
that several transit peptide features are emerging that
may offer insights into general transit peptide function (for
review see Bruce, 2001). Four distinct plant transit peptides
features are; (1) phosphorylation and dephosphorylation
of speciyc motifs in transit peptides prior to import (this
may explain in part the need for hydroxylated residues
that can be phosphorylated) (Waegemann and Soll,
1996; Jarvis and Soll, 2001), (2) the presence of Hsp70
recognition domains that mediate binding of these and
other cytosolic proteins on route to the chloroplasts
(lvey et al.,, 2000), (3) speciyc interactions of transit
peptides with chloroplast-speciyc membrane lipids, and
(4) one or more transit peptide domains forming | -helical
structures upon contact with the chloroplast membrane
lipids. It has recently been noted that Plasmodium transit
peptides also typically contain predicted Hsp70 binding
domains, and that transit peptide function is sensitive to
alterations at these sites (Foth et al., 2003). It remains to
be tested whether any more of these features play a part
in apicoplast transit peptide function.

Tocs and Tics T What Recognizes the Transit Peptide?
The presence of transit peptides in the bipartite leaders
of apicoplast-targeted proteins strongly implies that the
mechanism of protein import into apicoplasts, at least for
the second stage of transport across the inner membranes,
has been retained from the primary plastid-containing
progenitor. This means that the protein import complexes
Toc and Tic are likely to occur still in apicoplasts. Indeed
this appears to be the case. CIpC, also known as Hsp93,
is a stromal chaperone of plastids that forms part of the
Tic complex (Jackson-Constan et al., 2001). The gene
for CIpC is encoded on the apicoplast of Plasmodium
falciparum and Toxoplasma gondii (Wilson et al., 1996b;
Kehler et al., 1997, http://www.sas.upenn.edu/~jkissing/
toxomap.html). Furthermore, a P. falciparum homologue
of Tic22 has been found and it has a bipartite leader that
targets GFP to the apicoplast suggesting it is a component
of apicoplasts (C. J. Tonkin and G. |. McFadden
unpublished). A putative homologue of the Toc complex,
Toc34, has also been identiyed from P. falciparum (C.
J. Tonkin and G. |. McFadden unpublished). Further
homologues will most likely also present themselves
from the P. falciparum genome data. Additionally, we are
now at the stage where fipull downd experiments of these
entire complexes can be considered for a more powerful
analysis of these protein import machines.



