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Apicomplexan parasitesÐincluding the causative
agents of malaria (Plasmodium sp.) and toxoplasmosis
(Toxoplasma gondii)Ðharbor a secondary endosym-
biotic plastid, acquired by lateral genetic transfer
from a eukaryotic alga. The apicoplast has attracted
considerable attention, both as an evolutionary
novelty and as a potential target for chemotherapy.
We report a recombinant fusion (between a nuclear-
encoded apicoplast protein, the green ¯uorescent
protein and a rhoptry protein) that targets to the
apicoplast but grossly alters its morphology, prevent-
ing organellar segregation during parasite division.
Apicoplast-de®cient parasites replicate normally in
the ®rst infectious cycle and can be isolated by ¯uores-
cence-activated cell sorting, but die in the subsequent
host cell, con®rming the `delayed death' phenotype
previously described pharmacologically, and validat-
ing the apicoplast as essential for parasite viability.
Keywords: Apicomplexa/apicoplast/delayed death
phenotype/organelle segregation/Plasmodium falciparum

Introduction

The protozoan phylum Apicomplexa includes many
important human and veterinary pathogens, responsible
for a wide variety of diseases (Levine, 1988). Plasmodium
sp. are the causative agents of malaria (Persidis, 2000),
Toxoplasma gondii is a serious congenital infection in
humans and sheep (Dubey and Welcome, 1988; Roizen
et al., 1995), and both T.gondii and Cryptosporidium
parvum are prominent opportunistic pathogens associated
with AIDS (Luft and Remington, 1992; Luft et al., 1993).
Other apicomplexan parasites infect animals as diverse as
cattle, poultry and shell®sh, with severe economic impact.
Among the Apicomplexa, molecular genetic systems have
been developed only for Toxoplasma and Plasmodium; of
these, T.gondii provides the more accessible system for
ultrastructural analysis (Roos et al., 1999a).

Considerable effort has been invested in devising
effective drug treatments for these pathogens, and such
studies have gained renewed impetus due to the emergence

and spread of drug resistance (Ricketts and Pfefferkorn,
1993; White, 1998; Warhurst, 1999), and therapeutic
complications associated with the chronic treatment of
AIDS patients (Haberkorn, 1996). The recent discovery of
an unexpected organelleÐa non-photosynthetic plastid
designated the apicoplastÐin Toxoplasma, Plasmodium
and other apicomplexan parasites has opened a new realm
for identifying potential drug targets (Fichera and Roos,
1997; Waller et al., 1998; Jomaa et al., 1999; McFadden
and Roos, 1999). These studies have also raised fascinat-
ing biological questions as to the origin and function(s) of
this unusual organelle (Wilson et al., 1996; KoÈhler et al.,
1997; McFadden and Waller, 1997; Roos et al., 1999b).

The apicomplexan plastid is thought to have arisen by
`secondary endosymbiosis', when the ancestor of these
parasites engulfed a eukaryotic alga, and retained the
(endosymbiotic) algal plastid (Palmer and Delwiche,
1996; KoÈhler et al., 1997; McFadden et al., 1997;
Blanchard and Hicks, 1999; Dzierszinski et al., 1999).
Both the phylogeny of the apicoplast genome and the
structure of this organelle (surrounded by four mem-
branes) support this hypothesis (McFadden and Roos,
1999). Pharmacological studies suggest that the apicoplast
is the target for a variety of antibiotics commonly thought
of as antibacterial agents (macrolides, lincosamides,
rifamipicins, ¯uoroquinolones, etc.; Fichera and Roos,
1997). All of these drugs exhibit peculiar kinetics of cell
killing: parasite replication is only inhibited after invasion
of the subsequent host cell after initiation of treatment
(Pfefferkorn et al., 1992; Fichera et al., 1995). Such
observations have led to speculation that the apicoplast
may be required for the establishment of a functional
parasitophorous vacuole, the specialized structure inside
infected cells within which parasites replicate until host
cell lysis (Suss-Toby et al., 1996; Lingelbach and Joiner,
1998). The mechanistic basis of this `delayed death
phenotype' remains unexplained.

Although the apicoplast genome encodes no metabolic
enzymes, mining the Plasmodium falciparum genome and
T.gondii expressed sequence tag (EST) databases (Ajioka,
1998; Bowman et al., 1999; Gardner, 1999) has identi®ed
numerous nuclear-encoded apicoplast genes, implicating
this organelle in the biosynthesis of fatty acids and
terpenoids (Waller et al., 1998; Jomaa et al., 1999; Roos
et al., 1999b). Nuclear-encoded apicoplast proteins are
characterized by a bipartite N-terminal sequence, which is
both necessary and suf®cient for targeting to the organelle
(Waller et al., 1998). The extreme N-terminus consists of a
secretory signal sequence, mediating co-translational
translocation into the endoplasmic reticulum; the sub-
terminal domain functions as a plastid transit peptide
(Roos et al., 1999b; Waller et al., 2000). In combination,
these domains provide a remarkable scheme for targeting
proteins across the multiple membranes surrounding the
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apicoplast. In the course of studies on apicoplast targeting,
we inadvertently generated a fusion protein, which
produces a surprising phenotype: mis-segregation of the
apicoplast during parasite replication. These mutant para-
sites provide a cell biological con®rmation of the `delayed
death' phenotype, validate the apicoplast as a target for
drug development, and provide useful tools for dissecting
the function of this intriguing organelle.

Results

A recombinant plastid±rhoptry±GFP fusion protein
perturbs apicoplast morphology
We have previously demonstrated that a fusion between
the nuclear-encoded apicoplast acyl-carrier protein (ACP)
and the green ¯uorescent protein (GFP) results in targeting
of the GFP reporter into the apicoplast in living parasites
(Waller et al., 1998), as shown in Figure 1A. The
parasitophorous vacuole shown in this image contains
four T.gondii tachyzoites, the clonal progeny of a single
invasion. Each parasite harbors a single apicoplast (green),
invariably located just apical to the nucleus in these highly
polarized parasites. This pattern is distinct from that
observed when GFP is targeted to other apical organelles
such as the rhoptries (Striepen et al., 1998), in which one
or more green streaks are observed, further towards the
apical end of each parasite (Figure 1B; construct
ROP1±GFP). Incorporation of a chloramphenicol acetyl
transferase (CAT) gene on the transfection plasmid (Kim
et al., 1993) permits isolation of stable ACP±GFP or
ROP1±GFP transgenic parasites by chloramphenicol
selection (Striepen et al., 1998).

In order to study targeting sequences involved in the
import of proteins into the apicoplast, we have generated a
variety of constructs based on the ACP±GFP reporter. In
one such construct, a truncated fragment of ROP1
containing rhoptry targeting sequences (Soldati et al.,
1998) was inadvertently retained at the C-terminus of
ACP±GFP (see Materials and methods). Transient trans-
fection with this construct (ACP±GFP±mROP1) resulted

in an unusual pattern of ¯uorescence, often appearing as a
large, ring-like structure (Figure 1C). This staining pattern
was usually observed in the apical juxtanuclear region
expected for the apicoplast, but was also occasionally
found at the posterior end of the parasite (not shown).
Stranger still, this ring-like structure was usually found in
only one parasite per vacuole; other parasites within the
same vacuole were not labeled, in contrast to previous
observations that every parasite contains a single apico-
plast (KoÈhler et al., 1997).

To determine whether this ring-like structure is indeed
the apicoplast, we turned to electron microscopic analysis.
The morphology of the parasite nucleus, mitochondrion,
Golgi, rhoptries, micronemes, dense granules, etc. appears
normal in ACP±GFP±mROP1-transfected parasites, but
these studies revealed very unusual apicoplast architecture,
as shown in Figure 2. The apicoplast is readily identi®able
by the presence of four delimiting membranes (KoÈhler
et al., 1997; McFadden and Roos, 1999), but rather than the
typical pattern of a relatively clear internal lumen within
the organelle (Figure 2A), numerous inclusions were
observed, surrounded by multiple membranes and enclos-
ing material morphologically similar to the parasite
cytoplasm (including cytoplasmic ribosomes). This pecu-
liar ultrastructure was clearly attributable to transfection
with the ACP±GFP±mROP1 construct, as apicoplast
morphology was normal in parasites transfected with
ACP±GFP or ROP1±GFP (not shown). Immunolabeling
using polyclonal anti-GFP and gold-conjugated secondary
antibodies con®rmed that the ring-like structure was
indeed the apicoplast (Figure 2F). No GFP staining was
observed in the rhoptries or elsewhere in these parasites.

Transient expression of ACP±GFP±mROP1 inhibits
apicoplast segregation
Each T.gondii tachyzoite establishes an independent para-
sitophorous vacuole upon host cell invasion (Suss-Toby
et al., 1996; Lingelbach and Joiner, 1998), and mitotic
replication proceeds synchronously, producing 2, 4, 8, ¼
parasites within a single vacuole (Ogino and Yoneda,

Fig. 1. Distinct targeting patterns displayed by ACP±GFP, ROP1±GFP and ACP±GFP±mROP1. Fusion of the nuclear-encoded apicoplast protein ACP
to GFP targets this recombinant reporter molecule into the apicoplast in stable transgenic parasites (A). Similarly, stable expression of the rhoptry
protein ROP1 fused to GFP results in targeting to the rhoptries in every parasite (B). Transient expression of the ACP±GFP±mROP1 construct reveals
a ring-like staining pattern in only one parasite per vacuole (C). All panels show superimposed ¯uorescence and phase-contrast images of living
parasites. Bar = 5 mm.
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1966; Fichera et al., 1995), ultimately lysing the host cell.
The observation of only a single apicoplast per vacuole in
parasites expressing ACP±GFP±mROP1 (cf. Figures 1C
and 2D) therefore suggests that expression of this construct
(and consequent disruption of apicoplast morphology)
inhibits plastid segregation during parasite cell division.
To examine this possibility, we used time-lapse video
microscopy to follow the process of parasite division in
living parasites expressing ACP±GFP±mROP1. Figure 3
(top) shows a vacuole containing two parasites (at time
t = 0), only one of which contains an apicoplast. These
parasites grow and ultimately divide, but the apicoplast

fails to segregate, yielding a vacuole with four parasites but
only a single apicoplast. Incubation of ACP±GFP±
mROP1-transfected parasites for even longer periods
produces vacuoles with up to 128 parasites, containing
only a single giant plastid (Figure 3, bottom).

Several experiments were carried out to con®rm that
transfection with the ACP±GFP±mROP1 construct results
in mis-segregation of the entire apicoplast organelle
(rather than the ACP±GFP±mROP1 reporter protein
alone). Exploiting the ability to visualize multiple
¯uorescent proteins simultaneously in living cells,
stable parasite transgenics expressing ACP±GFP in the

Fig. 2. Morphological changes in the apicoplast of parasites transfected with ACP±GFP±mROP1. (A) Normal apicoplast morphology, revealing four
membranes surrounding a relatively electron-lucent interior. (B±D) Membranous inclusions are clearly visible within the apicoplast of parasites
transfected with ACP±GFP±mROP1; these inclusions are typically surrounded by four membranes, and appear to enclose cytoplasmic material. The
apicoplast in ACP±GFP±mROP1-transfected parasites is also larger than controls. Note that only a single abnormal apicoplast (arrow) is visible in the
parasites seen within the single vacuole in (D). (E and F) Immunogold staining localizes GFP throughout the apicoplast in ACP±GFP transgenics (E),
but only near the periphery of the apicoplast in parasites expressing ACP±GFP±mROP1 (F).
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apicoplast (Waller et al., 1998) were transfected with an
ACP±red ¯uorescent protein (RFP)±mROP1 fusion con-
struct (Figure 4, top panels). (Note that in contrast to
the previous experiment, where the ACP±GFP±mROP1
construct was responsible for disrupting apicoplast
morphology, in this experiment GFP serves simply as a
marker for the apicoplast lumen; disruption is mediated by
the RFP construct.) Untransfected tachyzoites express
only the GFP reporter, and the apicoplast can be seen as a
single green ¯uorescent dot in every parasite. Parasites
expressing the ACP±RFP±mROP1 fusion construct, how-
ever, exhibit only one apicoplast in one parasite per
vacuole, containing both GFP and RFP. GFP or RFP
labeling in other parasites within the same vacuole is
virtually undetectable, and dispersed throughout the apical
region of these cells (not shown). Thus, the apicoplast is
completely absent in these `dark' parasites. Immuno-
labeling with antibody directed against a native apicoplast
protein also con®rms the presence of only a single
apicoplast per vacuole (data not shown).

In a further experiment, parasites were ®xed and stained
with 4¢,6-diamidino-2-phenylindole (DAPI) (Figure 4,
bottom panels), permitting visualization of the 35 kb
apicoplast genome (Fichera and Roos, 1997; KoÈhler et al.,

1997). In control parasites expressing ACP±GFP, apico-
plast DNA can be seen as a faint dot in every parasite, just
apical to the much larger nucleus. Apicoplast DNA co-
localizes precisely with the apicoplast itself (stained with
polyclonal anti-GFP). In parasites transfected with
ACP±GFP±mROP1, however, only one apicoplast can
be seen per vacuole, using either DAPI or anti-GFP. Note
that this apicoplast is very large and stains very brightly
with DAPI (compare with controls), indicating that the
apicoplast genome continues to replicate even in the
absence of organellar segregation.

Stable transgenic parasites expressing GFP in the
apicoplast, rhoptries or other organelles are readily
isolated (cf. Figure 1), and transient expression of
ACP±GFP±mROP1 was observed in a high proportion of
transfected parasites. We were unable to obtain stable
transformants expressing ACP±GFP±mROP1, however,
despite several attempts using different selection methods.
Unfortunately, systems for inducible expression are not
currently available for T.gondii (Roos et al., 1994).

Apicoplast segregation mutants con®rm that this
is an essential organelle and validate the `delayed
death' phenotype
The ability of parasites without an apicoplast to grow and
divide (cf. Figure 3) indicates that this organelle is not
required for short-term survival, calling into question
arguments that the apicoplast is an essential component of
the parasite (Fichera and Roos, 1997; Rogers et al., 1998;
Jomaa et al., 1999; Sullivan et al., 2000). However, the
inability to isolate stable transformants suggests that the
apicoplast may be essential in the longer term. These
observations are reminiscent of the `delayed death'
phenotype, in which the killing effect of drugs thought
to target the apicoplast is observed only after escape from
the ®rst host cell and invasion into a second cell
(Pfefferkorn et al., 1992; Fichera et al., 1995). The ability
to produce plastid-de®cient parasites by transient expres-
sion of ACP±GFP±mROP1 provides an opportunity to test
the `delayed death' hypothesis.

Parasites stably expressing ACP±GFP were transiently
transfected with the ACP±GFP±mROP1 construct and
permitted to infect host cells. Despite mis-segregation of
the apicoplast, these parasites replicated normally, ultim-
ately lysing the host cell monolayer as rapidly as controls
(data not shown). Extracellular parasites were then
harvested and fractionated using a ¯uorescence-activated
cell sorter (FACS). The GFP ¯uorescence pro®le reveals
three populations (Figure 5). (i) A peak of dark parasites
(left-most shaded area in Figure 5) contains tachyzoites
that lost the apicoplast due to mis-segregation. These
parasites exhibit ¯uorescence comparable to untransfected
wild-type parasites (black line) rather than the parental
ACP±GFP transgenics from which they were derived
(green line). Western blotting (not shown) indicates that
protein is still expressed from the stable ACP±GFP
transgene, but in the absence of an apicoplast (Figure 4),
this protein is not processed, ¯uoresces poorly, and may be
secreted from the parasite (Roos et al., 1999b; Waller et al.,
2000). (ii) A large central peak (middle shaded area in
Figure 5) coincides with the staining of untransfected
parasites, which are green due to the expression of a stable
ACP±GFP transgene (green line). This population consists

Fig. 3. Unequal segregation of the apicoplast induced by
ACP±GFP±mROP1. RH parasites were transiently transfected with
ACP±GFP±mROP1 and inoculated into an HFF cell monolayer. Top:
beginning 24 h post-transfection/infection (at which point expression of
the transgene becomes apparent), parasite division was monitored by
time-lapse video microscopy (time points indicated in each frame).
Bottom: a different vacuole at 48 h post-transfection, containing ~64
parasites, only one of which contains an apicoplast. All images are at
the same magni®cation. Bar = 5 mm.
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of parasites that failed to take up or express the
ACP±GFP±mROP1 marker. (iii) A small shoulder of
`super-bright' tachyzoites (right-most shaded area in
Figure 5) exhibiting stronger ¯uorescence than the
brightest untransfected parasites. This peak contains
those few parasites that retained the apicoplast during
replication, accumulating ACP±GFP and ACP±GFP±
mROP1 in a large, non-segregating organelle (Figures 3
and 4). Microscopic observation of sorted parasites
con®rms these interpretations (not shown, but see below).

FACS-sorted parasites from each of these populations
were inoculated into fresh host cell cultures, and assayed
for invasion, ACP expression/localization, intracellular
growth rates and plaque-forming ability (Figure 6).
Parasites that failed to express the ACP±GFP±mROP1

fusion all contained a normal apicoplast, and replicated
intracellularly with a doubling time of ~9.7 h (®lled
squares in Figure 6), exactly as seen for wild-type controls
(open squares and left-hand micrograph). These parasites
also formed plaques as ef®ciently as wild type (~7 days).

`Super-bright' parasites (green circles) were able to
grow and lyse out from their host cells, but contained only
a single large apicoplast (central micrograph), just as seen
for transfected parasites in the ®rst infectious cycle
(Figure 3). Doubling times for these parasites (~10.5 h)
were slightly slower than controls, possibly due to the
metabolic cost of maintaining a gigantic apicoplast. A few
plaques were obtained following infection with `super-
bright' parasites after long-term incubation (>10 days),
but these parasites no longer contained any ACP±GFP±

Fig. 4. Loss of the entire apicoplast in parasites expressing ACP±GFP±mROP1 or ACP±RFP±mROP1. Top (native ¯uorescence of living parasites):
the apicoplast lumen ¯uoresces green in a stable ACP±GFP transgenic line (note that every parasite contains an apicoplast). Transfection with
ACP±RFP±mROP1 results in mis-segregation of both the RFP fusion protein and the apicoplast lumenal marker (GFP). Bottom: the apicoplast
genome is visible as a distinct extranuclear dot just apical to the nucleus in ®xed parasites stained with DAPI (arrows), and this dot co-localizes with
GFP in ACP±GFP transgenics. Transfection with ACP±GFP±mROP1 results in mis-segregation of both the apicoplast genome (arrowhead) and the
apicoplast marker (GFP). Bar = 5 mm.
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mROP1 plasmid and exhibited wild-type apicoplast
morphology, possibly due to fragmentation of the giant
apicoplast during parasite division at some point after loss
of the episomal ACP±GFP±mROP1 construct (see
Discussion).

`Dark' parasites invaded the host cell monolayer as
ef®ciently as wild type, but showed no intracellular
¯uorescence (right-hand micrograph), grew very slowly
and eventually died (blue diamonds). Initial doubling
times were ~26.1 h, but growth slowed thereafter. These
parasites never produced vacuoles containing >16 tachy-
zoites, never managed to lyse the host cells and never
produced plaques. The death of plastid-de®cient parasites
in this second infectious cycle con®rms the `delayed
death' phenotype observed when the apicoplast is elim-
inated by pharmacological means (Fichera and Roos,
1997; Sullivan et al., 2000).

Discussion

In the course of studies on apicoplast targeting and
puri®cation in the protozoan parasite T.gondii, we gener-
ated a fusion construct containing the apicoplast protein
ACP, the ¯uorescent protein reporter GFP and a fragment
of the rhoptry protein ROP1 (ACP±GFP±mROP1).
Expression of this recombinant `poison' protein in
transiently transfected T.gondii tachyzoites results in
speci®c targeting to the apicoplast, but produces an
unusual phenotype: grossly aberrant apicoplast morph-
ology, containing numerous complicated inclusions
(Figures 1 and 2). Remarkably, apicoplast segregation is

abolished during mitosis in these parasites (Figure 3). This
serendipitous discovery greatly facilitates efforts to eluci-
date the function of the apicomplexan plastid.

Apicoplast segregation mutants
Wild-type parasites contain only a single apicoplast per
cell (KoÈhler et al., 1997). Failure of the apicoplast to
divide during parasite replication therefore means that the
organelle is partitioned into only one of the two daughter
cells formed during mitosis, one of the four granddaugh-
ters, etc. (Striepen et al., 2000). Both apicoplast-contain-
ing and -de®cient parasites continue to replicate within the
parasitophorous vacuole (Figure 3), at a rate only slightly
reduced in comparison to wild-type controls. These
vacuoles may grow to contain 64 or more parasites (the
synchronously replicating, clonal progeny of a single
infection), only one of which contains an apicoplast. The
apicoplast can grow to an immense size in those parasites
that retain the organelle, indicating a lack of cell cycle
checkpoints speci®cally regulating apicoplast segregation.
The apicoplast also continues to import nuclear-encoded
apicoplast proteins, and continues to replicate the 35 kb
organellar genome (Wilson et al., 1996; J.C.Kissinger,
web site: http://www.sas.upenn.edu/~jkissing/toxomap.
html; Figure 4).

The ability to express GFP in T.gondii transgenics, to
target this reporter to the apicoplast (Waller et al., 1998)
and to isolate GFP-expressing parasites by FACS
(Striepen et al., 1998) facilitates examination of apicoplast
segregation mutants in living parasites (Figure 5). After
lysis of the host cell, both plastid-containing and -de®cient
parasites are able to infect new host cells and establish a
parasitophorous vacuole. Those parasites that retain the
apicoplast go on to produce plaques, ultimately lysing the
entire host cell monolayer. While parasites that lack an
apicoplast replicate normally within the initial parasito-
phorous vacuole (Figure 3), these parasites replicate very
slowly within the second host cell, ultimately dying
without escaping from that cell (Figure 6). Apicoplast-
de®cient parasites fail to form plaques even after pro-
longed cultivation. The death of these parasites validates
the apicoplast as an essential organelle in T.gondii and, by
extension, most other apicomplexan parasites as well
(Clough et al., 1997; Fichera and Roos, 1997; Rogers et al.,
1998; Sullivan et al., 2000; Zhu et al., 2000).

The mechanism of apicoplast mis-segregation
The ROP1 protein (which constitutes the C-terminal
portion of the ACP±GFP±mROP1 construct responsible
for apicoplast mis-segregation) exhibits several interesting
characteristics, behaving as a soluble protein within the
rhoptries, but rapidly associating with membranes after
secretion (Saffer et al., 1992). The predicted amino acid
sequence of ROP1 contains no obvious transmembrane
domains, but exhibits weak similarity to rat salivary gland
proteins involved in protein complex assembly (Ossorio
et al., 1992). It is possible that fusion of this protein to
ACP±GFP (which on its own is ef®ciently targeted to the
apicoplast; Waller et al., 1998) prevents complete trans-
location across the multiple membranes surrounding the
apicoplast (McFadden and Roos, 1999; Roos et al.,
1999b). Consistent with this interpretation, immunolocal-
ization typically reveals a peripheral staining pattern

Fig. 5. Apicoplast-free parasites and parasites containing non-
segregating apicoplasts can be isolated by FACS. The red line indicates
the ¯uorescence intensity distribution of ACP±GFP transgenic parasites
transiently transfected with ACP±GFP±mROP1. Approximately 60%
of parasites did not take up and/or express the ACP±GFP±mROP1
plasmid (central shaded area), and exhibit ¯uorescence comparable to
the parental ACP±GFP transgenics (green line). More than 35% of
parasites were comparable in intensity to wild-type controls lacking
any GFP (black line). This `dark' population (left-most shaded area)
consists of parasites that lost their apicoplast (see Figures 1±4 and
text). Less than 5% of the population (right-most shaded area) were
brighter than any parasites seen in untransfected parasites expressing
ACP±GFP (green line). This `super-bright' population consists of
parasites that retained the single giant apicoplast during mis-
segregation (see Figures 1 and 3). Parasites were isolated from each of
the shaded regions for further experiments (see text and Figure 6).
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(Figure 2F). Preliminary studies also suggest that
ACP±GFP±mROP1 associates with the membrane pellet
after cell disruption and sodium carbonate extraction,
while ACP±GFP is soluble (data not shown). In other
systems, fusion proteins whose tertiary structure prevents
unfolding are known to block ef®cient organellar trans-
location (Endo and Schatz, 1988).

Precisely how expression of ACP±GFP±mROP1 causes
the dramatic changes observed in apicoplast morphology
remains unknown. It is possible that getting stuck during
translocation across the apicoplast membranes interferes
with import mechanisms (although the import and pro-
cessing of native ACP appear normal in parasites
expressing ACP±GFP±mROP1 and retaining the plastid;
not shown). Import of the ACP domain of the fusion
protein could result in internalization of apicoplast mem-
branes into the organelle in association with the mROP1

domain, producing the membranous inclusions observed
by electron microscopy (Figure 2).

Disruption of apicoplast segregation may be a conse-
quence of the presence of multiple large inclusions within
the organelle (Robertson et al., 1995). The apicoplast is
closely associated with the centriole in the apical juxta-
nuclear region of parasite cells (Striepen et al., 2000). The
centriole divides early in the mitotic process, and the
apicoplast becomes elongated as the two daughter
centrioles migrate to opposite sides of the nucleus,
associated with the ends of the intranuclear spindle.
Anchored to the centrioles, the apicoplast is `cut' in two
(without any obvious ®ssion ring) by the microtubule-
dependent growth of daughter parasite pellicles within the
mother. Time-lapse imaging of parasites expressing
ACP±GFP±mROP1 reveals early stages of apicoplast
elongation in dividing parasites (Figure 3; t = 70 min),

Fig. 6. Replication of FACS-sorted plastid segregation mutants in the second infectious cycle validates the `delayed death' phenotype. Parasites
collected from each of the ¯uorescence intensity gatings shown in Figure 5 were inoculated into fresh human foreskin ®broblast (HFF) cell cultures,
and replication rates were followed over the subsequent 96 h. Each symbol indicates the average number of parasites per parasitophorous vacuoleÐ
the progeny of a single clonal infection (error bars indicate SE; N = 50). Untransfected wild-type parasites (open squares) and ACP±GFP transgenics
that failed to take up or express ACP±GFP±mROP1 (®lled squares) replicated with a doubling time of 9.7 h. Parasites expressing ACP±GFP±mROP1
that retained the apicoplast (`super-bright' population from Figure 5) exhibited comparable replication rates (green circles; doubling time ~10.6 h).
Parasites that lost the apicoplast (`dark' population from Figure 5) grew very slowly, and ultimately died (blue diamonds). Immuno¯uorescent staining
of ACP at 48 h post-infection con®rms these interpretations (images at bottom; see text for further discussion). Bar = 5 mm.
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but the organelle never becomes fully elongated, ultim-
ately associating with only one of the daughter parasites.
In extreme cases, the partially elongated (but non-segre-
gating) apicoplast is pushed all the way to the posterior end
of a dividing parasite as the daughter cell pellicle
assembles, a localization never seen in control parasites.

ACP±GFP±mROP1 expression peaks ~20 h after tran-
sient transfection, declining as the non-replicating plasmid
is diluted and/or degraded. Inhibition of apicoplast segre-
gation is maintained for many days, however, presumably
because it is dif®cult to restore normal morphology to a
mutant organelle. As noted above, apicoplast-de®cient
parasites die in the second host cell, while those that retain
an apicoplast survive and divide, with the organelle
growing larger and larger (Figure 3, bottom). Inde®nite
growth of the apicoplast is clearly impossible, but
microscopic imaging of parasites in the second host cell
or later occasionally reveals, in addition to one parasite
containing a giant apicoplast, small clusters of parasites
that contain an apparently normal apicoplast within some
vacuoles. It is likely that the large, amorphous apicoplast
occasionally fragments during cell division, producing
parasites that are effectively identical to wild type
(provided that they acquire at least one apicoplast
genome). These parasites grow more rapidly than parasites
containing giant apicoplasts (Figure 6), forming plaques
and eventually taking over the culture during long-term
cultivation.

The primary effects of ACP±GFP±mROP1 expression
appear to be restricted to the apicoplast. The morphology
and segregation of other organelles are normal (Figure 2).
There is no evidence that ACP±GFP±mROP1 traf®cs to
the rhoptries (despite the presence of ROP1 coding
sequence), and rhoptry protein secretion appears normal
in apicoplast-de®cient parasites (as assessed by immuno-
staining; not shown). The ability of the `super-bright'
parasites expressing ACP±GFP±mROP1 to infect host
cells and grow normally also argues that the rhoptries
function normally in these parasites.

The `delayed death' phenotype and function of the
apicoplast
Growth assays performed on parasites in which the
apicoplast has been inactivated by pharmacological treat-
ment reveal a peculiar kinetics of cell death, in which
parasites do not die until after entering the second host cell
following drug treatment (Fichera et al., 1995; Sullivan
et al., 2000). The apicoplast segregation mutants provide a
completely independent cell biological validation of this
`delayed death phenotype'. Apicoplast-de®cient cells
expressing ACP±GFP±mROP1 replicate normally in the
®rst host cell, but the growth of FACS-sorted dark
parasites slows immediately upon entry into a second
host cell. Meanwhile, their green, apicoplast-containing
sisters replicate nearly as rapidly as wild-type parasites.

The observation that parasite replication is slowed only
upon entry into the next host cell after loss of the
apicoplast (induced by either pharmacological or cell
biological means) suggests that the apicoplast may be
required for establishment of the parasitophorous vacuole.
Apicoplast-de®cient parasites are clearly capable of
parasitophorous vacuole formation (Figure 6), but this
vacuole may be dysfunctional in mediating communica-

tion between the host and parasite. Previous studies have
found no difference in the permeability characteristics of
drug-treated parasites relative to wild type, however
(Fichera, 1998). Nor have any differences been observed
in the production, processing and secretion of rhoptry,
microneme or dense granule proteins in plastid-de®cient
parasites, or in the association of these proteins with the
parasitophorous vacuole (data not shown). Interaction of
the parasitophorous vacuole with host cell mitochondria
and endoplasmic reticulum also appears identical to wild
type. Subtle changes may occur in parasitophorous
vacuole lipid composition, however, and it is interesting
to note that lipid synthesis has been proposed as one
metabolic function of the apicoplast (Waller et al., 1998;
Jomaa et al., 1999).

The ability to isolate plastid-de®cient and `super-
apicoplast'-containing parasites provides useful reagents
for the further characterization of this organelle, including
organelle puri®cation, analysis by two-dimensional gel
electrophoresis, mass spectroscopy, etc. These reagents
are also very helpful for functional studies. For example,
the inability of plastid-de®cient parasites to proliferate in
host cells co-infected with wild-type parasites demon-
strates that apicoplast function cannot operate in trans (not
shown). Preliminary experiments also indicate that treat-
ment of apicoplast-de®cient parasites with cipro¯oxacin or
clindamycin (antibiotics that speci®cally target apicoplast
DNA and protein synthesis; Fichera and Roos, 1997) fails
to exacerbate replication defects observed in the second
host cell, providing an assay for testing the function of
drugs thought to target the apicoplast speci®cally. Much
current research is devoted to mining of the T.gondii EST
and P.falciparum genome databases, with an eye towards
identifying nuclear-encoded apicoplast proteins required
for the metabolic functions of this organelle (Waller et al.,
1998; Jomaa et al., 1999). Comparing apicoplast-contain-
ing parasites with apicoplast-de®cient mutants will greatly
facilitate the analysis of potential metabolic pathways
associated with the apicoplast.

Materials and methods

Parasites and host cells
The RH strain of T.gondii tachyzoites was maintained by serial passage in
human foreskin ®broblast (HFF) cell monolayers, and plaque assays were
carried out as previously described (Roos et al., 1994). To measure the
growth rate of intracellular parasites (Fichera et al., 1995), con¯uent
monolayers grown on 1 cm #1 glass coverslips in 24-well plates were
inoculated with 2 3 104 parasites/well. After incubation at 37°C for 2 h
to allow parasite invasion, cultures were rinsed with fresh medium to
remove extracellular parasites. One coverslip was then ®xed and stained
with anti-ACP (Waller et al., 1998) every 12 h. Parasite growth was
assayed by counting the number of parasites per parasitophorous vacuole
for at least 50 vacuoles from multiple, randomly selected ®elds on each
coverslip, and the presence/absence of ACP was monitored in parallel.
Averages and standard errors were calculated for each sample at each
time point (Zar, 1996).

Molecular methods
Plasmids ACP±GFP and ROP1±GFP have been described previously
(Striepen et al., 1998; Waller et al., 1998). The ACP±GFP±mROP1
fusion was made by inserting a myc epitope tag followed by sequences
encoding ROP1 amino acids 139±338 (the rhoptry targeting domain of
this 389 amino acid protein) downstream of GFP coding sequences in the
ACP±GFP plasmid. Fifty micrograms of plasmid DNA (Qiagen Maxi-
preps) and 107 freshly lysed-out tachyzoites were used for each
transfection, using previously described protocols (Roos et al., 1994).
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In transient assays, fusion protein expression was typically examined 24 h
post-transfection. Stable transformants were selected in the presence of
20 mM chloramphenicol (for plasmids expressing CAT) or by co-
transfection with plasmid pDHFR-TSc3 (Donald and Roos, 1993) and
selection in 1 mM pyrimethamine.

Light microscopy
GFP, RFP, ¯uorescein isothiocyanate (FITC) and DAPI ¯uorescence
were detected using a Zeiss Axiovert 35 inverted microscope equipped
with a 100 W Hg-vapor lamp. For immuno¯uorescence assays, parasites
were ®xed with 3.7% paraformaldehyde, permeabilized with 0.25%
Triton X-100 and blocked with 1% bovine serum albumin in phosphate-
buffered saline (PBS) pH 7.4 at room temperature. GFP was detected
using a polyclonal antiserum (Clontech; 1:500 dilution) followed by
FITC-conjugated goat anti-rabbit IgG (Sigma; 1:160). Apicoplast DNA
was visualized by staining with DAPI (Molecular Probes).

The growth and division of parasites were monitored by video-
enhanced microscopy using a digital CCD camera (Hamamatsu). For
long-term observation of living samples, parasites and monolayers were
maintained at 37°C using a DTC3 culture dish system (Bioptechs).
Neutral pH was maintained by addition of 10 mM HEPES pH 7.4
(GIBCO-BRL) to the culture medium. In time-lapse experiments, both
¯uorescence and phase images were taken every 5 min, using an
automated program (Openlab; Improvision).

Electron microscopy
Infected cells were ®xed in situ with a freshly prepared mixture
containing 1% glutaraldehyde (8% stock; Electron Microscopy
Sciences) and 1% OsO4 in 50 mM phosphate buffer pH 6.2. Fixative
was added at room temperature and samples placed on ice for 45 min.
Samples were then rinsed with distilled water to remove excess
phosphate, released from the plastic substratum by gentle scraping,
pelleted, and stained with 0.5% aqueous uranyl acetate for 6±16 h at 4°C.
Following dehydration in acetone and embedding in Epon±Araldite,
ultra-thin sections (50±70 nm) were cut and stained with uranyl acetate
and lead citrate, and examined using a Philips 200 electron microscope.

For immunoelectron microscopy, infected cells were ®xed in situ with
a mixture of 4% formaldehyde and 0.5% glutaraldehyde in 100 mM
phosphate buffer pH 7.0 for 1±2 h at 4°C, harvested by scraping, pelleted,
dehydrated through increasing concentrations of ethanol to 70% and
embedded in LR White (Electron Microscopy Sciences). Polymerization
was carried out at 37°C for 5 days. Sections (50±70 nm) were cut and
mounted on uncoated nickel grids. Sections were incubated with anti-
GFP (Seedorf et al., 1999; diluted 1:100 in PBS±glycine), followed by a
goat anti-rabbit IgG conjugated to 5 nm gold particles (British BioCell
International; 1:100 dilution). Sections were stained with 1% uranyl
acetate in 30% methanol and examined as above.

Flow cytometry
Freshly lysed-out tachyzoites were ®ltered through 3 mm pore size
polycarbonate ®lters (Nuclepore) and centrifuged at 1500 g for 15 min.
The parasite pellet was then resuspended in culture medium, counted
using a hemocytometer and adjusted to 5 3 106 parasites/ml. FACS
assays were performed on a FACStar Plus cell sorter (Becton Dickinson)
equipped with CELLQUEST software.
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