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malaria parasites: the roles of inducers, dose
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Abstract

Background: Plasmodium berghei ookinetes exhibit an apoptotic phenotype when developing within the mosquito
midgut lumen or when cultured in vitro. Markers of apoptosis increase when they are exposed to nitric oxide or
reactive oxygen species but high concentrations of hydrogen peroxide cause death without observable signs of
apoptosis. Chloroquine and other drugs have been used to induce apoptosis in erythrocytic stages of Plasmodium
falciparum and to formulate a putative pathway involving cysteine protease activation and mitochondrial
membrane permeabilization; initiated, at least in the case of chloroquine, after its accumulation in the digestive
vacuole causes leakage of the vacuole contents. The lack of a digestive vacuole in ookinetes prompted the
investigation of the effect of chloroquine and staurosporine on this stage of the life cycle. Finally, the suggestion
that apoptosis may have evolved as a strategy employed by ookinetes to increase the fitness of surviving parasites
was explored by determining whether increasing the ecological triggers parasite density and nutrient depletion
induced apoptosis.

Methods: Ookinetes were grown in culture then either exposed to hydrogen peroxide, chloroquine or
staurosporine, or incubated at different densities and in different media. The proportion of ookinetes displaying
positive markers for apoptosis in treated samples was compared with controls and results were analyzed using
analysis of variance followed by a Turkey’s test, or a Kruskal-Wallis test as appropriate.

Results: Hydrogen peroxide below 50 μM triggered apoptosis but cell membranes were rapidly compromised by
higher concentrations, and the mode of death could not be defined. Both chloroquine and staurosporine cause a
significant increase in ookinetes with condensed chromatin, caspase-like activity and, in the case of chloroquine,
phosphatidylserine translocation and DNA fragmentation (not investigated for staurosporine). However,
mitochondrial membrane potential remained intact. No relationship between ookinete density and apoptosis was
detected but nutrient depletion significantly increased the proportion of ookinetes with chromatin condensation in
four hours.

Conclusions: It is proposed that both a mitochondrial and an amitochondrial apoptotic pathway may be involved,
dependent upon the trigger that induces apoptosis, and that pathways may differ between erythrocytic stages and
ookinetes, or between rodent and human malaria parasites.
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Background
Since Picot and colleagues first suggested that the crisis
forms of cultured intra-erythrocytic stages of Plasmo-
dium falciparum were undergoing apoptosis [1], accept-
ance of the putative existence of this form of programmed
cell death, and discussion of the role it may be playing in
the life history of the malaria parasite, has been growing
[2-4]. A number of studies now report observations of
morphological and biochemical markers of apoptosis
(recently reviewed in [5]). A few are contradictory, but it
has been proposed that problems surrounding the use of
differing parasite strains, induction with different drugs
and drug doses and variation in life cycle stages, including
sequential intra-erythrocytic stages, confound the ability
to evaluate and compare studies [5]. Almost all reports
of an apoptosis-like phenotype (hitherto referred to as
apoptosis) in Plasmodium spp. have been performed
in vitro on intra-erythrocytic stages of P. falciparum.
However, detailed studies have also been made, both
in vitro and in vivo, of ookinetes of the rodent malaria,
Plasmodium berghei [3,6-8] and it was becoming clear
that a more systematic examination of apoptosis inducers
and markers needed to be made in an attempt to link
reports concerning these different species and stages to-
gether. This was the aim of this study.
Classical biochemical markers, including loss of mito-

chondrial membrane potential (ΔΨm), DNA fragmenta-
tion and the activation of caspase-like proteases, have
been observed in both species [6,9-11]. Although altera-
tions in the plasma membrane, such as externalization
of phosphatidyl serine, cannot be detected in intra-
erythrocytic stages of P. falciparum due to the various
membranes surrounding the parasite, they have been
reported in extracellular ookinetes (discussed in [12]).
Caspase-like activity has been detected in both intra-
erythrocytic and ookinete stages but the nature of these
caspases is unclear as, in common with other parasitic
protozoan’s that exhibit markers of apoptosis [12], the
Plasmodium genome does not contain classical caspases.
However, both clan CD metacaspases and clan CA cyst-
eine proteases have been implicated in P. falciparum
apoptotic pathways [10,11,13,14]. Recently genes ortholo-
gous to other components of apoptotic pathways in meta-
zoan apoptosis have been identified using bioinformatics,
but, so far, only in the P. falciparum genome. In addition to
metacaspases, homologues of Tudor Staphylococcal Nucle-
ase, ZEN1, a putative apoptotic DNase and AIF (apoptosis
inducing factor) have been identified [15,16]. Plasmodium
falciparum apoptosis-related protein (Pf ARP) has been puri-
fied and localized to the cytosol but no role in apoptosis has
yet been defined [17]. However, disruption of the ClpQY
protease machinery located in the mitochondria led to loss
of ΔΨm and, one to two hours later, activation of a caspase-
like cysteine proteases and DNA fragmentation [18].
The majority of studies of P. falciparum have used
drug treatment to induce apoptosis [1,9,19-21], whereas
studies of P. berghei ookinetes have been conducted
without the application of toxic drugs [6,7]. Triggers that
occur naturally within the mosquito midgut, which have
been shown to induce apoptosis in P. berghei ookinetes,
include nitric oxide (NO) and reactive oxygen species
(ROS) [8]. The ROS generator 3, 4-dihydroxy-L-phenyl-
alanine (L-DOPA) acts in a dose- and time-dependent
manner, whereas hydrogen peroxide (H2O2) caused
death without detectable features of apoptosis. Death
was defined as significant loss of cell membrane integ-
rity. It occurred after one hour of exposure, even at the
lowest concentration tested (100 μM) [8]. The conflict-
ing results obtained when different donors of ROS were
used in an attempt to induce ookinetes to undergo
apoptosis may have been due to enhanced sensitivity to
H2O2. This explanation has been tested here by exposing
ookinetes to lower doses of H2O2 than had been used
previously.
Inhibition of the activity of NO synthase in the

mosquito significantly reduced the number of ooki-
netes with activated caspase-like molecules in their
cytoplasm at 15 hr post-infection and increased the
intensity of oocyst infection 12 days post-infection.
However, although in vitro incubation with the NO
donor sodium Nitroprusside resulted in a significant
increase in nuclear chromatin condensation, PS trans-
location and caspase-like activity, it did not induce
the loss of ΔΨm, indicating that there may be more
than one apoptotic pathway operating in ookinetes
[8].
Using micromolar concentrations of chloroquine

(CQ) and staurosporine (ST) to induce several fea-
tures of apoptosis in P. falciparum trophozoite stages,
Ch’ng and co-workers [10,22] have begun to delineate
a putative cell death pathway in this species and life
cycle stage. They suggest that, following CQ exposure,
activation of cysteine proteases results in mitochon-
drial outer membrane permeabilization (MOMP). Im-
portantly, following accumulation of CQ in the digestive
vacuole, destabilization of the membrane was recog-
nized as the initial downstream event that released Ca2+

and cysteine proteases into the parasite cytosol [22].
They propose that both this damage to the diges-
tive vacuole, the resultant MOMP and subsequent
amplification of cytoplasmic cysteine protease activity
resulted in DNA fragmentation and death and con-
clude that cysteine proteases are acting both up- and
down-stream of MOMP. Inhibitor studies suggested
the cysteine proteases belonged to clan CA, rather
than CD [10].
There are several discrepancies between observations

of apoptosis features pertaining to putative pathways in
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ookinetes of P. berghei and those of the trophozoite
stages of P. falciparum outlined above. In P. berghei,
apoptosis can be inhibited by cyclohexamine (suggesting
some part of the process relies on protein synthesis) [6]
and also by clan CD cysteine protease inhibitors, includ-
ing the general caspase inhibitors, Z-VAD.fmk and boc-
ASP as well as the more specific caspase-3 inhibitor,
Z-DEVD.fmk [6], but not by clan CA cysteine protease
inhibitors E64d and K11777 [23]. These differences may
result, in part, from differences in morphology. Notably,
although ookinetes contain haemazoin crystals as a leg-
acy from macro gametocytes, they do not feed by using
a phagosome and lack a digestive vacuole that could ac-
cumulate CQ or initiate the pathway that has been pro-
posed for intra-erythrocytic stages. As an initial step
towards ascertaining whether multiple PCD pathways
may exist in different Plasmodium spp., and/or at differ-
ent stages in the life cycle, ookinetes were exposed to
CQ and to ST and monitored for several markers of
apoptosis to determine whether these drugs initiated
apoptosis.
It is becoming clear that there are several triggers that

induce features of apoptosis in Plasmodium. In addition
to drug treatments, NO derivatives and oxidative stress
[8,20], high parasite density has been implicated [11]. In
order for density to be a trigger that initiates apoptosis
in protozoan parasites, a mechanism to sense the pres-
ence of conspecifics must be present. It has been sug-
gested that protozoan parasites form communities in
which individuals may communicate with each other in
a manner similar to the quorum sensing seen in bacteria
[16,24,25]. At times of nutrient stress this communica-
tion may be advantageous if it results in the altruistic
suicide of some parasites, thus reducing competition for
nutrients or limiting host/vector damage [26]. Indeed,
nutrient stress itself may be an inducer of apoptosis and
this concept has been explored here. As well as exposure
to drug treatment, ookinetes were cultured at different
densities and in different nutrient conditions so that the
effect of parasite density and nutrient depletion could be
investigated. Thus, the objective of this study was to fur-
ther the understanding of the process of apoptotic cell
death in malaria parasites by integrating recent reports
on the process in intra-erythrocytic stages with observa-
tions made on the extracellular ookinete stage. Although
CQ and ST were also found to act as inducers of apop-
tosis in ookinetes, the effect of chemical and ecological
triggers on various morphological and biochemical mar-
kers support the view that more than one apoptotic
pathway may exist in ookinetes.

Methods
Products were purchased from Sigma Aldridge Company
Ltd (Dorset, England, UK) unless otherwise stated. All
animals were handled in strict accordance with good
animal practice as defined by the UK Animal (Scientific
Procedures) Act 1986 and approved by the UK Home
Office, license number PPL 40/2997. Work was also
approved by the University of Keele Animal Care and
Ethical Review Committee. All incubations with reagents
were carried out at 19°C (a temperature appropriate for
P. berghei ookinetes).
Parasite culture and harvesting
Plasmodium berghei ANKA 2.34 was maintained by pas-
sage in Charles River-derived mice (CD1). Blood contain-
ing exflagellating gametocytes collected by cardiac
puncture and then incubated in RPMI 1640 medium, sup-
plemented with foetal bovine serum, sodium bicarbonate,
hypoxanthine and antibiotics (ookinete medium), for 18–
22 hr to allow for the formation of ookinetes [27]. To har-
vest ookinetes from this culture, erythrocytes were lyses
by incubation on ice with 0.17 M ammonium chloride
(1:50 vol/vol) for 20–30 min. The remnants of the red
blood cells were removed by washing twice with cold
phosphate buffered saline (PBS). Ookinetes were pelleted
by centrifugation at 800 g for 5 min and resuspended in
1 ml PBS or ookinete medium for counting.
Apoptosis inducers
In order to determine whether the anti-malarial drug
CQ and the apoptosis inducer ST act as triggers of apop-
tosis in the ookinete stage, as well as the intra-
erythrocytic stage, parasites were incubated in the pres-
ence of these drugs. Chloroquine diphosphate was dis-
solved to a concentration of 1 mM in RPMI or ookinete
medium. Solutions were prepared fresh and stored in
the dark prior to use. Two different protocols were used
to test the effect of CQ on ookinetes. Initially, a range of
dilutions was prepared from the stock CQ/RPMI solu-
tion and a 200 μl aliquot of ookinetes, resuspended in
PBS, was added to 1 ml of each dilution and incubated
for 2 hr. Controls were incubated in RPMI medium
alone. Thereafter, ookinetes were resuspended directly in
1 ml of 1 mM chloroquine/ookinete medium and incu-
bated for 2 hr. Controls for each replicate were incu-
bated in ookinete medium alone.
Staurosporine (ST) was dissolved in 1 ml dimethyl-

sulphoxide (DMSO) to make a 2.14 mM stock solution
and stored at 2-8°C. The stock solution (7 μl) was added
directly to 1 ml of ookinetes suspended in ookinete
medium to give a final concentration of 15 μM and
ookinetes were incubated in 1 ml of this for 30 min. Pre-
liminary experiments had established that DMSO at this
concentration did not cause ookinetes to die and
informed the dose and incubation time used in this ex-
periment (unpublished data). Ookinetes incubated in
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ookinete medium alone served as controls for each repli-
cate experiment.
Hydrogen peroxide was diluted to 1 mM with PBS and

stored for no more than 1 week. RPMI 1640 was used to
prepare a range of concentrations from this stock solu-
tion and 1 ml added to ookinetes resuspended in 200 μl
PBS and incubated for 1 hr. For each replicate experi-
ment, controls were incubated in ookinete medium only.
Following treatment with each inducer, ookinetes were

washed two to three times with cold PBS and immedi-
ately assayed for apoptotic activity.

The effect of ookinete density and incubation medium on
the proportion of ookinetes undergoing apoptosis
To determine whether the ecological triggers, high para-
site density or nutrient depletion, acted to induce apop-
tosis, ookinetes were washed, counted and incubated
further for 4 hr in RPMI medium supplemented with
10% foetal bovine serum, RPMI medium alone or PBS,
at densities of 1, 2 and 4 x 107 ookinetes/ml. Ookinetes
were immediately assayed for signs of condensed chro-
matin (at least two replicates of counts of 50 ookinetes)
and experiments were repeated three times. In a further
experiment, ookinetes were incubated in PBS for 4, 6
and 24 hr before assaying for condensed chromatin.

Markers of apoptosis
Following treatment, ookinetes were assayed for morpho-
logical markers of apoptosis using techniques adapted
from those used for metazoans. Ookinetes stained with
fluorochrome markers of apoptosis were viewed under oil
immersion (x1,000) using a Leica DM IRB inverted micro-
scope. Low parasite yield and time constraints restricted
the use of all the markers in some experiments.
Chromatin condensation was detected using acridine

orange, a fluorescent cationic dye that stains nuclear ma-
terial. Three μl of acridine orange (final concentration
2.5 μg/ml PBS) was added to ookinetes suspended in an
equal volume of PBS on a microscope slide. Vectashield
mounting medium (0.5 μl) (Vector Laboratories Inc)
was added and the samples were viewed immediately.
Live ookinetes stained uniformly green, nuclei with con-
densed chromatin were stained an intensified green.
An annexin V-FITC Apoptosis Detection Kit was used

to detect translocation of phosphatidylserine (PS) to the
external leaflet of the plasma membrane according to
the manufacturer’s instructions, except that incubations
were performed for 12 min followed by the addition of
1 μl of propidium iodide (PI), followed by a further
3 min incubation. Ookinetes were mounted with Vecta-
shield (0.5 μl) containing 4’, 6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories Inc) prior to examination.
Ookinetes staining PS positive/PI negative were regarded
as apoptotic.
The activation of caspase-like molecules was detected
using CaspaTagTM Pan-Caspase In Situ Assay Kit
(Chemicon International, USA). The assay is based on
fluorochrome inhibitors of caspases (FLICA) that bind co-
valently to activated caspases. This kit contains the
carboxyfluorescein-labelled fluoromethyl ketone peptide
inhibitor of caspases (FAM-VAD-FMK). The assay was
carried out following the manufacturer’s instructions ex-
cept that 250 μM PI was used in some of these assays
to detect cells with compromised membranes. Samples
were mounted with Vectashield or Vectashield containing
DAPI or PI (as indicated in the results) (Vector Laborator-
ies Inc) and viewed immediately. Staining of activated cas-
pases was taken as a marker for apoptotic cells. PI staining
is indicative of a compromised membrane which could be
due to necrotic cell death or a late stage of apoptotic
cell death.
Collapse of ΔΨm resulting in mitochondrial outer

membrane permeabilization (MOMP) was detected
using the JC-1 assay kit (Invitrogen) according to manu-
facturer’s instructions. This is regarded as a reliable
fluorescent probe for use with intact cells [28] and has
been used with appropriate controls in previous studies
as a marker of apoptosis [7]. Samples were mounted
with Vectashield containing DAPI prior to examination.
In live cells, the presence of a negative charge estab-
lished by an intact mitochondrial membrane potential
allows the cationic, lipophilic dye to accumulate in the
mitochondria, forming orange JC-1 aggregates. Mito-
chondrial depolarization and loss of mitochondrial
membrane potential is indicated by loss of these aggre-
gates leaving only green fluorescent staining throughout
the cytoplasm.
The In Situ Death Detection Kit, Fluorescein (Roche)

was used to detect DNA fragmentation. During apop-
tosis DNA strands break leaving the strand termini
exposed. In this reaction the enzyme terminal deoxynu-
cleotidyl transferase is used to catalyze the addition of
fluorescently labeled nucleotides to free 3’-OH termini
(TUNEL-reaction). The TUNEL assay was completed in
accordance with the manufacturer’s instructions with a
few modifications. Briefly, ookinetes were fixed onto
positively charged SuperfrostPlus slides (Thermo Scien-
tific) using neutral buffered 10% formalin solution,
washed twice with PBS and stored at −20°C until further
processing. Once thawed, ookinetes were permeabilized
for 5 min at room temperature using 40 mM sodium cit-
rate and 1% Titron X-100 (BDH Chemicals). One slide,
which served as the positive control, was then incubated
with 3U/ml DNAase 1 recombinant for 10 min to induce
the breakage of DNA strands. All slides, apart from the
negative control, were incubated with the TUNEL reac-
tion mixture (freshly prepared) at 37°C for 75 min. The
negative control was incubated with labeling solution
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only. Subsequent to staining, the slides were washed with
PBS, air dried and mounted in Vectashield containing
DAPI. In this study, ookinetes with stained nuclei were
considered apoptotic whilst ookinetes with unstained
nuclei were recorded as live. Although it is recognized
that DNA fragmentation can occur during the process
of necrosis, this assay was used in conjunction with
other markers of apoptosis to confirm the apoptotic
phenotype.

Data analysis
Data were analyzed using MinitabW software (version 16)
or Microsoft excel. The Anderson-Darling test was used
to test for normality and normally distributed data ana-
lyzed using one- way or two-way ANOVA with a general
linear model for two parameters. When significant differ-
ences were found, this was followed by a Turkey’s test for
paired comparisons. If data were not normally distribu-
ted they were arcsine transformed prior to performance
of a one-way ANOVA. If the arcsine-transformed data
were not normal they were log transformed prior to ana-
lysis. If data was not normal after both data transforma-
tions, a non-parametric, Kruskal-Wallis test was carried
out on the original data.

Results
The dose dependent effect of chloroquine on the
induction of apoptosis in Plasmodium berghei ookinetes
Following previous reports that CQ induced features of
apoptosis in the erythrocytic stages of P. falciparum
when parasites were exposed to micromolar concentra-
tions of the drug [10], the effect of incubating P. berghei
ookinetes in a range of final CQ concentrations from
41.67-833.33 μM (see Figure 1) was investigated. Assays
for nuclear condensation and the translocation of PS to
the outer surface of the cell membrane were used to de-
tect signs that ookinetes were dying by apoptosis. The
initial experiment was repeated four times and 40 ooki-
netes were observed for each of the two assays. Ooki-
netes that were dead or in the late stages of apoptosis
were detected by the influx of PI into the cell. Live ooki-
netes were negative for PI (compromised membrane)
and for acridine orange (condensed chromatin) or
annexin staining (PS translocation) respectively. Follow-
ing a 2-hr incubation, the proportion of ookinetes con-
taining nuclei with condensed chromatin increased
steadily with the dose of CQ and at 833.33 μM was al-
most double that in control samples (58.6% and 30.1%
respectively, F4,14 = 15.23, P= 0.0001). Paired compari-
sons showed that this increase was significantly different
from the controls at 416.67 μM CQ (Figure 1A). Simi-
larly, translocation of PS to the external leaflet of the
plasma membrane was induced by CQ (F4,15 = 35.43,
P= 0.0001), and was again significantly different from
the control samples at 416.67 μM CQ and above
(Figure 1B). Notably, different concentrations of CQ
induced a similar proportion of ookinetes to exhibit
chromatin condensation or annexin staining respectively.
No increase in the proportion of dead ookinetes was
detected in either assay (Figure 1).
To investigate further phenotypic and biochemical

markers of apoptosis, ookinetes were incubated for 2 hr
with 1 mM CQ dissolved in ookinete medium. In
addition to chromatin condensation, three other apop-
tosis characteristics that had previously been observed
in P. berghei ookinetes [7], namely: DNA fragmentation,
caspase-like activity and loss of mitochondrial mem-
brane potential were monitored. Overall, significantly
more ookinetes exhibited markers of apoptosis than
untreated ones (F7,38 = 56.72, p>0.001). Chloroquine
again induced a significant rise in the proportion of
parasites with condensed chromatin (26.14% to 63.43%
P <0.05) that was a remarkably similar proportion to
that produced by the highest dose (833.3 μM) in the
previous experiment. Chloroquine also caused a signifi-
cant increase in the number of ookinetes with an acti-
vated caspase-like cysteine protease (17.2% to 55.8%
P<0.05) (Figure 2). Fewer untreated ookinetes had frag-
mented DNA, but this proportion also rose significantly
upon treatment (9.5% to 34%, P<0.05, Figure 2). The
increase in ookinetes displaying these apoptotic mar-
kers was not accompanied by a concomitant increase in
loss of ΔΨm, suggesting that CQ induced apoptosis via
a mitochondrial-independent pathway during these
experiments. In assays where PI was used to detect
ookinetes with compromised membranes, CQ did not
induce a significant increase in PI + ve ookinetes. The
proportion of ookinetes exhibiting different markers at
the same time post-incubation (and age) descended
from condensed chromatin to caspase-like activity to
DNA-fragmentation.
Staurosporine induces markers of apoptosis in
Plasmodium berghei ookinetes
Staurosporine has been shown to cause a significant in-
crease in CaspaTag and TUNEL positive P. falciparum
trophozoites and to decrease the proportion with a
functional ΔΨm [10]. Plasmodium berghei ookinetes
were also found to be susceptible to ST in this investi-
gation. Following a 30 min incubation there was a
significant increase in ookinetes with condensed chro-
matin (P = 0.032) and caspase-like activity (P = 0.027)
but, as with CQ, the JC-1 assay did not detect a signifi-
cant loss of ΔΨm in the samples (P = 0.205) (Figure 3).
The low yield of parasites obtained when these experi-
ments were conducted precluded the investigation of
other markers.
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Figure 1 The effect of chloroquine dose on Plasmodium berghei ookinetes in vitro. Ookinetes were incubated for 2 h in a range of
concentrations of chloroquine dissolved in RPMI 1640 medium. The proportion of parasites containing nuclei with condensed chromatin,
detected using acridine orange staining (A), or expressing phosphatidyl serine on the outer surface, detected with annexin (B), was recorded as
apoptotic. Staining with propidium iodide was used to identify dead ookinetes. Within a particular condition, bars that do not share the same
letter are significantly different (p<0.05), n = 40 ookinetes per sample, error bars = SEM for four experimental repeats.
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The dose-dependent effect of hydrogen peroxide on
markers of apoptosis in Plasmodium berghei ookinetes
Previous work demonstrated that oxygen radicals, pro-
duced by a short incubation period with 100 or 500 μM L-
DOPA, caused a significant increase in the proportion of
ookinetes with condensed chromatin, whereas longer in-
cubation periods or higher concentrations caused loss of
membrane integrity [8]. These results may be due to the
rapid onset of late apoptotic features or to necrotic cell
death. In contrast, no increase in parasites with condensed
chromatin occurred when they were incubated in similar
concentrations of hydrogen peroxide, but those with loss
of membrane integrity increased significantly, even with
100 μM H2O2. Here, lower concentrations of H2O2 were
used and this showed that, compared with the control,
there is a significant increase in ookinetes with two mar-
kers synonymous with early stage apoptosis; condensed
chromatin and PS translocation, when incubated for 1 hr
with 33.32 or 50 μM H2O2 (P=0.0001 in each case)
(Figure 4). The proportion of live ookinetes continued to
decrease with increasing dose but there was a greater
number of parasites with compromised membranes than
those showing signs of early apoptosis at 66.67 and
83.32 μM H2O2.

The effect of incubation medium and density on the
induction of apoptosis in Plasmodium berghei ookinetes
When ookinetes were incubated in RPMI supplemented
with FBS at a density of 1 x107 per ml, less than 20%
had nuclei with condensed chromatin. Increasing the
density of ookinetes to two or four x107 per ml did not
induce apoptosis, nor increase the number of parasites
with compromised membranes (Figure 5A). Removal of
FBS from the medium had no significant effect on the
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Figure 2 The induction of apoptosis in Plasmodium berghei
ookinetes following exposure to chloroquine. Ookinetes were
maintained in ookinete culture medium only (control) or treated
with 1 mM chloroquine for 2 h (chloroquine treated). Following
incubation, ookinetes were examined for the presence of four
apoptotic markers: condensed chromatin, caspase-like activity, DNA
fragmentation and loss of ΔΨm using the acridine orange, CaspaTag,
TUNEL and JC-1 assays respectively. Error bars = SEM for three
experimental repeats, n = 50–100 ookinetes per sample. Different
letters indicate that data are significantly different.
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Figure 4 The dose-dependent effect of hydrogen peroxide on
the expression of markers of apoptosis in Plasmodium berghei
ookinetes. Ookinetes were incubated in a range of concentrations
of H2O2/RPMI 1640 medium for 1 h. The proportion of parasites
containing nuclei with condensed chromatin, detected using
acridine orange staining (A), or expressing phosphatidylserine on the
outer surface, detected with annexin (B), was recorded as apoptotic.
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number of dead or dying ookinetes, suggesting that, in
these conditions nutrients were adequate. Again no
density effects were observed (Figure 5B). However,
when incubated in PBS alone, the percentage of ooki-
netes with condensed chromatin in their nuclei
increased to approximately 60%, although the number
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Figure 3 The effect of staursoporine on Plasmodium berghei
ookinetes. Ookinetes were incubated in ookinete medium only
(control) or 15 μM staurosporine for 30 min (staursoporine treated),
washed with phosphate buffered saline and assayed for the
presence of condensed chromatin, (acridine orange assay), caspase-
like activity (CaspaTag assay), and loss of mitochondrial membrane
potential (JC-1 assay). Paired T-tests were performed to compare the
level of apoptotic activity for control and treated samples within
each assay. Error bars = SEM for three experimental repeats, n = 50-
100 ookinetes per sample. Within assays, significant differences are
indicated by different letters.

Staining with propidium iodide was used to identify dead ookinetes.
Within a particular condition, bars that do not share the same letter
are significantly different (p<0.05), n = 40 ookinetes per sample. Error
bars = SEM for four experimental repeats.
with compromised membranes remained below 20%
(Figure 5C) and increasing incubation time to 24 hr
resulted in over 90% of ookinetes exhibiting nuclei with
condensed chromatin. Increasing ookinete density in
these conditions still did not affect apoptosis or death,
indeed similar results were observed at densities as high
as eight and 16 x 107 per ml in all three media (unpub-
lished data). These data suggest that lack of nutrients
may induce an apoptotic phenotype in P. berghei ooki-
netes but density had no effect.
Discussion
The occurrence, semantics, function and evolutionary
origin of cell death modalities in unicellular eukaryotes
have been discussed at length [5,12,15,16,26,29] and will
not be addressed further in this paper. Suffice to state
that the detection of markers for apoptosis in protozoan
parasites relies upon assays developed for metazoans, all
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Figure 5 The effect of incubation media and parasite density
on nuclear condensation in Plasmodium berghei. Following
harvesting, ookinetes were incubated for 4 h in RPMI supplemented
with; FBS (A), RPMI alone (B) or PBS (C). In each case three densities
of ookinetes were used. Ookinetes showing chromatin condensation
were identified by using acridine orange and classed as apoptotic
(CC), those with a compromised membrane were detected with
propidium iodide and classed as dead (D) and those with neither of
these markers were alive (L). Error bars = SEM for three experimental
repeats, each with at least two replicates of counts and each
count = 50 ookinetes. The same colour bars with different letters are
significantly different p<0.05).
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of which have constraints associated with them [12] and
none by themselves is conclusive [30]. Thus, where pos-
sible, several assays were used to corroborate observa-
tions in this work [31]. The investigation of chemical
and ecological inducers of apoptosis found that the anti-
malaria drug, CQ, caused a significant increase in the
proportion of ookinetes with condensed chromatin,
translocation of PS, caspase-like activity and DNA frag-
mentation, but did cause a loss of ΔΨm. Staurosporine
also induced chromatin condensation and caspase-like
activity to increase without loss of ΔΨm. and incubation
with low doses of H2O2 resulted in a significant increase
in two early markers of apoptosis, chromatin condensa-
tion and PS translocation; caspase-like activity and DNA
fragmentation were not investigated. Finally, no effect of
parasite density was observed, but withdrawal of nutri-
ents also induced ookinetes to exhibit chromatin con-
densation although plasma membranes were intact.
Although it is time consuming, cytofluorometry on a
cell-by-cell basis is the most convenient method to de-
tect features of apoptosis in the relatively small samples
of ookinetes that could be collected for each experiment.
Unfortunately, parasite yields and handling times pre-
cluded the use of all markers of apoptosis in every ex-
periment, particularly those involving several chemical
doses, parasite densities or incubation times.
The previous suggestion that exposure to low concen-

trations of H2O2 would induce markers of apoptosis was
confirmed as the proportion of parasites displaying signs
of chromatin condensation or PS translocation increased
significantly at concentrations of 50 μM or below; whilst
the plasma membrane remained intact. However, as
shown previously [8], higher concentrations resulted in
rapid death, detected as the proportion of PI positive
ookinetes, with no detectable signs or features of apop-
tosis. Although death may have occurred by means other
than apoptosis, a very rapid progression to late stage
apoptosis at these higher concentrations cannot be ruled
out, as discussed in [7].
The malaria ookinete is very susceptible to oxidative

stress [32], as are the intra-erythrocytic stages. Of four
effective selenium compounds tested against CQ-
resistant P. falciparum, three generated ROS and caused
a collapse of ΔΨm and DNA fragmentation, whereas one
compound induced a similar apoptosis pathway without
the production of ROS [21]. Unconjugated Bilirubin also
induces oxidative stress in intra-erythrocytic stages and
inhibits growth in culture, apparently because the para-
sites are undergoing apoptosis [20]. In that study, induc-
tion of oxidative stress was associated with loss of ΔΨm

and up-regulation of PfARP expression, (a molecule that
has the highest homology with TFAR-19, a mammalian
TF-1 cell apoptosis-related gene). It also causes a six-
fold activation of caspase-3-like proteases, which could
be prevented with an inhibitor of caspase-3 activity, and
condensation of nuclear chromatin was observed [20].
Kumar and colleagues [20] suggested that oxidative
stress occurred as a result of Bilirubin-inhibited haemo-
zoin formation, although other routes for the generation
of ROS were not ruled out.
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Ookinetes develop in vivo in a complex redox-active
environment. It has been suggested that haem and
haematin, released as the blood meal is digested, could
react with iron and oxygen in the blood bolus to pro-
duce ROS [33]. Additionally, the midgut epithelial cells
of infected mosquitoes are themselves a source of ROS
(as discussed in [8]). Dual oxidase (Duox), a transmem-
brane protein present on the midgut epithelium, gener-
ates hydrogen peroxide and mediates an antimicrobial
response to dietary bacteria and yeast in Drosophila [34].
However, it has recently been shown that in anopheline
mosquitoes, Duox, together with immunomodulatory
peroxidase (IMPer), makes the insect more susceptible
to Plasmodium infection by forming a di-tyrosine net-
work that inhibits activation of the epithelial immune
system when bacteria or malaria parasites are present
[35]. The role of epithelium-generated ROS in the in-
duction of apoptosis in ookinetes in the midgut lumen is
therefore uncertain.
In addition to extrinsic sources, it is possible that

damaged mitochondria may themselves act as a major
source of ROS that could initiate an apoptotic pro-
grammed. Indeed, ookinetes exhibiting loss of ΔΨm

caused by a mitochondrial membrane potential disrupter
were shown to display an apoptosis phenotype [7]. Loss
of ΔΨm is also associated with the display of other mar-
kers of apoptosis, exhibited by an increasing proportion
of ookinetes as the length of time they are incubated in
PBS or ookinete medium increases [8,23]. These findings
point to a role for mitochondria in a putative apoptosis
pathway in P. berghei ookinetes, however, findings pre-
sented here, and elsewhere, suggest that an amitochon-
drial pathway also exists [8].
The reports that CQ causes a significant decline in

the proportion of P. falciparum trophozoites with func-
tional ΔΨm [9,10] are at odds with these findings for P.
berghei ookinetes. Despite finding a significant increase
in the proportion of parasites with condensed chroma-
tin, caspase-like activity, PS translocation and fragmen-
ted DNA, loss of ΔΨm following a 2-h incubation with
1 mM CQ could not be detected. Interestingly, Srivas-
tava et al. [36] found that CQ was unable to disrupt
the mitochondrial membrane potential of another spe-
cies of rodent malaria, Plasmodium yoelii, at concen-
trations up to 10-3 M, whereas the broad spectrum
anti-malarial drug, Atovaquone, caused loss of ΔΨm at
far lower doses.
Similar to findings for CQ exposure, ookinetes incu-

bated with ST did not loose ΔΨm, although there was a
significant increase in the proportion with condensed
chromatin and activated cysteine proteases. This is also
in contrast to its effect on trophozoites, where it did
cause loss of ΔΨm [10]. In the latter study, ST treatment
significantly increased CaspaTag binding, but this was
not inhibited by the cysteine protease inhibitor zVAD,
although binding induced by CQ was. This suggests that
different cysteine proteases may be involved in the path-
ways induced by these drugs in P. falciparum tropho-
zoites and in P. berghei, but pathways in ookinetes
clearly need more investigation before any conclusions
can be drawn.
One possible explanation for the apparent differences

in the role of mitochondria in CQ-induced apoptosis in
malaria parasites is the timing of exposure to CQ. Ch’ng
and co-workers [10] incubated trophozoites for 4–6 hr
before detecting apoptosis markers. Monitoring this
length of drug exposure is difficult as, when maintained
in ookinete medium, the proportion of ookinetes that
display features of apoptosis increases with time, even
when no apoptosis-inducer is added to the medium
[6,7]. However, as several markers of apoptosis increase
significantly following just 2-hr exposure to CQ, these
differences are not attributed to the need for longer ex-
posure time. It is likely that CQ induces apoptosis via a
pathway that does not involve mitochondria in ooki-
netes. As the pathway for the action of CQ that Ch’ng
et al. propose [10] could not occur in ookinetes, due to
the absence of a digestive vacuole, the drug may initially
accumulate somewhere else, act directly in the cyto-
plasm to activate cysteine proteases, or work via another
route. Chloroquine is known to be cytotoxic to mamma-
lian cells and molecular mechanisms including MOMP,
the induction of NO synthesis, glutathione depletion
and cellular redox changes have been implicated [37,38].
Of note here is the observation that, at the specific time
investigated, more ookinetes have condensed chromatin
than caspase-like activity and fewer still had fragmented
DNA. This may have some bearing on the timing of the
pathway by which the apoptotic phenotypes are mani-
fested. The elucidation of apoptotic pathways occurring
in ookinetes will also shed light on CQ action.
The finding that micromolar concentrations of CQ in-

duce ookinetes to undergo apoptosis could have implica-
tions for their survival in vivo. The effect of the
administration of CQ to vertebrate hosts on malaria trans-
mission has been widely investigated in the laboratory and
the field. Conflicting findings have been reported, but
enhanced transmission has often been associated with
CQ-resistant Plasmodium compared to susceptible ones
and it has been suggested that selection for these parasites
may be due to increased survival of gametocytes or sporo-
gonic stages when under CQ pressure (reviewed in [39]).
However, it is probable that blood meals taken following
CQ treatment may not contain sufficiently high concen-
trations of CQ to induce apoptosis in zygotes and ooki-
netes. In the study reported herein, 416 μM CQ was the
lowest concentration that induced a significant increase in
apoptotic ookinetes. This is considerably higher than the
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treatment with nanomolar concentrations of CQ that
causes accumulation in the digestive vacuole, alteration of
haemozoin polymerization and trophozoite killing,
and even the 3 μM concentration that induces
permeabilization of the digestive vacuole and triggers
apoptosis, as discussed by Ch’ng and colleagues [40].
These authors reviewed various clinical trials involving
dose escalation that may have resulted in micromolar
levels of CQ in the blood. They also discuss the feasibility
of redeploying CQ, using regimes/formulations that that
may induce programmed cell death in the parasite [40].
The likelihood of such regimes producing sustained blood
concentrations high enough to be active upon mosquito
stages of Plasmodium is remote but, as an apoptosis in-
ducer that is active in vitro, CQ has a role to play in future
investigations of the pathways involved in apoptosis in
ookinetes.
The apoptosis triggers discussed so far result from a toxic

external environment that may, or may not, be influenced
by the presence of other ookinetes. Several authors have
proposed that protozoan parasites may undergo apoptosis
in a density dependent manner [26,41]. Reece and collea-
gues [4], review previous proposals that the removal, by sui-
cide, of a proportion of the population could benefit the
remaining parasites by preventing premature host death, by
avoiding the stimulation of a density related immune re-
sponse or removal of less fit members [42,43]; all of these
scenarios are density dependent. Studies of the population
dynamics of early sporogony have demonstrated losses at
all transitional stages within the mosquito midgut (reviewed
in [44]) and recently Sinden and colleagues found negative
density-dependence operating for densities greater than 355
ookinetes per Anopheles stephensi [45] and speculated that
factors such as a density-dependent, parasite-killing mech-
anism or competition for resources may be operating in the
mosquito. The ookinete densities used here (starting at
10,000 per μl) were far greater than those calculated to initi-
ate a density dependent effect in vivo [45]. Although no
density-dependent induction of apoptosis was demon-
strated, this might be due to factors associated with experi-
mental design such as the developmental stage investigated
(for example, signaling molecules produced earlier may
have been removed during ookinete harvesting) or the lim-
ited period of incubation at high density. In view of the
proposed function of density-driven apoptosis as a method
of improving the fitness of a clonal population of
ookinetes, further investigation using different experimental
approaches, additional assays for apoptosis and, in particu-
lar, experiments in vivo, need to be performed before dens-
ity can be completely ruled out as a trigger for apoptosis.
Clearly nutrients are not limiting when incubation is

in RPMI, but incubation for 4 hr in PBS alone resulted
in a large increase in ookinetes with condensed chroma-
tin, although no density effect was noted. As multiple
markers for apoptosis were not examined for this experi-
ment, the conclusion that nutrient depletion resulted in
an apoptotic phenotype rather than autophagy should be
viewed with caution.

Conclusion
These, and previous results [8], strongly suggest that
ookinetes respond to adverse conditions such as redox
stress or drug treatment; orchestrating their own death
and exhibiting a phenotype akin to metazoan apoptosis.
Multiple mechanisms may exist as there appears to be
both a mitochondrial and an amitochondrial pathway
involved, and pathways may differ between erythrocytic
stages and ookinetes, or between rodent and human
malaria parasites. So far, there is more experimental evi-
dence to support the view that apoptosis is a way to die
when subjected to factors that may be of host origin, ra-
ther than a strategy employed by ookinetes to increase
the fitness of surviving parasites (discussed in [3]). How-
ever, further investigations are required, particularly
in vivo and with mixed clones of Plasmodium, before a
direct role for density-dependent mechanisms is dis-
missed, as relatedness is also essential if apoptosis is to
be regarded as a beneficial trait [4]. This apoptotic trait
has probabilistic expression as a proportion of ookinetes
survive the expression of apoptotic triggers; understand-
ing what governs this, and the pathways operating in
Plasmodium ookinetes may inform novel transmission-
blocking strategies if the knowledge can be used to cause
all ookinetes to commit suicide in the midgut lumen.
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