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Background: Growth kinetic of Plasmodium falciparum in culture or in the host fall short of expected growth rate
considering that there are 4 x 106/uL red blood cell (RBCs) available for invasion and about 16 merozoites growing
in each infected RBC. This study determined whether apoptotic machinery is operable to keep the parasite

Methods: A synchronized culture of P. falciparum (Dd2 strain) was initiated at 0.5% ring stage parasitaemia and
kept under conditions not limiting for RBCs and nutrient by adjusting hematocrit to 5% at each schizogony and
changing growth media daily. Parasite growth pattern and morphology was evaluated by blood smear microscopy
and flow-cytometry using SYBR green. The apoptotic processes were evaluated for evidence of: DNA fragmentation
by TUNEL, collapse of mitochondria membrane potential (A¥,,) by TMRE, expression of metacaspse gene by
RT-gPCR and by probing parasite proteins with anti-caspase antibodies.

Results: From the seeding parasitaemia of 0.5%, the parasites doubled every 48 hours to a parasitaemia of 4%.
Thereafter, the growth stagnated and the culture consistently crashed at about 6% parasitaemia. A¥,, potential
collapsed as the parasite density increased and DNA fragmentation increased steadily from 0.2% to ~6%. The
expression of metacaspase gene and protein was observed in all stages, but their abundance was variable among

Conclusion: These findings suggest existence of P. falciparum quorum sensing that keep the parasite population

Background

The development and propagation of malaria parasites
in their vertebrate host is complex and involves various
host and parasite factors. In absence of specific anti-
parasitic immune responses such as in vitro culture con-
ditions, it is reasonable to assume that the parasite
growth rate reflects a balance between cell proliferation
and cell loss. This assumption is strengthened by the
following observations: 1) in vitro, the parasitaemia of
Plasmodium falciparum cultures increases by a factor of
3-8 within 48 hours whereas theoretically it should
increase 16 fold [1], and 2) in vivo, the evolution of
parasitaemia in fast growing strains seems to be quelled
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by parasite density even when the RBC supply is not
limiting [2]. It is tempting to speculate that the disparity
between expected and observed parasite density is a
function of self-regulation.

One of the physiological mechanisms of reducing cell
number is by apoptosis [3], a process by which self
inflicted morphological and biochemical changes result
in cell death [4,5]. At the cellular level, apoptosis is
characterized by controlled auto-digestion through the
activation of endogenous proteases that result in cytos-
keletal disruption, cell shrinkage, and membrane bleb-
bing [6]Due to activation of endonucleases, the nucleus
undergoes condensation as DNA is fragmented into oli-
gonucleosomes. Formation of oligonucleosomes can be
detected using terminal deoxynucleotidyl transferase-
mediated desoxyuridine triphosphate (dUTP) nick-end
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labeling (TUNEL). [7] Even before DNA damage is evi-
dent, mitochondria show collapse in the electrochemical
gradient as measured by change in the mitochondrial
membrane potential (A¥,). Changes in AY,, lead to the
insertion of proapoptotic proteins into the membrane
resulting in pore formation and subsequent release of
cytochrome c into the cytoplasm. [6] Loss of A¥,, can
be measured by a cell-permeant, cationic, red-orange
fluorescent dye Tetra methyl Rhodamine ethyl ester
(TMRE) that is readily sequestered by active mitochon-
dria [8] or cationic dye 5,5,6,6'-tetrachloro-1, 1,3,3-tetra-
ethylbenzainidazolocarbocyanin iodide, commonly
known as JC-1 [9].

For a long time, apoptosis was assumed to be confined
to metazoan organism but recent findings indicate that
unicellular organisms also undergo apoptosis and fea-
tures typical of mammalian programmed cell death have
been described in several species including the kineto-
plastids: Trypanosoma brucei rhodesiense, Trypanosoma
cruzi and Leishmania major[7,10-15]. Features typical of
apoptosis including condensation of chromatin, DNA
fragmentation, the appearance of phosphatidyl serine
(PS) on the outer leaflet of the plasma membrane and
eventual formation of apoptotic bodies have been
demonstrated in Plasmodium berghei[16]. Picot et al[17]
previously reported oligonucleosomal DNA fragmenta-
tion in the erythrocytic stages of chloroquine treated
Plasmodium. Recently, DNA fragmentation and mito-
chondrial membrane potential disruption have been
shown in erythrocytic stages of 3D7 and 7G8 isolates of
P. falciparum treated with apoptosis- inducer etoposide
or anti-malarial chloroquine [17,18]. Although clear
homologues of metazoan caspases have not been identi-
fied in Plasmodium, two cysteine proteases have been
annotated (PF13-0289 and PF- 0363) in the P. falci-
parum genome database [19]. The two proteases have
24% sequence identity and have the conserved catalytic
dyad histidine and cysteine required for catalysis activity
and contains a putative caspase recruitment domain in
the N-terminal amino acid sequence [18]. Presence of
caspase-like proteins in Plasmodium was also suggested
by use of caspase inhibitors (Z-VAD.fmk (Benzyloxycar-
bonyl-Val-Ala-Asp flouromethylketone) and Z.DEVD.
FMK (Benzyloxycarbonyl-Asp-Glu-Val-Asp- flouro-
methylketone)) that inhibited Plasmodium apoptosis
leading to suggestion that caspase-like activity and
aspartate specificity may be crucial for apoptosis in Plas-
modium([16]. In addition to metacaspase gene, an apop-
tosis related gene (PfARP) has been purified and
characterized in P. falciparum although the role of this
protein in growth, multiplication and stage progression
has not been identified [20].

Existence of apoptosis in protozoa suggests that even
these unicellular organisms live as communities where
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communication occurs between individual cells. This
interaction between protozoa is similar to the quorum
sensing (QS) and biofilm formation in bacteria [21,22].
QS as is known in bacteria, refers to regulation of gene
expression in response to fluctuations in cell population
density and is mediated by signaling molecules released
into the environment. In vitro studies and epidemiologi-
cal data provide evidence that malaria parasites exhibit
QS [23]. The process relies on production of low mole-
cular mass-signaling molecules called auto-inducers, the
extra-cellullar concentration of which is related to the
population density [23].

Although P. falciparum could regulate parasite density
by varying the rate of cell division or varying the rate of
invasion of RBC, its been suggested that varying the
rate of cell death is the most effective of these mechan-
isms because it slows down the increase of the parasi-
taemia while at the same time decreasing the
percentage of infected RBCs independent of the host’s
immune system [1].

In this study, density dependent processes that limit
expansion of the malaria parasites are described. It is
possible that these processes may one day be exploitable
to provide new strategies of curtailing disease severity
associated with parasite density.

Methods

Study design

A Dd2 clone of P. falciparum was obtained from cryo-
preserved stocks maintained at the KEMRI/Walter Reed
Project - Kenya, and used to initiate culture growth.
Highly synchronized cultures (>98% young rings) were
allowed to grow in conditions that were not limiting in
RBCs and nutrients. At every developmental stage, ali-
quots were taken and used to assess parasitaemia, para-
site morphology and presence of selected apoptotic
features. A sham culture of uninfected RBCs was main-
tained in a similar manner to the parasite culture and
was used as background noise for the target apoptotic
features.

Maintenance of P. falciparum cultures

Plasmodium falciparum cultures were maintained
using continuous culture conditions [24] with minor
modifications. A clone of P. falciparum Dd, isolate
was used to initiate parasite growth in washed group
O™ human erythrocytes diluted to 5 % hematocrit in
complete RPMI 1640 media supplemented with 0.2%
bicarbonate, 25 mM HEPES, 50 pug/ml gentamicin and
10 % heat inactivated human serum. Cultures were
maintained in 25 cm® Corning flasks (Corning incor-
porated, Corning NY, USA), with daily replacement of
growth medium to meet the nutrient requirements and
maintain optimal pH.



Mutai and Waitumbi Malaria Journal 2010, 9(Suppl 3):56
http://www.malariajournal.com/content/9/53/56

Synchronized cultures were obtained by enriching for
young ring stage trophozoites using 5% D- sorbital
which lyses RBCs containing late rings stage and other
mature parasites stages [25]. This treatment was
repeated every 48 hours until >98% of the parasites
were synchronized in the ring stage as confirmed by
microscopy.

Parasite growth kinetics by light microscopy and

flow cytometry

Following initiation of the culture at parasite density of
0.5%, at every developmental stage and subsequent para-
sitaemia levels, 10 pL aliquots was removed and used for
Giemsa-stained thin blood film microscopy for monitor-
ing: 1) the level of parasitaemia by counting a minimum
of 10,000 erythrocytes and 2) the morphological changes
in the parasites.

Percentage parasitaemia was also scored using SYBR
Green (Molecular Probe, Eugene, OR, USA), a cell
permeable dye that stains nucleic acids. 100 pl of para-
site culture at 2% haematocrit suspension was incubated
with 200 pl of 1x SYBR Green (supplied as 10,000x) for
30 minutes at room temperature. The cells were washed
three times in PBS and then resuspended in 400 ul PBS
in FACs tube. Uninfected RBCs from the sham culture
were stained in a similar manner as the parasites and
used to set acquisition gate. 20,000 events were acquired
on FL1 and subsequently analyzed on a FACScan (Bec-
ton Dickinson, San Jose, CA, USA) using the FlowJo
software.

DNA fragmentation assay

TUNEL method (in situ cell death Detection kit, Roche
Diagnostics, Germany) was used to probe for DNA frag-
mentation. 500 pl of the cell suspension at a concentra-
tion of 20,000 cells/pL was concentrated on a slide by
centrifuging in a cytospin (Shandon cytospin 4, Thermo
Electron Corporation, USA) at 500 rpm for 3 minutes.
The cells were fixed with 4 % Para formaldehyde and
then stained according to the kit manufacturer’s protocol.
For each sample, a positive and a negative control sample
was included. For a positive control, the sample slide was
incubated with DNase 1 (Invitrogen, Carlsbad, CA) at a
final concentration of 0.003 U /uL in DNase buffer (50
Mm Tris-HCL, pH 7.5,1 mg /ml BSA) for 10 minutes at
25 °C. The slides were rinsed in PBS to remove excess
DNase 1. For the negative control the slide was incubated
without terminal transferase enzyme. Slides were
observed under a BX40 fluorescence microscope (Olym-
pus Melville, NY) equipped with a Magnafire digital cam-
era. For analysis by flow cytometry, 100 pL of
paraformaldehyde fixed cell suspension at 20,000 cells/
puL was stained as above. Control samples were as
described above. 20,000 events were acquired on FL3
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(FACScan, Becton Dickinson, San Jose, CA) and analyzed
using the cellquest Pro. Version 5.2.

Monitoring of mitochondrial membrane potential
Collapse of AY,, is a hallmark of apoptosis and mito-
chondrial permeability is an important step in induction
of cellular apoptosis. The AY,, collapse was monitored
using TMRE (Invitrogen, Eugene Oregon, USA), a cell
permeable cationic dye that is accumulated by health
cells in the mitochondria in proportional to mitochon-
drial potential.

For this assay, an aliquot of 100 pL of cell culture was
incubated with 25 nM TMRE for 15 minutes at 37 °C in
the dark. The cells were then washed twice in PBS and
resuspended to a final volume of 400 puL and analysed
on FL2 by flow cytometry. Uninfected RBCs from the
sham culture were stained in a similar manner as the
parasites and used to set acquisition gate. 20,000 events
were acquired on FL2 and subsequently analysed on a
FACScan (Becton Dickinson, San Jose, CA, USA) using
the FlowJo software.

Analysis of metacaspase gene expression

RNA was isolated using commercially available kit as
recommended (Invitrogen, life technologies, California).
To ensure that equal number of iRBCs weres used for
RNA isolation at the different parasite densities, 100 pL
of well suspended culture cells was run on a Coulter
Counter (Ac. T 5diff CP, Beckman coulter Inc. Miami
Florida. USA) to obtain RBCs count per pL. Numbers of
iRBC were calculated from parasitaemia data obtained
from microscopy and for each sample, 5 x 10° IRBCs
were used.

A one-step RT-PCR (Applied Biosystem, Roche,
Branchburg, New Jersey. USA) was used for simulta-
neous analysis of P. falciparum metacaspase and seryl
tRNA synthetase gene transcript. The latter is a P. falci-
parum house keeping gene that is expressed equally in
each stage of the P. falciparum[26] and was used for
normalization of metacaspase gene transcripts. Nucleo-
tide sequences for metacaspase and seryl tRNA were
obtained from PlasmoDB library and used to design pri-
mers using Primer Express 3.0 software (Applied Biosys-
tems, California. USA). The following primer pairs were
from Applied Biosystems were use: Metacaspase pri-
mers: forward 5-CAT CCT TGT CCC ATC AAT CTT
TT-3', reverse 5-ATG GAA ACC CTC CTT AAA ATT
AG-3. Seryl tRNA synthetase primers: forward 5-TAT
CAT CTC AAC AGG TAT CTA CAT CTC CTA-3/,
reverse 5-TTT GAG AGT TAC ATG TGG TAT CAT
CTT TT-3. Reverse transcription and amplifications
were done on a ABI PRISM 7300 PCR system (Applied
Biosystems, California. USA). The PCR reactions were
carried out in 96-well plate (Applied Biosystems Cat.
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No0.4306737) each containing 25 pL Power SYBR Green
PCR master mix (1.5 mM MgCl, 0.2 mM of each
dNTPs, 1.25 U/uL AmphliTaq Gold DNA polymerase),
0.25 U/pL multiscribe reverse transcriptase, 0.4 U U/uL
RNAse inhibitor, 2.5 uL RNA, 0.9 pM metacaspase pri-
mers, 1 uM seryl tRNA synthetase primers and PCR
water to a final volume of 50 pl. The PCR mix also con-
tained ROX dye as an internal reference. Reverse tran-
scription step was done at 48 °C for 30 minutes
followed by heat inactivation of reverse trancriptase
enzyme at 95 °C for 10 minutes. The amplification was
then done for 45 cycles of 95 °C for 15 seconds and 60 °
C for 1 minute. A dissociation analysis step was
included to check the specificity of the amplification.

Analysis of metacaspase protein by Western blotting

To ensure that equal number of iRBCs was used for
protein extraction at different parasite densities, 100 pL
of well-suspended culture cells was run on a Coulter
Counter and numbers of iRBCs calculated as described
earlier. After working out the volume of the culture
required to give the required number of iRBC, the speci-
fied volume was removed and pelleted by centrifugation
at 3,000 rpm for 3 minutes at 4 °C. The pellet was
resuspended to 100 pL using culture media devoid of
serum and stored at -80 °C until all the samples were
ready for analysis.

Equal volume of 2X SDS sample buffer (100 mM Tris-
HCL, pH 6.8, 4 % SDS, 0.2 % bromophenol and 25 %
gycerol) was added the lysed cells and then resolved by
electrophoresis on an 12 % SDS-PAGE gel (5% stacking)
at 120 volts for 1 hour. The protein was then electro-
blotted onto the nitrocellulose membrane (Invitrogen,
Carlsbad, CA). Thereafter, the membrane was blocked
at 4 °C overnight with gentle agitation using 1X casein
in PBS containing 10% Tween-20. Thereafter, the mem-
brane was incubated for 1 hour with 1:500 dilution of
rabbit polyclonal anti-human caspase-3 or 7 (Enzo Life
Sciences International, NY, USA). The membranes were
then washed three times in PBS containing 10% Tween-
20 and then incubated for 1 hour at room temperature
with 1:20,000 dilutions of anti-rabbit IgG conjugated to
horseradish peroxidase in 1X casein. The blots were
washed as indicated above and developed by chromo-
genic peroxidase reaction with 3, 3’ — diamino benzidine
(Pierce Biotechnology, Inc., Rockford, IL, USA) before
being exposing to a Kodak Biomax film (Rochester, NY,
USA) for 30 seconds.

Results

Growth characteristics of P. falciparum Dd2 isolate

The growth curve of a highly synchronized Dd2 isolate is
shown in Figure 1. Parasites seeded at a starting ring stage
parasitaemia of ~ 0.5% doubled after every schizogonic
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cycle (48 hours) to a maximum parasitaemia of 5%. There-
after, the growth stagnated as determined by microscopy
and SYBR Green measurements by flow-cytometry. How-
ever, while parasitaemia count by microscopy declined
steadily after day 6 of culture, parasitaemia by SYBR
Green remained slightly elevated.

DNA fragmentation increases with rise in parasitaemia
DNA fragmentation, a characteristic feature of cells
undergoing apoptosis can be revealed by assessing
incorporation of end-labeled nucleotides to the exposed
3’-OH terminal of DNA ends. As shown in Figure 2,
DNA fragmentation was evident by both fluorescent
microscopy (photomicrograph, panel A) and flow cyto-
metry (dot blots, panel B) at the seeding parasitaemia
(0.5%) and thereafter. As would be expected from the
number and size of nuclei, trophozoite and or schizont
stages showed more pronounced DNA fragmentation
than the ring stages. DNA degradation was especially
high for schizonts at maximum parasitaemia.

Loss of mitochondrial membrane potential increases with
rise in parasitaemia

Changes in the mitochondrial AY,, is a key feature of
apoptosis and can be revealed by staining with TMRE, a
cell permeable cationic dye that accumulates in the
mitochondria of health cells. During apoptosis, mito-
chondrial become permeable leading to loss of AY¥,, and
accumulation of TMRE is reduced. Figure 2C shows
accumulation of TMRE as parasite density increases. As
shown, the proportion of cells with TMRE was maximal
at 3.7% parasitaemia and declined thereafter indicating
increased permeability of mitochondria membrane and
subsequent loss of TMRE.

Expression levels of metacaspse gene

To assess how increase in parasite density affects
expression of metacaspase gene, a house keeping gene,
seryl tRNA was used as the normalizing control for the
target gene. As the Ct values of the seryl tRNA gene
indicate, there was an equal amount of mRNA in all the
preparations (Figure 3, panel A). Metacaspase gene
expression was stage dependent and in general (see Ct
values in Figure 3, panel A), and barely detectable on
agarose gel (Figure 3, panel A). For ring stage, metacas-
pase was absent until the parasite density reached 4.2%.
For the trophozoites, the metacaspase gene was detect-
able at seeding parasitaemia and at 3.7%, while in the
schizonts the gene was expressed at all parasitaemia
levels.

Translation profiles of P. falciparum metacaspase protein
Figure 3, panel B shows a western blot of malaria para-
site protein probed with anti-caspase 7 polyclonal
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Figure 1 In vitro growth pattern of P. falciparum Dd2 isolate as measured by microscopy (red curve and photomicrograph) and SYBR
Green (green curve). By both methods, parasitaemia initiated at 0.5% doubled at every schizogony and did not increase beyond 5%. The
photomicrograph show healthy parasite at seeding parasitaemia: note the classical signet ring, healthy looking trophozoites with irregular
borders and mature schizonts with numerous nuclei. At maximal parasitaemia, the ring stages were smaller with intensely stained nuclei while
the trophozoites and schizonts have abnormal nuclei.

antibody. The expected fragments of 45 and 28 kDa
were observed in all the developmental stages (lanes
1-12), a pattern absent from uninfected erythrocyte pre-
paration. A protein of approximately 28 kDa was pre-
sent in uninfected erythrocytes (lane 13) and has been
reported before in other negative controls [2].

Judging from protein band intensity, metacaspase pro-
tein was up-regulated at parasite density of 1.6% in all
the developmental stages and remained up-regulated in
subsequent parasitaemia except in the ring stages (lanes
7 and 12).

Discussion

Like in multicellular organisms where apoptosis is
essential for maintaining order and harmony among
cells that must live together, protozoan parasites grow-
ing and differentiating in culture, in insect vector or in
mammalian host display a structured organization that
suggest that they ‘talk’ to each other and influence how
they interact with elements of their environment [27].

Some of the factors used for “talking” have been identi-
fied as derivatives of homoserine lactone (HSL), which
on secretion and at a threshold concentration induces a
common genetic response in the population. [28] Such
factors have been identified in protozoan organisms
such as Dictyostelium[29], Plasmodium(30] and Trypa-
nosoma brucei[12].

Studies of free-living bacteria and single-celled organ-
isms have shown they are capable of a form of quorum
sensing whereby all individual cells secrete a signal fac-
tor. Such factors are derivatives of homoserine lactone
which have been shown to induce a common genetic
response in the population once a threshold concentra-
tion is reached [28].

In this study, in order to determine whether apoptosis
triggered the events that were observed in the growth
curve of the Dd2 parasite populations used in this study,
a set of experiments were conducted to examine the use
of apoptotic machinery at various stages of the parasite
growth. In this experimental set up, parasitaemia
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Figure 2 Panel A and B: Level of fragmented DNA using terminal deoxynucleotidyl-transferase-mediated dUTP nick-end labeling
(TUNEL). Evidence of DNA fragmentation as measured by TUNEL is discernible albeit at very low level by fluorescent microscopy (Panel A) and
flow cytometry (Panel B) at seeding parasitaemia, but increases dramatically by the time the parasite culture crashes. Panel C: Dot blots
showing percentage accumulation of TMRE in the mitochondria of trophozoites at different parasitaemia. As shown, the proportion of
cells with positive TMRE staining was maximal at 3.7% parasitaemia and declined thereafter.
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increased by a factor of 1.5 to 2 every 48 hours, while
the theoretical growth has been estimated to be by 16-
32 folds [26]. Thereafter, the culture crashed when the
nutrients or red blood cells were not limiting (Figure 1).
Early in the growth curve, the morphological features
reviewed by microscopy were those of healthy malaria
parasites [32,33]. Parasites with compromised morpholo-
gical features were seen later as parasitaemia increased
(Figure 1).

An important molecular indicator of apoptosis is DNA
fragmentation whereby the DNA is degraded at the
internucleosomal regions by endogenous DNAses into
fragments of 180-200 base pairs [34]. The degraded
DNA can be revealed by electrophoretic separation of
these fragments in agarose gel or by incorporating
labeled nucleotides to the exposed 3’-OH terminal of
nicked DNA ends. Using the latter method, evidence of
DNA fragmentation was discernible albeit at very low
level by flow cytometry and by fluorescent microscopy
at the seeding parasitaemia and increased dramatically
by the time of parasite culture crash (Figure 2, panel A
and B). Most of the DNA degradation was evident at

the trophozoites and schizont stages, a finding that
probably reflects increased cellular DNA content in
these two stages [35]. These findings represent the first
report of density dependent DNA fragmentation in
asexual stages of P. falciparum. Previously reports
showed DNA fragmentation following chloroquine
treatement [17] and in the ookinates of P. berghei.[16].
During apoptosis, death stimuli induce mitochondrial
membrane permeabilization that results in loss of mito-
chondria membrane potential. This loss can be revealed
as decline of TMRE staining of the mitochodria. As
shown in Figure 2, panel C, the proportion of cells with
intact mitochondria declined as parasite density
increased and was maximal at a day before the crash.
The uptake of TMRE in the mitochondria varied among
the stages, with the ring showing the greatest mitochon-
drial response (Figure 2, panel C). This difference in
uptake of TMRE is probably as a result of differing level
of metabolic activities in the three asexual blood stages
[36], although further biochemical evidence will be
required to validate this observation. From MedLine lit-
erature search, this is the first report in on the use of
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Figure 3 Panal A: Agarose gel picture showing expression level of metacaspase and Seryl transferase genes in rings (R), trophozoites
(T) and schizonts (S) at different parasite densities (double arrow bar). NTC= No template control (Lane 13 ). RTC= Reverse transcription
control (lane 14). Expression of metacaspase gene was stage dependent. At the ring stage metacaspase was absent until the parasite density
reached 4%. For the trophozoites, the metacaspase gene was detectable at 0.54% and 3.68% parasitaemias while in the schizonts, the gene was
present at all parasitaemia levels. The P. falciparum house keeping gene, seryl tRNA, was expressed at relatively equal level in all the RNA
preparations. Panel B: Western blot analysis of P. falciparum protein extract probed with anti- caspase-7 polyclonal antibody. Protein
fragments of 45 and 28 kDa were observed in all the developmental stages (lanes 1-12). Metacaspase protein was up-regulated starting from
parasite density of 1.6% in all the parasite stages and remained up-regulated in subsequent parasitaemia levels except in the ring (lanes 7 and
10). Note a low levels of protein of 28 kDa in uninfected erythrocytes (lane 13) and has been reported before in other negative control samples.

TMRE to study depolarization of mitochondria in
P. falciparum.

The next evaluation examined the expression level of
P. falciparum metacaspase gene and/or protein in rela-
tion to changes in parasite density. The metacaspase
gene was expressed in all the asexual stages (Figure 3,
panel A). Large variations in levels of gene expression in
the different parasite stages were observed at different
parasite densities (Fig 3, Panel A). It was confirmed that
the seeming differential expression of this gene was not
due to variation in quantity or quality of RNA by paral-
lel analyses of expressing level of a house keeping gene,
the seryl tRNA gene. A reverse transcription control
was also used to confirm that amplification was not
from genomic DNA. For ring stages, metacaspase was
not expressed until the parasite density of 4% was

attained (Figure 3, panel A, lane 8). While the expres-
sion of metacaspase gene was only evident in the tro-
phozoites at 0.5% and 4% parasitaemia, in the schizonts,
metacaspase was present at all parasitaemia levels (Fig-
ure 3, panel A). We are not sure what the cause of this
large variation in the transcripts is, but could reflect
changes in mRNA stability as the parasites proceed
through different development stages.

Since gene transcriptional activity does not necessarily
translate into protein expression, [37]changes in meta-
caspase protein expression as parasite density changed
were also determined. The proteolytic activation of cas-
pases is highly conserved in higher eukaryotes and
depends on prodomain removal and cleavage of protein
fragments [38]. Using anti- caspase 3 and 7 polyclonal
antibodies to probe for P. falciparum metacaspase, two
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protein fragments of 45 kDa and 28 kDa were detected
in all the asexual stages (Figure 3, B) as has been
described before [16]. The expression level of metacas-
pase protein increased with rise in parasite density (Fig-
ure 3, B, lanes 8-12). A low level of protein of
approximately 28 kDa was present in uninfected ery-
throcytes (lane 13) and has been reported before in
other negative control samples [16]. Therefore this pro-
tein is from un-infected RBCs.

The four key indicators of apoptosis, namely DNA
fragmentation, collapse of mitochondrial potential, up-
regulation of metacaspase gene and protein transcripts
accompanied collapse of malaria in vitro culture that
was maintained under conditions that were not limiting
for nutrients or red blood cells. These findings and
others fro earlier studies are indicative of presence of a
density dependent process for limiting uncontrolled
growth of malaria parasites. These findings offer impor-
tant insights that may in future be exploitable as che-
motherapeutic targets.

Acknowledgements

We are grateful to George Awinda for teaching BKM on how to culture and
synchronize malaria cultures. This work is published with the permission of
the Director, Kenya Medical Research Institute. Beth K Mutai was an MSc
student of Maseno University.

The U.S. Government has the right to retain a nonexclusive, royalty-free
license in and to any copyright covering this paper.

Disclaimer: The opinions or assertions contained herein are the private views
of the authors, and are not to be construed as official, or as reflecting true
views of the Department of the Army or the Department of Defense.

This article has been published as part of Malaria Journal Volume 9
Supplement 3, 2010: Building Knowledge for Action: Proceedings of the 5th
Multilateral Initiative on Malaria Pan-African Malaria Conference. The full
contents of the supplement are available online at http://www.
malariajournal.com/supplements/9/S3.

Authors’ contributions

BKM conducted all the experiments, helped in data analysis and edited the
manuscript. JNW designed the study, directed the work and drafted the
manuscript. All authors have read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Published: 13 December 2010

References

1. Deponte M, Becker K: Plasmodium falciparum-do killers commit suicide?
Trends Parasitol 2004, 20(4):165-169.

2. Ginsburg H, Hoshen MB: Is the development of falciparum malaria in the
human host limited by the availability of uninfected erythrocytes? Malar
72002, 1:18.

3. Domen J: The role of apoptosis in regulating hematopoietic stem cell
numbers. Apoptosis 2001, 6(4):239-252.

4. Samali A, Zhivotovsky B, Jones D, Nagata S, Orrenius S: Apoptosis: cell
death defined by caspase activation. Cell Death Differ 1999, 6(6):495-496.

5. Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thornberry NA,
Wong WW, Yuan J: Human ICE/CED-3 protease nomenclature. Cell 1996,
87(2):171.

6. Samuilov VD, Oleskin AV, Lagunova EM: Programmed cell death.
Biochemistry (Mosc) 2000, 65(8):873-887.

22.

23.

24.

25.

26.

27.

Page 8 of 9

Figarella K, Rawer M, Uzcategui NL, Kubata BK, Lauber K, Madeo F,
Wesselborg S, Duszenko M: Prostaglandin D2 induces programmed cell
death in Trypanosoma brucei bloodstream form. Cell Death Differ 2005,
12(4):335-346.

Sturm A, Amino R, van de Sand C, Regen T, Retzlaff S, Rennenberg A,
Krueger A, Pollok JM, Menard R, Heussler VT: Manipulation of host
hepatocytes by the malaria parasite for delivery into liver sinusoids.
Science 2006, 313(5791):1287-1290.

Smiley ST, Reers M, Mottola-Hartshorn C, Lin M, Chen A, Smith TW,

Steele GD Jr, Chen LB: Intracellular heterogeneity in mitochondrial
membrane potentials revealed by a J-aggregate-forming lipophilic
cation JC-1. Proc Natl Acad Sci U S A 1991, 88(9):3671-3675.

Ameisen JC: [The origin of programmed cell death in the flow of
evolution and its role in host-pathogen interactions]. C R Seances Soc Biol
Fil 1998, 192(6):1095-1098.

Ameisen JC, Idziorek T, Billaut-Mulot O, Loyens M, Tissier JP, Potentier A,
Quaissi A: Apoptosis in a unicellular eukaryote (Trypanosoma cruzi):
implications for the evolutionary origin and role of programmed cell
death in the control of cell proliferation, differentiation and survival. Cell
Death Differ 1995, 2(4):285-300.

Vassella E, Reuner B, Yutzy B, Boshart M: Differentiation of African
trypanosomes is controlled by a density sensing mechanism which
signals cell cycle arrest via the cCAMP pathway. J Cell Sci 1997, 110(Pt
21):2661-2671.

Moreira ME, Del Portillo HA, Milder RV, Balanco JM, Barcinski MA: Heat
shock induction of apoptosis in promastigotes of the unicellular
organism Leishmania (Leishmania) amazonensis. J Cell Physiol 1996,
167(2):305-313.

Lee N, Bertholet S, Debrabant A, Muller J, Duncan R, Nakhasi HL:
Programmed cell death in the unicellular protozoan parasite Leishmania.
Cell Death Differ 2002, 9(1):53-64.

Arnoult D, Akarid K, Grodet A, Petit PX, Estaquier J, Ameisen JC: On the
evolution of programmed cell death: apoptosis of the unicellular
eukaryote Leishmania major involves cysteine proteinase activation and
mitochondrion permeabilization. Cell Death Differ 2002, 9(1):65-81.
Al-Olayan EM, Williams GT, Hurd H: Apoptosis in the malaria protozoan,
Plasmodium berghei: a possible mechanism for limiting intensity of
infection in the mosquito. Int J Parasitol 2002, 32(9):1133-1143.

Picot S, Burnod J, Bracchi V, Chumpitazi BF, Ambroise-Thomas P: Apoptosis
related to chloroquine sensitivity of the human malaria parasite
Plasmodium falciparum. Trans R Soc Trop Med Hyg 1997, 91(5):590-591.
Meslin B, Barnadas C, Boni V, Latour C, De Monbrison F, Kaiser K, Picot S:
Features of apoptosis in Plasmodium falciparum erythrocytic stage
through a putative role of PfMCA1 metacaspase-like protein. J Infect Dis
2007, 195(12):1852-1859.

[http//www.plasmoDB.org].

Guha M, Choubey V, Maity P, Kumar S, Shrivastava K, Puri SK,
Bandyopadhyay U: Overexpression, purification and localization of
apoptosis related protein from Plasmodium falciparum. Protein Expr Purif
2007, 52(2):363-372.

Miller MB, Bassler BL: Quorum sensing in bacteria. Annu Rev Microbiol
2001, 55:165-199.

Donlan RM: Biofilms: microbial life on surfaces. Emerg Infect Dis 2002,
8(9):881-890.

Dyer M, Day KP: Regulation of the rate of asexual growth and
commitment to sexual development by diffusible factors from in vitro
cultures of Plasmodium falciparum. Am J Trop Med Hyg 2003,
68(4):403-409.

Trager W, Jensen JB: Human malaria parasites in continuous culture.
Science 1976, 193(4254):673-675.

Lambros C, Vanderberg JP: Synchronization of Plasmodium falciparum
erythrocytic stages in culture. J Parasitol 1979, 65(3):418-420.

Ben Mamoun C, Gluzman 1Y, Hott C, MacMillan SK, Amarakone AS,
Anderson DL, Carlton JM, Dame JB, Chakrabarti D, Martin RK, et al: Co-
ordinated programme of gene expression during asexual
intraerythrocytic development of the human malaria parasite
Plasmodium falciparum revealed by microarray analysis. Mol Microbiol
2001, 39(1):26-36.

James ER, Green DR: Manipulation of apoptosis in the host-parasite
interaction. Trends Parasitol 2004, 20(6):280-287.


http://www.malariajournal.com/supplements/9/S3
http://www.malariajournal.com/supplements/9/S3
http://www.ncbi.nlm.nih.gov/pubmed/15099555?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12495436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12495436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11445666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11445666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10381647?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10381647?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8861900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11002180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15678148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15678148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16888102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16888102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2023917?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2023917?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2023917?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10101605?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10101605?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17180034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17180034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17180034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9427384?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9427384?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9427384?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8613472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8613472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8613472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11803374?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11803375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11803375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11803375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11803375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12117496?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12117496?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12117496?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9463676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9463676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9463676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17492602?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17492602?dopt=Abstract
http://www.plasmoDB.org
http://www.ncbi.nlm.nih.gov/pubmed/17182255?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17182255?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11544353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12194761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12875287?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12875287?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12875287?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/781840?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/383936?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/383936?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11123685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11123685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11123685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11123685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15147679?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15147679?dopt=Abstract

Mutai and Waitumbi Malaria Journal 2010, 9(Suppl 3):56
http://www.malariajournal.com/content/9/53/56

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Greenberg EP: Bacterial communication and group behavior. J Clin Invest
2003, 112(9):1288-1290.

Saito T, Taylor GW, Yang JC, Neuhaus D, Stetsenko D, Kato A, Kay RR:
Identification of new differentiation inducing factors from Dictyostelium
discoideum. Biochim Biophys Acta 2006, 1760(5):754-761.

Billker O, Lindo V, Panico M, Etienne AE, Paxton T, Dell A, Rogers M,
Sinden RE, Morris HR: Identification of xanthurenic acid as the putative
inducer of malaria development in the mosquito. Nature 1998,
392(6673):289-292.

Bozdech Z, Llinas M, Pulliam BL, Wong ED, Zhu J, DeRisi JL: The
transcriptome of the intraerythrocytic developmental cycle of
Plasmodium falciparum. PLoS Biol 2003, 1(1):ES5.

Bannister LH, Hopkins JM, Fowler RE, Krishna S, Mitchell GH: A brief
illustrated guide to the ultrastructure of Plasmodium falciparum asexual
blood stages. Parasitol Today 2000, 16(10):427-433.

Organisation WH: Basic Malaria Microscopy Part 1 Learner’s Guide.,
Second 2010.

Wyllie AH, Kerr JF, Currie AR: Cell death: the significance of apoptosis. Int
Rev Cytol 1980, 68:251-306.

Nyakeriga AM, Perlmann H, Hagstedt M, Berzins K, Troye-Blomberg M,
Zhivotovsky B, Perlmann P, Grandien A: Drug-induced death of the
asexual blood stages of Plasmodium falciparum occurs without typical
signs of apoptosis. Microbes Infect 2006, 8(6):1560-1568.

Learngaramkul P, Petmitr S, Krungkrai SR, Prapunwattana P, Krungkrai J:
Molecular characterization of mitochondria in asexual and sexual blood
stages of Plasmodium falciparum. Mol Cell Biol Res Commun 1999,
2(1):15-20.

Blair PL, Witney A, Haynes JD, Moch JK, Carucci DJ, Adams JH: Transcripts
of developmentally regulated Plasmodium falciparum genes quantified
by real-time RT-PCR. Nucleic Acids Res 2002, 30(10):2224-2231.

Thornberry NA, Lazebnik Y: Caspases: enemies within. Science 1998,
281(5381):1312-1316.

doi:10.1186/1475-2875-9-S3-S6

Cite this article as: Mutai and Waitumbi: Apoptosis stalks Plasmodium
falciparum maintained in continuous culture condition. Malaria Journal
2010 9(Suppl 3):S6.

Page 9 of 9

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/14597752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16545913?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16545913?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9521324?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9521324?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12929205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12929205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12929205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11006474?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11006474?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11006474?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7014501?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16702009?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16702009?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16702009?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10527885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10527885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12000842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12000842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12000842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9721091?dopt=Abstract

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Study design
	Maintenance of P. falciparum cultures
	Parasite growth kinetics by light microscopy and flow cytometry
	DNA fragmentation assay
	Monitoring of mitochondrial membrane potential
	Analysis of metacaspase gene expression
	Analysis of metacaspase protein by Western blotting

	Results
	Growth characteristics of P. falciparum Dd2 isolate
	DNA fragmentation increases with rise in parasitaemia
	Loss of mitochondrial membrane potential increases with rise in parasitaemia
	Expression levels of metacaspse gene
	Translation profiles of P. falciparum metacaspase protein

	Discussion
	Acknowledgements
	Authors' contributions
	Competing interests
	References

