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Summary : 

Morphological properties of the mitochondrial organelles in the 
asexual and sexual gametocytic stages of Plasmodium falciparum 
have been analyzed and found to be markedly different. From in 
vitro cultures of both stages in human erythrocytes, it has been 
demonstrated that the asexual stages contained a defined double-
membrane organelle having a few tubular-like cristae. The 
numbers of mitochondria in the gametocytes were found to be ~ 6 
organelles per parasite, and they showed a greater density of the 
cristae than that of the asexual stage parasite. The organelles of 
the gametocytes were successfully purified by differential 
centrifugation following Percoll density gradient separation with the 
results of ~ 7 % yields and ~ 5 folds. The gametocytic organelles 
contained much more activities of mitochondrial electron 
transporting enzymes ( i.e., cytochrome c reductase, cytochrome c 
oxidase) than the asexual stage organelles. Mitochondrial function 
as measured by oxygen consumption were found to be different 
between these two stages organelles. Their rates of oxygen 
consumption were relatively low, as compared to those of human 
leukocyte and mouse liver mitochondria. In contrast to the coupled 
mammalian mitochondria, the gametocytic organelles were in the 
uncoupling state between oxidation and phosphorylation reactions 
during their respiration. However, they were sensitive to inhibitors 
of the electron transport system, e.g., antimycin A, cyanide. Our 
results suggest that the mitochondria of the gametocytic stages are 
metabolically active and still underdeveloped, although their inner 
membranes are extensively folded. The biochemical significance of 
the unique structure of the mitochondria in these developing stages 
in host erythrocytes remains to be elucidated. 

KEY WORDS : Plasmodium falciparum, gametocyte, mitochondria, electron 
transport system, oxygen consumption. 

R é s u m é : ULTRASTRUCTURE ET FONCTION DES MITOCHONDRIES AU 
STADE GAMÉTOCYTE DE PLASMODIUM FALCIPARUM 

Les morphologies et les propriétés des organelles mitochondriales 
des stades asexués et sexués (gametocytes) de P. falciparum, 
maintenu in vitro sur érythrocytes humains, ont été analysées. Le 
stade asexué (trophozoïte) contient une organelle à double 
membrane possédant peu de crêtes de type "tubulaire". Les 
gamétocytes possèdent par contre un plus grand nombre 
d'organelles mitochondriales présentant une plus grande densité 
de crêtes. Les organelles mitochondriales des gamétocytes ont été 
purifiées par centrifugation différentielle suivie d'une séparation sur 
gradient de densité de Percoll avec un rendement de 7 % et un 
facteur de purification de cinq. Les organelles gamétocytaires 
présentent des activités enzymatiques liées au transport des 
électrons (cytochrome c réductase, cytochrome c oxydase) plus 
important que les organelles du stade asexué. Des différences de 
consommations d'oxygène sont également observées entre ces 
organelles qui restent néanmoins relativement faibles comparées à 
celles des mitochondries des leucocytes humains et des cellules 
hépatiques de souris. Contrairement aux mitochondries des 
Mammifères qui sont dans un état couplé, les organelles 
gamétocytaires sont découplées entre des réactions d'oxydation et 
de phosphorylation. Cependant, elles sont sensibles aux inhibiteurs 
du transport des électrons (antimycin A, cyanide). Nos résultats 
suggèrent que les mitochondries des gamétocytes sont 
métaboliquement actives et encore sous-développées bien que 
leurs membranes internes présentent de nombreuses crêtes. La 
signification biochimique de la structure unique des mitochondries 
à ces stades de développement dans les hématies humaines reste 
à élucider. 

MOTS CLÉS : Plasmodium falciparum, gamétocyte, mitochondrie, système de 
transport d'électrons, consommation d'oxygène. 

INTRODUCTION 

The human malarial parasite Plasmodium falci
parum contains at least two developmental 
stages, i.e., asexual b lood parasite and sexual 

gametocyte, during multiplication in the host erythro
cytes. Differentiation of the asexual blood stage into 

the gametocytic stage exhibits a series of complicated 
process, e.g., formation of microtubule, DNA, RNA 
and protein synthesis, energy metabolism, signal trans
duction, etc., which are essential for continued growth 
and survival of the parasite (Sinden & Smalley, 1979; 
Alano & Carter, 1990; Lobo & Kumar, 1998). Several 
lines of evidence on morphological, ultrastructural and 
genetic analyses of the mitochondria in P. falciparum 
suggest that the organelle may be functionally regu
lated during differentiation in the human host (Aikawa 
et al., 1966; Aikawa, 1971; Langreth et al., 1978; Fry & 
Beesley, 1991; Feagin & Drew, 1995; Petmitr & Krung
krai, 1995; Learngaramkul et al., 1999) . 
The morphological properties of the mitochondria in 
the asexual blood stages and gametocytes of P. falci-
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parum have been shown to be stage-dependent varia
tions, based on the transmission electron microscopic 
technique (Aikawa et al, 1966; Aikawa, 1971; Langreth 
etal, 1978; Sinden, 1982; Fry & Beesley, 1991; Krung-
krai etal, 1993; Kningkrai, 1995; Kmngkrai etal, 1999; 
Learngaramkul et al, 1999) . Either acristate or a few 
tubular-like cristate mitochondrion has been demons
trated in the asexual b lood stage-parasite, whereas the 
organelle with great numbers of the cristate structure 
has been associated to the sexual blood stage-parasite. 
Until recently, only the organelles in the asexual blood 
stage-parasite have been isolated, they are typically 
double-membranes organelles but do not have cristae, 
and have b e e n found to b e metabolically active (Fry 
& Beesley, 1991; Krungkrai et al, 1993; Krungkrai, 
1995; Learngaramkul et al, 1999). The biochemical 
functions of mitochondria in the sexual stages during 
gametocytogenesis has b e e n less well studied, never
theless, the role of mitochondria during the asexual 
intraerythrocytic stage of the P. falciparum life cycle 
is still unclear. It is proposed that in malarial parasites 
the mitochondrial electron transport chain may func
tion as electron sink in the pyrimidine biosynthetic 
pathway via dihydroorotate dehydrogenase, which is 
the mitochondrial enzyme and linked to the electron 
transport chain through ubiquinone (Gutteridge etal, 
\919; Krungkrai et al, 1991; Krungkrai. 1995). Many 
antimalarial drugs have been known to act specifically 
on the mitochondria, e.g., tetracycline (Prapunwatana 
et al, 1988) , primaquine (Lanners, 1991; Vaidya etal, 
1993) , atovaquone (Fry & Pudney 1992; Krungkrai et 
al, 1997; Srivastava etal, 1997) , artemether (Kawa et 
al, 1993) . The evidence on the action of the antima
larial drugs further support that the mitochondrion is 
a novel chemotherapeutic target for drug develop
ment. 

W e report here for the first time that the ultrastructural 
and biochemical characterization have been carried out 
in the mitochondrial organelles purified from the sexual 
gametocytic stage, compared to the asexual b lood 
stage of P. falciparum. 

MATERIALS AND METHODS 

MALARIAL PARASITES 

KT3 isolate of P. falciparum was taken from a 
Thai patient's b lood in Kanchanaburi province, 
western Thailand, in 1994. The parasite was 

kept in the sorbitol-glycerol cryoprotectant (Trigg, 
1978), and frequently thawed for in vitro cultivation 
by using the candle jar method of Trager ¿4 Jensen 
(1976) . The cultures were continuously induced for 
production of the sexual blood stages; after one-year 
cultivation the sexual stage-parasites were still pro

duced and served as a gametocyte-producing line. In 
order to get mainly trophozoites, a representative of 
the asexual stage, the culture was treated by the sor
bitol procedure of Lambros & Vanderberg (1979) . For 
the sexual blood stages, the culture was induced accor
ding to Ifediba & Vanderberg (1981) . About 3-4 % para
sitemia of mixed sexual blood stages was routinely 
obtained on ~ 10-15-day cultivation without the addi
tion o f normal fresh erythrocytes into their cultures. 
The sexual stages, mostly stages III and IV of deve
lopment according to classification of Hawking et al 
(1971) , were purified by the Percoll step-wise gradient 
centrifugation method of Knight & Sinden (1982) . The 
asexual trophozoite stage and the sexual gametocyte 
stages III and IV used in this study were very active 
in their m a c r o m o l e c u l e s b i o s y n t h e s i s ( S i n d e n & 
Smalley, 1979; Inselburg & Banyal, 1984; De Rojas & 
Wasserman, 1985). The parasites were freed from their 
host erythrocytes by incubating in an equal volume of 
0.15 % and 0.05 % saponin for asexual and sexual 
stages, respectively, in RPMI 1640 medium at 37° C for 
20 min. The host cell-free parasites were then washed 
at least four times with the medium. 

ISOLATION OF MITOCHONDRIA 

Mitochondria of the host cell-free parasites harboring 
either the asexual or sexual stages were prepared by 
differential centrifugation following 22 % Percoll den
sity gradient separation as previously described (Fry & 
Beesley, 1991; Kmngkrai etal, 1993; Kningkrai, 1995) . 
For the mitochondria isolation of the sexual stages, the 
establ ished procedure was modified, i.e., reduced 
number of strokes (less than 20 times) during h o m o -
genization of parasite in an ice-cold medium (contai
ning 75 mM sucrose, 225 mM mannitol, 5 mM MgCl 2 , 
5 mM K H 2 P 0 4 , 1 mM ethylene glycol bis(ß-aminoethyl 
ether)-N,N,N',N'-tetraacetic acid, 5 mM N-2-hydroxye-
thylpiperazine-N'-2-ethanesulfonic acid, pH 7.4), decrease 
the ratio of the parasite to the homogenizing medium 
from 1:10 for the asexual parasites to 1:20, and omis
sion of the Percoll step after differential centrifugation 
in some experiments, especially for their metabolic stu
dies. In comparison, mammalian mitochondria were 
isolated from mouse liver as previously descr ibed 
(Rickwood et al., 1987) . Human leukocytes were puri
fied from whole b lood as mononuclear cells using 
Ficoll-Paque separating media according to the manu
facturer's instruction. 

OXYGEN CONSUMPTION MEASUREMENT 

The rate of oxygen consumption of the mitochondrial 
organelles from the asexual and sexual blood stages 
was measured polarographically in the homogenizing 
medium as described before (Krungkrai et al, 1999) 
by using a Clark-type oxygen electrode and YSI oxygen 

20 



m o n i t o r a c c o r d i n g to the ca l ibra t ion m e t h o d o f 
Robinson & Cooper (1970) . The oxygen consumption 
reaction in a chamber with volume of 3 ml was fol
lowed for 3-5 min and recorded at 37° C with a tem
perature-controlled circulator. Compounds which had 
effect on mammalian mitochondrial functions (Hatefi, 
1985) , e.g., KCN, antimycin A, succinate, adenosine 5 -
diphosphate (ADP), were tested by adding to the 
oxygen consumption chamber, and the rate of oxygen 
consumption was then followed for the next 3-5 min. 
Respiratory rate was expressed as nmoles oxygen uti-
lized/min/mg protein. A D P : 0 ratio was estimated 
according to the method of Estrabrook (1967) . 

MISCELLANEOUS METHODS 

The enzymes cytochrome c reductase (complex III) 
and cytochrome c oxidase (complex IV) of the mito
chondrial electron transport system were assayed in the 
organel les isolated from both stages as descr ibed 
(Krungkrai et al, 1993; 1997) . Transmission electron 
microscopy and fluorescence microscopy (rhodamine 
123 staining) of the parasites from both stages and their 
mitochondrial organelles samples were performed as 
described (Krungkrai, 1995) . Light microscopy was 
done on Giemsa stained thin smear of parasites using 
100X oil immersion lens. Protein concentrations were 
determined by the method of Bradford (1976) and 
using bovine serum albumin as standard. 

RESULTS 

MORPHOLOGICAL CHARACTERISTICS 
OF MITOCHONDRIA IN ASEXUAL AND SEXUAL 
BLOOD STAGES OF P. FALCIPARUM 

The induced sexual stage-parasites were purified 
from the asexual stages. Figure 1 shows light 
micrograph of the pure sexual b lood stages 

containing mostly stages III and IV. In comparison to 
the sexual stages, the asexual stages, mostly tropho
zoite stage, were also synchronized and purified. Based 
on serial section of the parasites and transmission 
electron microscopic technique, it was reported that 
there were apparent variations in size and appearance 
of the mitochondria between the asexual and sexual 
stages (Krungkrai, 1995; Learngaramkul et al, 1999; 
Krungkrai et al., 1999) . This pursued our efforts to bio
chemical study the mitochondrial organelles in both 
stages of parasite development. Figure 2A shows the 
transmission electron micrograph of an erythrocyte-free 
trophozoite stage that had b e e n prepared by treating 
the infected cells with 0.15 % saponin. It had a single 
mitochondrion, described as clearly defined double-
m e m b r a n e organelle . The dumbbell- l ike elongated 

structure of the observed organelle was prepared for 
binary fission into the next deve lopmenta l stage 
(Fig. 2A). Closer examination on the transmission elec-

Fig. 1. - Light micrograph of purified sexual blood stage-parasites 
from in vitro cultures of P. falciparum. The parasites were stained 
with Giemsa and examined under light microscope. The bar repre
sents 10 urn. 

Fig. 2. - Transmission electron micrograph of the asexual tropho
zoite stage of P. falciparum. A single mitochondrion is observed with 
a clearly double membrane organelle, and an elongated form which 
is preparing for binary fission (A). It is noted that only one tubular 
cristae structure, marked by an arrowhead, is associated to the orga
nelle at higher magnification (B). The bar represents 1 µm. N, 
nucleus; M. mitochondria: P. crystalline pigment. 
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tron micrograph revealed the presence of only one 
tubular-like cristae in the mitochondrion of the asexual 
stage parasite (Fig. 2B) . The marked differences of 
ultrastructure of the mitochondria were found between 
the asexual and sexual gametocytic stages. Figure 3A 
shows a sexual stage parasite sitting in the host ery-

Fig. 3- - Transmission electron micrograph of the sexual blood stage 
of P. falciparum (gametocyte stage IV). Many mitochondria are 
observed in the single parasite (A). A higher magnification of two 
organelles containing numerous cristae structure (arrowhead) is 
shown (B). The bar represents 1 µm. M, mitochondria; P. crystal
line pigment. 

throcyte. More than 50 parasites were performed to 
examine the cristate structure and numbers of mito
chondria in both male and female gametocytes, and 
some parasites having ~ 6 organelles were made for 
serial sectioning. Thus the gametocytes contained 6 ± 2 
mitochondrial organelles. It was also demonstrated 
that each organelle in the sexual stage contained a 
greater density of tubular-like cristae (Fig. 3 B ) . 
W e have successfully developed a protocol to isolate 
the mitochondrial organelles from the asexual blood 
stages of both P. berghei (Krungkrai et al., 1993) and 
P. falciparum (Krungkrai, 1995) . However, the esta
blished protocol could not be applied for the sexual 
stages of P. falciparum. W e modified steps in the mito
chondria isolation in the sexual stage-parasites. The 
sexual stage-infected erythrocytes were found to b e 
sensitive to saponin treatment, in contrast, they were 
resistant to 5 % sorbitol treatment. At 0.15 % saponin, 
it caused deformation of mitochondria's structure as 
assessed by electron microscopic technique, the orga
nelle preparation had no any biochemically active, such 
as oxygen consumption and rhodamine 123 accumu
lation. The host cell free-sexual stage parasite was more 
fragile than the host cell free-asexual trophozoite stage. 
The Percoll gradient centrifugation step of mitochon
drial organelle isolated from the sexual stage resulted 
in low yields (~ 6-7 %) and low folds-purification (~ 4-
5x) as detennined by the marker enzymes cytochrome c 
reductase and cytochrome c oxidase (Table I) . Never
theless, the mitochondrial organelles from the sexual 
stages were purified and structurally intact as evidence 
of their maintaining high transmembrane potential by 
rhodamine 123 accumulation (data not shown) . Conta
minations of the mitochondrial preparations were those 
of food vacuoles containing hemozoin pigments, resealed 
and unidentified vacuoles, as well as free hemozoin 
pigment. In some preparations, the apicoplast organelle 
was also demonstrated (data not shown) . The mito
chondrial preparation contained double-membrane and 
tubular-like cristate organelles (Fig. 4A), as was found 

Cytochrome c reductase Cytochrome c oxidase 

Specific Specific 
Protein Activity activity Activity activity 

Step (mg) (mU) (mU/ mg) (mU) (mU/mg) 

1. Homogenate (6 ml) 44.9 93.38 2.08 106.41 2.37 
2. 4,500 x g supernate 31.4 56.96 1.81 69.17 2.20 
3. Crude mitochondria (24,000 x g pellet) 9.4 28.95 3.08 31.92 3.39 
4. Pure mitochondria (22 % Percoll gradient) 0.6 5.60 9 3 3 7.45 12.42 

(6 % ) a (4.5 x ) b (7 % ) a (5.2 x)b 

a % yield = [activity (mU) of pure mitochondria/activity of homogenate] x 100 for each enzyme. The mU is nmol/min. 
b X-fold purification = specific activity (raU/rag) of pure mitochondria per specific activity of homogenate. 

Table I. - Activities of mitochondrial marker enzymes during the organelle isolation from 1.0 ml ( -5 x 10 1 1 cells) of purified sexual stages 
of P. falciparum. 
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Fig. 4. - Transmission electron micrograph of the mitochondrial orga
nelles isolated from sexual blood stage of P. falciparum. A The orga
nelles contain many tubular cristate structures (arrowhead), as was 
found in the organelle of the intact parasite. B. A higher magnifi
cation of an isolated organelle indicates the mitochondrion is still 
intact with clearly defined double membranes, marked by double 
arrowhead. The bar represents 1 µm. M, mitochondria. 

in the whole cell parasite (Fig. 3 ) . Higher magnifica
tion of the isolated organelle from the sexual stage 
showed a defined double-membrane structure having 
some cristae (Fig. 4 B ) . The numbers of cristae in the 
isolated organelle were somewhat lower than those 
observed in the intact parasite (Fig. 3 B ) . 

METABOLIC ACTIVITIES 
OF MITOCHONDRIAL ORGANELLES IN ASEXUAL 
AND SEXUAL BLOOD STAGES OF P. FALCIPARUM 

Metabolic activities of mitochondria in the parasites iso
lated from both asexual (mostly trophozoite stage) and 
sexual stages (mostly stages III and IV) were assessed 
by determining the activities of electron transporting 
enzymes and oxygen consumption. The organelles 
from gametocytes contained cytochrome c reductase 
(complex III) and cytochrome c oxidase (complex IV) 
with specific activities of 10.9 ± 3.0 (n = 4 ) and 13.5 ± 
2.4 (n = 4 ) nmol/min/mg protein of mitochondria, res-

Oxygen consumption 
(nmol/min/mg protein) 

Condition Asexual stage Sexual stage Mouse liver 

Control 1.66 ±0.23(10) a 0.90±0.08(6) 20.18± 1.5(5) 
Additionb 

+ 3.3 mM Succinate 1.45 ±0.30 0.96 ±0.11 24.06 + 2.4 
+ 0.3 mM ADPC 1.57 ± 0 . 1 6 0.88 ± 0 .06 47.78 ±3.5 
+1 mM KCN 0 0 0 
+ 0.1 mM AntimycinA 0.38 ± 0.05 0.18 ±0.03 0 

a Values are obtained from number of experiments as shown in 
parentheses (mean ± S.D.). 
b Final concentration of each compound added into the reaction 
chamber are indicated. 
c ADP was externally added three min after the addition of succi
nate into the reaction. 

Table II. - Rate of oxygen consumption by asexual and sexual stages 
of P. falciparum and mouse liver mitochondria. 

pectively. For comparison, the two enzymes in the 
organelles isolated from the asexual trophozoite stage 
were found to b e 2.2 ± 0.3 (n = 6) for cytochrome c 
reductase and 2.8 ± 0.6 (n = 6 ) for cytochrome c oxi
dase. The rate of oxygen consumption by isolated 
mitochondrial organelles was determined (Table II). It 
was found that the rate of oxygen consumption by 
both asexual and gametocytic stages was relatively low, 
comparing to the mammalian mitochondria. Never
theless, their oxygen consumption were shown to b e 
different, with the calculated values of 1.66 ± 0.23 
(n = 10) and 0.90 ± 0.08 (n = 6 ) nmol/min/mg pro
tein for asexual and gametocytic stages respectively. 
The mouse liver mitochondrial oxygen consumption 
was ~ 1 5 times higher than that of the parasite. When 
the oxygen consumption was performed in the infected 
erythrocytes harboring either asexual or sexual stages, 
they were not much different and had relatively low 
activities ( -200-240 nmol/min/10 8 parasites, n = 4), com
paring to the human leukocytes which had an oxygen 
consumption of 1,100 ± 50 nmol/min/10 8 cells (n = 3) . 
KCN, at 1 mM, had completely inhibitory effect against 
the oxygen consumption among asexual and sexual 
stages, mouse liver and human leukocytes. The asexual 
and sexual stages' mitochondrial oxygen consumption 
was found to b e sensitive to antimycin A inhibition. 
At 0.1 mM antimycin A, it had - 80 % inhibitory effect 
in both stages mitochondria. However, the rate of 
oxygen consumption in the asexual and sexual stages 
was not stimulated by succinate and ADP, known 
substrates to support mitochondrial respiratory activity 
(Estrabrook, 1967). In contrast, the oxygen consump
tion of mitochondria from mouse liver was activated 
by both substrates with ADP:O ratio of - 2 , since the 
amount of oxygen utilized was proportional to the 
amount of ADP phosphorylated to ATP when the 
mitochondria was state 3. (Table II). 
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DISCUSSION 

P falciparum undergoes growth and develop
ment into asexual and sexual blood stages in 

human erythrocytes. The metabolism and DNA, 
RNA, macromolecule synthesis in the asexual stage 
parasite have been extensively determined because of 
feasibility of the parasite obtained from the in vitro cul
tures developed by Trager & Jensen (1976) . The sexual 
gametocytic stage, maturing in the erythrocyte, is cha
racterized by its ability to sequester in the micro
vascular of various organs, primarily the spleen and 
b o n e marrow. This phenomenon is thought to play a 
critical role in the development and survival of these 
gametocytes, which develop into gametes only in the 
mosquito midgut following ingestion during a blood 
meal. Based on the ultrastructural characteristics of the 
cultured sexual stages (Fig. 3 ) , their mitochondria were 
found to be ultrastructurally different from those of the 
asexual b lood stage (Fig. 2 ) . This prompted us to 
study in detail the biochemical and molecular charac
terization of the mitochondrial organelles isolated from 
both developmental stages in human erythrocytes. 
Although the triggers inducing gametocytogenesis of 
P. falciparum in host erythrocytes are not definitely 
known, e.g., use o f alkaline pH media provided by 
bicarbonate ions (Ifediba & Vanderberg, 1981) , the 
appropriate amount of the gametocytes for the mito
chondrial isolation has been obtained from the esta
blished culture of sexual blood stage (Petmitr & Krung-
krai, 1995; Krungkrai et al., 1999; Learngaramkul et al, 
1999) . The three different types of the mitochondria 
in these two stages have been reported based on the 
electron dense of matrices, numbers and appearances 
of tubular cristae structure (Krungkrai et al., 1999). The 
female gametocyte have more mitochondria (> 5 orga
nel les) than the male gametocyte (Sinden, 1983; 
Krungkrai et al, 1999) . Our results on the ultrastruc
tural analysis have confirmed the existence of a stage 
variation in mitochondria, both in terms of their num
bers and in the density of cristae. The p h e n o m e n o n 
is well related to the fact in Haemogregarina myoxo-
cepbali, an apicomplexan blood parasite, that has dif
ferent numbers of mitochondria in various develop
mental stages, i.e., 1-2 and 4-6 organelles for the 
asexual and sexual stages respectively (Siddall & 
Desser, 1992) . The mitochondrial organelles have been 
successfully isolated from the sexual gametocytic stage, 
as previously described in the asexual stage of P. fal
ciparum (Fry & Beesley, 1991; Krungkrai, 1995) . The 
lines of evidence showing the morphologically and bio
chemically intact mitochondria are as follows: 1) they 
are well-defined double-membrane organelles having 
numerous tubular cristate structures which are origi
nated from extensively infoldings of inner membrane 

(Fig. 4A and B ) , as can b e similarly observed in the 
whole parasite (Fig. 3 ) ; 2) they still maintain high 
membrane potential and have metabolically active, 
e.g., enzymatic activities of electron transporting com
plexes III & IV, and oxygen consumption. 
By comparison of the mitochondrial heterogeneous 
properties, e.g., differences in their morphological 
(Krungkrai et al.,1999) biochemical and genetic cha
racteristics (Learngaramkul et al, 1999) in both asexual 
and gemetocytic stages, it is suggested that the meta
bolic activities of the gametocytic stages might b e dif
ferent from those of the asexual stages. However, the 
isolated organelles from both stages do not readily 
undergo activation of oxygen consumption upon the 
presence of externally added succinate and ADP. These 
results strongly indicate that the mitochondria from 
both stages are underdeveloped forms, existing in the 
uncoupling state and inactive for ATP production. In 
the asexual stage, the major pathways o f carbohydrate 
metabolism are essentially anaerobic (Sherman, 1979; 
Scheibel et al, 1979; Scheibel, 1988) , it would seem 
that the metabolism in the gametocytes are somewhat 
similar to the asexual stage parasites. In addition, our 
results also demonstrate a clear difference between the 
parasite and the mammalian mitochondria, the latter 
having a tight coupling oxidative phosphorylation for 
ATP production with P : 0 ratio of ~ 2 in the presence 
of succinate and ADP (Table II) . 
In mitochondrion of the gametocyte, electron transport 
pathway may be similar to the asexual stage parasite 
in which electrons are transferred via ubiquinone and 
a series of cytochromes and oxygen is the final elec
tron acceptor (Gutteridge et al, 1979; Krungkrai et al, 
1991, 1993, 1997; Krungkrai, 1995) . The mitochondrial 
electron transport system in both stages are sensitive 
to antimycin A and KCN (Table II), which are the spe
cific inhibitors of c o m p l e x III and IV respectively 
(Hatefi, 1985) . Interestingly, these two inhibitors have 
been shown to inhibit not only the asexual growth 
(Ginsburg et al, 1986; Krungkrai et al . ,1997) but also 
the purified enzymatic complexes III and IV (Krung
krai et al, 1997) of P. falciparum. Therefore, metabolic 
and physiological roles of the organelles with different 
morphological properties, e.g., heterogeneity, in the 
asexual and sexual stages of parasite development 
needs to be further studied. 
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