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It is generally accepted that the mitochondria play cen-
tral roles in energy production of most eukaryotes. In
contrast, it has been thought that Plasmodium spp., the
causative agent of malaria, rely mainly on cytosolic
glycolysis but not mitochondrial oxidative phosphoryl-
ation for energy production during blood stages.
However, Plasmodium spp. possesses all genes neces-
sary for the tricarboxylic acid (TCA) cycle and most of
the genes for electron transport chain (ETC) enzymes.
Therefore, it remains elusive whether oxidative phos-
phorylation is essential for the parasite survival. To
elucidate the role of TCA metabolism and ETC in mal-
aria parasites, we deleted the gene for flavoprotein (Fp)
subunit, Pbsdha, one of four components of complex II,
a catalytic subunit for succinate dehydrogenase activity.
The Pbsdha(-) parasite grew normally at blood stages
in mouse. In contrast, ookinete formation of Pbsdha(-)
parasites in the mosquito stage was severely impaired.
Finally, Pbsdha(-) ookinetes failed in oocyst formation,
leading to complete malaria transmission blockade.
These results suggest that malaria parasite may
switch the energy metabolism from glycolysis to oxida-
tive phosphorylation to adapt to the insect vector where
glucose is not readily available for ATP production.

Keywords: complex II/malaria parasite/mitochondria/
Plasmodium berghei.
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Malaria is one of the most serious diseases in the
world. It causes one million infant deaths and over
500 million clinical cases annually, of which 85% is
in sub-Saharan Africa (1). The drugs such as pyrimeth-
amine/sulphadoxine, chloroquine or artesunate are the
common treatment against malaria, but there is the
emergence and spread of drug-resistant malaria para-
sites throughout the world (2), resulting in an urgent
need for new drug.

The mitochondrion of Plasmodium species is obvi-
ous target of antimalarial drugs, but the physiological
importance of this organelle is poorly understood. In
other eukaryotes, pyruvate dehydrogenase is localized
in mitochondria where it links the glycolysis metabolic
pathway to TCA cycle, while it is localized in the
apicoplast in P. falciparum (3). Therefore, it has been
unclear until recently how glycolysis metabolism is
connected to the tricarboxylic acid (TCA) cycle.
Blood-stage P. falciparum have only a single mitochon-
drion without crista (4). Such morphologically imma-
ture mitochondrion suggests that, unlike other
eukaryotes, the blood stage P. falciparum relies
mainly on cytoplasmic glycolysis for their energy me-
tabolism but not on mitochondrial oxidative phos-
phorylation (5, 6). Beside, recent omics-based studies
showed that P. falciparum expressed all TCA cycle
enzyme genes and most ones for the electron transport
chain (ETC), and that P. falciparum produced the
intermediates of the TCA cycle (7). Moreover, the
genes for TCA cycle are upregulated at mosquito
stages (8). The gametocytes, precursor cells of gametes
possess mitochondria with cristae (9). These data sug-
gest that mitochondrial energy metabolism may have
more crucial roles in insect stages than blood stages,
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which have not been intensively investigated until
recently.

The mitochondrial complex II (succinate�ubiquin-
one reductase: SQR) oxidizes succinate to produce
fumarate as a TCA cycle member enzyme. In the an-
aerobic electron transfer system, complex II carries out
fumarate reduction using quinol as an electron donor
(quinol�fumarate reductase; QFR), which is the
reverse reaction of SQR. Complex II consists of four
subunits, flavoprotein (Fp), iron�sulphur cluster pro-
tein (Ip) and two small membrane anchor subunits,
cytochrome b large (CybL) and small (CybS) subunits.
The Fp with molecular mass of 70 kDa has a flavin
adenine dinucleotide (FAD) covalently bound to a
highly conserved histidine (His) residue. Fp and Ip
form catalytic portion of the complex and this portion
acts as a succinate dehydrogenase (SDH), catalyzing
the oxidation of succinate by water-soluble electron
acceptors such as phenazine methosulphate in SQR,
while it acts as a fumarate reductase (FRD), catalyzing
electron transfer from water-soluble electron donors
such as reduced methylviologen (MV) to fumarate in
QFR. FAD in the Fp receives the reducing equivalents
from succinate and then transfers it to quinone by
SQR activity where the two small membrane anchor
subunits are indispensable (10). Thus, complex II func-
tions as a link between the TCA cycle and the ETC,
directly. While complex II has such critical roles in
energy metabolisms, and Fp and Ip subunits genes
are substantially conserved in various organisms
(3, 11), two small membrane anchor subunit genes
are diverse and had not been detected in the genomes
of Plasmodium spp., suggesting that plasmodial com-
plex II is nonfunctional. However, recently our inten-
sive database mining has identified putative plasmodial
anchor subunit genes (12). Moreover, biochemical stu-
dies revealed that SQR activity of complex II was
detected in the mitochondrial fraction of P. yoelii
and P. falciparum, and the activity was inhibited by
the ubiquinone-binding site inhibitor, atopenin A5
(13�15).

In this work, we took genetic approach to under-
stand the physiological role of the parasite complex
II using P. berghei as a model because the whole para-
site life cycle can be monitored using mosquito and
mouse as hosts. We generated transgenic P. berghei
(Pbsdha(-)) in which the Fp subunit gene (Pbsdha) of
complex II was deleted to inactivate complex II activ-
ities. By infecting mice and mosquitoes with the
Pbsdha(-) parasites, we followed phenotype of the
Pbsdha(-) parasite during the whole life cycle and
found that complex II is essential for oocyst formation
in the mosquito.

Materials and Methods

Maintenance of mosquitoes and parasites
Anopheles stephensi (SDA 500 strain) and P. berghei (ANKA clone
2.34) were maintained as described previously (16). P. berghei-
infected mosquitoes were fed on naı̈ve mice (Balb/c), and the result-
ing infected mice were referred to as passage 0 (P0). The P0 blood
was injected intraperitoneally to the naı̈ve mice and the passage one
(P1) mice were used in the experiments. The experiments using ani-
mals and recombinant DNA were performed under the guidelines of

the committee in Jichi University, and assigned permission no. is
08-14.

Generation of Pbsdha::AGFP parasites
The two fragments covering the 5’UTR and the first 60 amino acids
(�3229 to þ180 bp), and 30 UTR (1025 bp) of Pbsdha gene
(PBANKA_051820) were amplified with primer pairs 50UTRB4F/
50UTRB1R and 30UTRB2F/30UTRB3R, and P. berghei genomic
DNA as template. The Azami Green Fluorescent Protein gene
(AGFP) was amplified with the primers AzamiB1F/AzamiB2R.
Each PCR fragment was cloned into pDONRP4-P1R, P1-P2R and
P2-P3R vectors by BP clonase reaction (Invitrogen) to generate
entry vectors (5UTR/P4P1, AGFP/P1P2 and 3UTR/P2P3). An
R4-R3 fragment (Invitrogen) was inserted into HindIII site of
pBS-DHFR vector (17) to generate an acceptor plasmid (R4R3/
pBS-DHFR). The inserts of entry vectors were transferred to the
acceptor plasmid by LR reaction using the Multisite Gateway
Three-Fragment Vector Construction Kit (Invitrogen). In the final
plasmid (Pbsdha::AGFP), 5’ UTR and the first 60 amino acids of
Pbsdha were fused to the AGFP gene. Thus, the expression of the
AGFP reporter gene is under the control of the Pbsdha gene pro-
moter. For parasite transfection, the plasmid was digested by BstXI,
and the linearized plasmid was integrated into the parasite genome
by single crossover homologous recombination. The parasite trans-
fection and subsequent cloning were performed as described else-
where (18). Correct integration events in Pbsdha::AGFP parasites
clones were confirmed by Southern blot as described later in the text.
The genomic DNA (10 mg) of Wild Type (WT) and Pbsdha::AGFP
parasites was digested with PacI and HpaI, separated by 0.8% (w/v)
agarose gel and transferred to the Hybond-Nþ membrane (GE
healthcare). PCR fragment (F1-HindIII/R1-HindIII) was labeled
with AlkPhos Direct Labeling Reagent Kit (GE Healthcare) and
used as probe for hybridization. The hybridization and washing
were performed by following the manufacturer’s protocol.

The expression of the AGFP gene at each developmental stage in
Pbsdha::AGFP parasites was investigated as follows. To prepare the
parasites at blood stages, the mouse blood (1ml) infected with
Pbsdha::AGFP parasites was collected, mixed with 120ml
RPMI1640 containing 25% fetal bovine serum (FBS) and cultured
at 37�C for 16 hr by the candle-jar method (19). The parasites syn-
chronized to schizonts were partially purified by Nycoprep 1.077 (18)
and injected intravenously into mice tail veins. At 4 hr and 33 hr after
injection, the parasites were synchronized to ring and trophozoite
stages, respectively. A drop of tail blood was collected at these time
points, and the AGFP signal in rings, trophozoites, and in vitro
cultured schizonts was observed. For the analysis of AGFP expres-
sion in mosquito-stage parasites, the ookinetes were prepared in vitro
as described in ‘Examination of Pbsdha(-) parasite development’.
The mosquitoes were fed on mice carrying Pbsdha::AGFP parasites
and dissected on day 14 and 16 after the feeding. The AGFP signal
in the oocysts (on midguts) and sporozoites (in salivary glands) as
well as in vitro-cultured ookinetes was observed. The parasite was
stained with 10 nM of MitoTracker Orange CMTM Ros (Molecular
Probes) and DAPI (40,6-diamino-2-phenylindole) (Dako) to label
mitochondria and nuclei, respectively. The fluorescent signal of
MitoTracker, DAPI and AGFP was detected at 540 nm, 452 nm
and 520 nm, respectively.

Targeted disruption of the Pbsdha gene
Two regions of the Pbsdha gene were amplified by PCR using primer
pairs F1-HindIII/R1-HindIII and F2-EcoRI/R2-BamHI, and
P. berghei genomic DNA as template. The PCR fragments were
digested with respective restriction enzymes and cloned to
pBS-DHFR to give a targeting plasmid, pPbsdha(-). The
pPbsdha(-) plasmid was digested with ClaI and BamHI, and the
plasmid was introduced in P. berghei by electroporation. The correct
recombination event of the clones was confirmed by diagnostic PCR
using two primer sets, K1 (K1-F and R) and K2 (K2-F and R).
Correct integration was also checked by Southern blot analysis
as described earlier in the text. The genomic DNA of WT and
Pbsdha(-) parasites was digested with PacI, and a PCR fragment
(F1-HindIII/R1-HindIII) was used as probe. The contamination of
WT parasites in Pbsdha(-) parasite clone was checked by PCR with
primer set W (W-F and R). Two clones from two independent trans-
fection experiments were isolated and analyzed further. All primer
sequences are described in supplementary information.
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Western blot analysis of mitochondrial fraction
The mitochondrial fractions were prepared from mouse leucocytes,
in vitro cultured P. falciparum, and WT and Pbsdha(-) of P. berghei
by N2 cavitation methods (13, 14). The mitochondrial fractions of
mouse liver (10 mg/lane), WT and Pbsdha(-) of P. berghei (20 mg/
lane) and P. falciparum (10 mg/lane) were loaded onto 10% SDS
polyacrylamide gel electrophoresis and transferred to a nitrocellulose
membrane (Whatman). The membrane was blocked with
SuperBlock (Pierce) and washed with TBS-T (150mM NaCl,
0.05% (v/v) Tween 20, 10mM Tris-HCl; pH 7.5). To detect the Fp
subunit, the membrane was hybridized with antiserum against the
P. falciparum Fp peptide (20) as primary antibody (1/1,000 dilution)
and alkaline phosphatase (AP) conjugated anti-rabbit IgG antiserum
as secondary antibody (1/10,000 dilution). The AP enzyme activity
on the membrane was visualized by a chromogenic method using
NBT and BCIP. To confirm the equal loading of the samples on the
gel, P. berghei heat shock protein 70 (HSP70) was used as internal
control. The same membrane used in Fp detection was rehybridized
with anti-HSP70 antiserum as primary antibody (1/100 dilution) and
horse radish peroxidase (HRP) conjugated anti-mouse IgG anti-
serum as secondary antibody (1/10,000 dilution). HRP enzyme ac-
tivity was detected as chemiluminescent signal by the Immobilon
Western Chemiluminescent HRP Substrate (Millipore).

Measurement of SQR activity in mitochondrial fraction
The SQR enzyme activity assay was performed at 25�C with a V-660
spectrophotometer (JASCO, Tokyo, Japan). The enzyme activity of
SQR was determined as quinone-mediated succinate: 2,4-dichloro-
phenolindophonol (DCIP) reductase in 30mM Tris-HCl (pH 8.0)
containing 10mM potassium succinate, 100mM ubiquinone-2 and
45 mM DCIP (e600nm¼ 21mM�1cm�1) in the presence of 2mM
KCN and 0.1 mM Atpenin A5 (Alexis Biochemicals). Atpenin A5
was proven to be a novel inhibitor specific to mouse leukocytes
but not parasitic SQR activity at this concentration in our previous
study (13).

Examination of Pbsdha(-) parasite development
To assess the growth rate of the parasites in mice, the red blood cells
(RBC) (104) infected with either WT or Pbsdha(-) parasites were
intravenously injected into tail vein of each of the four naı̈ve mice.
Subsequently, the tail blood was taken every 24 hr and the number of
infected RBCs was counted. To investigate the male gametogenesis,
the infected blood (10 ml) was added to 1ml of fertilization medium
(10 % (v/v) FBS in RPMI1640 (pH 8.2)) at 21�C. The sample (10 ml)
was taken at 15min and the number of exflagellating male gametes
was counted. The rest of the sample was further incubated for 16 hr
and the number of ookinetes was counted. The fertilization rate was
calculated by the conversion rate of female gametocytes into
ookinetes.

Infectivity of Pbsdha(-) parasite to mosquito and
transmission to mouse
The tail blood of WT- and Pbsdha(-)-infected mice was taken
and the number of exflagellating male gametes was counted. Only
the mice whose blood contained over 2 exflagellating centers per 104

RBC were used for the mosquito feeding. Female mosquitoes
(4�7 days old) were fed on the infected mice, and fully engorged
mosquitoes were collected. Sixteen days after blood feeding, midguts
and salivary glands were isolated. The number of oocysts in the
midgut was counted and the presence of sporozoites in the salivary
gland was examined to assess the infectivity of the parasites to mos-
quitoes. To investigate the transmission efficiency to mice, more than
20 mosquitoes carrying WT or Pbsdha(-) parasites were fed on naı̈ve
mice. The transmission of the parasites to mice was examined by
checking mouse blood smears until 2 weeks after the mosquito
feeding.

Results

Identification and expression analysis of Pbsdha
We found PBANKA_051820 being annotated as a pu-
tative Fp subunit gene of complex II in PlasmoDB,
and hereafter it is referred to ‘Pbsdha’. It is known
that amino acid sequences of Fp are highly conserved

among various organisms. As such, the amino acid
sequence of P. berghei FP (PbFp) shows high identity
to those of other organisms including P. falciparum
Fp, which we have reported previously (11). Espe-
cially, histidine in the FAD binding site in the catalytic
domain is completely conserved in PbFp (Fig. 1).

To investigate Pbsdha gene expression during para-
site life cycle, we generated Pbsdha::AGFP parasites as
a reporter line, in which AGFP reporter gene expres-
sion is regulated by the endogenous Pbsdha gene pro-
moter (Fig. 2A). It is reported that the first 60 amino
acids of P. falciparum Fp (PfFp) contain a functional
mitochondrial targeting signal (21) and the corres-
ponding amino acid sequence of PbFp shows 75%
identity to that of PfFp (11), suggesting the same func-
tion in the corresponding region of PbFp. To investi-
gate the cellular localization and developmental
expression of AGFP during the parasite life cycle,
the first 60 amino acids of PbFp was fused to AGFP
(Pbsdha::AGFP). The WT parasites were transfected
with the Pbsdha::AGFP plasmid and the correct inte-
gration event in Pbsdha::AGFP parasite clone was
confirmed by Southern blot (Fig. 2B). For the analysis
of cellular localization of AGFP, the Pbsdha::AGFP
parasites were stained with MitoTracker Orange to
label the mitochondrion. As shown in Fig. 2C,
AGFP signals colocalized with MitoTracker Orange
signals, indicating that the N-terminal sequence of
PbFp possesses a functional mitochondrial targeting
signal. Next, we investigated the reporter gene expres-
sion at each developmental stage of parasites in red
blood cell. AGFP signal was detected in trophozoite
and schizont (Fig. 2D) but not in the ring form stage
(data not shown). To investigate the AGFP expression
in the parasites at mosquito stages, Pbsdha::AGFP
parasites were fed to mosquitoes. As shown in
Fig. 2E, the signal was detected in in vitro-cultured
ookinetes, and oocysts and sporozoites in mosquitoes.
These results indicate that Pbsdha was expressed in
both blood stages and mosquito stages.

Disruption of the Pbsdha gene
Then, to study the P. berghei complex II functions, we
generated Pbsdha(-) parasites by replacing the Pbsdha
gene with TgDHFR (Fig. 3A). Two independent clones
(KO-a and KO-b) were established by independent
transfection experiments. The correct targeting event
in each clone was confirmed by Southern blot analysis
(Fig. 3B) and diagnostic PCR (Fig. 3C). Following the
confirmation of Pbsdha gene disruption, we further
checked the deletion of the PbFp protein and SQR
enzyme activity in Pbsdha(-) parasites by Western
blot and enzyme activity assay, respectively. For
these experiments, we prepared the crude mitochon-
drial samples from WT, Pbsdha(-) parasites, in vitro
cultured P. falciparum, and naı̈ve mouse liver. To
detect the Fp peptide by Western blot analysis, we
used the anti-PfFp antiserum (20) because the amino
acid sequence of PfFp shows high identity to those of
PbFp (90.5 %) and mice Fp (63.3 %). It is thus antici-
pated that the antiserum may cross-react to both PbFp
and mice Fp proteins. As shown in Fig. 3D, the anti-
serum reacted to the peptides with expected size of
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Fig. 2 Generation of the transgenic parasite line Pbsdha::AGFP. (A)Schematic representation of AGFP tagging of the Pbsdha locus using a
plasmid that integrated through single crossover homologous recombination. In the Pbsdha::AGFP plasmid, the boxes indicate Pbsdha gene
promoter (white), the first 60 amino acids of Pbsdha (dark gray), AGFP (light gray), 30UTR of Pbsdha gene and TgDHFR/ts selectable marker
cassette (black). In the Pbsdha gene locus (middle), the box with dark gray indicates full open reading frame of Pbsdha. B, H and P indicate
BstXI, HpaI and PacI digestion sites, respectively. Bars represent the position of the probe used in Southern blot analysis. (B) Southern blot
analysis of WT and Pbsdha::AGFP parasites. Hybridization of the probe with PacI- and HpaI-digested genomic DNA yielded a 5.1 kb for WT,
and 3.5 kb and 5.1 kb for Pbsdha::AGFP parasites (TG). (C) Cellular localization of AGFP in Pbsdha::AGFP parasites. The mouse erythrocyte
infected with Pbsdha::AGFP parasites was observed under bright field (BF). The signals of MitoTracker and AGFP in the same cell were
detected through red (MitoTracker) and green filter (AGFP), respectively. Bar represents 5 mm. (D) Expression of AGFP gene in Pbsdha::AGFP
parasites at blood stages. The AGFP signal was detected in the parasites synchronized at trophozoite (upper) and schizont stages (lower).
Nuclei were stained with DAPI. Bars represent 5 mm. (E) Expression of the AGFP gene in Pbsdha::AGFP parasites at mosquito stages.
The AGFP signal was detected in in vitro cultured-ookinetes, oocysts in the midguts and sporozoites in the salivary gland of mosquitoes.
Bar represents 20 mm.

P. berghei
1361 71

100%

P. yoelii
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P. chabaudi
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Fig. 1 Primary structure of Fp proteins from 10 species. The box indicates the full-length Fp protein. The mitochondrial sorting signal is colored
in grey. The black line with number indicates the conserved His for FAD binding site. The total number of amino acid residues and the
amino acid identity to PbFp are indicated on the right (%).
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70.5 kDa (WT P. berghei) and 73.0 kDa (mice), as well
as 70.7 kDa (P. falciparum). In contrast, no band was
detected in Pbsdha(-) (PbKO) except for the high mo-
lecular weight band, which is speculated as contami-
nated mice Fp because the molecular weight of this
faint band is similar to that of the band on Mm lane
(Fig. 3D). The equal loading of each sample on the gel
was confirmed by anti-PbHSP70 antiserum (lower
panel in Fig. 3D). These results demonstrated that
the PbFp protein was surely deleted from Pbsdha(-)
parasites. Next, we investigated the SQR activity in
Pbsdha(-) parasites by using the same samples used
for Western blot analysis. While WT parasites
showed an SQR activity of 4.38� 0.96 nmol/min/mg
(N¼ 3), Pbsdha(-) did not show any detectable SQR
activity (Table I). These results demonstrated that the
PbFp protein and the SQR activity were completely
eliminated from the Pbsdha(-) parasites.

Phenotypic analysis of Pbsdha(-) parasites
As the disruption of the Pbsdha gene was confirmed,
phenotypic effect of the gene disruption on the parasite
was analyzed. In erythrocytic stages, Pbsdha(-)
parasites underwent normal development and differ-
entiation into gametocytes, which were not signifi-
cantly different from those of WT parasites (P40.1,
Fig. 4 and Table II). Successful Pbsdha gene deletion

indicates that the SQR enzyme is not essential for the
survival of the parasite at asexual stages and sexual
differentiation. The mitochondria of Pbsdha(-) para-
sites were stained with Mitotracker, indicating that dis-
ruption of Pbsdha did not affect the mitochondrial
membrane potential (Fig. 5).

Next, we investigated the parasite development at
mosquito stages. In P. berghei, an in vitro assay has
been established that mimics the gametogenesis and
fertilization taking place in the mosquito body (22).
Using this system, we confirmed that the efficiency of
male gametogenesis in Pbsdha(-) parasites was com-
parable with that of WT parasites (data not shown).
However, Pbsdha(-) parasites showed severe defects
in ookinete formation, the stage next to fertilization.
The conversion rate of female gametes to ookinetes
in Pbsdha(-) was significantly reduced to 17% of WT
parasite (P50.05 (N¼ 3), Fig. 6A). We further inves-
tigated the infectivity of Pbsdha(-) parasites to mosqui-
toes and the subsequent transmission to mice. The
mosquitoes were fed on mice carrying either
Pbsdha(-) or WT parasites, and then these mosquitoes
were dissected for the evaluation of parasite develop-
ment at day 16 post-feeding. Interestingly, several in-
dependent experiments using two clones showed that
no oocysts were detected in the midguts of mosquitoes
fed on mice carrying Pbsdha(-) parasites, while oocysts

Fig. 3 Targeted disruption of the Pbsdha gene. (A) Schematic representation of the replacement strategy to generate Pbsdha(-) parasites. The WT
Pbsdha gene locus is replaced with 50 and 30 UTRs of the Pbsdha gene and TgDHFR, a selectable marker. Vertical arrows indicate PacI site.
P with bar indicates the probe position for Southern blot analysis. Arrows marked with W (WT specific) or K1/K2 (knockout specific) indicate
the primer positions used in diagnostic PCR. (B) Southern blot genotyping confirmed integration. Hybridization of the probe with PacI-digested
genomic DNA of WT and Pbsdha(-) parasites yielded a 5.1 kb and 8.2 kb band, respectively. (C) Confirmation of Pbsdha gene disruption by
diagnostic PCR. Genomic DNA from WT, Pbsdha(-) clone A (KOa) and clone B (KOb) were used as templates. The positions of the PCR
products in W and K1/K2 are depicted in Fig. 2A. (D) Detection of Fp peptides by Western blot analysis. The Fp peptides in mitochondrial
fractions of Mus musculus (Mm), P. falciparum(Pf), P. berghei wild-type (PbWT) and Pbsdha(-) (PbKO) parasites were detected by anti-PfFp
antiserum (upper panel). The anti-PbHSP70 antiserum was used to confirm equal loading of the protein samples in each lane (lower panel).
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were detected in the mosquitoes fed on mice carrying
WT parasites (Fig. 6B). Moreover, no transmission
was observed in the mice challenged by the mosquitoes
carrying Pbsdha(-) parasites, while WT parasites were
transmitted to mice (Table III). Taken together, these
results indicated that the development of Pbsdha(-)
parasites was completely halted at the stage of oocyst
formation.

Discussion

It is known that asexual stages parasites possess a
single acristate mitochondria, while gametocytes, mos-
quito stages and preerythrocytic stage parasites possess
five to six cristate mitochondria (9, 23). This morpho-
logical maturation of mitochondria in the sexual stage
parasites may correlate with the increased need of
mitochondrial metabolism in the insect stage parasite
development. Once malaria parasites are introduced to
mosquitoes, they encounter to drastic environmental
changes where the main sugar source is changed
from glucose to torehalose, and they need to adapt

to this (24). Our present work clearly shows that com-
plex II has a critical role in parasite adaptation to the
insect body. Namely, the parasite lacking complex II
activity failed to form oocysts in mosquitoes, while the
development of blood stage parasites in mice was not
affected by Pbsdha gene disruption at all.

Developmental expression and targeting
disruption of Pbsdha gene
By using Pbsdha::AGFP parasites as a reporter, we
followed the AGFP expression during the whole para-
site life cycle except for liver stage. Except for the ring
stage, AGFP signals were detected in all developmen-
tal stages. It was reported that the size and morph-
ology of mitochondria spectacularly changes during
the life cycle and that the mitochondrial size is much
smaller in the ring stage than in any other stage (25).
Thus, the failure of signal detection in ring stage could
be attributed to lower signal strength than the detec-
tion limit. According to gene expression data in
PlasmoDB, the P. falciparum orthologous gene of
Pbsdha, PF10_0334 is substantially expressed in all de-
velopmental stages including the ring form. Taken to-
gether, it can therefore be speculated that the Pbsdha
gene is also expressed in all developmental stages.

In a global gene expression analysis, it was reported
that several lines of in vitro-cultured P. falciparum
showed very similar pattern in gene expression. In con-
trast, it was recently demonstrated that parasites
derived directly from infected patients showed three
distinct gene expression states (26). One of these
states showed that the expression levels of sdha and
other TCA cycle- or ETC-related genes are increased.
Because such expression state has never been detected
in in vitro studies and parasitic mitochondria are im-
mature acristates, it had been considered that the
blood-stage parasites mainly use cytosolic glycolysis
and mitochondrial oxidative phosphorylation only
marginally (Fig. 7). The discrepancy between the
in vivo and in vitro studies above suggests that the para-
sites may use oxidative phosphorylation in in vivo in
case that the patient would be hypoglycemic, which is
reflected in the upregulation of the genes involved in
oxidative phosphorylation. In the in vitro system, on
the other hand, glucose is continuously supplied in the
medium and the environmental condition is artificially
controlled, therefore the parasites may exclusively
undergo glycolysis and the enzymes of oxidative phos-
phorylation may be marginally expressed. Thus, it is
important to undertake experiments using both in vitro
and in vivo systems in order to understand how para-
sites respond to various environmental stimuli. In this
sense, the rodent malaria model could be an ideal tool
to investigate the changes in parasite metabolism
in vivo.

Complex II is essential for the parasite survival
at mosquito stages
We successfully generated Pbsdha(-) parasites, con-
firmed by Southern blot, diagnostic PCR and SQR
activity assay. It is anticipated that the mitochondrial
membrane potential was decreased in Pbsdha(-) para-
sites as a result of the knockout. Unexpectedly, the
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Fig. 4 The growth rate of intraerythrocytic stages of WT and

Pbsdha(-) parasites. The parasitemia of WT and Pbsdha(-) parasites
are indicated by closed square and diamond, respectively. Bar rep-
resents SD (N¼ 4).

Table I. SQR activity of the mitochondrial fraction in WT and

Pbsdha(-) parasites.

Exp 1 Exp 2 Exp 3

WT 5.31 4.44 3.40
KO 0.00 0.00 0.00

The value represents SQR activity in each independent assay
(nmol/min/mg protein)

Table II. The gametocytemia of WT and Pbsdha(-) parasites.

Parasites

Macrogametocytemia/

parasitemia

Microgametocytemia/

parasitemia

WT 6.5� 2.72 1.7� 0.45
KO 5.0� 1.11 1.5� 0.64
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mitochondrial membrane potential seemed to be main-
tained in blood-stage parasites in the absence of com-
plex II, which was demonstrated by the positive signal
in MitoTracker staining. In addition to complex II,
there are three other enzymes involved in electron
flux that contribute to mitochondrial membrane poten-
tial; MQO (malate�quinone oxidoreductase), DHOD
(dihydroorotate dehydrogenase) and NDH2 (type2
NADH�ubiquinone oxidoreductase), which is a
single peptide dehydrogenase different from multi-
subunit complex I (Fig. 7). It is therefore conceivable
that any of these three enzymes may be a functional
complement for the absence of complex II. Recently, it
was reported that P. berghei lacking NDH2 (NDH2(-))
did keep mitochondrial membrane potential (27), sup-
porting the hypothesis of mutual complementation
among ETC enzymes.

Bright field MitoTracker Merge

WT

KO

Fig. 5 MitoTracker staining of WT and Pbsdha(-) parasites. The erythrocytes infected with WT or Pbsdha(-) (KO) parasites was stained with
MitoTracker to assess the integrity of the mitochondrial membrane potential. Bar represents 5 mm.

Fig. 6 Phenotypic analysis of Pbsdha(-) parasites. (A) Ookinete formation rate of WT and Pbsdha(-) (KO) parasites. The mouse blood infected
with either WT or Pbsdha(-) parasites was incubated in fertilization medium to induce fertilization and differentiation into ookinetes. The
ookinete formation rate was calculated by the percentage of female gametocytes, which converted into ookinetes. Error bars represents
mean�SD (n¼ 3). (B) Mosquito midguts infected with WT and Pbsdha(-) (KO) parasites. The latter carries no oocyst. Bars represent 200 mm.

Table III. Infectivity of WT and Pbsdha(-) parasites.

Parasite

Oocyst-positive

mosquitoes

Mean oocysts/

midgut�SD

Mouse

infection

WT Exp1 7/21 5.4� 11.3 þ

2 6/20 7.3� 6.4 þ

3 5/20 18.0� 30.3 þ

4 13/20 25.1� 30.5 þ

5 15/32 51.8� 63.4 þ

Koa Exp1 0/20 0 �

2 0/20 0 �

3 0/20 0 �

4 0/20 0 �

5 0/20 0 �

6 0/20 0 �

Kob Exp1 0/26 0 �
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Our phenotypic study revealed that Pbsdha(-)
parasites proliferated and produced gametocytes
with a similar rate to WT parasites in mice. Recently,
we observed similar results in the blood-stage
P. falciparum, of which Fp subunit was disrupted
(Tanaka et al., submitted for publication). In vitro,
Pbsdha(-) male gametocytes differentiated to gametes
(exflagellated) as WT ones, suggesting that complex II
is not required for those developmental stages. It is
known that mammalian sperm requires ATP for fla-
gellum movement, which is supplied mainly from mito-
chondrial oxidative phosphorylation (28). While male
gametes of malaria parasites show similar motility to
that of mammalian sperm, it is obvious that parasite
male gametes do not rely on oxidative phosphorylation
because the male gametes do not possess mitochondria
(24). This indicates that the driving force for male mo-
tility is exclusively supplied from glycolysis. The
in vitro fertilization assay showed that Pbsdha(-) para-
sites were defect in ookinete formation. At this
moment, it is not clear whether complex II is critical
at female gametogenesis, fertilization or ookinete
formation itself. Nevertheless, we speculate that the
impact of Pbsdha gene disruption gave adverse
influence on female, probably the stages after
gametocytogenesis.

The most drastic phenotypic change in Pbsdha(-)
parasites was the complete failure of oocyst formation.

In malaria parasites, the ookinetes traverse midgut cell
and arrive to the basal lamina where they transform
into oocysts. In a single oocyst, mitosis occurs and
several hundreds of sporozoites are generated inside.
To accomplish such task, the parasites may need more
ATP, which could be generated by oxidative phos-
phorylation. The complex II activity deletion may
therefore adversely affect the oocyst formation.
Recently, it was reported that NDH2(-) parasites de-
veloped normally in asexual stages but transformed
into aberrant immature oocysts (27). Our present
study together with this finding suggests that the
ETC enzymes are essential in insect stages. However,
there are several phenotypic differences between
Pbsdha(-) and NDH2(-) parasites; 1) Pbsdha(-) para-
sites differentiated into ookinetes with low efficiency,
while NDH2(-) ookinete formation is similar to WT
parasites. This indicates that the Pbsdha deletion af-
fects an earlier parasite stage compared with that of
NDH2 deletion; 2) Pbsdha(-) parasites failed com-
pletely in oocyst formation, while NDH2(-) parasites
formed immature oocysts with smaller size, demon-
strating that the absence of complex II gives more
severe defects in parasite development than NDH2
does. In other eukaryotes, it is known that mitochon-
drial complex II converts succinate to fumarate and
reducing equivalents are transferred to quinone. In
addition, complex II is one of the TCA cycle members

Fig. 7 Hypothetical Model of Plasmodial energy metabolism. Blue arrows represent canonical flow of glycolysis and TCA cycle. Green arrows
represent Plasmodium TCA metabolism pathway. Unlike other eukaryotes, glycolysis (enclosed by red) does not link to TCA cycle. Plasmodim
TCA cycle is initiated by uptaking of glutamine into mitochondria. Mitochondrial oxidative phosphorylation (enclosed by green) is essential for
the parasite survival at mosquito stage because the Pbsdha(-) parasite is lethal at this stage.
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generating NADH, which is a substrate of NDH2.
Thus, the deletion of complex II activity may render
NDH2 unable to function in ETC. Severe phenotypic
changes in Pbsdha(-) parasites could be therefore
attributed to the aberration of NDH2 as well as com-
plex II itself.

Conclusion

In the present work, we show that complex II has a
critical role in insect-stage parasites. ETC is not only
involved in ATP metabolism, but as well in heme bio-
synthesis (Fig. 7), which is also crucial for parasite
survival (29). In addition to the ETC, complex II func-
tions as the TCA cycle enzyme. Further studies are
required to determine whether lack of any of these
functions are the cause for the developmental arrest
in Pbsdha(-) parasites. In any case, our study demon-
strates that malaria parasite drastically switches energy
metabolism when the parasites initiate sexual matur-
ation and is subsequently introduced into the mosquito
(Fig. 7).

The importance of complex II in insect-stage para-
sites suggests the possibility that complex II could be a
novel target for transmission blocking (30). Previously,
we reported that the amino acid sequences of the mem-
brane anchor subunits CybL and CybS of Plasmodium
complex II show exceptionally low homology to that
of any other organism including human (12). In add-
ition, our previous work revealed that atopenin A5 is a
potent inhibitor against mammalian complex II with
IC50 values of three-order of magnitudes lower than
that of Plasmodium complex II (13). This indicates
that 3D structure of ubiquinone-binding site in the
parasitic complex II is quite distinct from those of
mammalian complex II. Therefore, it is conceivable
that the development of a parasitic complex
II-specific inhibitor would be feasible by structure-
based drug design targeting to the mosquito-stages
parasite. Currently, further ATP metabolic gene
knockout experiment using mouse malaria models
are now in progress to draw general view of parasite
energy metabolism in response to various environmen-
tal stimuli that may have been overlooked in in vitro
culture systems as pointed out by Daily (31).
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