










Fig. 4. See next page for legend.
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diacylphospholipids were significantly higher in the gametocytes for
both PC and PE, with PE incorporation somewhat more pronounced
(Fig. S3). In addition, many d5-labeled diacylphospholipids are
unsaturated. A possible explanation for these observations is that
P. falciparum phospholipid synthesis may be uniquely tuned to
meet specialized fatty acid requirements of non-dividing
gametocytes. Phospholipid metabolic pathways of apicomplexan
parasites exhibit differences from those of humans as well as other
parasites such as kinetoplastida (Ramakrishnan et al., 2013). PC in
P. falciparum is synthesized through a CDP-choline and CDP-
ethanolamine pathway (Kennedy pathway) including a conversion
of ethanolamine-phosphate to choline-phosphate by P. falciparum
phosphoethanolamine N-methyltransferase (PfPMT) (Pessi et al.,
2005, 2004). Concentration-dependent inhibition of this conversion
by the product choline-phosphate may therefore help to control the
balance of these two molecules (Pessi et al., 2004).

CONCLUSION
Extracellular lipids including particular PUFAs promote
gametocytogenesis in AlbuMAX-supplemented culture medium.
Accumulation of lipid material in gametocytes and the effects of
externally supplied fatty acids on the parasite lipid profiles also
suggest an adaptive preparation for mosquito infection, where the
environmental medium and nutrition are greatly different from the
mammalian bloodstream. Further understanding of the effects of
extracellular lipid compositions and PUFA profiles may improve
studies of gametocyte development and transmission.

MATERIALS AND METHODS
Parasite culture and synchronization
Erythrocytes and human sera were purchased from Interstate Blood Bank
(Memphis, TN, USA), Japanese Red Cross Kanto-Koshinetsu Block Blood
Center, Tokyo, Japan (No: 28J0058), and Hokkaido Block Blood Center,
Sapporo, Japan (No: 25J0074). Asexual stages of P. falciparum parasite
lines NF54 and 3D7 (a clone of NF54) (Walliker et al., 1987) were
standardly cultivated in incomplete RPMI [consisting of RPMI 1640
(Invitrogen) plus 25 mM HEPES, 0.8 mg/ml L-glutamine, 0.05 mg/ml
hypoxanthine (Sigma-Aldrich), 2 mg/ml sodium bicarbonate (Invitrogen),
and 10 µg/ml gentamicin (Invitrogen)], supplemented with 10% O- or
A-positive human serum as originally described (Trager and Jensen, 1976).
Cultures were maintained at 37°C under an atmosphere of 5% O2, 5% CO2

and 90% N2. Thin films of erythrocyte samples were prepared, fixed with
methanol, stained with Giemsa, and microscopically evaluated by standard
methods (Moll et al., 2013). For preparation of trophozoite-rich culture, the
asexual parasites were synchronized twice by sorbitol treatment (50 mg/ml
D-sorbitol, Sigma-Aldrich) at a 7–10 h interval. The trophozoite-rich
parasites were collected at 14–16.5 h after the second synchronization.
Malaria parasite culture using human erythrocytes was carried out under
approvals of ethical review by ethics committees of University of Tokyo
(#10050 and #11064) and Obihiro University (#2013-04-2).

Preparation of cytoplasmic fraction from parasites
Trophozoite-rich asexual parasites or late-stage gametocytes (day 15–16)
were pelleted by centrifugation and washed three times with phosphate
buffered saline (PBS), (140 mM NaCl, 2.7 mM KCl, 10 mM PO4

3−, pH 7.4)
(Takara Bio Inc., Kusatsu, Japan). Host erythrocyte membranes were
obtained by lysis at 37°C for 10 min with 0.075% saponin/PBS solution,
followed by centrifugation at 10,000×g for 30 s. After removal of supernatant,
the pellet was washed with three times PBS and once with HEPES buffer
(10 mMHEPES, 140 mMNaCl, 10 mM glucose; pH 7.4). Lysis of the freed
parasites was achieved by addition to the pellet of 30 pellet volumes of lysis
buffer (10 mM Tris-HCl, 1 mM EDTA; pH 8.0) and vortexing. After
centrifugation at 14,000 rpm for 15 min, cytoplasmic andmembrane fractions
were collected as the supernatant and pellet fractions, respectively.

Gametocyte inductions and preparations
Gametocyte inductions (Tanaka and Williamson, 2011) were set up at 0.1%
parasitemia, hematocrit (Hct) 6% on day 1 and maintained at Hct 3% from

Fig. 4. Neutral lipid profiles of asexual and gametocyte stages. (A)
Confocal fluorescence microscopy analysis of neutral lipid distribution
probed by LipidTOX neutral lipid indicator. (B) The sum of MAG fraction
(against total neutral lipid) was normalized against the total DAG (n=6).
(C,D) Stage-dependent changes in individual MAG and DAG species
detected by LC-MS analysis on six independent cultures. Data are shown
as fractions of each lipid against total neutral lipid and expressed as
mean±s.e.m. (n=6) *P<0.05, **P<0.01, ***P<0.001 by two-tailed t-test.
Scale bars: 5 µm.

Fig. 5. Effects of PUFA-containing phospholipids in AlbuMAX-supported gametocyte culture (n=3 independent duplicated culture sets). SUV with
equal amounts of PC and PE containing the same fatty acids shown were added daily to total 1 ml of gametocyte cultures from day 1 until sample collection.
(A) Total and (B) stage V gametocytemia were obtained as averaged values from duplicated samples in each parallel culture set and used for statistical
analysis (one-way ANOVA with Dunnett’s correction, n=3); *P<0.05, **P<0.01.
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day 3 onwards. Late-stage gametocytes were enriched by 3 days of treatment
(days 9–11) with 50 mM N-acetylglucosamine (NAG) to eliminate asexual
stages, then purified by 65% Percoll density gradient centrifugation on day
12 (Tanaka and Williamson, 2011). The purified gametocytes were
maintained by daily media change until the further analyses.

For assays of induced gametocytes, parental non-synchronized asexual
parasites were plated in duplicate into 12 or 24-well plates at 0.1%
parasitemia (Hct 6%) in incomplete RPMI supplemented with 0.5%
AlbuMAX, 10% human serum, or phospholipid (PC, PE) concentrations
indicated in the text. Phospholipids were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA).

Vesicle preparations
Small unilamellar vesicles (SUV) were prepared by a conventional sonication
method (Huang, 1969) with slight modification. In brief, 3 mg (16:0-18:1, PC
and PE) or 1 mg (18:0-20:4 and 18:0-22:6, PC and PE) of lipids in ethanol/
methanol (1:1) were dried in an EC-95C3T centrifuge concentrator equipped
with cold trap (Sakuma, Tokyo, Japan), and re-hydrated with 1 ml of the
incomplete RPMIwith 0.5%AlbuMAX.After vortexing and sonication in an
ultrasonic water bath, dispersed lipids were further sonicated by Tomy-Seiko
UR-20P probe sonicator (Tomy-Seiko, Tokyo, Japan) at maximum setting
and stored at 4°C. The differences in each fatty acid amount between human
serum and AlbuMAX, i.e. 50 µg/ml for C16:0, 20 µg/ml for C18:0 and C20:4
(arachidonic acid), and 10 µg/ml for C22:6 (docosahexaenoic acid), were
supplemented with an equal portion of PC and PE. Daily media changes were
started on day 3, and asexual parasitemias and gametocytemias were
determined from microscopic counts of Giemsa-stained smears.

Fluorescence microscopy analyses
Parasitized erythrocyte samples at ∼0.1% Hct were immobilized onto a
cleaned cover glass (No. 1.5) coated with 0.1 mg/ml type-I collagen
(Chrono-Log, Havertown, PA, USA) (Calvo et al., 2010; Tokumasu et al.,
2005). Loosely attached erythrocytes were gently washed with warm
incomplete RPMI and crosslinked for 1 h with 50 mMdimethylsuberimidate
(Sigma-Aldrich) in 0.1M sodium borate buffer, pH 9.5, containing 1 mM
MgCl2. The reaction was immediately quenched by immersing the cells into
0.1M glycine in PBS, pH 7.4 for 1 h, to saturate unreacted aldehyde groups
that produce background fluorescence. Live erythrocytes were stained for
30 minwith 2 µg/ml Di-4ANEPPDHQ (Invitrogen) at 0.1%Hct (Tokumasu
et al., 2014) and washed with PBS. To detect cholesterol, Filipin III
(0.4 mg/ml in DMSO/PBS) was applied and incubated for 1 h to fixed
erythrocytes immobilized on the cover glass, followed by rinsing with PBS.
For neutral lipid observations, parasitized erythrocytes at 0.1% Hct were
stained with LipidTOXTM (1:100) (Invitrogen) in incomplete RPMI for
30 min at 37°C; from this suspension, 4 µl were applied onto a clean slide
glass and sealed by a coverslip with a high-vacuum grease (Corning, NY,
USA) at four edges.

Di-4 ANEPPDHQ and Filipin III stained cells were imaged with Leica
DMI6000B inverted fluorescence microscope (Leica Microsystems,
Bannockburn, IL, USA) using 100× objective (N.A. 1.30) and custom-
ordered filter cube with XF1073 (excitation 475AF40) and XF3081
(emission 645AF75) filters for Di-4, and an XF02 (excitation/emission
330WB80/400ALP) filter for Filipin III (Omega Optical, Brattleboro, VT,
USA). Images (1344×1024 pixels, 8-bit grey scale) were captured with
ORCA-ER digital camera (Hamamatsu Photonic Systems, Bridgewater, NJ,
USA) controlled by ImagePro 5.1 software (Media Cybernetics, Silver
Spring, MD, USA). LipidTOX signals were detected with a Leica SP5
confocal microscope with 63× objective lens (N.A. 1.32); excitation was
with an Ar laser line at scan speed of 400 Hz. Emission was measured over a
bandwidth of 511–555 nm, and frame/line averaging was set as 4. Captured
images (1024×1024 pixels, 8-bit per channel) were exported as TIFF files
by LAS X (Leica Microsystem) and analyzed by ImagePro 6.3 (Media
Cybernetics) and GraphPad Prism 5 software (La Jolla, CA, USA).

High performance liquid chromatography-mass spectroscopy
and principal component analysis
Phospholipids and neutral lipids were extracted by MeOH and acetonitrile
(Fujifilm-WAKO Pure Chemical, Osaka, Japan), respectively, with 10×

sample volume. After incubation for 10 min at room temperature, the extracts
were centrifuged at 4°C for 10 min at 18,700×g, and supernatants were
collected and further diluted in MeOH or acetonitrile before liquid
chromatography- electrospray ionization-mass spectroscopy (LC-MS)
analysis. Neutral lipid and phospholipid LC-MS was performed using a
Nexera Ultra High Performance Liquid Chromatograph (UHPLC) system and
a triple quadrupole mass spectrometer LCMS-8050 or LCMS-8040
(Shimadzu Corp., Kyoto, Japan). Acquity UPLC BEH C8 (1.7 µm,
2.1 mm×100 mm) (Waters, Milford, MA, USA) column was used for
reversed phase liquid chromatography with three phases: 5 mM NH4HCO3/
water (mobile phase A), acetonitrile (mobile phase B), and isopropanol
(mobile phase C). The pump gradient [time (%A/%B/%C)] was programmed
as follows: 0 min (75/20/5)-20 min (20/75/5)-40 min (20/5/75)-45 min (5/5/
90)-50 min (5/5/90)-55 min (75/20/5). Injection volume was 5 μl. Column
oven temperature was set at 47°C and the flow rate was 0.35 ml/min.

SRM (selection reaction monitoring) transitions for phospholipids were
set as follows: PC ([M+H]→184.1, positive mode), PE ([M+H]→[M+H]–
141, positive mode), PS ([M-H]→[M-H]– 87, negative mode), PI ([M-
H]→241, negative mode), where M are m/z of molecular related ions and
acyl chains of carbon 12 to 24 in length were targeted. Sum of all area of
chromatograms from these SRM transitions were used as ‘total area value
for phospholipid’ to calculate fractional values. For MAG, acyl chains of 16
to 24 carbons in length were targeted and SRM transitions in negative ion
mode set as [M-H]→FA. For DAG, acyl chains 16 to 22 carbons in length
were targeted and SRM transitions in positive ion mode set as
[M+NH4]→[(M+NH4)-NH3-FA]. Sum of all area of chromatograms from
these SRM transitions were used as ‘total area value for neutral lipid’ to
calculate fraction. PCA (Principal Component Analysis) was performed by
SIMCA ver. 13.0 (Umetrics, Umeå, Sweden). Original data were scaled to
unit variance in the analysis.

Gas chromatography
For total fatty acid analysis of culture media, 1 ml of incomplete RPMI
media containing 10% serum or 0.5% AlbuMAX was freeze dried, and
C23:0 fatty acid (Sigma-Aldrich) was added to the dried samples as an
internal standard. The samples with the internal standard were derivatized
by the Fatty Acid Methylation Kit and purified by the Fatty Acid Methyl
Ester Purification Kit (both from Nacalai Tesque, Inc., Kyoto, Japan). The
fatty acid methyl ester samples were concentrated by evaporation at reduced
pressure and dissolved with 25 μl of dichloromethane for GC-FID (Gas
chromatography coupled to a Flame Ionization Detector) analyses by
GC2010 Ultra (Shimadzu) equipped with FAMEWAX capillary column
(30 m×0.25 mm I.D. ×0.25 μm d.f., RESTEK, Bellefonte, PA, USA). The
injection port temperature was set at 240°C and a 2 ml aliquot was injected
in the split mode (1:25). The column temperature was controlled as follows:
the starting temperature was 140°C, and increased at 11°C/min to 200°C,
3°C/min to 225°C, and 20°C/min to 240°C, and finally maintained at 240°C
for 5 min. Helium was used as a carrier gas with a constant linear velocity of
45 cm/s. Identification of fatty acid methyl ester was based on the retention
time by comparing with a standard mixture (Supelco 37-FAME Mix,
Sigma-Aldrich), C22:5 n-6 methyl ester (Nu-Chek Prep, Inc., Elysian, MN,
USA), C22:5 n-3 methyl ester (Sigma-Aldrich) and C22:4 n-6 methyl ester
(Cayman, Ann Arbor, MI, USA). The amounts of 26 fatty acid species and
C23:0 internal standard were estimated by the standard curve and
normalized against C23:0.
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