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The discovery of new antimalarial drugs able to target both the asexual and gametocyte stages of Plasmodium falciparum is criti-
cal to the success of the malaria eradication campaign. We have developed and validated a robust, rapid, and cost-effective high-
throughput reporter gene assay to identify compounds active against late-stage (stage IV and V) gametocytes. The assay, which is
suitable for testing compound activity at incubation times up to 72 h, demonstrates excellent quality and reproducibility, with
average Z= values of 0.85 � 0.01. We used the assay to screen more than 10,000 compounds from three chemically diverse librar-
ies. The screening outcomes highlighted the opportunity to use collections of compounds with known activity against the asex-
ual stages of the parasites as a starting point for gametocytocidal activity detection in order to maximize the chances of identify-
ing gametocytocidal compounds. This assay extends the capabilities of our previously reported luciferase assay, which tested
compounds against early-stage gametocytes, and opens possibilities to profile the activities of gametocytocidal compounds over
the entire course of gametocytogenesis.

The complex life cycle of the Plasmodium falciparum parasite,
responsible for malaria, involves a human host, in which the

intraerythrocytic asexual stages of the parasite cause the disease
manifestations, and an anopheline mosquito vector, in which the
parasite transmission stages genetically recombine and develop to
successfully infect new human hosts. Parasite transmission to
both the mosquito vector and the next human host rely on the
sexual stage gametocytes. In P. falciparum, gametocytes emerge in
low numbers from the asexual population and mature over a 10-
to 12-day period, progressing through five morphologically dis-
tinct stages (I to V) (1). Mature stage V gametocytes can remain
infective to the mosquito for an extended time, even if the asexual
parasite population has been decreased by therapeutic drugs (2).

The last 15 years have witnessed an unprecedented effort in the
fight against malaria, with the deployment of large-scale interven-
tions, including the distribution of artemisinin-based combina-
tion therapies (ACTs); targeted chemoprophylaxis of patient pop-
ulations at particular risk, notably pregnant women and children
under the age of 5 years; and vector control measures, including
insecticide-treated bed nets. As a result, a 48% decrease in global
malaria mortality rates was achieved between 2000 and 2015, and
16 countries have successfully eliminated malaria since 2010 (3).
Although these impressive achievements have required a substan-
tial economic outlay, it has become increasingly clear that an ag-
gressive strategy aimed at malaria eradication is the only sustain-
able, albeit ambitious, goal in the long term (4). Achieving this
ultimate goal is challenging, as malaria claims nearly 440,000 lives
annually, and nearly half of the world’s population is at risk of
contracting the disease (3). The emergence of parasites resistant to
current therapeutics (5–7) and mosquito vectors impervious to
insecticides (8) causes considerable concern for the sustained
progress of the strategy (9).

The need to develop new drugs is compelling and is com-
pounded by the necessity to target multiple stages of a complex life
cycle to attain the goal of eradication (10). Recent efforts in high-

throughput screening (HTS) have identified novel chemical
classes, some of which are able to target multiple parasite stages
and have now progressed to clinical trials (11, 12). Because game-
tocytes directly precede transmission to the vector, these forms
have been identified as a key life cycle stage to target. Transmis-
sion-blocking activity has been deemed necessary for all new drug
combinations under development (13); however, it has proved
difficult to identify compounds active against both the asexual and
gametocyte stages of the P. falciparum life cycle, since gametocytes
have been shown to become less sensitive to many drugs targeting
asexual parasites as their maturation progresses (14–16). There-
fore, it is necessary to develop new screening approaches that al-
low the identification of gametocytocidal compounds, with an
emphasis on compounds targeting the later stages of develop-
ment.

Gametocytocidal assays with high throughput capability (i.e.,
utilizing 384- or 1,536-well plates) for late-stage and mature (stage
III to V) P. falciparum gametocytes utilizing fluorescent indicators
of metabolic activity (17, 18), fluorescence imaging (19–21), or
chemiluminescence (18) have been previously described. We have
recently developed and validated an HTS assay for early-stage
(stage I to III) P. falciparum gametocytes (15). With the present
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work, we have extended this approach to provide a rapid, straight-
forward, and cost-effective HTS assay capable of assessing com-
pound activity against late-stage gametocytes, with the additional
benefit of profiling activity throughout the process of gametocyte
development and maturation.

MATERIALS AND METHODS
Parasite culturing and gametocyte production. Assay development was
performed with the P. falciparum NF54Pfs16 reporter gene line, which
expresses a green fluorescent protein (GFP)-luciferase fusion under the
temporal control of the gametocyte-specific Pfs16 promoter (22).

Asexual parasites were cultured as previously described (23), with
some modifications: the parasites were maintained in human type O pos-
itive red blood cells (RBCs) at 5% hematocrit (hct) in RPMI 1640 medium
supplemented with 25 mM HEPES (Sigma), 50 �g/ml hypoxanthine, 5%
AB human serum (Sigma), and 2.5 mg/ml Albumax II (Gibco). Parasite
cultures were maintained at �2% parasitemia at all times and incubated
under standard conditions (37°C in a standard gas mixture of 5% O2, 5%
CO2, and 90% N2).

Gametocyte production was carried out using our established pro-
tocol (19), with minor modifications. Sorbitol-synchronized cultures
at the trophozoite stage were isolated using a CS magnetic column
(MACS; Miltenyi Biotec) on day �3 of the sexual induction protocol.
Fresh RBCs were added to the isolated trophozoites to achieve 2%
parasitemia and 1.25% hct. After overnight shaking, the day �2 cul-
tures were allowed to reach 10% parasitemia and then exposed to
nutritional stress (1:4 spent medium) at 2.5% hct overnight. Para-
sitemia levels of the resulting cultures on day �1 were reduced to 2%,
and the cultures were gently agitated overnight. The following day (day
0 of gametocytogenesis), the cultures were magnetically purified, par-
asitemia was adjusted to 10% rings in all cultures, and 50 mM N-
acetylglucosamine (NAG) (Sigma-Aldrich) was added to the medium
to clear residual asexual parasites. Two-thirds of the medium was then
changed with NAG-supplemented medium every day until day 8. On
day 8 of gametocytogenesis, a final magnetic purification of the game-
tocyte cultures was performed before use to concentrate the gameto-
cytes to the final gametocytemia to be used in the assay.

Late-stage assay conditions. For all the luminescence readouts, we
used the homogeneous luciferase reporter gene assay system Steadylite
Plus (PerkinElmer). A previously validated protocol was employed to lyse
the cultures, and luciferase substrate was added (15). First, 25 �l medium
was aspirated from the assay plates and replaced with 15 �l Steadylite,
without disturbing the settled RBCs, using a Biomek FX high-throughput
liquid-handling system (Beckman Coulter). Luminescence was measured
after the relevant incubation time at room temperature using a MicroBeta
Trilux multidetector luminometer equipped with a plate stacker for high-
throughput applications.

The effect of the percent gametocytemia and the percent hct on the
luciferase signal was assessed in 384-well white luminescence plates (Cul-
turplate; PerkinElmer) after 72 h of incubation under standard condi-
tions. Sixteen replicate wells were seeded with day 8 gametocytes at a range
of hct percentages (0.1, 0.25, and 0.5%) and gametocytemia percentages
(1.5, 3, 6, and 12%). After the incubation, the luciferase signal was read in
the plates at regular intervals from 1 h to 6 h 45 min after the addition of
Steadylite.

The consistency of the gametocytocidal compound potency data gen-
erated by the assay was tested by measuring the 50% inhibitory concen-
tration (IC50) of puromycin at multiple time points after the addition of
the luciferase kit. The Z=, a measure of assay quality and reproducibility
for predicting suitability for screening, was determined based on 0.4%
dimethyl sulfoxide (DMSO) and 5 �M puromycin as negative and posi-
tive controls, respectively (24).

Assay validation. The late-stage gametocyte luciferase assay was vali-
dated by testing a panel of 39 antimalarial drugs and clinical candidates.
The compounds were tested in a dose-response assay with a starting con-

centration of 10 �M diluted in 16 serial dilution steps, with three concen-
trations per log dose. DMSO (0.4%, corresponding to the final DMSO
concentration in all compound-treated wells) and puromycin (5 �M)
were used as in-plate negative and positive controls, respectively. The
experiment was carried out in two independent biological replicates, with
two technical replicates for each concentration.

Screening of chemical libraries against late-stage gametocytes. The
MMV Malaria Box is a collection of diverse chemical compounds with
proven antiplasmodial activity (25). The collection was kindly provided
by Medicines for Malaria Venture (MMV) as 10 mM stocks in 100%
DMSO. The library, received as a set of five 96-well plates containing a
total of 390 compounds, was reformatted into two 384-well plates after
2-fold dilution using 100% DMSO. The 5 mM DMSO stocks were stored
at �20°C. For the assay setup, the 5 mM stocks were further diluted 4-fold
into DMSO to give 1.25 mM stocks which were diluted 25-fold in water
and then 10-fold in the final assay plate to obtain a final screening con-
centration of 5 �M and 0.4% DMSO. The MMV Malaria Box was
screened at a single dose of 5 �M. Hits were manually cherry picked from
fresh stocks, serially diluted, and tested in dose-response assays as de-
scribed above (14 points; range, 0.25 nM to 5 �M) in three biological
replicates. Three Malaria Box compounds, MMV006172, MMV019918,
and MMV667491, were also tested in the same concentration range on
gametocytes that were allowed to reach mature stage V on day 12 of ga-
metocytogenesis. Luciferase readout was performed on day 15 in this case.

The ERS_01 library consisted of 4,760 commercially available, struc-
turally diverse compounds and was compiled as an independent com-
pound set within the Avery laboratory. The compounds were obtained as
1 mM stocks in 100% DMSO and were diluted to a final screening con-
centration of 4 �M. Active compounds were cherry picked from stock
plates and retested in 4 doses (0.10, 0.40, 1, and 4 �M) in two technical
replicates.

The GDB_04 library is a collection of 4,900 compounds belonging to
1,225 diverse scaffolds, with 4 representative compounds for each scaf-
fold. The library was obtained from Compounds Australia as 1-�l 5 mM
stocks in 100% DMSO from a larger collection. The compounds were
diluted to a final screening concentration of 10 �M. Active compounds
were retested in 10-point dose-response assays (concentration range, 5
nM to 20 �M; two technical replicates) alongside a variable number (1 to
28) of analogues for each scaffold. In all of the above-described experi-
ments, the assay plates were read starting 1 h after the addition of Steady-
lite.

Assessment of compound action throughout whole gametocytogen-
esis. Gametocytes were exposed to chloroquine, mefloquine, artesunate,
and puromycin in a 16-point dose-response gradient (concentration
range, 0.4 nM to 40 �M) for 72 h every 2 days starting from day 0 of
gametocytogenesis, at the end of which Steadylite was added to the plates
and the luciferase signal was read after 1 h. A total of six time spans were
examined: days 0 to 3, days 2 to 5, days 4 to 7, days 6 to 9, days 8 to 11, and
days 10 to 13. For the time points through day 6, the assay was set up as
previously described (15); for the day 8 time point onward, gametocyte
cultures were magnetically purified on day 8, and a late-stage assay was set
up at each time point as described above.

Data analysis. Raw luminescence data were normalized by detector
efficiency and by the signal window determined from the in-plate pos-
itive (5 �M puromycin) and negative (0.4% DMSO) controls. Percent
inhibition was calculated using the following formula: percent inhibi-
tion � 100 � [(sample � positive control)/(negative control � posi-
tive control)] � 100.

Inhibition data from screening were analyzed in Microsoft Office Ex-
cel 2013 to identify hits and calculate assay statistics (hit rate, percent
coefficient of variation [CV], signal-to-noise ratio [S/N], and Z=). Inhibi-
tion data from dose-response experiments were fitted by 4-parameter
nonlinear regression in GraphPad Prism version 5.0 to obtain IC50s.
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RESULTS
Late-stage luciferase gametocytocidal assay parameters. The lu-
ciferase signal obtained from day 11 (stage V) P. falciparum game-
tocytes after 72 h of incubation in assay plates showed a clear
relationship with the number of gametocytes originally seeded in
the plates (Fig. 1A and B). One hour after the addition of Steady-
lite, a linear relationship was observed between gametocyte num-
bers up to 100,000/well and the luciferase signal at all hematocrit
levels tested. At 0.5% hct, saturation in the luciferase readout was
observed at a higher number of gametocytes per well. An increas-
ingly strong correlation, as well as a higher luminescence signal at
similar gametocyte numbers, was obtained as hct values de-
creased. This was likely because a reduced hct (i.e., reducing the
number of uninfected RBCs in the sample) reduced the effect of
luminescence quenching by the hemoglobin contained in the un-
infected RBCs (26). At 0.1% hct, the average � standard error of
the mean (SEM) (n � 16 wells) luminescence signal from a 10%
gametocyte culture was 1,441.9 � 15.6 relative light units (RLU)
(Fig. 1A) compared to 25.79 � 0.39 RLU of a 5 �M puromycin-
treated culture (positive control; n � 16 wells) and 0.29 � 0.04
RLU of a 0.1% hct uninfected RBC culture (background; n � 9
wells). When the assays were read after more than a 6-h incuba-
tion with the luciferase detection reagents, the pattern and
strength of the gametocyte number/luciferase signal correlation
remained unaltered (Fig. 1B) (R2 [6 h] � 0.9965 compared to R2

[1 h] � 0.9943 at 0.1% hct). Over such a long incubation time, the
absolute luciferase intensity value decreased to just above 60% of
the 1-h signal at 0.1% hct. The decay did not appear to be depen-
dent on the gametocyte numbers in the plate wells (Fig. 1C), with

samples at 1% and 10% gametocytemia showing similar residual
signals after 6 h 45 min.

Under the chosen optimized conditions for the assay, namely,
0.1% hct and 10% gametocytemia in a 50-�l/well final volume,
corresponding to �34,000 gametocytes per well, the assay Z= re-
mained above 0.8 at all the assessed time points. Optimal consis-
tency was obtained in the determination of the puromycin IC50

throughout, ranging between 96.8 and 99.2 nM (average �
SEM � 98.1 � 0.4 nM) (Fig. 1D).

Assay validation. Using our luciferase assay, a set of 39 anti-
malarial compounds and drugs belonging to 11 different chemical
classes with known activity against P. falciparum sexual stages
were tested (see Table S1 in the supplemental material). Our find-
ings are described below.

(i) Endoperoxides. Members of the endoperoxide class of an-
timalarial compounds form the central pillar of ACTs, the cur-
rently recommended first-line antimalarials. Artemisinin and its
derivatives possess potent in vitro asexual- and early gametocyte
stage inhibition (15) and have been found to inhibit later stages of
gametocyte development in vitro (19), as well as mature male and
female gametocytes (18, 27). In our luciferase assay, all the repre-
sentatives of this class tested showed potent inhibition of late-
stage gametocytes, with IC50s in the nanomolar range (5 to 91 nM)
(Fig. 2A; see Table S1 in the supplemental material).

(ii) 8-Aminoquinolines. Members of the 8-aminoquinoline
compound class, especially primaquine, have been shown to pos-
sess gametocytocidal activity in P. falciparum-infected patients.
Their activities against either early- or late/mature-stage gameto-
cytes in vitro, however, have been moderate at best (15, 19, 20, 28).

FIG 1 Optimization of P. falciparum late-stage gametocytocidal luciferase assay. (A and B) Effects of gametocyte numbers per well (range, 6,300 to 200,000) on
the resulting luciferase signal intensity 1 h (A) and 6 h 45 min (B) after Steadylite addition to the 384-microwell plates. The conditions used for the final screening
assay (10% gametocytemia and 0.1% hematocrit) are circled. (C) Residual luciferase signal under various culture conditions, expressed as a percentage of each
respective 1-hour signal. GAM, gametocytes. (D) Consistency of the assay’s Z= and measurement of puromycin IC50 at each time point between 1 h and 6 h 45
min after the addition of the Steadylite kit. The error bars represent the standard error of the mean (SEM).
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This discrepancy has been attributed to the requirement for the
compounds to be metabolically transformed in order to exert ac-
tivity, a process that does not occur in vitro (29). In our assay,
NPC-1161B and tafenoquine showed weak gametocytocidal ac-
tivity, with IC50s � SEM of 2.03 � 0.49 and 2.50 � 0.004 �M,
respectively. Primaquine and its derivative diethylprimaquine
lacked any gametocytocidal activity, in line with previous obser-
vations of the same gametocyte stages (19).

(iii) Amino alcohols. Two of the five compounds tested from
the amino alcohol class, namely, halofantrine and mefloquine (ra-
cemic and the R and S isomers), killed late-stage gametocytes with
limited potency, showing IC50s ranging between 2.31 and 3.39
�M. These levels of activity are lower than what has been reported
in other late-stage (stage IV and V) gametocytocidal assays based
on imaging and the measurement of metabolic activity (19, 30)
and are in better agreement with recent chemiluminescence- and
fluorescence-labeled antibody assays on functionally mature stage
V gametocytes (18, 20).

(iv) Antibiotics. Among the seven antibiotics tested, only thio-
strepton showed moderate inhibition of late-stage gametocytes
(IC50 � SEM � 1.00 � 0.07 and 2.31 � 0.13 �M, respectively).
Thiostrepton has previously been described as a late-stage game-
tocytocidal (19) and has exhibited activity against parasite gamete
formation in other assays (18, 20, 27).

(v) 4-Aminoquinolines. Compounds belonging to the 4-ami-
noquinoline class are known to be potent asexual- and early ga-
metocyte stage inhibitors (15). Their activity has been reported to
drop as gametocytogenesis progresses (16, 19, 31). Indeed, all
4-aminoquinolines tested (AQ-13, chloroquine, hydroxychloro-
quine, amodiaquine, naphthoquine, and piperaquine) failed to
inhibit late-stage gametocytes in our assay.

(vi) Antifolates. The antifolate class of compounds is known to
inhibit asexual-stage parasites by blocking DNA synthesis and
parasite replication. As the gametocyte does not divide, this class
of compounds is not expected to exert gametocytocidal activity.
Antifolates, however, have been shown to block male gamete for-
mation, which entails rapid DNA replication and cell division via
exflagellation (27). In our assay, chlorproguanil, and to a lesser
extent proguanil, were found to inhibit late-stage gametocytes at
high concentrations. These compounds have been previously re-
ported as weakly active in an imaging-based late-stage gametocy-
tocidal assay (19). This activity is unlikely to depend on the ac-

cepted mechanism of action of this class of compounds, namely,
dihydrofolate reductase activity (32). An additional mecha-
nism(s) of action might therefore exist, or the compounds might
exert off-target toxicity at high concentrations.

(vii) Sulfonamides. None of the three compounds tested from
the sulfonamide chemical class showed any effect on late-stage
gametocytes.

(viii) Others. Five more compounds not belonging to any
of the above-described classes were tested for activity against
late-stage gametocytes: cycloheximide (glutarimides), pyronari-
dine (anilinoacridines), pentamidine (diamidines), atovaquone
(naphthoquinones), and methylene blue (a heterocyclic aromatic
dye). Atovaquone showed no gametocytocidal action, whereas
pyronaridine and pentamidine weakly inhibited gametocytes,
showing IC50s above 3 �M. Cycloheximide showed moderate ga-
metocytocidal activity at 2.31 � 0.13 �M. Methylene blue killed
late-stage gametocytes with an IC50 of 38 � 14 nM and was the
most active nonendoperoxide compound (Fig. 2B). These results
confirm previous findings on the same NF54 luciferase-expressing
parasite line (19, 22), as well as other P. falciparum lines/strains
(18, 27, 30).

Screening of chemical libraries. Our luciferase-based late-
stage gametocytocidal assay was utilized to screen 10,050 com-
pounds from three independent libraries. A total of 72 plates were
assayed on 6 independent occasions, including the screening runs
and the dose-response confirmation assays. The assay demon-
strated excellent quality and reproducibility (Fig. 3) (average Z=�
SEM � 0.852 � 0.005; CV � 4.66% � 0.17%; S/N � 815.1 �
52.5).

Figure 4 illustrates the screening outcomes. From the MMV
Malaria Box, we identified 39 primary hits, 37 of which were con-
firmed for late-stage gametocytocidal activity by dose-response
testing (9.49% final hit rate). The ERS_01 library yielded 12 pri-
mary hits, 9 of which were confirmed (0.19% final hit rate), and
from the GDB_04 library, 30 primary hits were obtained, all of
which were confirmed (0.61% final hit rate) for gametocytocidal
activity. It is noteworthy that the above-mentioned hits were iden-
tified at different screening concentrations: 5 �M for the MMV
Malaria Box, 4 �M for ERS_01, and 10 �M for GDB_04.

FIG 2 Late-stage gametocytocidal activity of the most potent endoperoxide,
artemisone, and the most potent nonendoperoxide compound, methylene
blue, among the 39 reference antimalarial drugs tested for assay validation. The
values are averages � SEM of two technical replicates (n � 2).

FIG 3 Summary of assay performance and reproducibility over multiple
screening runs for MMV Malaria Box (black), ERS_01 (light gray), and
GDB_04 (dark gray). Z= values (filled circles; left y axis), averages of 0.4%
DMSO (negative in-plate control; open circles; right y axis), and averages of 5
�M puromycin (positive in-plate control; triangles; right y axis) are given for
each of the total 72 assay plates.
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The ERS_01 hits were retested for confirmation at 4.0, 1.0, 0.4,
and 0.1 �M. While 9 compounds confirmed their activity at 4 �M,
none of them showed any gametocytocidal effect at 1 �M concen-
tration or below; therefore, the hits were not tested further.

The 30 primary hits obtained from the GDB_04 library repre-
sented 24 different chemical scaffolds out of the 1,225 total scaf-
folds tested. We retested all the hits plus a variable number (0 to
28) of additional analogues for each active chemical scaffold, re-
sulting in a total of 338 compounds tested in dose-response assays.
Unfortunately, none of the retested compounds inhibited late-
stage gametocytes potently, demonstrating only low micromolar
IC50s. Table 1 shows the activities and structures of the most active
compounds among the retested hits and their analogues. The ma-
jority of the active compounds were the single active represen-
tatives of scaffolds from which several analogues were tested. In
some instances, they were analogues of the original hit com-
pound. Only scaffold 740 included multiple analogue com-
pounds with gametocytocidal activity, namely, SN00769490,
SN00769485, and SN00769494. These three compounds, however,
were the only potent compounds among the 26 scaffold 740 ana-
logues that were tested in dose-response assays. Compound
SN00771077, from the related scaffold 942, was also the only ac-
tive analogue from a batch of 26 representatives.

Of the 39 primary hits obtained from screening the MMV Ma-
laria Box, 32 compounds were confirmed for late-stage gametocy-
tocidal activity, with more than 50% inhibition at the top concen-
tration of 5 �M. Following a retest, five more primary hits
inhibited gametocytes by more than 45% at 5 �M, while two other
compounds resulted in 11% and 16% inhibition at 5 �M and thus
were not confirmed (see Table S2 in the supplemental material).
Due to the limited amount of compound available for retesting,
the dose-response assays were carried out with a highest concen-
tration of 5 �M. Under these conditions, the inhibition curves did
not reach a 100% inhibition plateau for most of the compounds
tested. The respective IC50s obtained, while assumed to be close to
the actual figures, have to be considered as approximate. Within
the limits of this estimation, three compounds were confirmed

hits, MMV006172, MMV019918, and MMV667491. These com-
pounds showed activity in the submicromolar range (IC50s, 456
nM, 850 nM, and 999 nM, respectively), and an additional 14
compounds exhibited IC50s below 2 �M (Fig. 5; see Table S2 in the
supplemental material). The three most active compounds
(MMV006172, MMV019918, and MMV667491) were then re-
tested in dose-response assays against mature stage V gametocytes
to assess their activities against this more transmission-relevant
stage. All of the compounds were confirmed to be similarly active
against these mature (post-day 12) gametocyte stages, although
with reduced IC50s, with MMV667491 showing the largest (3-
fold) difference in activity between day 8 and day 12 gametocytes.

Assessment of the compound activity profile throughout ga-
metocytogenesis. A new profiling method was developed to en-
able the fine assessment of the variation in the drug sensitivity of
gametocytes during their entire development.

The activities of four gametocytocidal compounds belonging
to four independent chemical classes, namely, chloroquine, me-
floquine, artesunate, and puromycin, were assessed for their effi-
cacy throughout the process of gametocytogenesis by determining
their inhibitory effects at 6 time points: days 3, 5, 7, 9, 11, and 13 of
gametocytogenesis after a 72-h-long exposure to compounds
(Fig. 6C).

A decrease in the gametocytocidal activity as gametocytogen-
esis progressed was observed for all compounds with the excep-
tion of puromycin. The changes in the relationship between dose
and effect over time, however, assumed markedly distinct com-
pound-dependent patterns, with the IC50, the inhibition plateau,
or the curve’s slope being the main parameter that changed (Fig.
6A). Chloroquine lost activity starting on day 6 of gametocytogen-
esis (readout on day 9), when the exposed parasite population
consisted of 75% stage III and 25% stage IV gametocytes (Fig. 6B).
A drop in the inhibition plateau to 40% was observed initially,
followed by an abrupt increase in the IC50 on day 8 and finally by
complete inactivity on day 10.

The pattern of gametocyte desensitization to mefloquine was
clearly distinct. A sudden 40-fold shift in the IC50 of the drug from
120 nM to 5 �M was observed by day 4 (readout on day 7; initial
stage composition, 22% stage II and 78% stage III). No changes in
the value of the inhibition plateau or the inhibition curve slope
were observed. The IC50 remained constant from day 4 onward.

In the case of artesunate, a more gradual decrease in the IC50

was observed at each consecutive time point, with the slope of the
inhibition curve being the most prominent changing feature after
day 6. The overall reduction in activity was about 20-fold from day
0 to day 10 of gametocytogenesis.

Puromycin represented the ideal control compound for this
experiment, with remarkably constant activity throughout game-
tocytogenesis (overall variation of IC50 and slope, approximately
2-fold). Our proof-of-principle assessment of gametocyte chemo-
sensitivity across their entire development showed excellent per-
formance, with average Z= values of 0.92 � 0.02, 0.86 � 0.02,
0.84 � 0.04, 0.91 � 0.01, 0.79 � 0.04, and 0.80 � 0.13 on readout
days 3, 5, 7, 9, 11, and 13, respectively.

DISCUSSION

We have described the optimization, validation, and application
of an HTS-compatible biochemical assay for late-stage P. falcipa-
rum gametocytes, utilizing the gametocyte-specific reporter gene
line NF54Pfs16 (22), whose gametocytes express a luciferase-GFP

FIG 4 Numbers of primary and confirmed late-stage gametocytocidal hits
identified through the screening of three chemical libraries. The percentages
represent the primary hit rate and the confirmed hit rate (parentheses) for each
library.
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fusion protein. Previously, this parasite line was used to establish a
manual assay in 96-well format to assess the activities of reference
compounds against multiple gametocyte stages (22). The assay
described here builds on our previously published fully optimized
robust HTS assay for early-stage (stage I to III) gametocytes (15),
which has now been extended to assess compound activity against
later-stage (stage IV and V) gametocytes. The promoter driving
the expression of luciferase in the NF54Pfs16 line, Pfs16, is
expressed throughout gametocytogenesis (33). Therefore,
NF54Pfs16 is suitable for use as a reporter gene line for late-stage
gametocyte assays (19); this line is available to the scientific com-
munity.

The test of 39 reference antimalarial compounds showed ex-
cellent agreement between our assay and the existing literature.
An exception was the aminoalcohol mefloquine, for which discor-

dant results have been reported in previous assays (IC50 range, 100
nM to 7.5 �M [18–20, 28, 30]). The reasons for this discrepancy
are difficult to identify, and any comparison of different gameto-
cytocidal assays has to be done cautiously, since every assay is a
multivariate system defined by the stage assessed, the technology
used, the duration of exposure to compounds, and the additional
incubation time after the addition of detection reagents. The han-
dling and physicochemical properties of compounds can also play
a role in the final outcome, especially if potential liabilities exist,
such as poor solubility in water, as in the case of mefloquine (34).

Our late-stage gametocytocidal assay showed excellent perfor-
mance and reproducibility, with an average assay Z= value of 0.85
obtained from a total of 72 384-well plates to date and a 93.8%
overall confirmation rate from multiple screening activities en-
compassing more than 10,000 compounds.

TABLE 1 Structures and activities of late-stage gametocytocidal compounds from the GDB_04 scaffold library

Compound identifier Scaffold no. Structure Original screening hit IC50 (nM) SEM
No. of
analogues tested

SN00794874 418 Yes 2,091 128 19

SN00769490 740 No (analogue) 1,981 128 26

SN00769485 740 No (analogue) �2,033 26

SN00769494 740 No (analogue) �2,192 26

SN00771077 942 No (analogue) 1,204 169 26

SN00771230 963 Yes 2,286 89 2

SN00782419 980 No (analogue) 1,225 117 26
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The screening of both unbiased and antimalarial-enriched li-
braries with our assay allowed us to compare the respective late-
stage gametocytocidal hit rates. The extremely low hit rate of
0.43% obtained from the screening of unbiased libraries is in
agreement with the outcome of a previously reported alamarBlue
screening on late-stage P. falciparum gametocytes (30). In con-
trast, starting from a chemical library enriched for antimalarial
compounds, such as the MMV Malaria Box, proved more prom-
ising, with about 10% of the compounds qualifying as hits (a 23-
fold-increased hit rate). While this confirms the fact that P. falcip-
arum gametocytes are less sensitive than asexual stages to many
antimalarial drugs, as has been previously shown for both early-
stage (15) and late-stage (19) gametocytes, it also suggests that
screening asexual-stage inhibitors for gametocytocidal activity in-
creases the likelihood of identifying relevant compounds for drug
development. This relationship is particularly useful given the
current focus in antimalarial drug discovery and development on
compounds with dual asexual and transmission-blocking activity
(35–38). The most active gametocytocidal compounds identified
in our screening were from the MMV Malaria Box. Specifically,

compounds MMV006172, MMV019918, and MMV667491
showed submicromolar activities against late-stage gametocytes
in our assay. Given that all of the compounds have been identified
previously in other gametocytocidal assays, possible direct inhibi-
tion of the luciferase enzyme was ruled out. The most potent com-
pound, MMV006172, is a probe-like compound previously found
to be active in our imaging assay against gametocytes at the same
maturation level as our day 8 luciferase assay (stages IV and V),
with an IC50 of 1.36 �M (19). The gametocytocidal activity of the
compound was also reported in several other gametocytocidal as-
says, although it was seen to have varying potency: parasite lactate
dehydrogenase (pLDH) (IC50 � 0.73 �M [38]), SYBR green I
(IC50 � 2.6 �M [39]), and two alamarBlue assays (IC50 � 0.42 �M
[40] and 1.48 �M [30]). The compound was also described as a
female gamete formation inhibitor (IC50 � 0.46 �M [21]) and as
an early-stage gametocyte inhibitor in both our luciferase (15) and
imaging (19) assays, with IC50s of 1.21 �M and 1.11 �M, respec-
tively.

The next most active compound, the drug-like MMV019918,
had also been identified in all published late-stage gametocyto-
cidal screens so far, with submicromolar IC50s ranging between
0.32 �M and 0.89 �M obtained in four assays (19, 38–40) and
slightly lower activities (1.06 �M and 1.87 �M) reported in two
other studies (21, 30). The compound has also been shown to be a
moderate early-stage inhibitor in both our luciferase and imaging
assays, with IC50s of 1.56 �M (15) and 0.82 �M (19), respectively.

The last inhibitor showing submicromolar late-stage gameto-
cytocidal activity in our assay was the probe-like MMV667491,
which had been previously identified either as inactive (40) or as a
moderately active gametocytocidal compound, with IC50s in the
0.70 to 4.46 �M range (30, 38, 39). In our imaging-based assay, the
compound showed an IC50 of 1.06 �M against late-stage gameto-
cytes. MMV667491 was also shown to be moderately active
against developing gametocytes in our early-stage luciferase assay
(IC50 � 1.58 �M) (15), but not in our early-stage imaging assay
(19).

Recently, several assays measuring the inhibitory activities of
compounds against mature stage V gametocytes have been de-
scribed. Some assays have focused on gamete formation after xan-
thurenic acid (XA)-mediated activation of gametocytes (18, 20,
21, 41) or, alternatively, have been based on the measurement of
pLDH activity from non-XA-activated gametocyte cultures (18).
Functional-viability assays targeting mature gametocytes, i.e., the
stage that is competent for transmission in the mosquito, have
been proposed as more accurate predictors of the transmission-
blocking potential of compounds (41). We therefore tested the
most potent Malaria Box compounds identified in our gametocyte
assay using mature stage V gametocytes on day 12 of gametocyto-
genesis. All three compounds maintained activity against these
more mature gametocytes, albeit at slightly lower levels, not nec-
essarily reflective of reduced potency (1.9- to 2.9-fold difference
range). The most active compound from the day 8 screening,
MMV006172, was still active on day 12 at a submicromolar level.
The compound was shown to be a weak male-specific gametocyte/
gamete formation inhibitor, causing 56.4% inhibition of male ga-
metogenesis at 1 �M, while being inactive against female gameto-
cytes at the same concentration in a screen evaluating male and
female gamete formation (41). More recently, an imaging-based
assay reported the compound as a female gamete formation inhib-
itor (IC50 � 0.46 �M [21]). The next four most active compounds

FIG 5 Late- and mature-stage gametocytocidal activities and structures of the
three most potent late-stage P. falciparum gametocyte inhibitors identified in
the MMV Malaria Box.
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in our assay (MMV019918, MMV667491, MMV000448, and
MMV66594) were all described as gamete formation inhibitors
(21, 41). Finally, MMV085203, which inhibited late-stage game-
tocytes with an IC50 of 1.24 �M, was reported as a male-specific
irreversible inhibitor (41) with no obvious effect against female
gamete formation (21, 41).

Assays with high throughput capability (i.e., using 384- or
1,536-well plates) utilizing fluorescent indicators of metabolic ac-
tivity (17, 18, 38) or expression of GFP coupled with a fluorescent
indicator of mitochondrial activity (19) have been described in the
past for late-stage P. falciparum gametocytes (variably encompass-
ing stages III to V). In addition, assays measuring the functional
viability of mature stage V female gametocytes have been pro-
posed, based on fluorescence imaging (20, 21) and chemilumines-
cence (18). However, to date, most published late-stage/mature
gametocyte HTS assays require several hours of extra incubation
of live parasites at the end of the nominal assay duration to ensure
sufficient signal intensity after the detection reagents have been
added. Our luciferase assay can be read 1 h after the addition of the
detection reagent Steadylite, which combines a lysis buffer and a
luciferase substrate; therefore, the readout obtained throughout

the available 	6-h window reflects only the effect of the 72-h (or
any other desired duration) exposure to compounds.

Not being based on imaging of the individual luciferase-ex-
pressing cells, our assay has the limitation of not assessing parasite
phenotypes that could be related to viability. The luminescence
readout, however, reflects luciferase expression of the entire ga-
metocyte population in each well on a quantitative level and is
much less affected by the variability that can affect individual cell
count approaches in imaging assays. Our assay is robust, as dem-
onstrated by the Z= and high confirmation rates obtained. Addi-
tionally, a complete 384-well plate requires only 3 to 4 min to read,
and therefore, the throughput of this rapid assay is limited only by
the volume of the available gametocyte culture for screening. Our
protocol to induce gametocytes employs two magnetic-purifica-
tion rounds: on day 0 on sorbitol-synchronized asexual stages to
ensure the highest synchronicity of the parasites undergoing sex-
ual commitment and again on day 8 to obtain a pure, highly con-
centrated gametocyte culture for screening. The pure synchro-
nous nature of our gametocytes enables a strong signal to be
obtained from a relatively small number of gametocytes per well.
A standard gametocyte induction for screening starts with 270 ml

FIG 6 (A) Proof of principle of the whole-gametocytogenesis assay showing temporal activity profiles of four gametocytocidal compounds. (B) Stage compo-
sition of the cultures used in the experiment. (C) Diagram showing the timing of our late-stage luciferase gametocytocidal assay compared to our early-stage assay
reported previously (15) and the design of the whole-gametocytogenesis assay. Time is expressed as the day (d) of gametocytogenesis, and the days shaded red
correspond to the times of magnetic purification of gametocytes.
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culture on day �3 and has a typical day 8 yield of 0.5 � 108 to 1.4
� 108 gametocytes in �60-ml final volume. To screen a single
384-well plate, a starting volume equivalent to 4.3 � 0.4 ml of
preinduction (day �3; n � 7) parasite culture is sufficient. At full
capacity, 120,000 compounds can be screened per week in our
hands (however, the theoretical throughput based on the readout
time is �170,000 compounds in 24 h, if the plates are added with
the Steadylite kit in a 6-h staggered fashion). A final important
aspect of our HTS late-stage assay is its cost-effectiveness. Com-
pared to the conditions applied in the manual 96-well-plate lucif-
erase assay originally described by Adjalley et al. (22), a 13.2-fold
reduction in the number of gametocytes required per well is
achieved by miniaturization to the 384-well HTS format. This
corresponds to a minimum 70% saving in the overall assay cost.
Minor adaptations would allow the assay to be run in the 1,536-
well plate format, which would increase throughput and thus fur-
ther reduce costs. Our assay can be run in any laboratory with
Plasmodium gametocyte-culturing capability and a luminometer
and thus represents an approachable method for the determina-
tion of gametocytocidal activity, in addition to its HTS applica-
tion.

The successful development of a luciferase-based, late-stage
gametocytocidal assay using the same recombinant parasite line as
our previously reported early-stage assay (15) allowed the direct
comparison of early- and late-stage gametocytocidal effects of
drugs and compounds and thus offered an opportunity to assess
the dynamics of gametocyte chemosensitivity over the entire
course of gametocytogenesis. Since our NF54Pfs16 line expresses
the luciferase enzyme only during the gametocyte stage, there is no
risk of detection interference with asexual stages in mixed popu-
lations. We are therefore in a unique position to conduct sensitive
and robust quantification of the gametocytocidal activity of a
compound from day 0 of gametocytogenesis, when parasite pop-
ulations are typically a mixture of asexual ring stages and ring-
stage gametocytes. This is a particularly useful application, be-
cause it allows direct testing of the effects of compounds on the
gametocyte ring stage, the only immature sexual stage that is
found in the peripheral blood before the onset of organ sequestra-
tion (42). Our study is the first report of an assay that can assess
compound activity against the complete process of gametocyto-
genesis in a miniaturized, truly HTS format, thus providing the
opportunity to carry out extensive characterization of the game-
tocytocidal activity of limited quantities of newly synthesized ex-
perimental compounds.

The characterization of the gametocytocidal activities of refer-
ence antimalarial drugs over time showed an abrupt decrease in
drug activity after day 6 of gametocytogenesis in all cases. This
observation is in agreement with the findings of a previous flow
cytometry-based study describing a sudden drop in the gameto-
cytocidal activity of chloroquine, pyronaridine, and dihydroarte-
misinin after day 7 of gametocytogenesis (16) and confirms the
gametocyte stage III and the transition from stage III to stage IV as
the stages when a major chemosensitivity shift in developing ga-
metocytes occurs.

Our proof-of-principle, whole-gametocytogenesis assay with
four gametocytocidal compounds from unrelated classes demon-
strates the feasibility and robustness of this HTS whole-gameto-
cytogenesis assay. The assay can be adapted to cover the whole
gametocytogenesis process or any portions of it, and because there
is no extra incubation after detection reagents are added, any du-

ration of compound exposure can be assessed. The HTS format of
this combined assay also enables it to be miniaturized, thus allow-
ing the profiling of gametocytocidal activity for small samples of
compounds.

In conclusion, we have described the successful adaptation and
optimization of previously reported luciferase-based gametocyto-
cidal assays (15, 22) to a rapid, robust, and cost-effective HTS
assay to identify new chemical entities with malaria transmission-
blocking potential from the screening of large chemical libraries
against late-stage P. falciparum gametocytes. In addition, we have
demonstrated the potential for this assay to be used to profile the
transmission-blocking activities of the candidate compounds
throughout gametocytogenesis in a miniaturized format and to be
easily adapted to any facility with malaria parasite-culturing capa-
bility and common biochemistry equipment. The assay will be
useful to facilitate the current efforts in the discovery and devel-
opment of new drugs for malaria elimination.
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