
UCSF
UC San Francisco Previously Published Works

Title
Ex vivo susceptibilities to ganaplacide and diversity in potential resistance mediators 
in Ugandan Plasmodium falciparum isolates.

Permalink
https://escholarship.org/uc/item/3mr886bk

Journal
Antimicrobial Agents and Chemotherapy, 68(9)

Authors
Kreutzfeld, Oriana
Orena, Stephen
Okitwi, Martin
et al.

Publication Date
2024-09-04

DOI
10.1128/aac.00466-24
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3mr886bk
https://escholarship.org/uc/item/3mr886bk#author
https://escholarship.org
http://www.cdlib.org/


Genetics and Molecular Biology | Full-Length Text
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ABSTRACT Novel antimalarials are urgently needed to combat rising resistance to 
available drugs. The imidazolopiperazine ganaplacide is a promising drug candidate, 
but decreased susceptibility of laboratory strains has been linked to polymorphisms in 
the Plasmodium falciparum cyclic amine resistance locus (PfCARL), acetyl-CoA trans
porter (PfACT), and UDP-galactose transporter (PfUGT). To characterize parasites causing 
disease in Africa, we assessed ex vivo drug susceptibilities to ganaplacide in 750 P. 
falciparum isolates collected in Uganda from 2017 to 2023. Drug susceptibilities were 
assessed using a 72-hour SYBR Green growth inhibition assay. The median IC50 for 
ganaplacide was 13.8 nM, but some isolates had up to 31-fold higher IC50s (31/750 
with IC50 > 100 nM). To assess genotype-phenotype associations, we sequenced genes 
potentially mediating altered ganaplacide susceptibility in the isolates using molecular 
inversion probe and dideoxy sequencing methods. PfCARL was highly polymorphic, with 
eight mutations present in >5% of isolates. None of these eight mutations had previously 
been selected in laboratory strains with in vitro drug pressure and none were found to 
be significantly associated with decreased ganaplacide susceptibility. Mutations in PfACT 
and PfUGT were found in ≤5% of isolates, except for two frequent (>20%) mutations 
in PfACT; one mutation in PfACT (I140V) was associated with a modest decrease in 
susceptibility. Overall, Ugandan P. falciparum isolates were mostly highly susceptible to 
ganaplacide. Known resistance mediators were polymorphic, but mutations previously 
selected with in vitro drug pressure were not seen, and mutations identified in the 
Ugandan isolates were generally not associated with decreased ganaplacide susceptibil
ity.

KEYWORDS malaria, Plasmodium falciparum, ganaplacide, drug susceptibility, 
antimalarial drugs, PfCARL, PfACT, PfUGT

M alaria, in particular disease caused by Plasmodium falciparum, continues to cause 
hundreds of millions of illnesses and hundreds of thousands of deaths each year 

(1). Partial resistance to artemisinins, the most important drugs to treat falciparum 
malaria, is well-established in parts of Southeast Asia and has recently been described 
in eastern Africa (2–7). New antimalarials with novel mechanisms of action are urgently 
needed. Among the most advanced new antimalarial compounds under development is 
the imidazolopiperazine ganaplacide (KAF156) (8, 9).

Ganaplacide has demonstrated potent activity against cultured P. falciparum, with 
activity against liver (IC50 5 nM), asexual erythrocytic (IC50 6 nM), and sexual erythrocytic 
(IC50 5 nM) life cycle stages (8, 10). Preclinical and clinical studies demonstrated activity 
against P. falciparum and Plasmodium vivax (11) and transmission-blocking potential 
(12). Ganaplacide has good oral bioavailability, favorable pharmacokinetics, and good 
safety and tolerability properties (13, 14). The compound has been tested in phase II 
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clinical studies in combination with lumefantrine and determined to be well tolerated 
and efficacious as a 3-day treatment regimen (9). Phase III studies of ganaplacide-lume
fantrine to treat falciparum malaria have been initiated. Ganaplacide is thus poised to be 
the first new non-artemisinin drug to treat falciparum malaria in decades.

The mechanism of action of ganaplacide is unknown, but parasites exposed to the 
drug in vitro developed mutations in the P. falciparum cyclic amine resistance locus 
(PfCARL), acetyl CoA transporter (PfACT), and UDP-galactose transporter (PfUGT) (15, 
16). For PfCARL, 13 mutations were selected, mostly located near or in predicted 
transmembrane domains of the protein, and not in the catalytic site (16). Several of these 
mutations led to >40-fold increases in ganaplacide IC50s, with up to µM drug tolerance 
in mutant parasites (8, 16). For PfACT, selected mutations included 20 single nucleotide 
polymorphisms, including stop mutations, some of which led to parasites with suscept
ibility only at µM levels (15). For PfUGT, one mutation was selected and associated 
with an about 500-fold shift in susceptibility to KAF179, a compound closely related to 
ganaplacide. The three proteins in which mutations were selected by ganaplacide or 
KAF179 are all predicted drug transporters located at the Golgi apparatus and endoplas
mic reticulum (ER) (15, 16). Studies with Saccharomyces cerevisiae showed that imidazo
lopiperazine-resistant clones carried mutations in proteins involved in ER-based lipid 
homeostasis and autophagy. It was proposed that imidazolopiperazines might inhibit 
protein folding, sorting, and trafficking, thus interfering with the establishment of new 
permeation pathways and leading to ER expansion (16, 17). Several studies showed 
mediation of resistance to compounds from other chemical classes by mutations in 
PfCARL and PfACT, suggesting that mutations in these proteins alter drug transport, but 
that the proteins are not the biochemical targets of imidazolopiperazines (16, 18, 19).

To gain insights into potential resistance to imidazolopiperazines in parasites 
circulating in Africa, we tested susceptibilities to ganaplacide in fresh isolates causing 
malaria in eastern Uganda. We also characterized parasite genotypes, searched for 
genotype-phenotype associations, and considered associations between susceptibilities 
to ganaplacide and lumefantrine, its proposed partner drug.

RESULTS

Ex vivo susceptibilities to ganaplacide

We collected 750 fresh P. falciparum isolates from patients presenting with uncomplica
ted malaria between 2017 and 2023 in Tororo, Busia, and Mbale districts, all in east
ern Uganda, and evaluated susceptibilities to ganaplacide. Half maximum inhibitory 
concentrations (IC50s) were determined using a SYBR green assay. Ugandan parasites 
were mostly highly susceptible to ganaplacide, with a median IC50 of 13.8 nM (Fig. 1A). 
However, susceptibilities varied over a broad range (IC50 1–426 nM), with IC50 > 100 nM 
for 31/750 (4.1%) of the isolates. For both ganaplacide and lumefantrine, susceptibilities 
of Ugandan isolates showed modest decreases in recent years, although results might 
have been affected by a slight loss of activity of stored compounds over time (Table S1).

Genotype-phenotype associations

Resistance of P. falciparum to ganaplacide has been linked to mutations selected in vitro 
in PfCARL, PfACT, and PfUGT. We characterized the genotypes of 1112 Ugandan isolates 
collected from 2015 to 2023, including 750 isolates for which ganaplacide IC50s were 
determined. PfCARL was highly polymorphic amongst Ugandan isolates (116 mutations; 
Table S2). Considering the 3D7 strain as a reference, eight mutations were found in 5% or 
more of Ugandan isolates, with one mutation, K903E, detected in all studied isolates (Fig. 
1B). None of these mutations have been previously shown to alter susceptibility to 
ganaplacide. Additionally, many parasites harbored duplications and deletions in PfCARL, 
especially in the regions spanning amino acids 245-246, 622-635, and 935-943. We 
identified 11 mutations in PfACT, of which 2 (I140V and T459I) were prevalent in over 
20% of parasites (Fig. 1C). We identified four mutations in PfUGT, all in ≤5% of parasites 
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(Table S2). Importantly, no mutations previously selected in vitro with ganaplacide 
pressure (8, 15, 16, 20) were seen in the Ugandan isolates. One PfCARL three codon 
duplication, N936dup, seen in 37 isolates, and one mutation, Q605L, seen in 26% of 
isolates, were associated with increases in ganaplacide susceptibility of borderline 
statistical significance (Table 1). A mutation in PfACT, P312S, was also associated with a 
significant increase in susceptibility. Isolates that carried the I140V mutation, seen in 25% 
of isolates, had a modest decrease in susceptibility compared to WT parasites (IC50 
12.5 nM for WT; 16.3 nM for mixed; 15.1 nM for mutant; WT vs mixed P = 0.01). Several 
isolates with mutations in the three transporter proteins had IC50s shifts >twofold, but 
determining statistical significance was limited by the small sample size (Table S3). 
Overall, Ugandan P. falciparum isolates were highly polymorphic in PfCARL and PfACT, 
with fewer mutations in PfUGT, but only one mutation (PfACT I140V) was associated with 
significantly decreased susceptibility to ganaplacide compared to that of wild-type 
parasites.

Correlations between susceptibilities to ganaplacide and lumefantrine

Ganaplacide is under development in combination with lumefantrine as a new treatment 
for uncomplicated malaria. Although there is to date no evidence that ganaplacide and 
lumefantrine share resistance mechanisms, we assessed correlations between suscepti
bilities to the two compounds in Ugandan ex vivo isolates. We identified a weak positive 
correlation (r = 0.32) between the susceptibilities of individual isolates, with most isolates 
highly susceptible to both ganaplacide and lumefantrine (Fig. 2).

We more deeply explored the genotypes of the seven isolates with the highest 
ganaplacide IC50s (Table 2). Isolates that displayed decreased susceptibility to gana
placide were generally highly susceptible (IC50 < 10 nM) to lumefantrine, except for 
two isolates that had IC50s of 211 nM and 224 nM for ganaplacide and 32.5 nM and 
28.8 nM for lumefantrine, respectively. Interestingly, four out of the seven isolates with 
remarkably low ganaplacide susceptibility carried the PfCARL G605L mutation, which 
was present in 26.8% of all studied isolates. The seven isolates did not carry any PfK13 
propeller domain mutations, which have recently been associated with artemisinin 

FIG 1 Susceptibilities to ganaplacide and mutations in resistance mediators of Ugandan parasites. (A) IC50s of individual 

isolates (gray dots). The horizontal line shows the median and whiskers the interquartile range. Mean IC50s of control parasites 

3D7 (red) and Dd2 (blue) are depicted as colored dots. Mutations in PfCARL (B) and PfACT (C) were observed in >5% of 

Ugandan P. falciparum isolates. Depicted are mutation frequencies of mixed (WT and mutant; blue) and mutant (red) isolates.

Full-Length Text Antimicrobial Agents and Chemotherapy

September 2024  Volume 68  Issue 9 10.1128/aac.00466-24 3

https://doi.org/10.1128/aac.00466-24


partial resistance in Uganda (5, 6), and only one out of these seven isolates carried the 
P. falciparum chloroquine resistance transporter (PfCRT) K76T mutation that mediates 
chloroquine resistance. All parasites carried five dihydrofolate reductase (PfDHFR) N51I/
C59R/S108N and dihydropteroate synthetase (PfDHPS) A437G/L540E mutations, and 
five out of seven carried the multidrug resistance protein 1 (PfMDR1) Y184F mutation, 

TABLE 1 Genotype-phenotype associations

Compound Mutation

IC50 (nM)
(Na)

P-valueWT Mixed Mut

Ganaplacide PfCARL Q605L 12.6
(365)

15.0
(105)

8.5
(28)

0.03 (WT vs Mut)
0.26 (WT vs Mixed)

PfCARL N936dupb 13.3
(387)

9.4
(30)

7.9
(7)

0.05 (WT vs Mut)
0.42 (WT vs Mixed)

PfACT I140V 12.5
(420)

16.3
(103)

15.1
(46)

0.16 (WT vs Mut)
0.01 (WT vs Mixed)

PfACT P312S 13.4
(566)

2.7
(2)

NAc 0.03 (WT vs Mixed)

PfK13 C469Y 12.7
(491)

23.6
(5)

74.8
(1)

0.18 (WT vs Mixed)

PfK13 A675V 12.4
(486)

57.1
(3)

6.9
(2)

0.59 (WT vs Mut)
0.02 (WT vs Mixed)

PfK13 A578S 12.7
(473)

9.7
(8)

5.3
(5)

0.05 (WT vs Mut)
0.50 (WT vs Mixed)

aNumber of isolates with the indicated mutation considered for this analysis.
bDup, duplication.
cNA, not available (no fully mutant samples were collected).

FIG 2 Spearman rank correlation between susceptibilities of Ugandan parasites to lumefantrine and 

ganaplacide. Blue dots depict results for single isolates. The black line demonstrates the linear regression.

Full-Length Text Antimicrobial Agents and Chemotherapy

September 2024  Volume 68  Issue 9 10.1128/aac.00466-24 4

https://doi.org/10.1128/aac.00466-24


consistent with expected prevalences in Uganda (5). Overall, susceptibility results for 
ganaplacide and lumefantrine showed a modest positive correlation and genotype-phe
notype analysis did not reveal a significant association between the isolates with the 
highest ganaplacide IC50s and specific mutations in PfCARL or other resistance markers.

Susceptibilities to ganaplacide in isolates with artemisinin resistance 
mediating PfK13 mutations

The C469Y and A675V PfK13 mutations, which are validated markers of artemisinin 
partial resistance, have emerged in northern Uganda (5, 6). We tested whether these 
mutations were associated with altered susceptibilities to ganaplacide. Isolates harboring 
either the C469Y (four isolates; median IC50 18.2 nM; WT vs mutant P = 0.38) or A675V 
(three isolates; 22.9 nM; P = 0.72) mutation had lower susceptibilities than those for 
isolates with wild-type K13 sequences (12.0 nM; Fig. 3). Of note, two isolates that had 
both mutations, probably present in different parasites within a mixed isolate, had much 
lower susceptibility to ganaplacide (70.6 nM; P = 0.07), although the small numbers 
of mutant isolates limited this analysis. The PfK13 A578S mutation, which has been 
identified across Africa at low prevalence but has not been linked to artemisinin partial 
resistance, was associated with increased ganaplacide susceptibility (five isolates; median 
IC50 5.3 nM; WT vs mutant P = 0.05; Table 1).

DISCUSSION

The recent emergence of partial resistance to artemisinins in Africa underscores the 
urgent need for new antimalarials with novel modes of action (2–7). Ganaplacide is a 
promising drug candidate that does not appear to share mechanisms of action or 
resistance with available antimalarials. However, resistance to ganaplacide has been 
selected in vitro, and it is important to determine if parasites now circulating in Uganda 
are uniformly susceptible to the compound. We therefore studied the susceptibilities of 

TABLE 2 Susceptibilities of and mutations in P. falciparum isolates with unusually high ganaplacide IC50s

Parasite

IC50 (nM) Mutationsa

Ganaplacide Lumefantrine PfCARL PfK13 PfCRT PfMDR1 PfDHFR PfDHPS

MAS-172 427 6.7 G605L, N631Y H136N,

L189T,

T49S

– N6621del,

D650-N660del,

Y184F

N51I, C59R,

S108N

A437G,

K540E,

S436H

MAS-168 393 4.9 G605L, N206S,

N246dup, D226N,

I949V, L207I, K1150N,

K734M, Y366H

N142del,

L189T

R371I,

N75G,

D24Y,

L76T,

M74I,

S14N

N659-N661del,

N660-N661del,

N661del,

N661dup,

D650-N657del,

D650-N658del,

D650-N660del,

G968A,

Y184F

N51I, C59R,

S108N, I164L

A437G,

K540E,

S436H

MAS-240 250 4.7 G605L L258M – N658-N661del,

N659-N661del,

N6621dup, Y184F

N51I, C59R,

S108N

A437G,

K540E

MAS-169 247 4.6 – N142del – D1246Y, Y184F N51I, C59R,

S108N

A437G,

K540E

PBC-548_09Nov22 244 6.2 NA NA NA NA NA NA

PBC-685_09Nov22 224 28.8 – – – – N51I, C59R

(S108N:NA)

A437G,

K540E

PBC-308 211 32.5 G605L – – Y184F N51I, C59R,

S108N

A437G,

K540E
aDel, deletion; dup, duplication; NA, not available; –, no mutation.
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fresh isolates from eastern Uganda. Isolates were mostly highly susceptible to ganapla
cide. Although known resistance mediators were polymorphic, previously selected 
resistance mutations were not seen, and only four polymorphisms identified in PfACT 
and PfCARL in Ugandan isolates were modestly associated with altered susceptibility to 
ganaplacide.

Our analysis of 750 Ugandan isolates showed mostly excellent activity of ganaplacide, 
with a median IC50 of 13.8 nM, similar to that seen with laboratory strains of P. falciparum 
(8). However, we observed variability in activities, with up to 31-fold differences in IC50s 
between isolates. This raised the question of whether mutations in PfCARL, PfACT, or 
PfUGT, the proteins shown to mediate resistance in vitro, drove differences in suscepti
bility. Analysis of these three predicted transporters in Ugandan isolates showed that 
PfCARL was highly polymorphic, with lower numbers of polymorphisms in PfACT and 
PfUGT. Importantly, none of the mutations identified in the field isolates were those 
previously selected by in vitro drug pressure or reported to be associated with altered 
drug susceptibility. Two polymorphisms in PfCARL were significantly associated with 
increased susceptibility to ganaplacide. One of these, the N936 duplication, was in a low 
complexity region with many asparagine repeats and the other was a Q605L mutation. 
Curiously, the Q605L mutation was also seen in multiple isolates with unusually low 
susceptibilities, so true associations with ganaplacide susceptibility are uncertain. Several 
mutations in PfCARL that were seen in isolates with lower ganaplacide susceptibility 
were located in the predicted VHS (Vsp-27, Hrs, and STAM) domain of PfCARL, which 
potentially plays a role in cargo recognition and trans-Golgi trafficking (16, 21). This 
result suggests a potential role for these mutations in mediating altered ganaplacide 
activity, but the few mutant samples available for study limited our ability to characterize 
the impact of these mutations. In contrast, ganaplacide-resistance conferring mutations 
selected previously in vitro were mostly in or near the seven transmembrane regions 
(located within bp 790–1,283) of PfCARL (16). We identified one mutation, L1142I, in 

FIG 3 Ganaplacide susceptibilities of Ugandan P. falciparum isolates with validated K13 mutations. Dots 

depict single isolates and bar graphs the median IC50s.

Full-Length Text Antimicrobial Agents and Chemotherapy

September 2024  Volume 68  Issue 9 10.1128/aac.00466-24 6

https://doi.org/10.1128/aac.00466-24


the fifth transmembrane domain of PfCARL in the Ugandan isolates, but this mutation 
was at low prevalence, only found in mixed isolates, and not associated with gana
placide activity (Table S2). The PfACT I140V mutation, which was associated with a 
significant, albeit modest decrease in ganaplacide susceptibility, is located near the 
fourth transmembrane domain of the protein. Most PfACT mutations selected in vitro by 
drug pressure and found to be associated with decreased susceptibility to ganaplacide 
were located in or near transmembrane domains, potentially indicating that the PfACT 
I140V mutation seen in Ugandan isolates could play a role in ganaplacide susceptibility. 
It will be of interest to introduce naturally occurring PfCARL and PfACT mutations into 
P. falciparum strains to determine if they lead to altered ganaplacide activity and/or 
parasite fitness.

A phase II clinical trial confirmed the safety, tolerability, and efficacy of ganapla
cide plus lumefantrine in the treatment of uncomplicated P. falciparum malaria (9). 
We identified a slight positive correlation between susceptibilities to these two drugs. 
Although there is no evidence for shared resistance mechanisms between ganapla
cide and lumefantrine, these results suggest the need for continued study to identify 
mechanisms that might mediate decreased susceptibility to both compounds. This is 
relevant, as modest decreases in susceptibility to lumefantrine have been identified 
among Ugandan P. falciparum isolates collected in recent years (22, 23), and treatment 
failures have been noted when activities of both components of a combination are 
compromised, e.g., with sulfadoxine-pyrimethamine or dihydroartemisinin-piperaquine 
(24, 25).

With the recent emergence of artemisinin partial resistance in eastern Africa (3–6, 26), 
it is important to determine if PfK13 mutations that mediate resistance are associated 
with altered activities of other drugs. Indeed, the PfK13 C469Y mutation was strongly 
associated with decreased lumefantrine susceptibility in Ugandan isolates (23). We 
compared the susceptibilities of isolates with PfK13 C469Y and A675V mutations to those 
of isolates with PfK13 WT alleles at these loci. The two PfK13 mutations were associated 
with modest decreases in the activity of ganaplacide, but the small number of samples 
available for study limited our analysis. With the predicted spread of multiple PfK13 
mutations that mediate artemisinin partial resistance it will be important to continue 
to assess the potencies and clinical activities of new antimalarial compounds, such as 
ganaplacide, against P. falciparum isolates with a range of genotypes.

Our study had limitations. Most importantly, testing ex vivo susceptibilities of fresh 
clinical isolates necessarily only allows for one measurement. Potentially spurious 
findings could not be confirmed with a repeat assay, and some unusual results (e.g., 
ganaplacide IC50s > 200 nM) may have been due to limited compound solubility or other 
factors not indicative of true drug resistance. Second, control strains were tested monthly 
and not with every assay, further limiting our ability to identify spurious readings. Third, 
the frequencies of some studied genetic polymorphisms were low, limiting the power 
to detect meaningful associations despite studying a large number of samples. Despite 
these concerns, our testing of a large number of samples over a long period offers 
assurance that our composite results accurately represent the ganaplacide susceptibili
ties of Ugandan clinical isolates.

Ganaplacide is a promising antimalarial drug candidate, and ganaplacide-lumefan
trine is entering phase III trials for the treatment of uncomplicated malaria. Studies of 
ganaplacide susceptibilities and the genetic diversity of resistance markers in parasites 
circulating in Africa are vital to inform drug development strategies. Our data show 
that ex vivo susceptibility to ganaplacide was mostly excellent in Ugandan P. falciparum 
isolates. Some isolates with reduced susceptibility were observed, but altered suscepti
bility was not explained by differences in known parasite resistance markers. Our results 
support the development of ganaplacide as a new drug to treat malaria but also 
continued surveillance for potential selection of resistance during phase III trials and 
subsequent deployment as a new antimalarial agent.
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MATERIALS AND METHODS

Samples for study

Subjects over 6 months of age presenting between December 2015 and April 2023 
at three outpatient clinics in eastern Uganda (Tororo District Hospital, Tororo District; 
Masafu General Hospital, Busia District; or Busiu Health Center, Mbale District) or enrolled 
in cohort studies in this area with clinical suspicion for malaria and a positive Giemsa-
stained blood film for P. falciparum and without signs of severe disease were enrolled 
after informed consent, as previously described (27). About 12 isolates were collected 
and studied each month. Blood was collected in a heparinized tube after which, 
following national guidelines, patients were treated with artemether-lumefantrine.

Ex vivo drug susceptibility assays

A total of 750 samples, collected from 2017 to 2023, were processed and drug suscepti
bility assays were performed as previously described (22, 27, 28). In brief, samples with 
parasitemias ≥0.3% were placed into the culture after the removal of plasma and buffy 
coat. Aliquots of blood samples were stored on Whatman 3 MM filter paper or placed 
into RNAlater (Invitrogen) and stored at −20°C. Ganaplacide and lumefantrine, provided 
by Medicines for Malaria Venture, were prepared as 10 mM stock solutions in dimethyl 
sulfoxide and stored at −20°C.

For susceptibility assays, drugs were serially diluted threefold (range 1 uM to 
0.05 nM for ganaplacide and lumefantrine) in complete media and parasites were 
added (parasitemia 0.2% and hematocrit 2%). Drug-free and parasite-free controls were 
included. Plates were incubated for 72 hours in a humidified modular incubator under 
90% N2, 5% CO2, and 5% O2 at 37°C. Parasite growth was quantified based on SYBR 
Green fluorescence (485 nm excitation/530 nm emission). Dd2 and 3D7 laboratory 
control strains (BEI Resources) were assessed monthly. IC50s were derived and variability 
in results was assessed as previously described (27).

Sequencing of Ugandan P. falciparum DNA

DNA from dried blood spots was extracted using Chelex-100. RNA was extracted from 
samples stored in RNAlater using the PureLink RNA Mini Kit (Invitrogen) before treatment 
with DNAseI (NEB). cDNA was reverse transcribed using the SuperScript IV First-Stand 
Synthesis kit (Invitrogen) according to the manufacturer’s protocol using hexamer 
primers.

For all samples, sequences of pfcarl and pfact were determined using molecular 
inversion probe (MIP) capture and deep sequencing (5, 28, 29). Experimental design, 
probes, and primers (Table S5) were used as described previously (5, 28, 29).

Dideoxy sequencing was performed for intron-rich regions that did not yield good 
quality sequences by MIP analysis when either gDNA (for pfugt) or RNA (for pfcarl and 
pfact) was available. The genes encoding PfACT, PfUGT, and the c-terminal region of 
PfCARL were amplified by PCR using sequence-specific primers (Table S4). PCR prod
ucts were purified with Ampure beads (Beckman Coulter) and sequenced by dideoxy 
techniques. Sequences were analyzed with CodonCodeAligner (CodonCode Corporation) 
based on the 3D7 reference sequence.

Statistical analyses

Associations between genotypes and drug susceptibilities were analyzed with the 
Wilcoxon test using R. Associations between IC50 values for lumefantrine and ganapla
cide were assessed with the Spearman’s rank test using R studio. The direction and 
magnitude of associations between IC50 values were quantified with Spearman’s rank 
correlation coefficient (P = 2.2e−16). The statistical tests were two-tailed and considered 
significant at P ≤ 0.05. Drug susceptibility trends over time were analyzed with the 
Mann-Kendall package in R.
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