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Abstract

Background: The Plasmodium falciparum chloroquine transporter gene (pfcrt) is known to be involved in chloro-
quine and amodiaquine resistance, and more particularly the mutations on the loci 72 to 76 localized within the
second exon. Additionally, new mutations (T93S, H97Y, C101F, F1451, M343L, C350R and G353V) were recently shown
to be associated with in vitro reduced susceptibility to piperaquine in Asian or South American P, falciparum strains.
However, very few data are available on the prevalence of these mutations and their effect on parasite susceptibility
to anti-malarial drugs, and more particularly piperaquine in Africa.

Methods: A molecular investigation of these mutations was performed in 602 African P, falciparum parasites col-
lected between 2017 and 2018 on malaria patients hospitalized in France after a travel in African countries. Associa-
tions between genotypes and in vitro susceptibilities to piperaquine and standard antimalarial drugs were assessed.

Results: None of the mutations, previously described as associated with piperaquine resistance, was found in the
602 P falciparum African isolates. The K76T mutation is associated with resistance to chloroquine (p < 0.0002) and
desethylamodiaquine (p < 0.002) in Africa. The K76T mutation is not associated with in vitro reduced susceptibility to
piperaquine. The mutation 13567, identified in 54.7% (n = 326) of the African isolates, was significantly associated with
reduced susceptibility to quinine (p < 0.02) and increased susceptibility to mefloquine (p < 0.04). The K76T and 1356T
mutations were significantly associated in West African isolates (p = 0.008).

Conclusion: None of the mutations in pfcrt found to be associated with piperaquine reduced susceptibility in Asia or
South America (T93S, H97Y, C101F, F145I, M343L C350R and G353V) were found in the 602 African isolates including
the three isolates with reduced susceptibility to piperaquine. The K76T mutation, involved in resistance to chloroquine
and amodiaquine, and the 1356T mutation were not associated with in vitro reduced susceptibility to piperaquine.
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Differences in mefloquine susceptibility between 1356 and 356T isolates were, while statistically different, minimal.
Further analyses are needed with a more important sample size from the same geographic area to confirm the role of

the 1356T mutation on quinine susceptibility.
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Background

The Plasmodium falciparum chloroquine transporter
gene (pfcrt) has been under different drugs pressure dur-
ing parasites evolution for decades. As a result, acquisi-
tion of mutations for adaptation has emerged. These
mutations induce an alteration of membrane protein
physiochemical properties modifying vacuolar traffic of
these drugs in resistant parasites [1]. Quinoline-based
compounds like chloroquine, amodiaquine, mefloquine,
primaquine, and piperaquine share a similar structure
[2]. The common and widely spread mutations on pfcrt
gene associated with resistance are localized within its
second exon. Precisely, chloroquine resistance was asso-
ciated with mutations on the loci 72-76 [1, 3]. The K76T
mutation was associated with chloroquine resistance and
used as molecular marker to survey chloroquine resist-
ance in epidemiological studies [3]. But mutations on
other loci were also found to be involved either as ampli-
fying the resistance or as compensatory mutations for the
fitness cost [4].

Since 2005, the World Health Organization (WHO) has
recommended artemisinin-based combination therapy
(ACT) as the first-line treatment against malaria. How-
ever, P falciparum parasites resistant to artemisinin
derivatives rapidly emerged in Southeast Asia, and more
particularly in western Cambodia, Myanmar, Thailand
and Laos [5, 6]. More recently, the emergence of P. fal-
ciparum resistance to dihydroartemisinin-piperaquine
was observed in Cambodia, where recrudescent infec-
tions had rapidly increased [7-9], and then in Vietnam
[10, 11]. Duplication of the P. falciparum Plasmepsin 2
gene (pfpm2), encoding a protease involved in haemo-
globin degradation, has been found to be associated with
reduced in vitro susceptibility to piperaquine in Cambo-
dian P, falciparum parasites and with dihydroartemisinin-
piperaquine failures in Cambodia [12, 13]. However, the
involvement of pfpm?2 in piperaquine resistance seems
controversial in Africa [14]. Parasites from patients suc-
cessfully treated with dihydroartemisinin-piperaquine
could carry with two copies of pfpm2 while only a sin-
gle copy of pfpm2 was detected in isolates collected in
imported malaria cases after dihydroartemisinin-pipe-
raquine failures or in P. falciparum isolates with in vitro
reduced susceptibility to piperaquine [15-20]. All these
data suggest that pfpm2 would not be the only gene that

explains the resistance to piperaquine in Africa. Muta-
tions in pfcrt could be involved in piperaquine resist-
ance. The K76T mutation seems to be not associated
with in vitro reduced susceptibility to piperaquine [21].
However, several new mutations in pfcrt were found to be
associated with piperaquine reduced susceptibility. Pipe-
raquine resistance, selected by in vitro continuous pipe-
raquine pressure on P. falciparum Dd2, was associated
with the C101F mutation in pfcrt on the same exon where
the loci 72-76 are located [22, 23]. In 2012 in French
Guiana, dihydroartemisinin-piperaquine has not been
yet officially recommended as first-line treatment against
malaria but was used as self-medication by illegal gold
miners in rainforest. Many years after the withdrawal of
chloroquine as P. falciparum treatment, but still used for
the treatment of P vivax malaria, the prevalence of the
mutant haplotype SVMNT (residues 72-76 in PfCRT)
remained high (97.5%). In this context, the mutation
C350R on pfcrt emerged in 2002 to reach a prevalence of
58% in 2012. This mutation was involved in the decrease
of in vitro susceptibility to piperaquine with a restoration
of chloroquine susceptibility [23]. In Cambodia, Agrawal
and colleagues identified the substitution of phenylala-
nine by isoleucine on the locus 145 (F145I) associated
with a decrease in piperaquine susceptibility [25]. In a
context of dihydroartemisinin-piperaquine resistance
in Cambodia and high prevalence of K13 C580Y muta-
tion associated with artemisinin resistance, new pfcrt
mutations (H97Y, M343L, and G353V) were revealed
to induce in vitro piperaquine resistance [26, 27]. Treat-
ment failures with dihydroartemisinin-piperaquine were
associated with T93S, H97Y, F145I and I218F mutations
in PfCRT and with plasmepsin 2/3 amplification in Cam-
bodia, Thailand and Vietnam [28, 29]. Many other muta-
tions were found in pfert but few were investigated for
their association with anti-malarial drug resistance. The
mutation I356T/L for instance is often found both on
Asian or South-American parasites [30, 31].

These data suggest that parasite susceptibility to pipe-
raquine is affected by some of these mutations in South-
east Asia and South America. However, very few data are
available on the prevalence of these mutations and their
effect on parasites susceptibility to piperaquine in Africa.
It would, therefore, be essential to study these loci to pro-
vide more information on African parasites genotypes



Foguim et al. Malar J (2020) 19:201

and piperaquine susceptibility. To this end, a molecular
epidemiologic study of pfcrt genotypes was conducted
on 602 African P falciparum parasites collected from
different countries. The association between these muta-
tions and ex vivo susceptibility to piperaquine (PPQ)
was assessed. Association with resistance to other com-
mon antimalarial drugs, such as chloroquine (CQ), qui-
nine (QN), dihydroartemisinin (DHA), artesunate (AS)
monodesethylamodiaquine (DQ), mefloquine (MQ),
lumefantrine (LMF) and pyronaridine (PND) was also
evaluated.
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Methods

Sample collection

A retrospective analysis was performed on 602 African
P. falciparum samples collected between January 2017
and October 2018 on malaria patients hospitalized in
France after a travel in sub-Saharan African countries
(Table 1). The samples were sent from different civil-
ian or military hospitals of the French National Ref-
erence Centre for Imported Malaria network (Aix en
Provence, Bordeaux, Lyon, Marseille, Montpellier, Nice,
Toulon and Toulouse) to the French National Reference

Table 1 Number of 1256T and K76T mutations per regions and countries

Regions/countries

Allele 1356 or 356T (number of samples)

Allele K76 or 76T (number of samples)

1356 Mixed 356T Total K76 Mixed 76T Total
West Africa 145 17 139 301 197 13 68 278
Benin 1 6 13 2 1 6 9
Burkina Faso 1 10 20 16 1 2 19
Gambia 1 0 0 1 0 0 1 1
Ghana 2 0 4 6 6 0 0 6
Guinea 24 5 19 48 17 5 27 49
Ivory Coast 70 6 65 141 115 3 13 131
Mali 4 0 4 8 3 1 3 7
Niger 5 0 6 11 8 0 0 8
Nigeria 6 2 8 16 6 0 7 13
Senegal 7 2 4 13 6 2 5 13
Sierra Leone 1 0 3 4 3 0 3 6
Togo 9 0 10 19 15 0 1 16
Cape Verde 1 0 0 1
Central Africa 101 12 116 229 179 10 40 229
Angola 0 0 2 2 2 0 0 2
Cameroon 54 4 65 123 106 4 15 125
Central African Republic 14 0 20 34 32 0 0 32
Chad 5 0 Nl 16 10 2 2 14
Congo 11 4 8 23 8 2 13 23
Gabon 17 4 10 31 21 2 10 33
East Africa 7 0 3 10 9 0 2 11
Burundi 1 0 1 2 1 0 1 2
Djibouti 1 0 1 2 1 0 1 2
Ethiopia 1 0 0 1 1 0 0 1
Mozambique 1 0 1 2 3 0 0 3
Sudan 1 0 0 1 1 0 0 1
Tanzania 2 0 0 2 2 0 0 2
Indian Ocean 12 0 23 35 31 1 1 33
Comoros 9 0 20 29 26 0 1 27
Madagascar 3 0 3 5 1 0 6
Maghreb 1 1 0 1 0 0 1
Morocco 1 1 0 1 0 0 1
Unknown origin 10 2 13 25 16 2 8 26
Total 276 32 294 602 433 26 119 578
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Centre for Malaria (IRBA, IHU Méditerranée Infection,
Marseille, France).

Nucleic acid extraction

DNA extraction for each sample was performed and
purified using the QIAamp® DNA Mini kit according to
the manufacturer’s recommendations (Qiagen, Hilden,
Germany).

pfcrt genotyping

Two fragments of the pfcrt gene (PF3D7_0709000) were
amplified. The first fragment of 840 nucleotides includ-
ing the exons 2, 3 and part of exon 4 and covering the
positions 72-76, 93, 97, 101, 145, 146, 158 and 159 was
amplified by PCR using the primers pairs: 5-GAT-GGC-
TCA-CGT-TTA-GGT-GGA-3' and 5-TGT-TAC-AAC-
AAT-AAT-AAC-TGC-TCC-G-3'. The second fragment
of 339 nucleotides including the exon 10 and covering
the positions 343, 350, 353 and 356 was amplified using
the primer pairs: 5-CCA-TAT-AAT-TTT-TCA-TTT-
TC-3’ and 5-GTT-CTC-TTA-CAA-CAT-CAC-3'. The
reaction mixture for PCR contained 200 ng of genomic
DNA, 0.32 uM of each primer, 1X final of reaction
buffer (750 mM Tris-HCI, 200 mM (NH4),S04, 0.1%
(v/v) Tween 20 and stabilizer, pH 8.8), 2.5 mM MgCl2,
200 pM of ANTP mixture (Euromedex, Souffelweyer-
sheim, France) and 0.2 U of Hot Diamond Taq® polymer-
ase (Eurogentec, Liége, Belgium) in a final volume of 25
pL. For the first fragment, the thermal cycler (Life Eco V
2.04; Bioer, China) was programmed as follows: 95 °C for
5 min, 40 cycles of 95 °C for 30 s, 65 °C of hybridization
temperature for 1 min, elongation at 65 °C for 1 min 30s,
and a final 10-min extension step at 65 °C. The amplifica-
tion programme for the second fragment was 95 °C for
5 min, 40 cycles of 95 °C for 30 s, hybridization tempera-
ture 46 °C for 45 s, elongation at 68°C for 1 min, and a
final 10 min extension step at 68 °C. To cover the muta-
tions T93S, H97Y and C101F, the purified amplicons
were sequenced by the amplification forward primer
of the first fragment and the mutations F145I, 1146L,
F158L and V159S were sequenced using the primer
5-TTA-GGA-ACG-ACA-CCG-AAG-C-3'. To cover the
mutations M343L, C350R and 13567, the amplified sec-
ond fragment was purified and sequenced using the for-
ward primer. Sequencing was performed on ABI Prism
3100 analyser (Applied Biosystems, Villebon sur Yvette,
France) according to the manufacturers’ instructions.
Base calling was implemented on Vector NTT 10.3.0 soft-
ware (Invitrogen, Cergy Pontoise, France). Poor-quality
sequences were either re-sequenced or discarded and
repeat polymorphisms were retained for analysis if clean
individual peaks were observed in the electropherogram.
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Drugs and ex vivo assay
The drug susceptibility assays were performed using
the HRP2 ELISA-based assay Malaria Ag Celisa kit (ref
KM2159, Cellabs PTY LDT, Brookvale, Australia) as pre-
viously described [32].

Each batch of plates was validated using the CQ-
resistant W2 strain (isolated from Indochina; MRA-
157 obtained from MR4, VA, USA) in four independent
experiments. The mean 50% inhibitory concentration
(ICsp) values for all the batches used over 2 years were
495 + 45 nM for CQ, 401 £ 36 nM for QN, 93 £+ 17 nM
for DQ, 23.9 &+ 3.4 nM for MQ, 57.1 + 5.6 nM for PPQ,
18.6 & 3.1 nM for PND, 2.4 + 0.4 nM for DHA and 1.6
£ 0.4 nM for AS. A comparison of the W2 anti-malar-
ial susceptibility data between the different batches of
plates indicated that there was no significant difference
in the responses to anti-malarial drugs over the 2 years
(0.625 < p <0.990).

The polymorphic genetic markers mspl and msp2 and
microsatellite markers specific to P. falciparum W2 were
genotyped at least once a month to verify W2 clonality as
previously described [33-35].

Data management and statistical analysis

IC,, values were calculated with the inhibitory sigmoid
E .« model, with estimation of the IC;, through non-
linear regression using a standard function of the R soft-
ware ICEstimator version 1.2 (http://www.antimalari
al-icestimator.net/). ICy,s estimates values and sequences
analysis were collected and analyzed on excel sheets
and GraphPad Prism (V7.0a). Samples were grouped by
regions for analysis to reflect parasites population struc-
ture sharing the same genetic background. The median of
the IC,, values was calculated for parasites with identi-
cal genotypes. Comparison between groups was imple-
mented with Mann-Whitney test. Proportions were
compared by Chi square test or Fisher exact test depend-
ing on sample size at significance level of 0.05.

Results

pfcrt mutations

No mutations were detected on the loci 93, 97, 101, 145,
146, 158, 159, 343 and 350 among the 602 P. falciparum
samples. Polymorphism on the locus 356 (I356T) was
found in 54.7% (n = 326) of samples (mutants and mixed
infection). More precisely, 276 isolates (45.8%) car-
ried the wild type (I356) allele, 294 isolates (48.8%) car-
ried the mutant allele (356T) and 32 isolates (5.4%) were
mixed with both wild type and mutant allele (Table 1).
Among the 578 samples tested for the 72—76 haplotype
(24 were not genotyped successfully), the overall pro-
portion of wild allele K76 was 74.9% (n = 433) versus


http://www.antimalarial-icestimator.net/
http://www.antimalarial-icestimator.net/

Foguim et al. Malar J (2020) 19:201

20.6% (n = 119) for mutant allele 76T and 4.5% (n = 26)
for mixed populations (K76 and 76T) (Table 1). Details
of I356T and K76T mutations per country are presented
in Table 1. The majority of samples were from West
African followed by Central African countries. Because
other regions had low samples size, only West African
and Central African samples were considered for further
analysis. No association between K76T and 1356T muta-
tions was found for Central African isolates (n = 209, p
= 0.1) while for West African isolates, there was a signifi-
cant association found (n = 248, p = 0.008).

Drug susceptibility

On the 602 samples collected, 296 isolates (117 from
West Africa and 113 from Central Africa) were success-
fully evaluated in vitro. Values of IC;, estimates ranged
from 0.7 nM to 544.0 nM for PPQ (mean = 27.9 nM),
4.1 nM to 474.2 nM for CQ (mean = 59.6 nM), 6.2 nM
to 906.3 nM for QN (mean = 179.6 nM), 0.5 nM to
61.5 nM for LMF (mean = 5.2 nM), 2.5 nM to 185.1 nM
for DQ (mean = 31.2 nM), 0.6 nM to 133.5 nM for MQ
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mean = 30.5 nM), 0.2 nM to 119.3 nM for PND (mean

= 16.4 nM), 0.2 nM to 18.5 nM for DHA (mean =
3.8 nM) and 0.2 nM to 64.0 nM for AS (mean = 2.6 nM)
(Fig. 1). Based on the cut-off values for reduced in vitro
susceptibility to CQ (100 nM), QN (800 nM), DQ
(80 nM), MQ (30 nM), LMF (150 nM), PPQ (135 nM),
(PND 60 nM), DHA and AS (10.5 nM) [36, 37], a pro-
portion of samples had an in vitro reduced susceptibil-
ity to CQ (16.3%) and MQ (40.2%).

IC;, values were classified in 2 groups based on their
genotype for the locus 356. The average parameters
estimates of IC, values for wild type (1356) and mutant
allele (356T) for samples from West African and Cen-
tral African countries are given in Table 2. There was a
significant difference between the alleles 1356 or 356T
and ICy, median values of QN (p = 0.001) and MQ (p
= 0.01) in West African group and QN (p = 0.02), CQ
(p = 0.01), and MQ (p = 0.04) in Central Africa group
(Table 2).

Parasites harbouring the K76T mutation were signifi-
cantly less susceptible to CQ (p < 0.0002) and DQ (p <

cQ* QN*

DQ LMF

Central_Africa West_Africa Central_Africa West_Africa

Central_Africa West_Africa Central_Africa West_Africa

DHA AS

West_Africa Central_Africa West_Africa

Central_Africa Central_Africa West_Africa

PND*

Central_Africa West_Africa

i T i T

Fig. 1 Dot plot of the ICy, values distribution of P falciparum isolates from West Africa and Central Africa for chloroquine (CQ), quinine (QN),

desethylamodiaquine (DQ), lumefantrine (LMF), mefloquine (MQ), piperaquine (PPQ), dihydroartemisinin (DHA), artesunate (AS) and pyronaridine
(PND) according to 1356T. Each dot represents the log10(ICsy) for each isolate, red dots represent wild type 1356 isolates (1), blue dots mutant 356T
isolates (T) and yellow dots the log10(median ICs) value for each drug. The y-axis represents the log10(ICs,) in nM. * Significant differences were
found between wild type (1356) and mutant (356T) in West Africa (ON: p = 0.001, MQ: p = 0.01, PND: p = 0.005) and in Central Africa (ON: p = 0.02,
MQ: p = 0.04,CQ: p = 0.01)
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Table 2 IC,, average parameters in nM for wild type (1356) and mutant (356T) P. falciparum isolates from West Africa
and Central Africa for piperaquine (PPQ), quinine (QN), mefloquine (MQ), chloroquine (CQ), lumefantrine (LMF),
desethylamodiaquine (DQ), pyronaridine (PND), dihydroartemisinin (DHA) and artesunate (AS)

Drugs West Africa Central Africa
Wild type 1356 Mutant 356T pvalue Wild type 1356 Mutant 356T p value
Median (no) Min-Max Median (no) Min-Max Median (no) Min-Max Median (no) Min-Max
PPQ 22.2(49) 6.8-76.3 19.9 (66) 1.2-544 032 24.5(36) 4.1-79 214 (70) 0.67-96.3 04
ON 69.1 (49) 11.7-906.3 162.6 (68) 6.2-590.5 0.001 98.2 (36) 17.6-365.2 183.4(73) 28.9-5384  0.02
MQ 304 (49) 2.9-89.8 224 (67) 0.8-1006 001 333 (38) 0.7-97.9 21.5(72) 062-1339 004
cQ 374 (49) 6.2-283.2 26.5 (68) 55-3595 0.1 42.8(39) 4.1-474.2 26.9 (73) 5.79-325 0.01
LMF 3.0(49) 0.5-61.54 4.0 (68) 0.6-182 0.6 2.8 (40) 0.6-15.5 3.6(73) 0.55-224 0.5
DQ 9.2 (49) 34-169.2 27.1 (68) 25-185.1 0.07 22.8 (40) 51-1528 20.8(73) 47-1529 04
PND 8.8 (48) 1.2-50.1 14.5 (66) 0.7-119.3  0.005 11.1(38) 3.9-41 12.3(67) 0.2-479 0.8
DHA 2.9 (49) 04-83 3.1 (68) 0.2-12.8 09 3.5 (40) 0.7-7.7 2.1(73) 047-11.1 0.08
AS 1.8 (49) 04-1548 1.8 (67) 0.2-9.8 0.6 2539 0.6-5.7 1.7 (77) 0.29-30.2 0.05

West Africa: Benin, Burkina Faso, the Gambia, Ghana, Guinea, Ivory Coast, Niger, Mali, Nigeria and Togo

Central Africa: Cameroon, Central African Republic, Chad, Gabon and Republic of Congo
Italic p values refers to significant difference (p < 0.05)

Table 3 IC;, average parameters in nM for wild type (K76) and mutant (76T) P. falciparum isolates from West Africa
and Central Africa for piperaquine (PPQ), quinine (QN), mefloquine (MQ), chloroquine (CQ), lumefantrine (LMF),

desethylamodiaquine (DQ), pyronaridine (PND), dihydroartemisinin (DHA) and artesunate (AS)

Drugs West Africa Central Africa
Wild type K76 (n = 76) Mutant 76T (n = 27) p value Wild type K76 (n = 82) Mutant 76T (n = 14) p value
Median Min-Max Median Min-Max Median Min-Max Median Min-Max
cQ 232 55-2296 1526 7.9-381 4.295E—10 28.7 5.1-4744 1131 14.2-325 0.0002
DQ 19.3 2.5-185.1 46.2 6.5-169.2 0.0002 20.1 47-858 329 16.3-152.9 0.002
QN 1386 6.2-906.3 163.8 36.7-586 0.2 1439 28.9-5384 180.1 17.6-503 052
LMF 39 0.5-316 35 0.5-61.5 03 3.1 0.5-273 49 0.6-14.2 0.758
MQ 25.2 0.8-89.8 26.2 29-76.7 0.8 23.7 1.04-86.6 409 0.7-92.3 0.11
DHA 29 0.2-12.8 2.8 0.5-8.2 09 29 0.5-185 29 0.7-6.5 0.78
PND 11.8 1.1-1193 133 1.9-50.2 0.7 1.3 0.2-46.6 12.3 2.7-40.8 0.99
AS 1.8 0.3-64 2.1 04-73 0.8 19 0.3-30.2 3.0 0.6-59 0.36
PPQ 20.2 1.2-789 286 7.4-544 0.08 206 0.7-84.6 209 34-67.1 0.82

West Africa: Benin, Burkina Faso, Gambia, Ghana, Guinea, Ivory Coast, Niger, Mali, Nigeria and Togo

Central Africa: Cameroon, Central African Republic, Chad, Gabon and Republic of Congo

Italic p values refers to significant difference (p < 0.05)

0.002) in Africa (Table 3). PPQ susceptibility was not sig-
nificantly associated with the K76T mutation.

Discussion

Understanding the genetic profile of drug resistance
genes in P falciparum malaria in endemic countries is
essential. Knowing the predominant genotype circulat-
ing in a country or a region provide to policy makers a
valuable information for the treatment regiments to

be adopted depending on the predominant resistance
genetic marker.

Mutations within the pfcrt haplotype 72-76 are known
to confer resistance to chloroquine and other quino-
line drugs, like amodiaquine and lumefantrine [1, 3, 38,
39]. As already documented many dozens of times, the
present results show that the K76T mutation is associ-
ated with in vitro resistance to chloroquine and deseth-
ylamodiaquine and is an excellent molecular marker of
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resistance to chloroquine and amodiaquine for resistance
monitoring in Africa. In contrast, the K76T mutation did
not appear to be associated with in vitro reduced sus-
ceptibility to piperaquine (Table 3), confirming previous
results [21, 38].

Previous studies found several new mutations in pfcrt
associated with piperaquine reduced susceptibility, like
the mutations T93S, H97Y, C101F, F145I, M343L and
G353V in Cambodian parasites [22, 23, 25-29] and
C350R in isolates from French Guiana [24] and Suri-
name [30]. However in studies on African P. falciparum
samples, there was no report of identification of these
mutations [39, 40]. None of these mutations was identi-
fied in the present 602 African isolates. These data sug-
gest a very low prevalence of these mutations in African
parasites, certainly due to the very low prevalence of P
falciparum parasites resistant to piperaquine in Africa.
The present results suggest that susceptible parasites to
piperaquine do not carry these mutations before selec-
tion pressure. The three isolates with piperaquine ICy,
above the threshold of reduced susceptibility (135 nM)
carried none of these mutations. Moreover, the absence
of mutation on codon 93, 97, 101, 145, 146, 158, 159, 343
and 350 suggest that these mutations are not associated
with in vitro resistance to amino-quinoline (chloroquine,
amodiaquine) or amino-alcohol compounds (meflo-
quine) in Africa.

The mutation I356T found in 54.7% of isolates in the
present work was already identified. The I356T mutation
was previously reported at a rate of 24% in P. falciparum
parasites from Malaysia [41]. In a local and global epide-
miological study on global spread of mutant PfCRT, the
I356T mutation was found in 12.6% of the P. falciparum
isolates tested in Africa in 2011-2012 and mainly in the
Gambia (78.7%) and the Democratic Republic of Congo
(36.5%), and in 70.1% of isolates from Asia and from
Thailand (99.2%) and Cambodia (67.7%) [42]. The 1356T
mutation was detected in 2.4% of isolates, as mixed infec-
tions (I356 and 356T alleles) collected before artemether-
lumefantrine treatment in Uganda in 2014 [43]. This
mutation was not found in P, falciparum positively iso-
lates after artemether-lumefantrine treatment. A differ-
ent amino acid substitution on the locus 356 (I356L) was
also found in isolates from Latin America [1, 30], but this
mutation was absent the present 602 African isolates.
However, this mutation was not observed in isolates from
Suriname [30].

The present study shows that the mutation I356T
seems to be involved in quinine and mefloquine suscep-
tibilities in African P. falciparum parasites. The mutation
I356T is significantly associated with reduced susceptibil-
ity to quinine and increased susceptibility to mefloquine
(Table 2). This mutation is also significantly associated
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with increased susceptibility to chloroquine but only in
isolates from Central Africa. Additionally, this mutation
is significantly associated with decreased susceptibility
to pyronaridine but only in West African parasites. This
mutation is not associated with piperaquine susceptibil-
ity, arguing against a role for residue 356 in modeling P
falciparum susceptibility to piperaquine. These data con-
firm the results of Dhingra et al. [42], that showed no
difference in the survival of P. falciparum parasites with
the FCB (1356) and Dd2 (356T) alleles in the presence of
piperaquine. Additionally, the I356T mutation was not
associated with ex vivo susceptibility to lumefantrine in
the present 602 isolates according to previous data show-
ing that this mutation was not selected in recrudescent P
falciparum parasites after artemether-lumefantrine [43].

Allelic frequencies of K76T and I356T in Central Africa
show that there is no association with the two alleles. But
on West African isolates, a significant association (p =
0.008) was found.

None of the mutations in PfCRT associated with
in vivo piperaquine resistance in Asia or in vitro resist-
ance in South America (T93S, H97Y, C101F, F145I,
M343L, C350R and G353V) were found in the three iso-
lates with ex vivo reduced susceptibility to piperaquine.
All these isolates carried the I356T mutation and two the
K76T mutation. Only one copy of pfpm2 was detected
in the three isolates in a previous work [19]. But one of
the weaknesses of the study is the low number of samples
with reduced susceptibility to piperaquine. Further inves-
tigations are required to understand piperaquine resist-
ance in Africa where dihydroartemisinin-piperaquine
treatment remains highly effective [44].

Conclusion

None of the mutations in pfcrt found to be associated
with piperaquine reduced susceptibility in Asia or South
America (T93S, H97Y, C101F, F145I, M343L C350R and
G353V) were found in the 602 African isolates includ-
ing the three isolates with reduced susceptibility to pipe-
raquine. The K76T mutation, involved in resistance to
chloroquine and amodiaquine, and the 356T mutation
were not associated with in vitro reduced susceptibility
to piperaquine. Differences in mefloquine susceptibility
between 1356 and 356T isolates were, while statistically
different, minimal. Further analyses are needed with a
more important sample size from the same geographic
area to confirm the role of the I356T mutation on quinine
susceptibility.
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