N
N

N

HAL

open science

Adaptive evolution of malaria parasites in French
Guiana: Reversal of chloroquine resistance by
acquisition of a mutation in pfcrt.
Stéphane Pelleau, Eli L Moss, Satish K Dhingra, Béatrice Volney, Jessica
Casteras, Stanislaw J Gabryszewski, Sarah K Volkman, Dyann F Wirth, Eric
Legrand, David A Fidock, et al.

» To cite this version:

Stéphane Pelleau, Eli L Moss, Satish K Dhingra, Béatrice Volney, Jessica Casteras, et al.. Adaptive
evolution of malaria parasites in French Guiana: Reversal of chloroquine resistance by acquisition of a
mutation in pfert.. Proceedings of the National Academy of Sciences of the United States of America,
2015, 112 (37), pp.11672-11677. 10.1073/pnas.1507142112 . hal-01229321

HAL Id: hal-01229321
https://hal.science/hal-01229321
Submitted on 16 Nov 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01229321
https://hal.archives-ouvertes.fr

CrossMark
& click for updates

Adaptive evolution of malaria parasites in French
Guiana: Reversal of chloroquine resistance by
acquisition of a mutation in pfcrt

Stéphane Pelleau?, Eli L. Moss®, Satish K. Dhingra®, Béatrice Volney?, Jessica Casteras?, Stanislaw J. Gabryszewskic,
Sarah K. Volkman®®f, Dyann F. Wirth%, Eric Legrand?, David A. Fidock“?"", Daniel E. Neafsey®, and Lise Musset®?

“Laboratoire de parasitologie, WHO Collaborating Center for Surveillance of Anti-Malarial Drug Resistance, Centre National de Référence du paludisme,
Laboratoire associé pour la région Antilles-Guyane, Institut Pasteur de la Guyane, 97300 Cayenne, French Guiana; "Genome Sequencing and Analysis
Program, Broad Institute, Cambridge, MA 02142; “Department of Microbiology and Immunology, Columbia University College of Physicians and Surgeons,
New York, NY 10032; “Department of Immunology and Infectious Diseases, Harvard School of Public Health, Boston, MA 02115; ¢Infectious Disease
Program, Broad Institute, Cambridge, MA 02142; *School of Nursing and Health Sciences, Simmons College, Boston, MA 02115; and 9Division of
Infectious Diseases, Department of Medicine, Columbia University College of Physicians and Surgeons, New York, NY 10032

Edited by Thomas E. Wellems, NIH, Bethesda, MD, and approved July 6, 2015 (received for review April 16, 2015)

In regions with high malaria endemicity, the withdrawal of chloro-
quine (CQ) as first-line treatment of Plasmodium falciparum infections
has typically led to the restoration of CQ susceptibility through the
reexpansion of the wild-type (WT) allele K76 of the chloroquine re-
sistance transporter gene (pfcrt) at the expense of less fit mutant
alleles carrying the CQ resistance (CQR) marker K76T. In low-transmis-
sion settings, such as South America, drug resistance mutations can
attain 100% prevalence, thereby precluding the return of WT para-
sites after the complete removal of drug pressure. In French Guiana,
despite the fixation of the K76T allele, the prevalence of CQR isolates
progressively dropped from >90% to <30% during 17 y after CQ
withdrawal in 1995. Using a genome-wide association study with
CQ-sensitive (CQS) and CQR isolates, we have identified a single mu-
tation in pfcrt encoding a C350R substitution that is associated with
the restoration of CQ susceptibility. Genome editing of the CQR ref-
erence strain 7G8 to incorporate PfCRT C350R caused a complete loss
of CQR. A retrospective molecular survey on 580 isolates collected
from 1997 to 2012 identified all C350R mutant parasites as being
CQS. This mutation emerged in 2002 and rapidly spread throughout
the P. falciparum population. The C350R allele is also associated with a
significant decrease in piperaquine susceptibility in vitro, suggesting
that piperaquine pressure in addition to potential fitness costs asso-
ciated with the 7G8-type CQR pfcrt allele may have selected for this
mutation. These findings have important implications for understand-
ing the evolutionary dynamics of antimalarial drug resistance.

malaria | drug resistance | evolution | Plasmodium falciparum | PfCRT

he emergence of drug-resistant pathogens is a major threat to

human health, and Plasmodium falciparum has shown its ca-
pacity to develop resistance to every drug that has been deployed
against it on a large scale. Although Africa carries by far the heaviest
burden of malaria, parasite resistance to chloroquine (CQ), sulfa-
doxine-pyrimethamine (1), and more recently, artemisinins (2) first
emerged in southeast Asia and South America (the latter only for
CQ and sulfadoxine-pyrimethamine), where transmission in-
tensity is low. This evolving situation underscores the importance
of understanding the evolutionary dynamics of antimalarial drug
resistance in distinct transmission contexts. In Central or South
America, where clonal propagation can occur (3), the population
genetic diversity is reduced, with high rates of inbreeding (4). As
a consequence, strong drug pressure can ultimately lead to fix-
ation of drug resistance alleles, even if they generate a fitness cost
to parasites in the absence of drug pressure. Thus, whereas in
high-transmission African settings, changes in drug pressure are
known to alter the relative proportions of mutant and WT alleles
of drug resistance determinants, less is known about how drug-
selective forces operate in low-transmission contexts where resistance
alleles are already fixed. Here, we have examined the evolution of
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P. falciparum CQ resistance (CQR) in French Guiana after suc-
cessive changes in therapeutic policy.

French Guiana is a French overseas territory in South America
that is included in the Guiana Shield, a pre-Cambrian geological
formation including Guyana, Surinam, French Guiana, and parts
of Venezuela, Brazil, and Colombia. The region is endemic for
both P. falciparum and Plasmodium vivax (5). In the past 15y,
this population of ~250,000 inhabitants has experienced a
greater than 75% decrease in annual cases of malaria: ~4,500
cases in 2000 compared with fewer than 500 cases in 2014.
French Guiana is currently in a control phase and on track to
soon enter a preelimination phase (fewer than 5% of febrile
patients test positive for Plasmodium), a situation akin to that in 55
other countries around the world (6). Treatment of uncomplicated
P. falciparum malaria cases with the former first-line antimalarial
CQ was officially abandoned in 1995 because of poor clinical effi-
cacy. Quinine (QN) plus doxycycline became the subsequent
treatment of choice until 2007, with sporadic use of halofantrine
and mefloquine (MQ). Artemether-lumefantrine, an artemisinin-
based combination therapy (ACT), was widely implemented in
2008. Although the artemether—lumefantrine combination has been
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Fig. 1. Evolution of P. falciparum in vitro CQ susceptibility in French Guiana
from 1983 to 2012. Lines above graphs indicate the successive change in drug
recommendations in French Guiana throughout the study period. (4) Box and
whisker plots showing the distribution of CQ ICso values. Whiskers show the
10th and 90th percentiles, boxes represent interquartile range, and the
horizontal line is the median. Isolate numbers per year are listed above the x axis.
(B) Observed percentage of CQR isolates over time defined by an I1Cso > 100 nM.
AR, artemether; DX, doxycycline.*1983-1987 data are from ref. 17.

the official first-line treatment since 2008, illegal gold miners living
in the forest are known to self-medicate their fevers with dihy-
droartemisinin (DHA) -piperaquine (PPQ) -trimethoprim (TMP;
DHA + PPQ + TMP; Artecom) tablets.

In South America, the prevalence of the COR marker K76T in
the drug efflux transmembrane protein PfCRT has remained
high, despite CQ having been abandoned for the treatment of
P. falciparum infections (7-9). This situation contrasts with multiple
settings in Africa, where the majority of molecular studies (10-13)
have documented an increase in the prevalence of WT pfcrt after
CQ withdrawal. An analysis of the diversity of microsatellites
flanking pfcrt in Malawi showed that the return to CQ susceptibility
was caused by a reexpansion of the WT PfCRT haplotype (11). Such
a difference between South America and other endemic regions in
response to CQ withdrawal is generally attributed to other amino
acid changes in PfCRT and PfIMDRI1 (both present on the parasite
digestive vacuole membrane), which accompany the PICRT K76T
substitution. Specifically, the SVMNT haplotype of South American
parasites at PFCRT amino acids 72-76 has been found to be less
deleterious than the CVIET haplotype present elsewhere (14, 15).
Another explanation for the virtual fixation of CQR alleles in South
American parasites is that CQ continues to be used to treat P. vivax
infections and therefore, may exert a residual pressure. Lastly, it is
thought that the earlier campaign of adding low-dose amodiaquine
(AQ) to table salt proved highly effective at creating a selective
sweep of AQ and CQR-conferring mutant pfcrt after it had arisen in
the late 1950s and eliminating any vestigial WT pfcrt.

Pelleau et al.

We have previously reported that a significant proportion of
P. falciparum parasites from French Guiana have a CQ ICs, below
the adopted resistance threshold of 100 nM, despite elevated
prevalence of K76T, suggesting a reduced predictive value of this
marker, at least in this region of South America (16). In this study,
we pursued a genotypic and phenotypic survey, including whole-
genome sequencing and gene-editing experiments, which led us to
identify a molecular marker of drug susceptibility. These findings
have important implications for understanding drug resistance
evolution in a low-endemicity context where drug resistance alleles
can reach fixation, a scenario that will become increasingly dom-
inant as successful control efforts progressively reduce the burden
of malaria.

Results

CQ Susceptibility Has Returned to French Guiana After Drug Withdrawal.
We tested the in vitro CQ susceptibility of 1,207 P. falciparum
isolates collected between 1994 and 2012 and compared these data
with those previously reported for the 1983-1987 period (17). The
general trend is that CQ susceptibility followed changes in drug
policy (Fig. 1) and can be divided into three main periods. It took
5y after the official CQ withdrawal in 1995 to observe a decrease in
the prevalence of in vitro CQR isolates from ~90% to ~40% (Fig.
1B). Of note, such a high prevalence of CQR at ~90% in the 1990s
was already reported in the mid-1980s. From 2000 to 2006, a con-
sistent but small increase in the prevalence of CQR isolates was
observed (up to 70% in 2006), potentially because of an overlap
between the mechanisms of drug response to CQ and the first-line
therapies used at that time (notably QN). This trend toward a re-
surgence of CQR, however, reversed concomitantly with the pro-
gressive introduction of ACT as first-line therapy in 2007. Within
2y, the prevalence of CQR isolates dropped and thereafter, re-
mained stable at ~25% (2008-2012).

Mutant PfCRT and PfMDR1 Haplotypes Are Fixed in the Parasite
Population. We genotyped a large panel of patient isolates col-
lected between 1997 and 2012 (Table 1). Of 1,054 isolates
genotyped for the pfcrt gene, the mutant haplotype SVMNT was
present in 97.5%, a far greater proportion than the mean per-
centage of in vitro CQR parasites (48.6%) observed in the same
period. Haplotypes other than SVMNT were very rare (n = 26
of 1,054). For 18 of these 26 patients for whom we had in-
formation, 15 had traveled to West Africa (5 CVIET and 10
CVMNK) and 2 had traveled to Haiti (CVMNK) in the previous
month, leaving a single patient harboring a CVMNK haplotype
that could have been transmitted locally. A similar allelic fixa-
tion could be observed for the pfimdrl gene, because 86.3% of
861 genotyped isolates displayed the South American re-
sistance-associated NFCDY haplotype (amino acids 86, 184,
1,034, 1,042, and 1,246) (Table 1). Altogether, the sum of
PfCRT/PfMDR1 haplotypes SVMNT/NFCDY (7G8-type; n = 688)
and SVMNT/NFSDY (n = 108) was present in 99.0% of the

Table 1. Prevalence of PFCRT and PfMDR1 haplotypes of isolates
collected in French Guiana (1997-2012)

Haplotype n Frequency (%)
PfCRT (n = 1,054)
SVMNT 1,028 97.5
CVMNK 17 1.6
CVIET 9 0.9
PfMDR1 (n = 861)
NFCDY 743 86.3
NFSDY 113 13.1
NFCDD 2 0.2
NFSND 2 0.2
NYSND 1 0.1

Haplotypes denote amino acids at positions 72-76 for PfCRT and positions
86, 184, 1,034, 1,042, and 1,246 for PfMDR1.

PNAS | September 15,2015 | vol. 112 | no.37 | 11673

g
=
=2
[T}
=
=
[=]
o
[}
o
7]

MICROBIOLOGY



L T

1\

=y

A + « PICRT C350R B
10 -

s

£

=Y

3

8]

]

o

123456768 910 1M 12 13 14
Chromosome
Field isolates D

804

C 200+

1504 60

100 407

Prevalence (%)

©Q IC50 ("M)

201
50

€350
(n=405)

C350R
(n=168)

isolates sampled during this 16-y period. These results confirmed
that the standard molecular markers, notably PEICRT K76T and
to a lesser degree, PPIMDRY1, are no longer predictive of CQR in
French Guiana.

Genome-Wide Association Study Identifies PFCRT C350R as the Single
Mutation Associated with CQ Susceptibility. To identify the genomic
variants associated with the reversion of CQR in mutant isolates
harboring PfCRT K76T, we performed whole-genome sequence
analysis of 54 culture-adapted isolates obtained from distinct
malaria-infected patients in French Guiana between 2009 and
2013. We then performed a genome-wide association study
(GWAS) on a final dataset of 35 isolates [18 CQ-sensitive (CQS)
and 17 CQR parasites] containing 34,196 SNPs (Figs. S1 and S2).
Strikingly, a single locus on chromosome 7 achieved genome-
wide significance for association with CQS: a Tgt/Cgt non-
synonymous substitution in exon 10 of the pfcrt gene that leads to
the replacement of a cysteine by an arginine at codon 350 (C350R)
(Fig. 24).

Genome Editing and Molecular Surveys Show That PfCRT C350R Is
Responsible for a Loss of CQR. To assess the impact of PfCRT
C350R, we edited the pfcrt gene in the CQR reference strain
7G8. This Brazilian strain carries the canonical South American
PfCRT (SVMNT) and PIMDR1 (NFCDY) haplotypes that are
shared by the vast majority of isolates from French Guiana. 7G8
parasites that expressed either the recombinant 7G8 allele
(7G87%8, transfection control) or the 7G8 variant containing the
C350R mutation (7G8“*°"R) were generated using pfcrt-specific
zinc finger nucleases as previously described (18) (Fig. S3).
Recombinant clones were obtained by limiting dilution and
validated using PCR and sequencing. Drug assay data showed
that the PfCRT C350R mutation caused a 24-fold reduction in
the mean CQ ICs values from 380 nM in the reference 7G8’¢%
clone to 16 nM in the 7G8“**°R variant (P < 0.0001, Student ¢
test) (Fig. 2B). A similar reversal of resistance to monodesethyl-
CQ, the active in vivo metabolite of CQ, was observed. Parallel
studies with parental 7G8 parasites yielded a mean CQ ICs,
value of 386 nM, indicating that the expression of the cDNA pfcrt
locus (lacking most introns) did not itself cause a significant shift
in CQ ICs values. Of note, the 7G8**°R clone showed a similar
mean CQ ICs, value as the reference CQS strain D10 (Papua
New Guinea; mean ICsy of 19 nM) that harbors the PfCRT
CVMNK WT sequence.

In parallel, we examined the association of the C350R muta-
tion with CQ susceptibility in PFCRT K76T mutant isolates in a

11674 | www.pnas.org/cgi/doi/10.1073/pnas.1507142112

Genome-edited and reference lines

mdCQ IC50 (nM)

Fig. 2. PfCRT C350R is the determinant of in vitro CQR
reversion. (A) Signal of SNPs associated with CQ sus-
ceptibility. The Manhattan plot shows P values for SNPs
with minor allele frequencies >10%. The horizontal red
line indicates the P value significance threshold. After
adjusting P values for genome-wide inflation (Fig. S2),
a single SNP (red dot) on chromosome 7 displayed a
highly significant association with CQ susceptibility (P <
1E-11; PfCRT C350R; arrow). (B) pfcrt-edited clones and
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at least eight separate occasions in duplicate (Table S1).
(C) ICso values for P. falciparum isolates from French
Guiana (means + SEM). Horizontal dashed lines in B
and C denote the resistance threshold of 100 nM. ***P <
0.0001 relative to (B) 7G8’® or (C) PfCRT C350 isolates
(Student t test). (D) Decreasing prevalence of CQR iso-
lates from 1997 to 2012 and its inverse relationship with
the increasing prevalence of isolates harboring PfCRT
C350R (continuous line). Only isolates carrying the PfCRT
SVMNT haplotype at amino acids 72-76 were included in
the analysis.

large set of isolates collected between 1997 and 2012. Exons 2
and 10 were sequenced from 580 isolates. Biallelic samples
(C350 + 350R; n = 7) were excluded from the analysis because of
a putatively biased ICs, value. All PECRT C350R mutant isolates
(n = 168) were found to be CQS, with a mean CQ ICs, of 23 nM.
This value is significantly lower than the mean CQ ICs, value of
160 nM observed with PfCRT C350 parasites (n = 405; P <
0.0001) (Fig. 2C). Altogether, these results provide compelling
evidence that the emergence of the PfCRT C350R mutation is
primarily responsible for the recent gain of CQ susceptibility in
PfCRT K76T isolates from French Guiana.

PfCRT C350R Emerged in 2002 and Then, Rapidly Spread Throughout
the Parasite Population in French Guiana. Only 54% of the CQS
isolates with the PECRT SVMNT sequence harbored the addi-
tional C350R mutation in the combined dataset. However, this
general picture obscures important temporal disparities. Al-
though it took 5 y after the official withdrawal of CQ to observe a
significant decrease of CQR (i.e., in 2000), interestingly, the first
PfCRT C350R isolate was not detected until 2 y later in 2002
(Fig. 2D). Thereafter, the prevalence of PfCRT C350R in the
total parasite population increased rapidly from 2.7% in 2002 up
to 58% in 2012. We note that 100% of the CQR isolates har-
bored K76T and the C350 residue. Among the SVMNT CQS
isolates (defined as CQ ICs; < 100 nM), the prevalence of
PfCRT C350R increased from 5% in 2002 to 83% in 2012; the
few other CQS C350 isolates nonetheless showed a significantly
higher mean CQ ICs, than the CQS C350R isolates (62 vs. 23 nM,
respectively; P < 0.001).

Significant Impact of the PfCRT C350R Mutation on Decreased PPQ
Susceptibility. Because PICRT is known to modulate P. falciparum
response to diverse antimalarial drugs, we investigated whether
the C350R mutation had an impact on other drug susceptibilities
in both the 7G8 genome-edited lines and field isolates collected
during the 2008-2012 period (Fig. 3). For all tested compounds,
the 7G87°® modified clone displayed ICsq values similar to the
7G8 parental line, confirming that the pfert gene editing did not
affect drug responses. Introduction of the PfCRT C350R mu-
tation had no effect on pyronaridine response but significantly
increased 7G8 susceptibilities to monodesethyl-AQ (mdAQ),
QN, MQ, and lumefantrine (LUM) by 2- to 4-fold (P < 0.001)
and induced a moderate but significant 1.6-fold increase in artesunate
susceptibility (3.5 vs. 2.2 nM for 7G8’“® and 7G8“*>R, respectively;
P < 0.05). A significant effect of C350R on PPQ response was also
observed, with the 7G8“***R clone showing a 1.4-fold decreased

Pelleau et al.
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Fig. 3.

Impact of PfCRT C350R on antimalarial drug responses (means + SEM). ICs, values are shown for (A) genome-edited and reference lines (assayed on

four to nine separate occasions in duplicate) (Table $1) and (B) French Guianan field isolates from 2008 to 2012. All isolates analyzed in B have the PfCRT
SVMNT haplotype at amino acids 72-76. Genome-edited lines or field isolates harboring PfCRT C350R show concordant results in their higher susceptibilities

to CQ and mdAQ, contrasting with a decreased susceptibility to PPQ. Asterisks denote the significance level of the difference (A) between 7G

8C350R and

7G8758 or (B) between PfCRT C350R and C350 isolates (Student t test). nd, not determined. *P < 0.05; **P < 0.001; ***P < 0.0001.

susc%)tibility (mean PPQ ICs of 26 vs. 37 nM for 7G87Y8 and
7G8 R respectively; P < 0.001) (Fig. 34 and Table S1).

French Guianan isolates showed a quite different pattern of
drug susceptibilities (Fig. 3B). As expected, C350R mutant iso-
lates were also found to be highly susceptible to mdAQ. Unlike
the 7G8 genome-edited lines, no differences in QN, MQ, and
LUM susceptibilities were found. However, a moderate but sig-
nificant association between the presence of the C350R mutation
and a decrease in DHA susceptibility was observed (1.0 vs. 1.5 nM
for C350 and C350R, respectively; P < 0.001). C350R mutant
isolates also displayed a significantly lower susceptibility to PPQ
compared with WT C350 isolates (mean ICsq of 61 vs. 33 nM for
C350R and C350, respectively; P < 0.001). Overall, both the gene-
edited 7G8“*® line and field isolates harboring a PfCRT
SVMNT + C350R haplotype showed concordant results in their
higher susceptibilities to CQ and mdAQ in contrast with their
decreased susceptibilities to PPQ.

Discussion

In French Guiana, the prevalence of CQR has decreased sig-
nificantly after CQ withdrawal, a pattern also noted in many
other endemic areas worldwide (10-13). Here, we show that this
phenotypic reversion is caused by the acquisition of a single
mutation in the pfcrt gene that completely abolishes the effect
of the K76T resistance mutation as opposed to the alternative
scenario of the WT allele reemerging.

Repopulation by an allele is driven by multiple parameters,
including initial frequency, population size, and the allele’s se-
lective advantage. Our findings clearly show that the WT PfCRT
CVMNK haplotype has been purged from the entire population
and that the few cases of imported parasites from Africa or Haiti
were not sufficient to initiate colonization. The return to CQ
susceptibility was not as straightforward as in Malawi, where
CQR has completely disappeared, and it has been proposed that
CQ treatment could be reintroduced (19). In addition to the fact
that an additional mutation had to emerge and then spread in
French Guiana, the differential rate of CQR reversal might be

Pelleau et al.

related to the clear differences in transmission intensity, population
dynamics, and history of drug use between these two settings. In
French Guiana, 18 y after CQ withdrawal, 25% of isolates are
still CQR in vitro, precluding the reintroduction of CQ as
antimalarial treatment.

Two studies have reported the emergence of polymorphisms
nearby C350R in PfCRT after in vitro drug selection experiments
on CQR strains. Using the 106/17%" line, QN single-step selection
experiments generated lines with an additional PfCRT Q352K
or Q352R mutation that had acquired QN resistance but simul-
taneously regained CQ susceptibility (20). Separately, in vitro
selection for resistance to the IDI-3783 compound that is selectively
active against CQR parasites resulted in acquisition of the Q352R
mutation in PfCRT (and concomitantly, a loss of CQR), thus pro-
viding a conceptual framework for the development of combination
therapies that would exploit this evolutionary trap (21). These
mutations occur in pfert exon 10, which corresponds to amino acid
substitutions in transmembrane domain 9. This domain is postu-
lated to function in substrate binding and translocation, similar to
transmembrane domain 1, which contains the K76T substitution
(20, 22-24). The functional hypothesis for the regained in vitro CQ
susceptibility by acquisition of mutations in exon 10 is the reintro-
duction of a positive charge (K and R) that would inhibit the
binding of CQ and block its extrusion from the digestive vacuole.
Therefore, an important finding of our study is the demonstration
that these particular adaptive mechanisms observed in individual
strains during in vitro experiments can also be selected in natural
parasite populations where drug resistance alleles are fixed.

Examining the temporal changes in PfCRT haplotype di-
versity, we note that, between 2001 and 2003, the majority of
CQS field isolates did not harbor the C350R mutation. By 2012,
however, almost all of the susceptible parasites harbored the
PfCRT C350R mutation, implying strong selection for this variant.
These results suggest the existence of additional determinants
accounting for the loss of CQR in the early 2000s. In another
study that examined how the parasite genetic background dic-
tates the degree of mutant pfcrt-mediated CQR, the WT pfert
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allele in CQS strains was re_Placed by the mutant 7G8-type pfcrt
(25). The 3D779%- and D107%®-transfected lines exhibited only a
modest increase in their CQ ICsy values. Nonetheless, these
mutant lines were able to withstand high concentrations of CQ
and showed delayed recrudescence in culture after high CQ
exposure, indicative of a CQ tolerance phenotype. Interestingly,
two CQS isolates from French Guiana with the PFCRT SVMNT
haplotype were assayed in the same study. The isolate G224
(exhibiting PECRT C350) also displayed the characteristics of CQ
tolerance, whereas the other isolate, H209 (exhibiting PfCRT
C350R), had a more typical CQS phenotype. From these pre-
vious results and our own observation that the few CQS isolates
with WT PfCRT C350 are significantly less susceptible to CQ
than the PfCRT C350R isolates, we can hypothesize that these
SVMNT PfCRT C350 isolates with a CQ ICsg < 100 nM had a
CQ-tolerant phenotype, having already lost robust resistance.
Acquisition of full CQ susceptibility would, therefore, be a
multistep process that proceeds by an accumulation of adaptive
changes, including mutations acquired at other loci, with PFCRT
C350R being the final step of a complete CQR reversal.

The successive implementation over time of various first-line
drugs after the official cessation of CQ use (Fig. 1) has created a
complex selection landscape operating on the pfcrt gene, which is
known to impact the efficacy of multiple antimalarials (20, 26).
Our drug profiling data showed a significant loss of mdAQ re-
sistance in field isolates harboring the PfCRT C350R mutation,
consistent with earlier reports that highlighted the close corre-
lation between CQ and mdAQ responses of PECRT SVMNT
parasites from South America (14). Our observation that mutant
C350R isolates were nominally less susceptible to DHA, how-
ever, should be interpreted with caution, notably because in vitro
artemisinin susceptibilities, as measured using ICsy values, do
not correlate with the clinical phenotype of delayed parasite
clearance rates in southeast Asia (27, 28).

Our genome-edited 7G8“**°R line displayed increased sus-
ceptibility to multiple drugs, including mdAQ (as noted above
for C350R-carrying field isolates), QN, MQ, artesunate, and
LUM. This result reveals a pleiotropic role for this recently
emerged pfert allele in modulating parasite susceptibility to clini-
cally important antimalarials. This role differs from what is gen-
erally observed in Africa with the PFCRT CVIET haplotype or
even the PEFCRT SVMNT haplotype in Papua New Guinea (29,
30). This effect of C350R on QN and MQ, however, was not
replicated in field isolates, underscoring a complex genetic basis of
susceptibility in the field. Another primary determinant of sus-
ceptibility to these drugs in P. falciparum is the pfindrl gene, which
in French Guiana harbors the 86N and 184F residues that are
associated with increased LUM susceptibility (31, 32). Of note, all
isolates remained highly susceptible to LUM, a finding that argues
for maintaining the artemether + LUM combination as first-line
therapy in the region.

Finally, our data provide evidence that the pfcrt genotype
impacts PPQ response. These results suggest that the PPQ
pressure exerted by the erratic consumption of Artecom (DHA +
PPQ + TMP) by thousands of illegal gold miners in French
Guiana since 2002 might be one of the selective forces that drove
the expansion of the PECRT C350R allele during this same pe-
riod and as a consequence, the return of CQ susceptibility. In
fact, miners on the Guiana Shield readily cross borders between
Brazil, French Guiana, and Suriname and regularly automedi-
cate with Artecom (33-35). This clue to the putative mechanism
of resistance to PPQ is potentially of considerable importance,
because PPQ treatment failure is a major and increasing concern
in southeast Asia (36-38). Therefore, the association between
P{CRT haplotypes and PPQ treatment failure should be further
explored in southeast Asia, where polymorphisms in the pfcrt
gene, notably in exon 10, were found to accompany mutations in
the pfK13 gene associated with artemisinin resistance (39). Given
that increased PPQ pressure is likely under mass drug adminis-
tration campaigns that use DHA-PPQ, it would be also important
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to monitor parasite changes at the entire pfcrt locus that may result
in reduced PPQ susceptibility.

In conclusion, this work illustrates a unique evolutionary path
taken by the pfert gene as a consequence of an altered drug policy.
In the virtual absence of the competing WT, sensitive pfcrt allele,
drug susceptibility evolved through the acquisition of an additional
amino acid substitution rather than reversion of an existing mu-
tation, such as the critical CQR marker K76T. The extent of this
particular mechanism of CQR reversion, described here for the
first time to our knowledge, should be further assessed to de-
termine whether it reflects a local evolutionary event or is also
happening in other settings or at larger scales. Finally, we provide
evidence that, in regions where P. falciparum parasite populations
are small and malaria elimination efforts will be targeted, the
usefulness of standard molecular markers for drug resistance will
require periodic phenotypic validation to contend with ongoing
parasite evolution.

Materials and Methods

Origin and Collection of French Guianan Isolates. P. falciparum isolates were
collected between 1994 and 2013 from symptomatic patients diagnosed
throughout the network of hospitals, medical laboratories, and health
centers in French Guiana. The GWAS samples were collected during 2009-
2013. To ensure clonality before whole-genome sequencing, isolates were
either assayed with a subset of 15 SNPs from a 24-SNP barcode (40) and
confirmed as monoclonal or cloned by limiting dilution.

Drug Assays. The phenotypes of the isolates were determined ex vivo (i.e., di-
rectly after patient blood sampling) or in vitro (after parasite multiplication in
culture for several days). The ex vivo method was applied if, at the time of
starting phenotypic analysis, the isolate exhibited (/) a P. falciparum infection
without concomitant P. vivax infection, (ii) a parasitemia greater than 0.05%,
(iii) an interval of less than 4 d between sampling and analysis, and (iv) a
quantity of blood sufficient to run the method. Parasite growth was de-
termined by incorporation of tritiated hypoxanthine using a 42-h standard 96-
well candle jar method (41). French Guianan culture-adapted clones selected for
whole-genome sequencing were assayed in a controlled gas atmosphere with
5% (volivol) CO,, 10% (volivol) O, and 85% (volivol) N,. For 7G8 and D10
clones, in vitro 72-h drug dose-response assays were performed, and parasite
growth was determined using flow cytometry with SYBR Green | and Mito-
Tracker Deep Red (42). Mean ICsy + SEM values and numbers of repeats are
listed in Table S1. Statistical significance of differences between mean ICso
values was assessed using Student t tests.

DNA Extraction and Genotyping. Genomic DNA was prepared using the QIAmp
DNA Blood Kit (Qiagen). Conditions for PCR and targeted sequencing of pfcrt
exon 2 (harboring codons 72-76) and polymorphic regions of pfmdri were
previously described (16). A 121-bp fragment encompassing the complete exon
10 of pfert (harboring codon 350) was PCR-amplified and Sanger-sequenced.

Whole-Genome Sequencing and the GWAS. DNA samples were made into 200-bp
lllumina fragment libraries by the Broad Institute Genomics Platform and se-
quenced with paired-end 101-bp reads on an Illumina HiSeq2000 instrument
using V2 chemistry. This design yielded a 70-fold mean coverage, a level sufficient
to perform SNP calling. Reads were processed through the Picard sequencing
analysis pipeline at the Broad Institute, generating standard sequencing metrics
and demultiplexed sample-specific sequencing read BAM (Binary Alignment
Map) files. Reads were aligned to the 3D7 reference assembly (PlasmoDB v9.0)
using BWA (43), and SNPs were called using the GATK Unified Genotyper (44).
Heterozygous SNP calls were discarded along with all calls exhibiting QUAL
(quality scores) < Q30. Principal components analysis on called SNPs led to the
exclusion of six confounders because of perfect genome identity (n = 4; implying
clonal infection in different patients) and population stratification (n = 2; out-
liers) to find an unstructured sample of unique individual genomes (Fig. S1). We
further filtered the dataset to exclude samples exhibiting either a low fraction of
genotypable bases because of low sequencing coverage or SNP sites exhibiting a
call rate of less than 50% in the remaining samples and/or a minor allele fre-
quency of less than 10%. Samples were excluded from the GWAS if they
exhibited calls for fewer than 90% of the SNP loci matching the criteria just
described. The GWAS was performed in PLINK v1.07 (pngu.mgh.harvard.edu/
purcell/plink/) (45). To avoid false-positive associations, we applied a genomic
control correction to adjust P values for genome-wide inflation (Fig. S2).
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Generation of pfcrt-Edited 7G8 Clones. To generate recombinant isogenic lines
differing only at their pfcrt locus, we used a previously validated zinc
finger nuclease-mediated genome editing strategy (18). A schematic and a
description of this approach are shown in Fig. S3.

Ethical Considerations. Analyzed samples were all obtained by blood collections
performed as part of the standard medical care for any patient presenting with
fever on hospital admission in French Guiana. Specimen collection complied with
Avrticle L.1211-2 and related articles of the French Public Health Code, which
states that biobanking and secondary use for scientific purpose of remaining
human clinical samples are justified with the informed consent of the patient.
Moreover, in compliance with French legislation (article L.1243-3 and related
articles of the French Public Health Code), samples received at the Malaria NRC
(National Reference Center) had been registered for research purposes in the
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