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Abstract Antimalarial drug resistance has historically arisen through convergent de novo
mutations in Plasmodium falciparum parasite populations in Southeast Asia and South America. For
the past decade in Southeast Asia, artemisinins, the core component of first-line antimalarial
therapies, have experienced delayed parasite clearance associated with several pfk13 mutations,
primarily C580Y. We report that mutant pfk13 has emerged independently in Guyana, with genome
analysis indicating an evolutionary origin distinct from Southeast Asia. Pfk13 C580Y parasites were
observed in 1.6% (14/854) of samples collected in Guyana in 2016-2017. Introducing pfk13 C580Y
or R539T mutations by gene editing into local parasites conferred high levels of in vitro artemisinin
resistance. In vitro growth competition assays revealed a fitness cost associated with these pfk13
variants, potentially explaining why these resistance alleles have not increased in frequency more
quickly in South America. These data place local malaria control efforts at risk in the Guiana Shield.
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elLife digest All recommended treatments against malaria include a drug called artemisinin or
some of its derivatives. However, there are concerns that Plasmodium falciparum, the parasite that
causes most cases of malaria, will eventually develop widespread resistance to the drug. A strain of
P. falciparum partially resistant to artemisinin was seen in Cambodia in 2008, and it has since spread
across Southeast Asia. The resistance appears to be frequently linked to a mutation known as pfk13
C580Y.

Southeast Asia and Amazonia are considered to be hotspots for antimalarial drug resistance, and
the pfk13 C580Y mutation was detected in the South American country of Guyana in 2010. To
examine whether the mutation was still circulating in this part of the world, Mathieu et al. collected
and analyzed 854 samples across Guyana between 2016 and 2017. Overall, 1.6% of the samples had
the pfk13 C580Y mutation, but this number was as high as 8.8% in one region. Further analyses
revealed that the mutation in Guyana had not spread from Southeast Asia, but that it had occurred
in Amazonia independently.

To better understand the impact of the pfk13 C580Y mutation, Mathieu et al. introduced this
genetic change into non-resistant parasites from a country neighbouring Guyana. As expected, the
mutation made P. falciparum highly resistant to artemisinin, but it also slowed the growth rate of the
parasite. This disadvantage may explain why the mutation has not spread more rapidly through
Guyana in recent years.

Artemisinin and its derivatives are always associated with other antimalarial drugs to slow the
development of resistance; there are concerns that reduced suscepitibility to artemisinin leads to the
parasites becoming resistant to the partner drugs. Further research is needed to evaluate how the
pfk13 C580Y mutation affects the parasite’s response to the typical combination of drugs that are
given to patients.

Introduction

Malaria is an important parasitic disease that causes a high level of mortality worldwide. In 2018,
malaria was estimated to have caused 405,000 deaths, most of them attributable to the virulent Plas-
modium falciparum parasite species (World Health Organization, 2019). Most malaria cases occur
in Sub-Saharan Africa, but Southeast Asia and South America are also affected. Since 2001, Artemisi-
nin-based Combination Therapies (ACTs) have been the recommended first-line therapy for P. falci-
parum infection for almost all malaria-endemic areas (World Health Organization, 2001). ACTs
combine an artemisinin derivative and one partner drug (most commonly lumefantrine, mefloquine,
amodiaquine, piperaquine or pyronaridine). These treatments have contributed to a major reduction
in malaria-related mortality and morbidity (Eastman and Fidock, 2009; Carrara et al., 2006;
Bhatt et al., 2015). However, in 2008, the first instances of reduced artemisinin efficacy were
described in western Cambodia (Dondorp et al., 2009; Ashley et al., 2014). Subsequent studies
have documented the rapid spread of resistance throughout Southeast Asia (Dondorp et al., 2009;
Ashley et al., 2014; World Health Organization, 2018). Resistance to artemisinin is partial and
affects only rings (World Health Organization, 2018). Clinically, this partial resistance trait manifests
as a parasite clearance half-life that exceeds 5.5 hr (WWARN K13 Genotype-Phenotype Study
Group, 2019). This half-life represents the time required to achieve a two-fold reduction of the para-
site biomass. Partial resistance also manifests as persistent parasitemia on day three with a complete
clearance of parasites following full treatment with an artesunate monotherapy lasting seven days or
with an ACT (World Health Organization, 2018). An analysis of P. falciparum parasites selected for
artemisinin resistance in vitro as well as parasites from patients experiencing slow parasite clearance
led to the identification of a genetic locus linked to resistance: a kelch domain-containing protein
located on chromosome 13 (pfk13) (Ariey et al., 2014). To date, many missense mutations have
been described in the BTP/POZ or kelch propeller domain-containing parts of this protein in clinical
isolates, however only nine of them have been validated for artemisinin resistance (F4461, N458Y,
M476l, YA93H, R539T, [543T, P553L, R561H and C580Y) (World Health Organization, 2018;
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Figure 1. Distribution of the pfk13 C580Y mutant parasites among Guyana regions. Pie charts represent the total
number of isolates analyzed per region. Mutants are represented in red.
The online version of this article includes the following source data for figure 1:

Source data 1. Number of clinical samples with pfk13 propeller segment WT or C580Y mutant, analyzed by sam-
pling regions in Guyana from March 2016 to September 2017.

Ariey et al., 2014; Straimer et al., 2015). A larger number have been associated with delayed para-
site clearance (WWARN K13 Genotype-Phenotype Study Group, 2019). In most locations, the
pfk13 C580Y mutation has overtaken other resistance-inducing variants, and it is now the most prev-
alent pfk13 variant in Southeast Asia (Ashley et al., 2014; Ariey et al., 2014).

South America has historically been a second hotspot outside Southeast Asia for the evolution of
antimalarial drug resistance. For example, chloroquine and sulfadoxine-pyrimethamine resistance
evolved simultaneously in both regions (Wootton et al., 2002; Roper et al., 2004). The Guiana
Shield region of South America, which includes Guyana, Suriname, French Guiana and parts of Brazil,
Venezuela and Colombia, is important as a potential source of emerging antimalarial drug
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Figure 2. \Whole-genome sequence analysis of pfk13 C580Y mutant parasites in Guyana. (a) Comparison of the
haplotypic background of pfk13 C580Y mutant parasites from Guyana, 2016, and Southeast Asia, 2010-2012.
Across Pf3k samples from Cambodia, Thailand, and Vietnam, 45 unique C580Y-coding haplotypic backgrounds
were identified and compared to haplotypes from Guyana. Columns represent 149 sites containing non-singleton
single nucleotide polymorphisms (SNPs) found within a 150 kb segment surrounding the pfk13 C580Y-coding
allele. At a given site, the more common allele is marked blue, the less common allele is orange, and missing calls
are grey. The Y-coding variant for codon 580 of pfk13 is represented by the red blocks; wild-type is blue. Only the
five pfk13 C580Y mutant samples with fewer than 15% missing calls are depicted here. (b) Analysis of relatedness
at the whole-genome level among Guyana clones. Pairwise identity-by-descent (IBD) was estimated for all pairs of
Guyana samples with high quality whole-genome sequence data (<70% missing calls). Pairwise comparisons
between samples exhibiting the pfk13 C580Y allele are indicated in red, and show uniformly high levels of
relatedness, suggesting a single clonal lineage harboring the resistance mutation. (¢, d) Principal components
analysis of parasites from Guyana or other geographic regions using SNP calls from whole-genome sequence
data. (c) The parasites from Guyana and French Guiana form a single cluster when compared with parasites from
Africa. (d) The two edited parasite lines from French Guiana are highly similar to the sequenced parasite samples
from Guyana including a pfk13 mutant.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Number of single nucleotide differences between pairs of parasites within different
geographic locations.

resistance. In this region, the subsoil is rich in gold and other minerals, leading to extensive mining
activities in forested areas. These mining activities favor malaria transmission, particularly P. falcipa-
rum (Douine et al., 2016; Heemskerk, 2011). Mining also generates human population movement
and inappropriate use of ACTs, as people generally work deep in the forest, far from medical care
(Pribluda et al., 2014; Douine et al., 2018). This erratic use of ACTs, as well as self-medication
using ACTs of substandard quality or artemisinin monotherapies, may promote the emergence of
resistance to artemisinin.

In Guyana in 2010, 5.1% (5 out of 98) of P. falciparum-infected clinical samples, sharing a common
haplotype different from their Cambodian counterparts, exhibited the pfk13 C580Y mutation
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(Chenet et al., 2016). However, no clinical or in vitro resistance phenotypes were measured or asso-
ciated with the genotype data. The most recent therapeutic efficacy study conducted in Guyana in
2014 with 50 patients failed to identify ptk13 mutations or delayed parasite clearance time after arte-
mether/lumefantrine treatment (Rahman et al., 2016). The sample size, however, was too small to
ensure detection of low-frequency resistance mutations. The objective of the present study was to
evaluate whether pfk13 variants (C580Y or others) have persisted in Guyana since 2010, and if so, to
evaluate their prevalence in 2016-2017. In the absence of available clinical phenotypes associated
with the pfk13 C580Y variant from patients infected and treated in this region, we evaluated the
impact of two pfk13 mutations, C580Y and R539T, on in vitro resistance and the rate of parasite
growth in a South American parasite genetic background.

Results

Recent circulation of the pfk13 C580Y mutation on a single clonal
background

We genotyped the propeller domain of the pfk13 gene by Sanger sequencing 854 samples collected
between March 2016 and September 2017 from different malaria-endemic regions of Guyana. Four-
teen samples bearing the pfk13 C580Y variant were identified, representing a prevalence of 1.6%
(Clgs0.8-2.5%). The prevalence of mutants was 8.8% (Clgs3.6-14.0%) in Region 1, 0.7% (Clg50.0-
2.0%) in Region 8 and 0.5% (Clg50.0-1.1%) in Region 7 (Figure 1, Figure 1—source data 1). We also
genotyped the sequence outside of the propeller domain for 283 samples. Among these, 57.2%
(Clgs51.5-63.0%) were the 3D7 reference genotype, 42.0% (Clgs36.3-47.8%) carried the pfk13
K189T mutation and 0.7% (Clgs50.0-1.7%) had a mixed genotype (wild-type/K189T). All samples bear-
ing the pfk13 C580Y variant also exhibited the pfk13 K189T mutation, which to date has not been
associated with artemisinin resistance.

To understand the origin of the C580Y mutation and examine the genetic relatedness of the
mutant strains, we performed whole-genome sequencing (WGS) on thirteen of the fourteen Guyana
samples exhibiting the pfk13 C580Y mutation, as well as 40 comparator samples exhibiting wild-
type pftk13 and collected at comparable locations and times. The variant profile observed in the
sequenced samples identified that the pfk13 C580Y variant arose on a single Guyanese parasite
genetic background, and was not imported from Southeast Asia (Figure 2a). Deeper examination of
the genomic similarity was performed by estimating the proportion of the genome that was identi-
cal-by-descent between sample pairs. This analysis revealed an extremely high level of relatedness
between sample pairs bearing pfk13 C580Y (identity by descent (IBD) >0.77) relative to pairwise
comparisons containing at least one wild-type pfk13 sample (Figure 2b). This indicates that the para-
site lineage on which C580Y arose in Guyana in 2010 probably engaged in limited sexual outcrossing
with other parasite lineages in Guyana, despite having persisted for a sufficient duration of time to
be observed in multiple regions of the country and to have risen to a non-negligible frequency in the
Region 1 population.

In the 75 kb segments flanking the 2016-2017 C580Y-coding variant, WGS identified only two
low-quality single nucleotide variants among the 13 mutant samples (Figure 2a). We also analyzed
pfk13 C580Y parasites using eight microsatellite loci flanking the pfk13 gene. Despite missing data
for some loci in some samples, two different haplotypes were identified, differing at one locus posi-
tioned at —6.36 kb (Table 1). The previously identified Guyana A mutant haplotype (Chenet et al.,
2016) matched the most common haplotype in the 2016-2017 samples, which was markedly distinct
from the one observed in pfk13 Cambodian mutants (Chenet et al., 2016). The second 2016 haplo-
type exhibiting the 280 allele at the locus —6.36 kb has not been previously identified. As replicate
genotyping efforts reproduced the allelic variant at locus —6.36, it is likely that a de novo microsatel-
lite mutation occurred at locus —6.36 following the origin of the C580Y mutation. The high similarity
of the microsatellite haplotypes bearing C580Y between 2010 (Chenet et al., 2016) and 2016 sug-
gests that the chromosome 13 resistance haplotype, and perhaps the full clonal lineage, has per-
sisted over this timespan, as several of the allelic markers associated with the C580Y mutation are
rare in both studies (e.g. allele 277 at marker —6.36: 11%; allele 206 at marker —0.15: 9%,; allele 244
at marker 72.3: 6% Chenet et al., 2016). We were not able to procure remaining DNA from the
samples collected in 2010 to determine whether the entire genomic background has been preserved
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Table 1. pfk13 microsatellite analysis of Guyanese and Cambodian isolates.

Name Region Year of collection -31.9 —6.36 -3.74 —0.15 K13’ 34 8.6 15.1 72.3
T145 1 2016

T237 7 2016

T244 1 2016

T305 1 2016

T345 1 2016

T364 1 2016

T378 1 2016

T385 7 2016

T445 1 2016

T490 7 2016

T508 8 2016

T314 1 2016

T649 1 2016

GUY0183 1 2017

T208 7 2016 WT

T265 7 2016 WT

T317 1 2016 WT

T332 7 2016 WT

T504 8 2016 WT

T524 7 2016 192 WT 102 270 NA NA
T634 8 2016 192 WT 102

T724 8 2016 192 WT NA

Guyana A* 1and7 2010

Guyana B* 7 2010

MRA 1236* 2010

MRA 1240* 2011 122 264
MRA 1241* 2011 290

3D7 207 164 226 WT 160 274 147 242

‘Codons 438-704, NA: No Amplification, ND: Not Done, *: Mutants from Chenet et al., 2016 according to the new size-assignment for microsatellites.

intact as a clonal lineage between 2010 and 2016. However, the genotypes of the molecular markers
for resistance (pfcrt, pfdhps, pfdhfr and pfmdr1) were also similar between 2010 and 2016 mutant
samples (Supplementary file 1).

Evidence for a Guyana-specific genetic background of pfk13 C580Y
mutants

The observation of the C580Y mutation persisting in only one clonal lineage suggests that genomic
background may be an important determinant of the emergence and persistence of pfk13 propeller
mutations in Guyana, as was previously observed in Southeast Asia (Miotto et al., 2013;
Miotto et al., 2015; Cerqueira et al., 2017, Amato et al., 2018). We therefore compared the
genetic background of 53 isolates from Guyana (40 pfk13 wild-type and 13 pfk13 C580Y) and the
artemisinin-resistant background observed in Southeast Asian parasites, in order to explore whether
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Figure 3. Temporal distribution of pfk13 C580Y mutants in Region 1 of Guyana per month of collection, 2016~
2017. The percentage of pfk13 C580Y mutants for each month of identification is represented above each bar.
The online version of this article includes the following source data for figure 3:

Source data 1. Number of clinical samples with pfk13 WT or C580Y mutant alleles in Region 1 of Guyana from
March 2016 to September 2017.

partner mutations associated with pfk13-mutant parasites may be responsible for the preservation of
this clonal lineage (Miotto et al., 2015). None of the previously described mutations were observed,
including the pffd D193Y, pfcrt N326S, pfcrt 1356T, pfarps V127M and pfmdr2 T484l variants. The
pfcrt gene was of South American origin with a 7G8 haplotype comprising the mutations C72S,
K76T, A220S, N326D and 1356L, with no particular difference between wild-type and pfk13 C580Y
parasites (Supplementary file 1). However, within this candidate gene set, we observed two fixed
differences between wild-type and pfk13 C580Y parasites, both within the gene PF3D7_1252100
(RONS3) (Supplementary file 2). Although overall genotyping rates were low in this gene (successful
for 15 out of 53), all genotyped pfk13 C580Y mutants (n = 5) contained a V1661L-coding variant and
all genotyped pfk13 wild-type parasites (n = 9) carried a synonymous non-reference variant at codon
1801. We also analyzed other molecular markers for resistance (pfcrt, pfdhps, pfdhfr and pfmdr1)
(Supplementary file 1). All pfk13 C580Y variants were pfcrt SVMNT (72-76)/A220S/N326D/C350/
I356L (i.e. the pfcrt 7G8 haplotype), pfdhfr double-mutant (N511/S108N), pfdhps triple-mutant
(A437G/K540E/A581G) and pfmdr1 triple-mutant (Y184F/N1042D/D1246Y). In summary, Guyanese
parasites bearing pfk13 C580Y also exhibited variants in genes previously associated with separate
antimalarial drug resistance phenotypes in Southeast Asia.

A single pfk13 C580Y clone has fluctuated through time without
massive spreading

The highest prevalence of the Guyanese pfk13 C580Y variant was found in Region 1. This variant
was first observed in April 2016 and achieved a maximum prevalence of 25.0% (Clgs3.8-46.2%) in
June 2016 (Figure 3, Figure 3—source data 1). Thereafter, it was not identified between Septem-
ber 2016 and March 2017 despite a constant transmission level of malaria in this region during this
period. To understand these fluctuations in prevalence, we studied the parasite population dynamics
in the country. We compared parasites from Guyana to samples from Africa and Southeast Asia
(Supplementary file 3). At synonymous sites within 4888 genes, pairwise nucleotide diversity (ms,,,)
in Guyana was 3.4 x 1074, less than half the level observed in Southeast Asia (7.4 x 10™%) and nearly
a third of that measured in Africa (1.0 x 1073). In Guyana, 46 samples had sufficient sequencing
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Figure 4. Ring-stage Survival Assays in parasites from French Guiana. Data show survival rates of ring-stage
parasites (0-3 hr post invasion of human erythrocytes) after a 6 hr pulse of 700 nM DHA, as measured by
microscopy 66 hr later. Data illustrate mean = SEM percent survival from three independent repeats compared
with dimethyl sulfoxide (DMSO)-treated parasites as a control for two isolates from French Guiana (O141-A, R086).
Parents harbored wild-type pfk13 allele, and for zinc-finger nuclease edited isogenic parasites, control (ctrl)
isolates harbored wild-type pfk13 allele with silent mutations or pfk13 mutations (C580Y or R539T). IPC4912, a
Cambodian reference strain harboring the 1543T pfk13 mutation was used as a control. A parasite line is
considered resistant when the survival rate is greater than 1%. Student’s t-test was used to assess significant
differences between survival rates of parental and pfk13-edited parasites. *p<0.05; **p<0.01; ns: not significant.
The online version of this article includes the following source data for figure 4:

Source data 1. Survival rates obtained on pfk13 gene-edited (wild-type, C580Y or R539T) isogenic field isolates
from French Guiana.

coverage to assess their complexity of infection (COI), and only one (2.2%) showed evidence of mul-
tiple parasite lineages (COl > 1). In contrast, multiclonal infection estimates from Africa and South-
east Asia are routinely higher (Chang et al., 2017, Galinsky et al., 2015; Assefa et al., 2014,
Zhu et al., 2019). Despite the low nucleotide diversity and small proportion of multiclonal infections,
Guyana harbors a relatively high number of distinct parasite lineages and few parasite pairs with
identical genomes. We found that only 0.54% of wild-type Guyanese parasite pairs showed evidence
of belonging to the same clonal lineage (IBD >0.75).

pfk13 C580Y and R539T mutations generate in vitro artemisinin
resistance in cultured parasites from the Amazonia

To evaluate the impact of the pfk13 C580Y mutation on artemisinin susceptibility in parasites, we
culture-adapted two P. falciparum isolates (O141-A and R086) from French Guiana (a neighboring
country in the Guiana Shield) and genetically edited these lines using a previously described zinc-fin-
ger nuclease (ZFN) based approach (Straimer et al., 2015). We also evaluated the impact of the
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Figure 5. Competition growth assays of pfk13 mutant and wild-type parasites. (a) Frequency of wild-type and
mutant parasites in co-culture, as measured by TagMan allelic discrimination gPCR. Data show the percentage of
pfk13 mutant parasites in the culture over 60 days with sampling every two days. Error bars represent the SEM of
pfk13 mutant allele frequency between the two biological replicates (including two technical replicates for gPCR).
A percentage below 50% indicates the mutant was less fit than the isogenic pfk13 wild-type line. (b) Percentage
change per generation of pfk13 mutant allele frequency relative to wild-type. Data show that pfk13 mutations
confer an in vitro fitness cost in both parasite lines. Differences in growth rates were calculated as the percent
change in pfk13 mutant allele frequency averaged over 30 generations. Error bars represent the SEM of
percentage growth change between the two biological sampling experiments calculated for every generation in
each co-culture. Significance was calculated using the Wilcoxon signed-rank test in every generation across the
two biological replicate experiments. **p<0.01, ***p<0.001; ns: not significant.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Proportion of pfk13 mutants compared to pfk13 wild-type during 60 days of in vitro co-culture.
Figure supplement 1. Representative standard curves for gPCR reactions targeting pfk13 C580/C580Y or pfk13
R539/R539T allele.

Figure supplement 1—source data 1. Data for establishment of standard curves and pre-defined set of mixtures
of each pfk13 allele (C580Y or R539T) used in the optimization of the Tagman allelic discrimination gPCR assays.
Figure supplement 2. Reproducibility of TagMan allelic discrimination gPCR performed on R086%**T and R086
parasites.

Figure supplement 2—source data 1. Data for the reproducibility of the Tagman allelic discrimination assay
across qPCR repeats and sampling replicates performed with R086™ vs R086™>*7T parasites.

variant arginine to threonine mutation at codon 539 (R539T), associated with one of the highest in
vitro artemisinin resistance levels in Asian parasites (Ariey et al., 2014; Straimer et al., 2015). These
two culture-adapted lines both exhibit the pfcrt SYMNT haplotype that is associated with chloro-
quine resistance, but only R086 carries the pfcrt C350R mutation that was earlier found to restore
chloroquine susceptibility to South American parasites despite the presence of the SVMNT haplo-
type (Pelleau et al., 2015). These parasite lines from French Guiana exhibit a high level of genomic
similarity to our genome-sequenced Guyanese parasites (Figures 2c and d; Figure 2—figure sup-
plement 1). These findings suggest that phenotypes observed in these lines from French Guiana are
relevant for understanding the impact of the pfk13 C580Y variant in Guyanese parasites, none of
which have yet been adapted to in vitro culture.

We produced isogenic lines expressing the wild-type pfk13 allele (R086™, O141-A") or the
pfk13 C580Y mutation (R0868%Y, 0141-A%8%) or the pfk13 R539T allele in the case of R086
(RO86R*37T). We measured the phenotypic impact of those mutations on in vitro artemisinin resis-
tance in edited and parental lines using the Ring-stage Survival Assay (Witkowski et al., 2013) that
begins with 0-3 hr post-invasion rings (RSAg_3p). Introducing the pfk13 C580Y mutation caused a sig-
nificant increase in the survival rate (twenty-three fold in R086: 0.6% + 0.2 for R086 to 13.7% + 1.5
for R086“°8%", p=0.006; fifty-five fold in O141-A: 0.5% = 0.1 for O141-A compared to 27.6% + 7.0
for 0141-A*%%, p=0.030, Figure 4, Figure 4—source data 1). R086%°*°T showed a survival rate
fifty-five times higher than the parental line (33.0% + 5.0 compared to 0.6% + 0.2, p=0.011). Control
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assays found no significant difference in the survival rate of the parental vs. isogenic control lines
(0.6% + 0.2 for R086, 0.6% = 0.4 for R086“"p=0.968, 0.5% + 0.1 for 0141-A and 0141-A"p = 0.899)
(Figure 4, Figure 4—source data 1).

Pfk13 C580Y and R539T have a fitness impact on parasites depending
on the genetic background

To assess the in vitro fitness of the pftk13 mutants relative to the wild-type isogenic lines, we per-
formed a competitive growth assay by co-culturing each pair of mutant and wild-type isogenic para-
site lines and measuring the pfk13 allele frequencies over 60 days (~30 asexual generations). This
was achieved using a highly sensitive and robust Tagman allelic discrimination real-time PCR (gPCR)
assay (Figure 5—figure supplement 1, Figure 5—figure supplement 2, Figure 5—figure supple-
ment 1—source data 1, Figure 5—figure supplement 2—source data 1) that was able to accu-
rately quantify the different proportions of the mutant alleles in these samples. Results showed a
modest growth deficit in pfk13 mutants compared to the wild-type parent for both the R086 and
O141-A lines, suggesting that the pfk13 C580Y and R539T mutations negatively impact parasite
growth. Over the 60 day period, we observed an 18% reduction in the frequency of the R539T
mutant for the R086 line, and larger significant reductions of 24% and 40% in allele frequencies of
the C580Y mutants of R086 and O141-A compared to their respective isogenic wild-type counter-
parts (Figure 5a, Figure 5—source data 1). This reflected an average reduced growth rate of
—0.6%, —0.8% and —1.3% per 48 hr generation of the R086%**"T, R086“°%%" and O141-A>8%"
mutant lines, respectively, across 30 generations (Figure 5b, Figure 5—source data 1). In addition
to observing that the C580Y mutation conferred a higher fitness cost compared to the R539T muta-
tion, we also saw that the parasite genetic background contributed to the severity of the fitness defi-
cit, as the growth defect in the C580Y mutation was substantially more pronounced in O141-A
compared with RO86 parasites (Figure 5, Figure 5—source data 1).

Discussion

Results presented herein confirm the de novo emergence and long-term persistence of the pfk13
C580Y artemisinin resistance mutation in Guyana, South America. Six years after their first identifica-
tion, pfk13 C580Y mutant parasites continue to circulate in Guyana at low prevalence (1.6%; 14/
854). Parasites bearing this mutation belong to a single clonal lineage and are of autochthonous ori-
gin. Gene editing studies on French Guianan parasites, closely related to parasites from Guyana,
showed that the pfk13 C580Y mutation is able to mediate artemisinin resistance in vitro at levels
observed in Southeast Asian parasites harboring this mutation. An adverse impact of this pfk13
mutation on asexual blood stage growth rates of pfk13-edited French Guianan parasite lines in cul-
ture was also observed, providing evidence of a fitness cost similar to that previously described for
Southeast Asian lines (Nair et al., 2018; Li et al., 2019).

During the 1990s, analyses of resistant parasites retrospectively suggested the simultaneous
emergence of resistance to chloroquine and sulfadoxine/pyrimethamine in parasites from Southeast
Asia and the Amazonian region of South America (Wootton et al., 2002; Roper et al., 2004;
Vinayak et al., 2010). With artemisinin, the same scenario is occurring with evidence of an indepen-
dent emergence of resistance mutation in South America. For artemisinin resistance, there is an
opportunity to dissect the first steps of resistance selection in South America in ‘real time’, relying
on genetic markers and phenotypic assays (genotypic surveys, therapeutic efficacy studies, and in
vitro phenotyping through the Ring-stage Survival Assay (RSAg.3,)) developed in Southeast Asia
(Ariey et al., 2014; Witkowski et al., 2013). These genetic and phenotypic tools can help address
the critical questions of why in vitro resistance to artemisinin has emerged in Region 1 in Guyana, a
country with fewer than 20,000 malaria cases in 2018, and why this resistance is not increasing more
quickly. In 2004, Guyana was one of the first South American malaria-endemic countries to adopt
and implement artemether-lumefantrine (Coartem), the current first-line therapy against P. falcipa-
rum. Six years later, in 2010, pfk13 C580Y mutants were first identified. Until now, no further signals
of artemisinin resistance or pfk13 mutations had been identified, despite studies incorporating pfk13
genotyping in Guyana (n = 50), Suriname (n = 40) and French Guiana (n = 198) (Rahman et al.,
2016; Ménard et al., 2016, Chenet et al., 2017). Other than pfk13 C580Y, no other pfk13 propeller
domain mutations have been observed in Guyana. In Southeast Asia, two molecular epidemiological
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profiles are currently observed. In Western Cambodia, one C580Y linage (KEL1) has displaced other
mutations and has rapidly become the dominant pfk13 genotype in that population (>80%)
(Amato et al., 2018, Takala-Harrison et al., 2015). This lineage has merged with a multicopy plas-
mepsin 2 and 3 lineage (PLA1) that is associated with piperaquine resistance (Amato et al., 2018).
Nowadays, this co-lineage has colonized northeastern Thailand and southern Laos (Imwong et al.,
2017). On the other side, in western Thailand, at the border with Myanmar, a six-year period was
required for distinct mutant pfk13 parasite lineages to collectively reach a population prevalence of
20% (Amato et al., 2018; Anderson et al., 2017). At the present time, a patchwork of pfk13 geno-
types co-circulates in that population and the prevalence of C580Y lineages fluctuates around 20-
30% (Kobasa et al., 2018). In Myanmar, pfk13 mutants are more diverse and the F446l mutation
presently dominates the pfk13 mutant parasite population in certain sites, with this mutation being
associated with an intermediate resistance phenotype (Han et al., 2020; Bonnington et al., 2017).

Given this history of pfk13 propeller domain mutations in Southeast Asia, beginning with a soft
sweep and transitioning to a hard sweep, we might have expected an increase in the prevalence of
pfk13 C580Y mutant parasites during this 2010-2016/2017 period in Guyana. However, the situation
in this part of the world differs from Southeast Asia. First, efforts to monitor pfk13 mutations in
Guyana were not systematically conducted between 2010 and 2017. Sample size could therefore
explain why the C580Y mutation was only sporadically observed. Nonetheless, the present study
indicates that the mutation has not drastically increased in the parasite population. Differences in
the resistance profile to artemisinin partner drugs could also account for the heterogeneity in pfk13
mutational trajectories in Southeast Asia vs. Guyana, a region where markers of resistance have his-
torically reached fixation (Pelleau et al., 2015; Legrand et al., 2012). In Southeast Asia, the rapid
spread of artemisinin-resistant genomic lineages can be explained in part by a multidrug-resistant
profile, which includes pfk13 variants as well as mutations conferring resistance to the partner drug
piperaquine (Amato et al., 2018; Ross et al., 2018; Kim et al., 2019). Our genomic analysis of a
panel of Guyanese isolates identified the common South American profile for known drug resistance
markers (pfcrt, pfdhps, pfdhfr and pfmdrl) in both mutant and wild-type pfk13 samples
(Wootton et al., 2002; Roper et al., 2004; Vinayak et al., 2010; Legrand et al., 2012). In the Gui-
ana Shield, lumefantrine remains a highly effective partner drug for artemisinin, and no mutations or
phenotypes associated with lumefantrine resistance have been observed (Legrand et al., 2012).
High efficacy of the partner drug could therefore be an important factor limiting the spread of pfk13
C580Y in Guyana. Finally, both the low synonymous pairwise genetic diversity (ns,, = 3.4 x 10~% and
the low complexity of infection (COI, 2.2% of samples with a COIl > 1) in Guyana are in keeping with
the expectation that the P. falciparum population in South America is smaller and more recently
established than in Southeast Asia (Yalcindag et al., 2012).

The genomic structure of the Guyana parasite population could also help explain why the muta-
tion arose there, rather than other settings in South America. The present findings indicate high out-
crossing rates and few clonal lineages in Guyana (0.54% pairs with IBD >0.75). This clonal diversity is
relatively high, especially within a South American context. Previous studies have found much higher
proportions of non-unique haplotype backgrounds (>30% of samples) within parasite populations
from Colombia (Echeverry et al., 2013), Peru (Dharia et al., 2010), and Ecuador (Sdenz et al.,
2015; Sdenz et al., 2017). These prior analyses used fewer genomic markers, but the results still
suggest that clonal diversity may be greater in the Guiana Shield relative to the rest of the continent,
possibly driven by the high P. falciparum transmission level observed in mining areas (Douine et al.,
2016; Ministry of Public Health, 2018). As genomic background likely plays a key role in the persis-
tence of resistance mutations like C580Y, this haplotype richness may increase the likelihood that
resistance mutations can successfully establish themselves in a permissive background. Subse-
quently, a low recombination rate may allow these beneficial combinations to then persist within the
population. A more definitive exploration of this hypothesis, and of whether Guyana’s current clonal
structure represents recent demographic change or historic population subdivision, will be possible
as more whole-genome sequence data become available for the continent. The slower trajectory of
pfk13 C580Y may also be due to an impaired asexual blood-stage growth rate, and the absence of
compensatory mutations that have been hypothesized to aid the spread of the C580Y mutation in
Southeast Asia (Amato et al., 2018; Li et al., 2019).

We chose to introduce two pfk13 mutations by gene editing: C580Y mutation because of its pres-
ence in Guyana and its dominance in Southeast Asia, and R539T as a positive control for in vitro
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resistance, as it exhibits the highest RSA observed in Southeast Asian strains along with [543T
(Ariey et al., 2014; Straimer et al., 2015). Introducing these mutations conferred high levels of in
vitro artemisinin resistance and both mutations negatively impacted growth rates in vitro in our para-
site isolates from French Guiana, a neighboring country of Guyana. These growth rate differences
provide a surrogate marker of fitness and do not necessarily predict in vivo success of the mutations,
as multiple other parameters are also important including gametocyte production, impacts on trans-
mission, and immunity. Our data show that the C580Y mutation was associated with a more severe
growth defect compared to the R539T mutation in these asexual blood stage parasites. A similar
finding was also recently reported in C580Y-edited isolates from the Thailand-Myanmar border
(Nair et al., 2018), although disparate results were obtained for C580Y-edited isolates from Cambo-
dia (Straimer et al., 2017). These contrasting data underline the influence of the parasite’s genomic
background, which potentially involves compensatory mutations that impact the overall growth. Fur-
ther studies will be needed to screen for potential secondary mutations that may be offsetting these
fitness costs. It will also be important to examine factors that could drive the persistence of mutant
pfk13 in Guyana despite the apparent fitness cost, including a consideration of local antimalarial
drug usage and quality, transmission levels, and population movement.

The World Health Organization (WHO) has categorized countries regarding artemisinin resistance
based on pfk13 mutant prevalence and the clinical response to artemisinin derivatives
(World Health Organization, 2017). The threshold of 5% of pfk13 mutants has been met on several
occasions in Guyana, first in 2010 (Chenet et al., 2016), then punctually in 2016-2017 in Region 1.
The situation is evolving and a marker could disappear for reasons that are currently unclear. None-
theless, in light of these findings, Guyana has the status of suspected resistance to artemisinin deriv-
atives (World Health Organization, 2017). The clinical and public health significance of the
presence of these mutations on the therapeutic efficacy of artemisinin-based combination therapies
in Guyana, and more precisely artemether/lumefantrine - first line in the country, should be directly
evaluated. We note that our study had limitations including the small number of analyzed samples
and the in vitro phenotypic impact evaluated in parasites from nearby French Guiana and not
Guyana itself. Nonetheless, we observed that pfk13 mutants still circulated in 2016-2017. Given their
decreased susceptibility to DHA in vitro, these mutants are likely to expose the partner drug to the
risk of emerging resistance. This situation could defeat P. falciparum elimination strategies in this
region. Therefore, national health authorities should continue to work together in order to overcome
difficulties coming from their multiplicity of regulations, malaria control strategies and transmission
levels in the context of major human migrations across borders. The Guiana Shield initiative launched
by the Pan American Health Organization (PAHO) and the WHO in 2016 will have a crucial role to
reinforce and to coordinate the different malaria control measures.

Materials and methods

Sample collection

In collaboration with PAHO, 854 P. falciparum isolates were collected in Guyana from March 2016 to
September 2017 in febrile individuals visiting the malaria clinic. Parasites associated with these sam-
ples came mainly from Region 1 (n = 114), 7 (n = 572) and 8 (n = 150) (Figure 1, Figure 1—source
data 1). Those are the three main endemic regions for malaria in the country. Sample collection was
done in patients who provided informed consent. As part of molecular surveillance established in
the country, consent from the patients was not required and filter papers were collected at the diag-
nosis time in different clinics and hospital of the country.

DNA extraction and pfk13 genotyping

DNA was extracted from dried blood spots using the QIAmp DNA mini kit according to the manu-
facturer’s protocol (Qiagen, Germany). The pfk13 gene of each sample was amplified by nested PCR
using published primers (Ariey et al., 2014; Menard and Ariey, 2013). For the primary PCR, 1 pl of
DNA was amplified in a Mastermix containing: 1X of HOT FIREPol Blend Master Mix Ready to Load
(12.5 mM MgCly, Solis BioDyne), 3.5 mM MgCl,, and 0.2 uM of each primer to a final volume of 25
pl. The amplification program was: 15 min at 95°C, then 35 cycles of 30 s at 95°C, 2 min at 60°C, 2
min at 72°C, and a final extension of 10 min at 72°C. For the nested PCR, 1 ul of primary PCR
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product was amplified under the same conditions with the following program: 15 min at 95°C, then
40 cycles of 30 s at 95°C, 1 min at 60°C, 1 min at 72°C, and a final extension of 10 min at 72°C.
Nested PCR products were detected using 2% agarose gel electrophoresis and ethidium bromide
staining. Double-strand sequencing was performed by Eurofins (France). Sequences were aligned
with Geneious v8.1.7 using the 3D7 pfk13 sequence as a reference. Mutant isolates were analyzed
twice to confirm results.

pfk13-flanking microsatellite analysis

The analysis of eight microsatellite loci located upstream (—31.9,-6.36, —3.74,-0.15 kb) and down-
stream (3.4, 8.6, 15.1, 72.3 kb) of the pfk13 gene within isolates from Guyana was performed as pre-
viously described (Chenet et al., 2016; Cheeseman et al., 2012; Talundzic et al., 2015).

Genetic modification of parasites at the positions 580 and 539 of the
pfk13 gene

Parasites were cultured in human red blood cells in enriched RPMI medium containing 10% human
serum and were propagated at 37°C in 10% O, 5% CO; and 85% Ny. The enriched medium is com-
posed of RPMI-1640 (ref 4130, Sigma Aldrich) with HEPES [25 mM], L-glutamine [5 mM], glucose [22
mM], NaHCO35% [25 mM], gentamycin [20 mM], hypoxanthine [0.37 mM] and orotic acid [1.6 uM].
Two P. falciparum isolates collected in French Guiana in 2011 (O141-A) and 2014 (R086) were genet-
ically modified using the ZFN method as previously described (Straimer et al., 2015). Briefly, donor
plasmids (pZFN-K13-18/20-hDHFR-bsmut carrying the wild-type pfk13 allele and pZFN-K13-18/20-
hDHFR-C580Y and pZFN-K13-18/20-hDHFR-R539T carrying the mutated pfk13 allele) were purified
from XL10-Gold bacteria using the QIAGEN plasmid Maxi kit (ref12162) and resuspended in Cyto-
mix. Parasites were electroporated with 50 pg of donor plasmid using the Biorad Gene-Pulserll elec-
troporator with settings of 0.31 kV and 950 pF (Fidock and Wellems, 1997). The day after
electroporation and for 6 days, parasites were exposed to 2.5 nM WR99210 (a gift from Jacobus
Pharmaceuticals, Princeton, NJ). Between 20-35 days after electroporation, parasites were detect-
able by microscopy. To check plasmid integration into parasites, DNA was extracted from bulk cul-
ture with the QlAamp DNA Mini Kit (Qiagen) and was PCR amplified using primers p16 (5'-GCTAA
TAAGTAATATCAATATAAGGG-3') and p17 (5'-GGTATTAAATTTTTACCATTCCCATTAGTATTTTG
TATAGG-3'). Sequencing was done by Eurofins with the p16 primer and sequences were analyzed
using Geneious v8.1.7. Edited parasites were cloned by limiting dilution and selected after 3 weeks
by lactate dehydrogenase assay using Malstat reagent (Goodyer and Taraschi, 1997,
Adjalley et al., 2010). Selected clones were pfk13 genotyped.

In vitro drug sensitivity assays (ring-stage survival assay)

Parental and pfk13-edited parasites were phenotyped using the Ring-stage Survival Assay (RSAq._3p)
method as previously described (Witkowski et al., 2013). RSAq 3, were performed independently
three times for each line. The pfk13 1543T-mutant IPC4912 strain (MRA1241) was used as an artemi-
sinin-resistant control. RSAq_3, was interpretable if the initial parasitemia was greater than 0.25% and
if the growth rate was greater than two-fold per 48 hr. Statistical significance between survival rates
of the different lines were calculated using Student’s t-test.

Competitive growth fitness assays

Fitness assays were performed by inoculating an equal number of wild-type and mutant isogenic
ring-stage parasites in a 6 ml culture at an initial parasitemia of 1%. Each co-culture experiment was
performed in duplicate on two independent occasions and monitored for 60 days. Saponin-lysed
parasite pellets of each co-culture were harvested every two days during 60 days and genomic DNA
was extracted using the QIAmp DNA mini kit. The percentage of wild-type or mutant allele in each
co-culture was determined using genomic DNA in a TagMan Allelic Discrimination Real-Time PCR
Assays. Wilcoxon signed-rank test was applied to test for statistical significance in the observed per-
centage of the pfk13 mutant allele in each of the individual paired co-cultures against an expected
no change in the percentage of the mutant.
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TagMan allelic discrimination real-time PCR (qPCR) assays

Primers (forward and reverse) and TagMan fluorescence-labeled MGB probes (Eurofins, Germany)
for real-time quantitative PCR (qPCR) were designed to specifically detect the pfk13 propeller muta-
tions R539T and C580Y, or the ZFN silent binding mutations, in parasites. The sequences of the for-
ward and reverse primers, and probes (FAM and HEX probe) are shown in Supplementary file 4.
We first determined the efficiency and sensitivity of amplifying the pfk13 allele in real-time PCR
assays using standard curves comprising 10-fold serially diluted DNA templates ranging from 10 ng
to 0.001 ng. Robustness was demonstrated by high efficiency (88-95%) and R? values (0.98-1.00)
(Figure 5—figure supplement 1a and b, Figure 5—figure supplement 1—source data 1). Next,
we tested the quantitative accuracy in genotype calling by performing multiplex gPCR assays using
a pre-defined set of mixtures containing plasmids expressing wild-type to mutant alleles in fixed
ratios (0:100, 20:80, 40:60, 50:50, 60:40, 80:20, 100:0). The triplicate points clustered tightly, indicat-
ing high reproducibility in the data across the fitted curve (linear polynomial order = 2, R = 0.92 to
0.94) (Figure 5—figure supplement 1c and d, Figure 5—figure supplement 1—source data 1).
Hence, our assay was able to accurately quantify the different proportions of the mutant alleles in
these pre-mixed samples. For a single set of samples, we ran the gPCR on two separate occasions
to test the consistency of amplification between runs. The results showed excellent correlations (Fig-
ure 5—figure supplement 2a, Figure 5—figure supplement 2—source data 1), and thus we con-
cluded that it was not necessary to perform gPCR in replicate runs for each sample. Nevertheless,
we always included three replicate gPCR reactions per sample in every run. The data showed consis-
tently high correlations between independent sampling experiments (Figure 5—figure supplement
2b,Figure 5—figure supplement 2—source data 1).

Purified DNA templates were amplified with a species-specific primer set and the corresponding
probe. Briefly, the qPCR reactions for every sample were run in triplicates consisting of 1x Quanti-
FAST reaction mix containing ROX reference dye (Qiagen, Germany), 0.66 uM of forward and
reverse primers, 0.16 UM each of the FAM-MGB and HEX-MGB TagMan probes, and 10 ng of geno-
mic DNA. Amplification and detection of fluorescence was carried out on the QuantStudio 3
(Applied Biosystems, USA) using the genotyping assay mode with the following cycling conditions:
30 s at 60°C, 5 min at 95°C to activate the enzyme, and 40 cycles of 30 s at 95°C, 30 s at 60°C, and
30 s at 60°C and post-read out at 60°C for 30 s. The final optimized assays always included a positive
control of plasmid expressing the mutant or wild-type allele in every PCR reaction to ensure the
reaction was successful and a no template control of water as a negative control.

The software analyzed the background fluorescence level and calculated background normalized
media dye fluorescence (ARn) as a function of cycle number for the wild-type or mutant allele. To
determine the wild-type or mutant allele frequency in each sample, we first confirmed the presence
of the allele by only taking values where the C, of sample was less than that of the no template con-
trol minus three cycles. Next, we subtracted the sample’s ARn from the background (control plasmid:
absence of wild-type or mutant expressing allele) and normalized to 100% (control plasmid: 100%
wild-type or mutant expressing allele) to obtain the percentage of mutant and wild-type allele. Then
we calculated the average of (mutant and 100% - wild-type) to derive the percentage of mutant
allele.

Whole-genome sequencing and variant calling

For the Guyana samples, we performed selective whole-genome amplification (SWGA) on DNA sam-
ples as previously described (Oyola et al., 2016) to enrich parasite DNA prior to sequencing on an
lllumina HiSegX instrument at the Broad Institute. We used the enriched DNA to construct Illumina
sequencing libraries from the amplified material using the Nextera XT library kit (catalog no. FC-
131-1002). We aligned reads to the P. falciparum v3 reference genome assembly using BWA-MEM
(Li, 2013) and called SNPs and INDELs using the GATK HaplotypeCaller (Van der Auwera et al.,
2013; McKenna et al., 2010; DePristo et al., 2011) according to the best practices for P. falcipa-
rum as determined by the Pf3K consortium (https://www.malariagen.net/projects/pf3k). Analyses
were limited to the callable segments of the genome (Miles et al., 2016) and excluded sites where
over 20% of samples were heterozygous. Additional BAM files for comparative analyses among pop-
ulations were downloaded from the Pf3k project (release 5; www.malariagen.net/projects/pf3k). For
each of four countries in Africa (Democratic Republic of Congo, Ghana, Guinea, and Malawi) and
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two countries in Southeast Asia (Cambodia and Thailand), 50 samples were chosen based on their
high coverage (greatest number of sites with at least 10 x coverage).

Genomic analysis

We calculated pairwise identity by descent (IBD) using a hidden Markov model (hmmiBD)
(Schaffner et al., 2018). Samples with a missing call rate >0.7 were excluded from the analysis. We
conducted PCA analyses using R (R Development Core Team, 2016) after removing samples that
showed high relatedness (IBD >0.5) to another sample with higher sequencing coverage. Pairwise
nucleotide diversity was calculated using a custom Perl script (Source Code File 1, Source Code File
2, Source Code File 3). All genomic analyses were limited to samples containing only a single clonal
lineage, as determined by THE REAL McCOIL (Chang et al., 2017) or as identified by the Pf3K con-
sortium (Zhu et al., 2019).

Acknowledgements

LM gratefully acknowledges funding support from Global Malaria Program (World Health Organiza-
tion), French Ministry for research, European Commission Grant (Regional fund for Development,
Synergie GY0012082), Santé Publique France as National Reference Center for Malaria and Inves-
tissement d’'Avenir grant managed by Agence Nationale de la Recherche (CEBA, ref ANR-10-LABX-
25-01). DAF gratefully acknowledges funding support from the NIH (RO1 Al109023; RO1 124678 and
R37 AI50234) and the Bill and Melinda Gates Foundation (OPP1201387). DEN and AME have been
funded in part with Federal funds from the National Institute of Allergy and Infectious Diseases,
National Institutes of Health, Department of Health and Human Services, under Grant Number
U19AI110818 to the Broad Institute. SM receives support from a Human Frontiers Science Program
Long-Term Fellowship. We thank Leila Ross and Barbara Stokes for their help with in vitro fitness
assays.

Additional information

Competing interests

Maria-Paz Ade, Jean SF Alexandre, Pascal Ringwald: MPA, JSFA, and PR are staff members of the
World Health Organization. The authors alone are responsible for the views expressed in this publi-
cation and they do not necessarily represent the decisions, policy or views of the World Health Orga-
nization. The other authors declare that no competing interests exist.

Funding
Funder Grant reference number  Author
Synergie GY0012082 Luana C Mathieu

NRC for malaria

European Commission

Yassamine Lazrek
Lise Musset

Sante Publique France

Agence Nationale de la Re- ANR-10-LABX-25-01 Lise Musset

cherche

Human Frontier Science Pro- Long-Term Fellowship Sachel Mok
gram

Bill and Melinda Gates Foun-  OPP1201387 David Fidock
dation

National Institutes of Health RO1 AI109023 David Fidock

National Institute of Allergy U19AI1110818

and Infectious Diseases

Angela M Early
Daniel E Neafsey

Lise Musset
David Fidock
David Fidock

World Health Organization Global Malaria Program
RO1 124678

R37 AI50234

National Institutes of Health

National Institutes of Health

Mathieu et al. eLife 2020;9:€51015. DOI: https://doi.org/10.7554/eLife.51015 15 of 21


https://doi.org/10.7554/eLife.51015

e Llfe Research article

Epidemiology and Global Health | Microbiology and Infectious Disease
U.S. Department of Defense W81XWH1910086 David Fidock

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Luana C Mathieu, Sachel Mok, Conceptualization, Data curation, Formal analysis, Validation, Investi-
gation, Methodology, Writing - original draft, Writing - review and editing; Horace Cox, Conceptual-
ization, Resources, Methodology, Project administration, Writing - review and editing, Coordinate
sample collection; Angela M Early, Conceptualization, Software, Formal analysis, Validation, Investi-
gation, Methodology, Writing - original draft, Writing - review and editing; Yassamine Lazrek, Super-
vision, Investigation, Project administration; Jeanne-Celeste Paquet, Data curation, Investigation;
Maria-Paz Ade, Conceptualization, Supervision, Funding acquisition, Methodology, Project adminis-
tration, Writing - review and editing, Coordinate sample collection; Naomi W Lucchi, Data curation,
Investigation, Methodology, Writing - review and editing; Quacy Grant, Conceptualization, Supervi-
sion, Project administration; Venkatachalam Udhayakumar, Formal analysis, Supervision, Validation,
Investigation, Methodology; Jean SF Alexandre, Resources, Supervision, Funding acquisition, Project
administration, Coordinate sample collection; Magalie Demar, Supervision, Project administration;
Pascal Ringwald, Conceptualization, Resources, Formal analysis, Supervision, Validation, Project
administration, Writing - review and editing; Daniel E Neafsey, Conceptualization, Resources, Data
curation, Formal analysis, Funding acquisition, Investigation, Methodology, Writing - review and edit-
ing; David A Fidock, Conceptualization, Resources, Formal analysis, Supervision, Funding acquisition,
Validation, Investigation, Methodology, Writing - review and editing; Lise Musset, Conceptualization,
Resources, Formal analysis, Supervision, Funding acquisition, Validation, Investigation, Methodology,
Writing - original draft, Project administration, Writing - review and editing

Author ORCIDs

Luana C Mathieu () https://orcid.org/0000-0002-6021-468X
Sachel Mok @ https://orcid.org/0000-0002-9605-0154
Jeanne-Celeste Paquet () https://orcid.org/0000-0001-6046-0154
Daniel E Neafsey () https://orcid.org/0000-0002-1665-9323
David A Fidock (@ https://orcid.org/0000-0001-6753-8938

Lise Musset (2 https://orcid.org/0000-0003-0215-4110

Ethics

Human subjects: The samples were collected as part of the routine surveillance system implemented
in Guyana. Health care facilities were in charge of collecting anonymized P. falciparum positive cases.
Identification of individuals cannot be established. In accordance with WHO guidelines on ethical
issues in public health surveillance the sample collection in Guyana was exempt of ERC since this
intervention was part of the Malaria control program defined by the Ministry of Public Health of the
country as monitoring of public health programs (https://www.who.int/ethics/publications/public-
health-surveillance/en/). The analysis of the samples was also approved by the Environmental Protec-
tion Agency in the frame on the Nagoya Protocol on Access to Genetic Resources and the Fair and
Equitable Sharing of Benefits Arising from their Utilization.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.51015.sa
Author response https://doi.org/10.7554/eLife.51015.5a2

Additional files

Supplementary files
« Source code 1. Source code to calculate the nucleotide diversity per nucleotide.

Mathieu et al. eLife 2020;9:€51015. DOI: https://doi.org/10.7554/eLife.51015 16 of 21


https://orcid.org/0000-0002-6021-468X
https://orcid.org/0000-0002-9605-0154
https://orcid.org/0000-0001-6046-0154
https://orcid.org/0000-0002-1665-9323
https://orcid.org/0000-0001-6753-8938
https://orcid.org/0000-0003-0215-4110
https://doi.org/10.7554/eLife.51015.sa1
https://doi.org/10.7554/eLife.51015.sa2
https://doi.org/10.7554/eLife.51015

e Llfe Research article

Epidemiology and Global Health | Microbiology and Infectious Disease

« Source code 2. Source code to calculate the nucleotide diversity per genomic region.

* Source code 3. Example of input file to do calculations.
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Pf3K project are available at https://www.malariagen.net/projects/pf3k.

The following dataset was generated:
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Author(s) Year Dataset title Dataset URL Identifier

Early A, Mathieu L, 2018 Whole Genome Sequencing of P.  https://www.ncbi.nlm. NCBI BioProject,
Cox H, Musset L, falciparum collecte in Guyana, nih.gov/bioproject/? PRJNA543530
Neafsey DE 2016-2017 term=PRJNA543530

The following previously published dataset was used:

Database and

Author(s) Year Dataset title Dataset URL Identifier
Kwiatkowski DP 2019 MALARIAGEN: Malaria Genomic  https://www.malariagen. Malaria Gen, Pf3k

Epidemiology Network net/projects/pf3k version 6
References

Adjalley SH, Lee MC, Fidock DA. 2010. A method for rapid genetic integration into Plasmodium falciparum
utilizing mycobacteriophage Bxb1 integrase. Methods in Molecular Biology 634:87-100. DOI: https://doi.org/
10.1007/978-1-60761-652-8_6, PMID: 20676977

Amato R, Pearson RD, Almagro-Garcia J, Amaratunga C, Lim P, Suon S, Sreng S, Drury E, Stalker J, Miotto O,
Fairhurst RM, Kwiatkowski DP. 2018. Origins of the current outbreak of multidrug-resistant malaria in Southeast
Asia: a retrospective genetic study. The Lancet Infectious Diseases 18:337-345. DOI: https://doi.org/10.1016/
S1473-3099(18)30068-92, PMID: 29398391

Anderson TJ, Nair S, McDew-White M, Cheeseman IH, Nkhoma S, Bilgic F, McGready R, Ashley E, Pyae Phyo A,
White NJ, Nosten F. 2017. Population parameters underlying an ongoing soft sweep in southeast asian malaria
parasites. Molecular Biology and Evolution 34:131-144. DOI: https://doi.org/10.1093/molbev/msw228, PMID: 2
8025270

Ariey F, Witkowski B, Amaratunga C, Beghain J, Langlois A-C, Khim N, Kim S, Duru V, Bouchier C, Ma L, Lim P,
Leang R, Duong S, Sreng S, Suon S, Chuor CM, Bout DM, Ménard S, Rogers WO, Genton B, et al. 2014. A
molecular marker of artemisinin-resistant Plasmodium falciparum malaria. Nature 505:50-55. DOI: https://doi.
org/10.1038/nature 12876

Ashley EA, Dhorda M, Fairhurst RM, Amaratunga C, Lim P, Suon S, Sreng S, Anderson JM, Mao S, Sam B, Sopha
C, Chuor CM, Nguon C, Sovannaroth S, Pukrittayakamee S, Jittamala P, Chotivanich K, Chutasmit K,
Suchatsoonthorn C, Runcharoen R, et al. 2014. Spread of artemisinin resistance in Plasmodium falciparum
malaria. The New England Journal of Medicine 371:411-423. DOI: https://doi.org/10.1056/NEJMoa1314981,
PMID: 25075834

Mathieu et al. eLife 2020;9:€51015. DOI: https://doi.org/10.7554/eLife.51015 17 of 21


https://www.malariagen.net/projects/pf3k
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA543530
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA543530
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA543530
https://www.malariagen.net/projects/pf3k
https://www.malariagen.net/projects/pf3k
https://doi.org/10.1007/978-1-60761-652-8_6
https://doi.org/10.1007/978-1-60761-652-8_6
http://www.ncbi.nlm.nih.gov/pubmed/20676977
https://doi.org/10.1016/S1473-3099(18)30068-9
https://doi.org/10.1016/S1473-3099(18)30068-9
http://www.ncbi.nlm.nih.gov/pubmed/29398391
https://doi.org/10.1093/molbev/msw228
http://www.ncbi.nlm.nih.gov/pubmed/28025270
http://www.ncbi.nlm.nih.gov/pubmed/28025270
https://doi.org/10.1038/nature12876
https://doi.org/10.1038/nature12876
https://doi.org/10.1056/NEJMoa1314981
http://www.ncbi.nlm.nih.gov/pubmed/25075834
https://doi.org/10.7554/eLife.51015

e Llfe Research article

Epidemiology and Global Health | Microbiology and Infectious Disease

Assefa SA, Preston MD, Campino S, Ocholla H, Sutherland CJ, Clark TG. 2014. estMOI: estimating multiplicity of
infection using parasite deep sequencing data. Bioinformatics 30:1292-1294. DOI: https://doi.org/10.1093/
bioinformatics/btu005, PMID: 24443379

Bhatt S, Weiss DJ, Cameron E, Bisanzio D, Mappin B, Dalrymple U, Battle K, Moyes CL, Henry A, Eckhoff PA,
Wenger EA, Briét O, Penny MA, Smith TA, Bennett A, Yukich J, Eisele TP, Griffin JT, Fergus CA, Lynch M, et al.
2015. The effect of malaria control on Plasmodium falciparum in Africa between 2000 and 2015. Nature 526:
207-211. DOI: https://doi.org/10.1038/nature 15535, PMID: 26375008

Bonnington CA, Phyo AP, Ashley EA, Imwong M, Sriprawat K, Parker DM, Proux S, White NJ, Nosten F. 2017.
Plasmodium falciparum kelch 13 mutations and treatment response in patients in Hpa-Pun district, northern
kayin state, Myanmar. Malaria Journal 16:480. DOI: https://doi.org/10.1186/s12936-017-2128-x, PMID: 2917
8921

Carrara VI, Sirilak S, Thonglairuam J, Rojanawatsirivet C, Proux S, Gilbos V, Brockman A, Ashley EA, McGready
R, Krudsood S, Leemingsawat S, Looareesuwan S, Singhasivanon P, White N, Nosten F. 2006. Deployment of
early diagnosis and mefloquine- Artesunate treatment of falciparum malaria in Thailand: the tak malaria
initiative. PLOS Medicine 3:e183. DOI: https://doi.org/10.1371/journal.pmed.0030183

Cerqueira GC, Cheeseman IH, Schaffner SF, Nair S, McDew-White M, Phyo AP, Ashley EA, Melnikov A, Rogov P,
Birren BW, Nosten F, Anderson TJC, Neafsey DE. 2017. Longitudinal genomic surveillance of Plasmodium
falciparum malaria parasites reveals complex genomic architecture of emerging artemisinin resistance. Genome
Biology 18:78. DOI: https://doi.org/10.1186/s13059-017-1204-4, PMID: 28454557

Chang HH, Worby CJ, Yeka A, Nankabirwa J, Kamya MR, Staedke SG, Dorsey G, Murphy M, Neafsey DE,
Jeffreys AE, Hubbart C, Rockett KA, Amato R, Kwiatkowski DP, Buckee CO, Greenhouse B. 2017. THE REAL
McCOIL: a method for the concurrent estimation of the complexity of infection and SNP allele frequency for
malaria parasites. PLOS Computational Biology 13:€1005348. DOI: https://doi.org/10.1371/journal.pcbi.
1005348, PMID: 28125584

Cheeseman IH, Miller BA, Nair S, Nkhoma S, Tan A, Tan JC, Al Saai S, Phyo AP, Moo CL, Lwin KM, McGready R,
Ashley E, Imwong M, Stepniewska K, Yi P, Dondorp AM, Mayxay M, Newton PN, White NJ, Nosten F, et al.
2012. A major genome region underlying artemisinin resistance in malaria. Science 336:79-82. DOI: https://doi.
org/10.1126/science.1215966, PMID: 22491853

Chenet SM, Akinyi Okoth S, Huber CS, Chandrabose J, Lucchi NW, Talundzic E, Krishnalall K, Ceron N, Musset L,
Macedo de Oliveira A, Venkatesan M, Rahman R, Barnwell JW, Udhayakumar V. 2016. Independent
Emergence of the Plasmodium falciparum Kelch Propeller Domain Mutant Allele C580Y in Guyana . Journal of
Infectious Diseases 213:1472-1475. DOI: https://doi.org/10.1093/infdis/jiv752

Chenet SM, Okoth SA, Kelley J, Lucchi N, Huber CS, Vreden S, Macedo de Oliveira A, Barnwell JW,
Udhayakumar V, Adhin MR. 2017. Molecular profile of malaria drug resistance markers of Plasmodium
falciparum in Suriname. Antimicrobial Agents and Chemotherapy 61:e02655. DOI: https://doi.org/10.1128/
AAC.02655-16

DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, Philippakis AA, del Angel G, Rivas MA,
Hanna M, McKenna A, Fennell TJ, Kernytsky AM, Sivachenko AY, Cibulskis K, Gabriel SB, Altshuler D, Daly MJ.
2011. A framework for variation discovery and genotyping using next-generation DNA sequencing data.
Nature Genetics 43:491-498. DOI: https://doi.org/10.1038/ng.806, PMID: 21478889

Dharia NV, Plouffe D, Bopp SE, Gonzélez-Paez GE, Lucas C, Salas C, Soberon V, Bursulaya B, Kochel TJ, Bacon
DJ, Winzeler EA. 2010. Genome scanning of amazonian Plasmodium falciparum shows subtelomeric instability
and clindamycin-resistant parasites. Genome Research 20:1534-1544. DOI: https://doi.org/10.1101/gr.105163.
110, PMID: 20829224

Dondorp AM, Nosten F, Yi P, Das D, Phyo AP, Tarning J, Lwin KM, Ariey F, Hanpithakpong W, Lee SJ, Ringwald
P, Silamut K, Imwong M, Chotivanich K, Lim P, Herdman T, An SS, Yeung S, Singhasivanon P, Day NP, et al.
2009. Artemisinin resistance in Plasmodium falciparum malaria. The New England Journal of Medicine 361:
455-467. DOI: https://doi.org/10.1056/NEJM0a0808859, PMID: 19641202

Douine M, Musset L, Corlin F, Pelleau S, Pasquier J, Mutricy L, Adenis A, Djossou F, Brousse P, Perotti F, Hiwat
H, Vreden S, Demar M, Nacher M. 2016. Prevalence of plasmodium spp. in illegal gold miners in French Guiana
in 2015: a hidden but critical malaria reservoir. Malaria Journal 15:315. DOI: https://doi.org/10.1186/s12936-
016-1367-6, PMID: 27277831

Douine M, Lazrek Y, Blanchet D, Pelleau S, Chanlin R, Corlin F, Hureau L, Volney B, Hiwat H, Vreden S, Djossou
F, Demar M, Nacher M, Musset L. 2018. Predictors of antimalarial self-medication in illegal gold miners in
french guiana: a pathway towards artemisinin resistance. Journal of Antimicrobial Chemotherapy 73:231-239.
DOI: https://doi.org/10.1093/jac/dkx343, PMID: 29045645

Eastman RT, Fidock DA. 2009. Artemisinin-based combination therapies: a vital tool in efforts to eliminate
malaria. Nature Reviews Microbiology 7:864-874. DOI: https://doi.org/10.1038/nrmicro2239, PMID: 19881520

Echeverry DF, Nair S, Osorio L, Menon S, Murillo C, Anderson TJ. 2013. Long term persistence of clonal malaria
parasite Plasmodium falciparum lineages in the Colombian Pacific region. BMC Genetics 14:2. DOI: https://doi.
org/10.1186/1471-2156-14-2, PMID: 23294725

Fidock DA, Wellems TE. 1997. Transformation with human dihydrofolate reductase renders malaria parasites
insensitive to WR99210 but does not affect the intrinsic activity of proguanil. PNAS 94:10931-10936.

DOI: https://doi.org/10.1073/pnas.94.20.10931, PMID: 9380737

Galinsky K, Valim C, Salmier A, de Thoisy B, Musset L, Legrand E, Faust A, Baniecki ML, Ndiaye D, Daniels RF,

Hartl DL, Sabeti PC, Wirth DF, Volkman SK, Neafsey DE. 2015. COIL: a methodology for evaluating malarial

Mathieu et al. eLife 2020;9:€51015. DOI: https://doi.org/10.7554/eLife.51015 18 of 21


https://doi.org/10.1093/bioinformatics/btu005
https://doi.org/10.1093/bioinformatics/btu005
http://www.ncbi.nlm.nih.gov/pubmed/24443379
https://doi.org/10.1038/nature15535
http://www.ncbi.nlm.nih.gov/pubmed/26375008
https://doi.org/10.1186/s12936-017-2128-x
http://www.ncbi.nlm.nih.gov/pubmed/29178921
http://www.ncbi.nlm.nih.gov/pubmed/29178921
https://doi.org/10.1371/journal.pmed.0030183
https://doi.org/10.1186/s13059-017-1204-4
http://www.ncbi.nlm.nih.gov/pubmed/28454557
https://doi.org/10.1371/journal.pcbi.1005348
https://doi.org/10.1371/journal.pcbi.1005348
http://www.ncbi.nlm.nih.gov/pubmed/28125584
https://doi.org/10.1126/science.1215966
https://doi.org/10.1126/science.1215966
http://www.ncbi.nlm.nih.gov/pubmed/22491853
https://doi.org/10.1093/infdis/jiv752
https://doi.org/10.1128/AAC.02655-16
https://doi.org/10.1128/AAC.02655-16
https://doi.org/10.1038/ng.806
http://www.ncbi.nlm.nih.gov/pubmed/21478889
https://doi.org/10.1101/gr.105163.110
https://doi.org/10.1101/gr.105163.110
http://www.ncbi.nlm.nih.gov/pubmed/20829224
https://doi.org/10.1056/NEJMoa0808859
http://www.ncbi.nlm.nih.gov/pubmed/19641202
https://doi.org/10.1186/s12936-016-1367-6
https://doi.org/10.1186/s12936-016-1367-6
http://www.ncbi.nlm.nih.gov/pubmed/27277831
https://doi.org/10.1093/jac/dkx343
http://www.ncbi.nlm.nih.gov/pubmed/29045645
https://doi.org/10.1038/nrmicro2239
http://www.ncbi.nlm.nih.gov/pubmed/19881520
https://doi.org/10.1186/1471-2156-14-2
https://doi.org/10.1186/1471-2156-14-2
http://www.ncbi.nlm.nih.gov/pubmed/23294725
https://doi.org/10.1073/pnas.94.20.10931
http://www.ncbi.nlm.nih.gov/pubmed/9380737
https://doi.org/10.7554/eLife.51015

e Llfe Research article

Epidemiology and Global Health | Microbiology and Infectious Disease

complexity of infection using likelihood from single nucleotide polymorphism data. Malaria Journal 14:4.
DOI: https://doi.org/10.1186/1475-2875-14-4, PMID: 25599890

Goodyer ID, Taraschi TF. 1997. Plasmodium falciparum: a simple, rapid method for detecting parasite clones in
microtiter plates. Experimental Parasitology 86:158-160. DOI: https://doi.org/10.1006/expr.1997.4156, PMID:
9207746

Han KT, Lin K, Myint MK, Thi A, Aye KH, Han ZY, Moe M, Bustos MD, Rahman MM, Ringwald P, Simmons R,
Markwalter CF, Plowe CV, Nyunt MM. 2020. Artemether-Lumefantrine and Dihydroartemisinin-Piperaquine
retain high efficacy for treatment of uncomplicated Plasmodium falciparum Malaria in Myanmar. The American
Journal of Tropical Medicine and Hygiene 102:598-604. DOI: https://doi.org/10.4269/ajtmh.19-0692, PMID: 31
833468

Heemskerk. 2011. Small-scale gold mining in the transboundary areas of Brazil, Suriname and French Guiana.
Social and Environmental Issues. Report Paramaribo, Suriname:: United Nations Development Programme.

Imwong M, Suwannasin K, Kunasol C, Sutawong K, Mayxay M, Rekol H, Smithuis FM, Hlaing TM, Tun KM, van
der Pluijm RW, Tripura R, Miotto O, Menard D, Dhorda M, Day NPJ, White NJ, Dondorp AM. 2017. The spread
of artemisinin-resistant Plasmodium falciparum in the Greater Mekong subregion: a molecular epidemiology
observational study. The Lancet Infectious Diseases 17:491-497. DOI: https://doi.org/10.1016/51473-3099(17)
30048-8

Kim J, Tan YZ, Wicht KJ, Erramilli SK, Dhingra SK, Okombo J, Vendome J, Hagenah LM, Giacometti SI, Warren
AL, Nosol K, Roepe PD, Potter CS, Carragher B, Kossiakoff AA, Quick M, Fidock DA, Mancia F. 2019. Structure
and drug resistance of the Plasmodium falciparum transporter PfCRT. Nature 576:315-320. DOI: https://doi.
org/10.1038/s41586-019-1795-x, PMID: 31776516

Kobasa T, Talundzic E, Sug-aram R, Boondat P, Goldman IF, Lucchi NW, Dharmarak P, Sintasath D, Fukuda M,
Whistler T, MacArthur J, Udhayakumar V, Prempree P, Chinanonwait N. 2018. Emergence and Spread of
kelch13 Mutations Associated with Artemisinin Resistance in Plasmodium falciparum Parasites in 12 Thai
Provinces from 2007 to 2016 . Antimicrobial Agents and Chemotherapy 62:e02141. DOI: https://doi.org/10.
1128/AAC.02141-17

Legrand E, Yrinesi J, Ekala M-T, Péneau J, Volney B, Berger F, Bouchier C, Bertani S, Musset L, Meynard J-B,
Mercereau-Puijalon O. 2012. Discordant Temporal Evolution of Pfcrt and Pfmdr1 Genotypes and Plasmodium
falciparum in vitro drug susceptibility to 4-aminoquinolines after drug policy change in French Guiana .
Antimicrobial Agents and Chemotherapy 56:1382-1389. DOI: https://doi.org/10.1128/AAC.05280-11

Li H. 2013. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. aArXiv. https://
arxiv.org/abs/1303.3997.

Li X, Kumar S, McDew-White M, Haile M, Cheeseman IH, Emrich S, Button-Simons K, Nosten F, Kappe SHI,
Ferdig MT, Anderson TJC, Vaughan AM. 2019. Genetic mapping of fitness determinants across the malaria
parasite Plasmodium falciparum life cycle. PLOS Genetics 15:€1008453. DOI: https://doi.org/10.1371/journal.
pgen.1008453, PMID: 31609965

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Garimella K, Altshuler D, Gabriel S, Daly
M, DePristo MA. 2010. The genome analysis toolkit: a MapReduce framework for analyzing next-generation
DNA sequencing data. Genome Research 20:1297-1303. DOI: https://doi.org/10.1101/gr.107524.110,

PMID: 20644199

Ménard D, Khim N, Beghain J, Adegnika AA, Shafiul-Alam M, Amodu O, Rahim-Awab G, Barnadas C, Berry A,
Boum Y, Bustos MD, Cao J, Chen JH, Collet L, Cui L, Thakur GD, Dieye A, Djallé D, Dorkenoo MA, Eboumbou-
Moukoko CE, et al. 2016. A worldwide map of Plasmodium falciparum K13-Propeller Polymorphisms. The New
England Journal of Medicine 374:2453-2464. DOI: https://doi.org/10.1056/NEJMoa1513137, PMID: 27332904

Menard D, Ariey F. 2013. PCR-Sequencing for Genotyping SNPs PF3D7_1343700 Kelch Protein Propeller
Domain: Institut Pasteur du Cambodge - Institut Pasteur, Paris Procedure.

Miles A, Igbal Z, Vauterin P, Pearson R, Campino S, Theron M, Gould K, Mead D, Drury E, O'Brien J, Ruano
Rubio V, Maclnnis B, Mwangi J, Samarakoon U, Ranford-Cartwright L, Ferdig M, Hayton K, Su XZ, Wellems T,
Rayner J, et al. 2016. Indels, structural variation, and recombination drive genomic diversity in Plasmodium
falciparum. Genome Research 26:1288-1299. DOI: https://doi.org/10.1101/gr.203711.115, PMID: 27531718

Ministry of Public Health. 2018. National malaria programme strategic plan 2015-2020. http://docs.bvsalud.org/
biblioref/2018/07/906525/arbo-guy-005.pdf [Accessed April 30, 2019].

Miotto O, Almagro-Garcia J, Manske M, Macinnis B, Campino S, Rockett KA, Amaratunga C, Lim P, Suon S,
Sreng S, Anderson JM, Duong S, Nguon C, Chuor CM, Saunders D, Se Y, Lon C, Fukuda MM, Amenga-Etego
L, Hodgson AV, et al. 2013. Multiple populations of artemisinin-resistant Plasmodium falciparum in Cambodia.
Nature Genetics 45:648-655. DOI: https://doi.org/10.1038/ng.2624, PMID: 23624527

Miotto O, Amato R, Ashley EA, Maclnnis B, Almagro-Garcia J, Amaratunga C, Lim P, Mead D, Oyola SO, Dhorda
M, Imwong M, Woodrow C, Manske M, Stalker J, Drury E, Campino S, Amenga-Etego L, Thanh TN, Tran HT,
Ringwald P, et al. 2015. Genetic architecture of artemisinin-resistant Plasmodium falciparum. Nature Genetics
47:226-234. DOI: https://doi.org/10.1038/ng.3189, PMID: 25599401

Nair S, Li X, Arya GA, McDew-White M, Ferrari M, Nosten F, Anderson TJC. 2018. Fitness Costs and the Rapid
Spread of kelch13 -C580Y Substitutions Conferring Artemisinin Resistance . Antimicrobial Agents and
Chemotherapy 62:€00605. DOI: https://doi.org/10.1128/AAC.00605-18

Oyola SO, Ariani CV, Hamilton WL, Kekre M, Amenga-Etego LN, Ghansah A, Rutledge GG, Redmond S, Manske
M, Jyothi D, Jacob CG, Otto TD, Rockett K, Newbold Cl, Berriman M, Kwiatkowski DP. 2016. Whole genome
sequencing of Plasmodium falciparum from dried blood spots using selective whole genome amplification.
Malaria Journal 15:597. DOI: https://doi.org/10.1186/s12936-016-1641-7, PMID: 27998271

Mathieu et al. eLife 2020;9:€51015. DOI: https://doi.org/10.7554/eLife.51015 19 of 21


https://doi.org/10.1186/1475-2875-14-4
http://www.ncbi.nlm.nih.gov/pubmed/25599890
https://doi.org/10.1006/expr.1997.4156
http://www.ncbi.nlm.nih.gov/pubmed/9207746
https://doi.org/10.4269/ajtmh.19-0692
http://www.ncbi.nlm.nih.gov/pubmed/31833468
http://www.ncbi.nlm.nih.gov/pubmed/31833468
https://doi.org/10.1016/S1473-3099(17)30048-8
https://doi.org/10.1016/S1473-3099(17)30048-8
https://doi.org/10.1038/s41586-019-1795-x
https://doi.org/10.1038/s41586-019-1795-x
http://www.ncbi.nlm.nih.gov/pubmed/31776516
https://doi.org/10.1128/AAC.02141-17
https://doi.org/10.1128/AAC.02141-17
https://doi.org/10.1128/AAC.05280-11
https://arxiv.org/abs/1303.3997
https://arxiv.org/abs/1303.3997
https://doi.org/10.1371/journal.pgen.1008453
https://doi.org/10.1371/journal.pgen.1008453
http://www.ncbi.nlm.nih.gov/pubmed/31609965
https://doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
https://doi.org/10.1056/NEJMoa1513137
http://www.ncbi.nlm.nih.gov/pubmed/27332904
https://doi.org/10.1101/gr.203711.115
http://www.ncbi.nlm.nih.gov/pubmed/27531718
http://docs.bvsalud.org/biblioref/2018/07/906525/arbo-guy-005.pdf
http://docs.bvsalud.org/biblioref/2018/07/906525/arbo-guy-005.pdf
https://doi.org/10.1038/ng.2624
http://www.ncbi.nlm.nih.gov/pubmed/23624527
https://doi.org/10.1038/ng.3189
http://www.ncbi.nlm.nih.gov/pubmed/25599401
https://doi.org/10.1128/AAC.00605-18
https://doi.org/10.1186/s12936-016-1641-7
http://www.ncbi.nlm.nih.gov/pubmed/27998271
https://doi.org/10.7554/eLife.51015

e Llfe Research article

Epidemiology and Global Health | Microbiology and Infectious Disease

Pelleau S, Moss EL, Dhingra SK, Volney B, Casteras J, Gabryszewski SJ, Volkman SK, Wirth DF, Legrand E, Fidock
DA, Neafsey DE, Musset L. 2015. Adaptive evolution of malaria parasites in french guiana: reversal of
chloroquine resistance by acquisition of a mutation in pfcrt. PNAS 112:11672-11677. DOI: https://doi.org/10.
1073/pnas.1507142112, PMID: 26261345

Pribluda VS, Evans L, Barillas E, Marmion J, Lukulay P, Chang J. 2014. Were medicine quality and pharmaceutical
management contributing factors in diminishing artemisinin efficacy in Guyana and Suriname? Malaria Journal
13:77. DOI: https://doi.org/10.1186/1475-2875-13-77, PMID: 24581434

R Development Core Team. 2016. R: A language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. https://www.R-project.org/

Rahman R, Martin MJ, Persaud S, Ceron N, Kellman D, Musset L, Carter KH, Ringwald P. 2016. Continued
sensitivity of Plasmodium falciparum to Artemisinin in Guyana, With Absence of Kelch Propeller Domain Mutant
Alleles. Open Forum Infectious Diseases 3:0fw185. DOI: https://doi.org/10.1093/ofid/ofw185, PMID: 27704030

Roper C, Pearce R, Nair S, Sharp B, Nosten F, Anderson T. 2004. Intercontinental spread of pyrimethamine-
resistant malaria. Science 305:1124. DOI: https://doi.org/10.1126/science. 1098876, PMID: 15326348

Ross LS, Dhingra SK, Mok S, Yeo T, Wicht KJ, Kimpornsin K, Takala-Harrison S, Witkowski B, Fairhurst RM, Ariey
F, Menard D, Fidock DA. 2018. Emerging southeast asian PfCRT mutations confer Plasmodium falciparum
resistance to the first-line antimalarial piperaquine. Nature Communications 9:3314. DOI: https://doi.org/10.
1038/s41467-018-05652-0, PMID: 30115924

Saenz FE, Morton LC, Okoth SA, Valenzuela G, Vera-Arias CA, Vélez-Alvarez E, Lucchi NW, Castro LE,
Udhayakumar V. 2015. Clonal population expansion in an outbreak of Plasmodium falciparum on the northwest
coast of Ecuador. Malaria Journal 13 Suppl 1:497. DOI: https://doi.org/10.1186/512936-015-1019-2,

PMID: 26651993

Saenz FE, Arévalo-Cortés A, Valenzuela G, Vallejo AF, Castellanos A, Poveda-Loayza AC, Gutierrez JB, Alvarez
A, Yan YH, Benavides Y, Castro LE, Arévalo-Herrera M, Herrera S. 2017. Malaria epidemiology in low-
endemicity Areas of the northern coast of Ecuador: high prevalence of asymptomatic infections. Malaria
Journal 16:300. DOI: https://doi.org/10.1186/s12936-017-1947-0, PMID: 28747199

Schaffner SF, Taylor AR, Wong W, Wirth DF, Neafsey DE. 2018. hmmIBD: software to infer pairwise identity by
descent between haploid genotypes. Malaria Journal 17:196. DOI: https://doi.org/10.1186/s12936-018-2349-7,
PMID: 29764422

Straimer J, Gnadig NF, Witkowski B, Amaratunga C, Duru V, Ramadani AP, Dacheux M, Khim N, Zhang L, Lam S,
Gregory PD, Urnov FD, Mercereau-Puijalon O, Benoit-Vical F, Fairhurst RM, Ménard D, Fidock DA. 2015. Drug
resistance. K13-propeller mutations confer artemisinin resistance in Plasmodium falciparum clinical isolates.
Science 347:428-431. DOI: https://doi.org/10.1126/science.1260867, PMID: 25502314

Straimer J, Gnadig NF, Stokes BH, Ehrenberger M, Crane AA, Fidock DA. 2017. Plasmodium falciparum K13
mutations differentially impact ozonide susceptibility and parasite fitness In Vitro. mBio 8:e00172. DOI: https://
doi.org/10.1128/mBio.00172-17, PMID: 28400526

Takala-Harrison S, Jacob CG, Arze C, Cummings MP, Silva JC, Dondorp AM, Fukuda MM, Hien TT, Mayxay M,
Noedl H, Nosten F, Kyaw MP, Nhien NT, Imwong M, Bethell D, Se Y, Lon C, Tyner SD, Saunders DL, Ariey F,
et al. 2015. Independent emergence of artemisinin resistance mutations among Plasmodium falciparum in
Southeast Asia. The Journal of Infectious Diseases 211:670-679. DOI: https://doi.org/10.1093/infdis/jiu491,
PMID: 25180241

Talundzic E, Chenet SM, Goldman IF, Patel DS, Nelson JA, Plucinski MM, Barnwell JW, Udhayakumar V. 2015.
Genetic analysis and species specific amplification of the artemisinin Resistance-Associated Kelch propeller
domain in P. falciparum and P. vivax. PLOS ONE 10:e0136099. DOI: https://doi.org/10.1371/journal.pone.
0136099, PMID: 26292024

Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, del Angel G, Levy-Moonshine A, Jordan T, Shakir K,
Roazen D, Thibault J, Banks E, Garimella KV, Altshuler D, Gabriel S, DePristo MA. 2013. From FastQ data to
high confidence variant calls: the genome analysis toolkit best practices pipeline. Curr Protoc Bioinformatics.
43:33. DOI: https://doi.org/10.1002/0471250953.bi1110s43

Vinayak S, Alam MT, Mixson-Hayden T, McCollum AM, Sem R, Shah NK, Lim P, Muth S, Rogers WO, Fandeur T,
Barnwell JW, Escalante AA, Wongsrichanalai C, Ariey F, Meshnick SR, Udhayakumar V. 2010. Origin and
evolution of sulfadoxine resistant Plasmodium falciparum. PLOS Pathogens 6:€1000830. DOI: https://doi.org/
10.1371/journal.ppat.1000830, PMID: 20360965

Witkowski B, Amaratunga C, Khim N, Sreng S, Chim P, Kim S, Lim P, Mao S, Sopha C, Sam B, Anderson JM,
Duong S, Chuor CM, Taylor WRJ, Suon S, Mercereau-Puijalon O, Fairhurst RM, Menard D. 2013. Novel
phenotypic assays for the detection of artemisinin-resistant Plasmodium falciparum malaria in Cambodia: in-
vitro and ex-vivo drug-response studies. The Lancet Infectious Diseases 13:1043-1049. DOI: https://doi.org/10.
1016/51473-3099(13)70252-4

Wootton JC, Feng X, Ferdig MT, Cooper RA, Mu J, Baruch DI, Magill AJ, Su XZ. 2002. Genetic diversity and
chloroquine selective sweeps in Plasmodium falciparum. Nature 418:320-323. DOI: https://doi.org/10.1038/
nature00813, PMID: 12124623

World Health Organization. 2001. Antimalarial drug combination therapy. http://apps.who.int/iris/bitstream/
10665/66952/1/WHO_CDS_RBM_2001.35.pdf [Accessed April 11, 2017].

World Health Organization. 2017. Status report on artemisinin and artemisinin-based combination therapy
resistance. . http://apps.who.int/iris/bitstream/10665/255213/1/WHO-HTM-GMP-2017.9-eng.pdf?ua=1
[Accessed February 27, 2018].

Mathieu et al. eLife 2020;9:€51015. DOI: https://doi.org/10.7554/eLife.51015 20 of 21


https://doi.org/10.1073/pnas.1507142112
https://doi.org/10.1073/pnas.1507142112
http://www.ncbi.nlm.nih.gov/pubmed/26261345
https://doi.org/10.1186/1475-2875-13-77
http://www.ncbi.nlm.nih.gov/pubmed/24581434
https://www.R-project.org/
https://doi.org/10.1093/ofid/ofw185
http://www.ncbi.nlm.nih.gov/pubmed/27704030
https://doi.org/10.1126/science.1098876
http://www.ncbi.nlm.nih.gov/pubmed/15326348
https://doi.org/10.1038/s41467-018-05652-0
https://doi.org/10.1038/s41467-018-05652-0
http://www.ncbi.nlm.nih.gov/pubmed/30115924
https://doi.org/10.1186/s12936-015-1019-2
http://www.ncbi.nlm.nih.gov/pubmed/26651993
https://doi.org/10.1186/s12936-017-1947-0
http://www.ncbi.nlm.nih.gov/pubmed/28747199
https://doi.org/10.1186/s12936-018-2349-7
http://www.ncbi.nlm.nih.gov/pubmed/29764422
https://doi.org/10.1126/science.1260867
http://www.ncbi.nlm.nih.gov/pubmed/25502314
https://doi.org/10.1128/mBio.00172-17
https://doi.org/10.1128/mBio.00172-17
http://www.ncbi.nlm.nih.gov/pubmed/28400526
https://doi.org/10.1093/infdis/jiu491
http://www.ncbi.nlm.nih.gov/pubmed/25180241
https://doi.org/10.1371/journal.pone.0136099
https://doi.org/10.1371/journal.pone.0136099
http://www.ncbi.nlm.nih.gov/pubmed/26292024
https://doi.org/10.1002/0471250953.bi1110s43
https://doi.org/10.1371/journal.ppat.1000830
https://doi.org/10.1371/journal.ppat.1000830
http://www.ncbi.nlm.nih.gov/pubmed/20360965
https://doi.org/10.1016/S1473-3099(13)70252-4
https://doi.org/10.1016/S1473-3099(13)70252-4
https://doi.org/10.1038/nature00813
https://doi.org/10.1038/nature00813
http://www.ncbi.nlm.nih.gov/pubmed/12124623
http://apps.who.int/iris/bitstream/10665/66952/1/WHO_CDS_RBM_2001.35.pdf
http://apps.who.int/iris/bitstream/10665/66952/1/WHO_CDS_RBM_2001.35.pdf
http://apps.who.int/iris/bitstream/10665/255213/1/WHO-HTM-GMP-2017.9-eng.pdf?ua=1
https://doi.org/10.7554/eLife.51015

L]
ELlfe Research article Epidemiology and Global Health | Microbiology and Infectious Disease

World Health Organization. 2018. Status report on artemisinin resistance and artemisinin-based combination
therapy. http://apps.who.int/iris/bitstream/handle/10665/274362/WHO-CDS-GMP-2018.18-eng.pdf?ua=1
[Accessed September 14, 2018].

World Health Organization. 2019. World Malaria Report. https://www.who.int/news-room/feature-stories/detail/
world-malaria-report-2019 [Accessed January 7, 2020].

WWARN K13 Genotype-Phenotype Study Group. 2019. Association of mutations in the Plasmodium falciparum
Kelch13 gene (Pf3D7_1343700) with parasite clearance rates after artemisinin-based treatments-a WWARN
individual patient data meta-analysis. BMC Medicine 17:1. DOI: https://doi.org/10.1186/s12916-018-1207-3,
PMID: 30651111

Yalcindag E, Elguero E, Arnathau C, Durand P, Akiana J, Anderson TJ, Aubouy A, Balloux F, Besnard P, Bogreau
H, Carnevale P, D'Alessandro U, Fontenille D, Gamboa D, Jombart T, Le Mire J, Leroy E, Maestre A, Mayxay
M, Ménard D, et al. 2012. Multiple independent introductions of Plasmodium falciparum in South America.
PNAS 109:511-516. DOI: https://doi.org/10.1073/pnas. 1119058109, PMID: 22203975

Zhu SJ, Hendry JA, Almagro-Garcia J, Pearson RD, Amato R, Miles A, Weiss DJ, Lucas TC, Nguyen M, Gething
PW, Kwiatkowski D, McVean G, Pf3k Project. 2019. The origins and relatedness structure of mixed infections
vary with local prevalence of P. falciparum malaria. eLife 8:e40845. DOI: https://doi.org/10.7554/elife.40845,
PMID: 31298657

Mathieu et al. eLife 2020;9:€51015. DOI: https://doi.org/10.7554/eLife.51015 21 of 21


http://apps.who.int/iris/bitstream/handle/10665/274362/WHO-CDS-GMP-2018.18-eng.pdf?ua=1
https://www.who.int/news-room/feature-stories/detail/world-malaria-report-2019
https://www.who.int/news-room/feature-stories/detail/world-malaria-report-2019
https://doi.org/10.1186/s12916-018-1207-3
http://www.ncbi.nlm.nih.gov/pubmed/30651111
https://doi.org/10.1073/pnas.1119058109
http://www.ncbi.nlm.nih.gov/pubmed/22203975
https://doi.org/10.7554/eLife.40845
http://www.ncbi.nlm.nih.gov/pubmed/31298657
https://doi.org/10.7554/eLife.51015

