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            Abstract
Plasmodium falciparum resistance to artemisinin derivatives in southeast Asia threatens malaria control and elimination activities worldwide. To monitor the spread of artemisinin resistance, a molecular marker is urgently needed. Here, using whole-genome sequencing of an artemisinin-resistant parasite line from Africa and clinical parasite isolates from Cambodia, we associate mutations in the PF3D7_1343700 kelch propeller domain (‘K13-propeller’) with artemisinin resistance in vitro and in vivo. Mutant K13-propeller alleles cluster in Cambodian provinces where resistance is prevalent, and the increasing frequency of a dominant mutant K13-propeller allele correlates with the recent spread of resistance in western Cambodia. Strong correlations between the presence of a mutant allele, in vitro parasite survival rates and in vivo parasite clearance rates indicate that K13-propeller mutations are important determinants of artemisinin resistance. K13-propeller polymorphism constitutes a useful molecular marker for large-scale surveillance efforts to contain artemisinin resistance in the Greater Mekong Subregion and prevent its global spread.
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                    Figure 1: Temporal acquisition of mutations in F32-ART5.


Figure 2: Survival rates of Cambodian parasite isolates in the RSA0–3 h, stratified by K13-propeller allele.


Figure 3: Frequency of K13-propeller alleles in 886 parasite isolates in six Cambodian provinces in 2001–2012.


Figure 4: Parasite clearance half-lives.
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B.W., S.M., A.B. and F.B.-V. produced the F32-ART5 and F32-TEM clonal lines and analysed their survival rates. F.A. and J.B. developed computational components of the whole-genome sequence analysis. C.B. and L.M. performed whole-genome sequencing. F.A., C.A., S.K., V.D., P.L., R.L., S.D., Se.S., So.S., C.M.C., D.M.B., W.O.R., B.G., T.F., P.R., J.L.B., R.M.F. and D.M. conducted clinical studies and collected parasite isolates. A.-C.L., N.K., S.K., V.D., S.M. and A.B. performed PCR and sequencing analyses. B.W., F.B.-V., V.D. and D.M. performed in vitro assays (RSA0–3 h). O.M. provided genotyping and population structure data for Cambodian parasite isolates. J.-C.B. and O.M.-P. performed three-dimensional structure modelling. F.A., R.M.F., F.B.-V., O.M.-P. and D.M. conceived of the study, supervised the project, processed the data and wrote the manuscript with contributions from B.W., C.A., A.B. and J.-C.B.
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Additional information
The following reagents have been deposited to the MR4/BEI by D.M.: MRA-1236 (Plasmodium falciparum IPC 3445 Pailin Cambodia 2010), MRA-1237 (Plasmodium falciparum IPC 3663 Pailin Cambodia 2010), MRA-1238 (Plasmodium falciparum IPC 4884 Pursat Cambodia 2011), MRA-1239 (Plasmodium falciparum IPC 5188 Ratanakiri Cambodia 2011), MRA-1240 (Plasmodium falciparum IPC 5202 Battambang Cambodia 2011) and MRA-1241 (Plasmodium falciparum IPC 4912 Mondulkiri Cambodia 2011).


Extended data figures and tables

Extended Data Figure 1 SNP-calling algorithm and sequence and coverage of SNPs.
a, SNP-calling algorithm of the whole-genome sequence comparison of F32-ART5 and F32-TEM. b, Sequence and coverage of SNPs in seven candidate genes differing in F32-TEM and F32 ART5.


Extended Data Figure 2 Geographic distribution of K13-propeller alleles in Cambodia in 2011–2012.
Pie charts show K13-propeller allele frequencies among 300 parasite isolates in ten Cambodian provinces. Pie sizes are proportional to the number of isolates and the different alleles are colour-coded as indicated. The frequencies (95% confidence interval) of mutant K13-propeller alleles are: Pailin (95%, 88–99, n = 84), Battambang (93%, 87–99, n = 71), Pursat (89%, 67–99, n = 19), Kampot (83%, 52–98, n = 12), Kampong Som (71%, 29–96, n = 7), Oddar Meanchey (76%, 58–89, n = 33), Preah Vihear (16%, 3–40, n = 19), Kratie (71%, 44–90, n = 17), Mondulkiri (67%, 9–99, n = 3) and Ratanakiri (6%, 1–19, n = 35).


Extended Data Figure 3 Correlation between the frequency of wild-type K13-propeller alleles and the prevalence of day 3 positivity after ACT treatment in eight Cambodian provinces.
The frequency of day 3 positivity is plotted against the frequency of wild-type K13-propeller alleles. Data are derived from patients treated with an ACT for P. falciparum malaria in 2010–2012 in eight Cambodian provinces (Extended Data Figure 2): Pailin (n = 86, 2011 WHO therapeutic efficacy study, artesunate-mefloquine); Pursat (n = 32, 2012 WHO therapeutic efficacy study, dihydroartemisinin-piperaquine); Oddar Meanchey (n = 32, 2010 NAMRU-2 therapeutic efficacy study, artesunate-mefloquine); Kampong Som/Speu (n = 7, 2012 WHO therapeutic efficacy study, dihydroartemisinin-piperaquine); Battambang (n = 18, 2012 WHO therapeutic efficacy study, dihydroartemisinin-piperaquine); Kratie (n = 15, 2011 WHO therapeutic efficacy study, dihydroartemisinin-piperaquine); Preah Vihear (n = 19, 2011 WHO therapeutic efficacy study, dihydroartemisinin-piperaquine); Ratanakiri (n = 32, 2010 WHO therapeutic efficacy study, dihydroartemisinin-piperaquine). Spearman’s coefficient of rank correlation (8 sites): r = −0.99, 95% confidence interval −0.99 to −0.96, P < 0.0001.


Extended Data Figure 4 Schematic representation of homology between P. falciparum K13 and human KEAP1 proteins and structural 3D model of the K13-propeller domain.
a, Schematic representation of the predicted PF3D7_1343700 protein and homology to human KEAP1. Similar to KEAP1, PF3D7_1343700 contains a BTB/POZ domain and a C-terminal 6-blade propeller, which assembles kelch motifs consisting of four anti-parallel beta sheets. b, Structural 3D model of the K13-propeller domain showing the six kelch blades numbered 1 to 6 from N to C terminus and colour-coded as in Supplementary Fig. 1. The level of amino-acid identity between the K13-propeller and kelch domains of proteins with solved 3D structures, including human KEAP146,47, enabled us to model the 3D structure of the K13-propeller and to map the mutations selected under ART pressure (Extended data Table 5). The accuracy of the K13-propeller 3D model was confirmed by Modeller-specific model/fold criteria of reliability (see Methods). We predict that the K13-propeller folds into a 6-bladed β-propeller structure48 closed by the interaction between a C-terminal beta-sheet and the N-terminal blade46,48. The first domain has three β-sheets, the fourth one being contributed by an extra C-terminal β-sheet called β'1 in Supplementary Fig. 1. The human KEAP1 kelch propeller scaffold is destabilized by a variety of mutations affecting intra- or inter-blade interactions in human lung cancer46 and hypertension47. The positions of the various mutations are indicated by a sphere, colour-coded as in Figs 2–4. The M476 residue mutated in F32-ART5 is indicated in dark grey. Like the mutations observed in human KEAP146,47, many K13-propeller mutations are predicted to alter the structure of the propeller or modify surface charges, and as a consequence alter the biological function of the protein. Importantly, the two major mutations C580Y (red) and R539T (blue) observed in Cambodia are both non-conservative and located in organized secondary structures: a β-sheet of blade 4 where it is predicted to alter the integrity of this scaffold and at the surface of blade 3, respectively. The kelch propeller domain of KEAP1 is involved in protein–protein interactions like most kelch containing modules43. KEAP1 is a negative regulator of the inducible Nrf2-dependent cytoprotective response, sequestering Nrf2 in the cytoplasm under steady state. Upon oxidative stress, the Nrf2/KEAP1 complex is disrupted, and Nrf2 translocates to the nucleus, where it induces transcription of cytoprotective ARE-dependent genes49,50. We speculate that similar functions may be performed by PF3D7_1343700 in P. falciparum, such that mutations of the K13-propeller impair its interactions with an unknown protein partner, resulting in a deregulated anti-oxidant/cytoprotective response. The P. falciparum anti-oxidant response is maximal during the late trophozoite stage, when haemoglobin digestion and metabolism are highest51. Its regulation is still poorly understood and no Nrf2 orthologue could be identified in the Plasmodium genome.


Extended Data Table 1 Sequence of the primers used to amplify the genes containing nonsynonymous single-nucleotide polymorphisms in F32-ART5Full size table


Extended Data Table 2 Description of the eight nonsynonymous, single-nucleotide polymorphisms acquired in the F32-ART5 compared to the F32-TEM lineage during an effective 5-year discontinuous exposure to increasing concentrations of artemisininFull size table


Extended Data Table 3 Reported characteristics of the genes mutated in F32-ART5 parasitesFull size table


Extended Data Table 4 Geographic origin and year of collection of archived blood samples studied for K13-propeller polymorphismFull size table


Extended Data Table 5 Polymorphisms observed in the K13-propeller in Cambodian P. falciparum isolates collected in 2001–2012 and in The Gambia (ref. 42)Full size table


Extended Data Table 6 Association between polymorphisms observed in the K13-propeller and KH subpopulations (ref. 15) in 150 P. falciparum isolates collected in 2009–2010 in Pursat (n = 103) and Ratanakiri (n = 47) provinces, CambodiaFull size table
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Supplementary Data
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        Editorial Summary
A marker for artemisinin-resistant malaria
The spread of resistance to artemisinin in isolates of the malaria pathogen Plasmodium falciparum in southeast Asia threatens to undermine efforts to eliminate the disease around the world. The important task of monitoring resistance has been hampered by the lack of a molecular marker. Frédéric Ariey and colleagues have now identified a major determinant of P. falciparum artemisinin resistance that could provide such a marker. They show that mutations in the PF3D7_1343700 kelch propeller domain (K-13 propeller) of the parasite were linked to the recent spread of resistance. Comparison with samples collected between 2001 and 2012 shows that the marker has increased in frequency in line with the spread of resistance. As well as suggesting a useful marker, these findings could further understanding of how resistance develops, and suggest ways of circumventing resistance in the search for novel antimalarials.
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