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Abstract

Artemisinin resistant Plasmodium falciparum is advancing across Southeast Asia in a soft selective
sweep involving at least 20 independent kelch13 mutations. In a large global survey, we find that
kelch13 mutations which cause resistance in Southeast Asia are present at low frequency in Africa.
We show that African kelch13 mutations have originated locally, and that kelch13 shows a normal
variation pattern relative to other genes in Africa, whereas in Southeast Asia there is a great excess
of non-synonymous mutations, many of which cause radical amino-acid changes. Thus, kelch13 is
not currently undergoing strong selection in Africa, despite a deep reservoir of standing variation
that could potentially allow resistance to emerge rapidly. The practical implications are that public
health surveillance for artemisinin resistance should not rely on kelch13 data alone, and
interventions to prevent resistance must account for local evolutionary conditions, shown by

genomic epidemiology to differ greatly between geographical regions.

Introduction

Artemisinin combination therapy (ACT), the frontline treatment for P. falciparum infection, has
played a major part in reducing the number of deaths due to malaria over the past decade (World
Health Organization 2014). However artemisinin resistant P. falciparum, which has recently spread
across large parts of Southeast Asia, now threatens to destabilise malaria control worldwide
(Dondorp et al. 2009; Hien et al. 2012; Phyo et al. 2012; Kyaw et al. 2013; Ashley et al. 2014; World
Health Organization 2014). One of the main contemporary challenges in global health is to prevent
artemisinin resistance from becoming established in Africa, where the consequences for childhood

mortality could be disastrous (Dondorp and Ringwald 2013).
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Understanding the epidemiological and evolutionary processes that are driving the current wave of
artemisinin resistance is essential to develop effective strategies to stop it spreading. At the
molecular level, artemisinin resistance is caused by mutations in a kelch protein encoded by
PF3D7_1343700 on P. falciparum chromosome 13, referred to here as kelch13. More specifically,
non-synonymous mutations in the kelch13 propeller and BTB-POZ domains (KPBD) result in reduced
sensitivity of P. falciparum to artemisinin, as demonstrated by multiple lines of evidence including
laboratory studies of artificially acquired resistance, genetic association studies of natural resistance
and allelic replacement experiments (Ariey et al. 2014; Ghorbal et al. 2014; Miotto et al. 2015;
Straimer et al. 2015; Takala-Harrison et al. 2015). The precise biological function of kelch13 is still
not fully understood, but parasites with KBPD mutations tend to grow more slowly in the early part
of the erythrocytic cycle, and have an enhanced unfolded protein response, both of which might act
to protect against oxidative damage caused by artemisinin (Dogovski et al. 2015; Mbengue et al.

2015; Mok et al. 2015).

A striking characteristic of the current wave of artemisinin resistance is that it is caused by multiple
independent KPBD mutations emerging in different locations, i.e. it does not originate from a single
mutational event. More than 20 KPBD SNPs have been associated with delayed parasite clearance
during artemisinin treatment and there are several documented instances of the same allele arising
independently in different locations (Ashley et al. 2014; Miotto et al. 2015; Takala-Harrison et al.
2015). These are classic features of a soft selective sweep which, according to evolutionary theory,
is most likely to arise in large populations where the selected alleles are already present as standing
genetic variation (Hermisson and Pennings 2005; Pennings and Hermisson 2006; Messer and Petrov
2013). There is ongoing debate among evolutionary biologists about how commonly soft selective
sweeps occur in nature (Jensen 2014; Garud et al. 2015) but they have clearly played a role in
previous forms of antimalarial drug resistance (Nair et al. 2007; Salgueiro et al. 2010) and the current
wave of artemisinin resistance is the most extreme example of a soft selective sweep thus far

observed in eukaryotes.

This creates a practical problem in monitoring the global spread of resistance. Artemisinin resistance
can be measured directly, by following the rate of parasite clearance in patients (Flegg et al. 2011) or
by testing parasite isolates in vitro (Witkowski et al. 2013), but these phenotypic assays are resource
intensive and impractical for large-scale screening in resource-poor settings. Genetic approaches are
therefore preferable for practical implementation of large-scale surveillance, but the soft selective
sweep of artemisinin resistance produces much more heterogeneous genetic signatures than
previous global waves of chloroquine and pyrimethamine resistance, where hard selective sweeps

were the dominant mode of spread. Thus there is considerable uncertainty about the
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epidemiological significance of the growing number of non-synonymous KPBD mutations reported in
Africa (Ashley et al. 2014; Hopkins Sibley 2015; Kamau et al. 2015; Taylor et al. 2015). Previous
studies in Africa have not identified variants known to cause resistance in Southeast Asia (Kamau et
al. 2015; Taylor et al. 2015), and there are documented instances of African parasites with KPBD
mutations clearing rapidly following artemisinin treatment (Ashley et al. 2014), but in the absence of
comprehensive phenotypic data it is not known which if any of these mutations are markers of
resistance. This is a limitation of conventional molecular epidemiology, which tracks specific
mutations and haplotypes and is poorly equipped to monitor soft selective sweeps where new
mutations are continually arising on different haplotypic backgrounds, making it difficult to keep

track of their phenotypic effects and evolutionary trajectories.

Here we explore how genomic epidemiology might help overcome these practical obstacles to
monitoring the current wave of artemisinin resistance. This analysis includes genome sequencing
data for 3,411 clinical samples of P. falciparum obtained from 46 locations in 23 countries. This large
dataset was generated by the MalariaGEN Plasmodium falciparum Community Project, a
collaborative study in which multiple research groups working on different scientific questions are
sharing genome variation data to generate an integrated view of polymorphism in the global

parasite population.

Results
Africa and Southeast Asia both have many kelch13 polymorphisms

Paired-end sequence reads were generated using the lllumina platform and aligned to the P.
falciparum 3D7 reference genome, applying a series of quality control filters as previously described
(see Methods) (Manske et al. 2012; Miotto et al. 2013). The initial alignments identified 4,305,957
potential SNPs, which after quality control filtering produced a set of 926,988 exonic SNPs that could
be genotyped with high confidence in the majority of samples, and that are used as the basis for this

analysis.

As summarised in Table 1, the dataset comprised 1,648 samples from Africa and 1,599 samples from
Southeast Asia, allowing us to compare these two groups directly without the need for sample size
corrections. We identified a total of 155 SNPs in the kelch13 gene, of which 128 were seen in Africa
and 62 in Southeast Asia (Table 2). Studies in Southeast Asia have found that artemisinin resistance
is associated with non-synonymous polymorphisms in the propeller and adjacent BTB/POZ domains,
collectively referred to here as the kelch13 resistance domain. Out of a total of 46 non-synonymous

SNPs in the resistance domain (Table 3) we found a similar number in Africa (n=26) and Southeast
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Asia (n=34), with 14 seen in both places. Seven of those observed in Africa have previously been
associated with artemisinin resistance in Southeast Asia, including C580Y, the most common allele in

resistant parasites (Miotto et al. 2015).

kelch13 polymorphisms in Africa appear to be indigenous

We asked whether kelch13 polymorphisms seen in Africa had emerged independently, or they had
migrated from Southeast Asia. We started by grouping samples according to genome-wide genetic
similarity, based on a neighbour-joining (NJ) tree (Figure 1). African and Southeast Asian samples
formed two well-separated and distinct clusters, suggesting that gene flow between the two regions
is very modest or negligible. None of the African parasites carrying kelch13 mutations grouped with

the Southeast Asian population, supporting the idea that these mutations are indigenous.

Two African kelch13 mutants did not cluster with the bulk of African samples, but occupied a
somewhat isolated position in the NJ tree. We note that these two samples exhibit unusually high
levels of heterozygosity (Fws < 0.4), with mixed calls randomly distributed across the genome, and no
evidence of recent recombination events. Continuous genetic monitoring of the parasite population
will determine whether these are indeed just isolated cases, or they constitute very early evidence
of gene flow between the two regions; at this stage we cannot rule out that they are more simply

the result of biological contamination during preparation and processing.

Genome-wide analysis cannot identify gene flow from Southeast Asia which occurred in earlier times
and, after recombination with local haplotypes, resulted in the transfer of DNA segments into
genomes that otherwise appear to be local. Thus, we analyzed regions flanking kelch13 in a 100kbp
genomic region around the gene, to detect fragments of non-African haplotypes that might have
remained in linkage disequilibrium with kelch13 mutations if these have indeed originated outside
Africa. We found that kelch13 mutants in Africa do not possess similar flanking haplotypes to those
found in SEA (Figure 2). This suggests that mutations observed in Africa do not have a common

origin with those in Asia, and are likely to have emerged independently.

Across the genome there are many more rare variants in Africa

Historical demographic changes such as population expansions and bottlenecks (Tanabe et al. 2010),
and epidemiological and environmental factors (Prugnolle et al. 2010) are highly influential forces
that shaped the allele frequency spectra of P. falciparum populations across the globe (Nielsen et al.
2009; Manske et al. 2012). In order to properly contextualize the numbers and frequencies of
kelch13 mutations, it is therefore important to characterize genomic variation patterns in different

geographical regions.
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One of the most striking features of this dataset is the high number of rare variations in the high-
quality SNP list. At more than half of all polymorphic sites, the minor allele was only carried by a
single sample (referred to as singletons, n=330,785 or 36%) or by two samples (doubletons,
n=214,179 or 23%), often in heterozygous calls. By contrast, only 13,288 polymorphisms (1.4%) had
a minor allele in 25% of samples. Rare alleles, however, are not evenly distributed geographically.
There is a large excess of polymorphisms with minor allele frequency (MAF) below 0.1% in Africa
(72% of all SNPs, vs. 18% in SEA), while numbers in the two regions are similar for SNPs with
MAF>1% (2% of all SNPs, Figure 3a). Rare variations in Africa are not confined to a limited set of
highly variable genes, but evenly distributed across the genome, as attested by the distribution of
variants across all genes: SNP density in Africa (median=67 SNPs/kbp, interquartile range=51-84) is
approximately 3.9 times higher than in SEA (median=17, IQR=13-22, P< 10", Figure 3b). Very similar
ratios are estimated in both non-synonymous (Africa median SNP density=43, IQR=27-58; SEA
median=11, IQR=7-15) and synonymous variants (Africa median SNP density=25, IQR=20-30, SEA
median=6, IQR=4-8). Accordingly, we found virtually identical distributions of the ratio of non-
synonymous to synonymous mutations (N/S ratio) in the two regions (Figure 3c). This suggests that
the huge disparity in SNP density between the two regions is more likely to be the result of different
demographic histories and epidemiological characteristics, such as changes in effective population

size (Joy et al. 2003), rather than the product of different selective constraints.

In summary, we observe many more rare variants in Africa than in SEA; however we expect N/S

ratios to be similar in these two regions in genes that are not subjected to selective pressures.

Comparing kelch13 with other parts of the genome

The density of kelch13 synonymous variations in the two continents is roughly consistent with that
observed in the rest of the genome (Africa: 28 SNPs/kbp, SEA: 6; Figure 4), which is expected since
synonymous changes are less likely to be affected by selection. The excess of African non-
synonymous mutations in the upstream region is also consistent with expectations (Africa: 44
SNPs/kbp, SEA: 16). In contrast, non-synonymous polymorphisms in the resistance domains show a
reversal of this relationship: SEA parasites possess about 20% more mutations than African ones. In
addition, all but two non-synonymous mutations in Africa are at very low frequency (mostly
singletons and doubletons), while in SEA more than half of the changes are observed in >2 samples

(Table 4).

At a first approximation, these observations are consistent with a high number of non-synonymous

changes that have risen in frequency in SEA parasites because of their association with artemisinin
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resistance, and a low number of mostly rare alleles in Africa, where artemisinin has been introduced

more recently and resistance is yet to be reported.

Comparing kelch13 to other highly conserved genes

Although the function of kelch13 is as yet unclear, an alignment of its homologous gene sequences
in eight Plasmodium species shows that the resistance domains are part of a highly conserved region
(Supplementary Figure 1), suggesting a crucial role in parasite fitness. A reconstruction of ancestral
alleles from this alignment suggests that P. falciparum accumulated only five conservative amino
acid changes in the kelch13 propeller domain since diverging from other species 55 Myr ago
(Escalante and Ayala 1995) (Supplementary Table 1). Given this extreme level of conservation, non-
synonymous polymorphisms may appear surprisingly numerous in the present dataset, both in SEA
(n=34) and in Africa (n=26). Such elevated numbers may be produced by selection processes;
alternatively, they may be present in a large neutrally-evolving population, in which low-frequency
variations continually emerge, but are can only be detected for a brief span of time before they are
removed by genetic drift and/or purifying selection. The question is, then, whether neutral evolution

can account for the pattern of kelch13 mutations observed here.

To answer this question, we compared patterns of kelch13 mutations to those in the rest of the P.
falciparum genome. Since fewer non-synonymous mutations are expected in more conserved genes,
we applied genomic calibration, i.e. we stratified these analyses by evolutionary conservation. Each
gene was assigned a conservation score determined from a sequence alignment of the P. falciparum
gene with its P. chabaudi homologue, using a substitution matrix corrected for the AT bias in the Pf
genome (Brick and Pizzi 2008). P. chabaudi was chosen as representative of rodent plasmodia, the
group most differentiated from P. falciparum. A genome-wide non-linear negative correlation
between gene conservation and N/S ratio is clearly observable; this trend is almost identical in the
two populations (Figure 5a). Although kelch13 did not diverge significantly from this relationship in
Africa (P=0.2), its N/S ratio in SEA was the highest observed at its level of conservation, far exceeding
the expected ratio (P<0.001). Accordingly, kelch13 showed the most significant difference in N/S
ratios between Africa and SEA genome-wide (3.7-fold, P=2x10" by Fisher’s exact test, Figure 5b).
Such unusually high N/S ratio in SEA parasites is mainly due to an excess of high frequency non-
synonymous variations (Supplementary Figure 2), suggesting that multiple independent origins of
artemisinin resistance (Miotto et al. 2015; Takala-Harrison et al. 2015) have produced an unusually

large number of common non-synonymous mutations.

From this analysis we conclude that the high prevalence of kelch13 non-synonymous variants in SEA

is not explainable by neutral evolution, but is consistent with selection of artemisinin-resistance
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alleles. In Africa, on the other hand, the observed non-synonymous changes appear to constitute a

“physiological” level of variation consistent with a population rich in low-frequency alleles.

In Southeast Asia there are more radical substitutions in kelch13

The different kelch13 mutation repertoires in Africa and in SEA raise the question of whether these
sets of mutations have different structural and functional properties. While there is high
conservation across the whole of the resistance domains, it is unlikely that all possible amino acid
changes have the same functional relevance or that they all carry the same fitness cost for parasites.
Although direct measures of functional relevance are not yet available, and the exact function of
kelch13 is hitherto unknown, we can make statistical comparisons of some properties of the
observed changes, in at least two respects. First, assuming that kelch13 function is conserved across
Plasmodium species, we can assess the strength of evolutionary constraints at any given position by
examining whether amino acid substitutions between species are conservative or radical. Second,
given that kelch proteins have been shown in other species to have an adapter role, with key binding
sites defined by the arrangement of hydrophobic B-strands in the propeller domain, we can assess
the hydrophobicity of the observed mutations, which should be informative of their functional

importance.

We characterized all changes in the kelch13 resistance domains with a conservation score derived
from a substitution matrix specific to AT-rich genomes (Brick and Pizzi 2008), and assigned a
hydrophobicity score to each site, estimated from the Kyte-Doolittle (KD) hydropathicity score (Kyte
and Doolittle 1982). The five putative derived alleles that have emerged in the P. falciparum kelch13
propeller domain since its divergence from other Plasmodia are all conservative changes at
hydrophilic sites (Figure 6a). The nature of mutations common in Africa is broadly consistent with
this conservative history of change (Figure 6b and Supplementary Table 2). Polymorphisms in SEA
parasites, on the other hand, show a contrasting pattern of changes that are more radical than those
in Africa (P=10%) and more commonly found at hydrophobic sites, which may support their role in

modulating the substrate binding properties of the propeller (Figure 6¢c and Supplementary Table 2).

Detailed mapping against the secondary structure of the propeller domain suggests that the
polymorphisms found in SEA parasites occur in different blades, preferentially at positions proximal
to the first and second B-strand of the propeller’s blades (Figure 7a). These two B-strands provide
local hydrophobicity peaks for each blade in a periodic pattern within the kelch propeller domain,
presumably critical to the binding properties of the molecule (Figure 7b). Although the limited
numbers do not support statistical inferences, we note that SEA polymorphisms abound in blades 3

and 4, and are almost absent in blade 5, where one of the three common African mutations is found.
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Taken together, the above results suggest that the resistance domains have long been under very
strong evolutionary constraints, and that the number and nature of the changes observed in African
parasites is consistent with these constraints, once we discard the abundant rare alleles expected in
such a large population. In contrast, mutations in SEA parasites are not only far more numerous
than expected, but they produce radical changes at sites that are likely to be important
determinants of the binding properties of the kelch13 protein. These findings bolster the hypothesis

that these changes modulate kelch13 functionality, and are likely agents of phenotypic change.

Genetic background

A recent study has shown that resistance-causing K13PBD mutations are significantly more likely to
arise in parasites with a particular genetic background (Miotto et al. 2015). This predisposing
genetic background is marked by specific SNP alleles of the genes encoding ferredoxin (fd),
apicoplast ribosomal protein S10 (aprs10), multidrug resistance protein 2 (mdr2) and chloroquine
resistance transporter (crt). Here we extend this analysis, confirming that this particular
combination of variants is extremely common in the parts of Southeast Asia where artemisinin
resistance is known to be established, and is absent from Africa and other regions sampled here

(Table 5).

Discussion

This study demonstrates the value of genomic epidemiology in characterising the current wave of
artemisinin resistance, which is problematic for conventional molecular epidemiology since new
resistance-causing mutations are continually emerging on different haplotypic backgrounds. A key
problem is to define the geographical origin of KBPD mutations, and we show that this can be solved
by using genomic epidemiological data to analyse ancestral relationships between samples, thereby

demonstrating that the KPBD mutations observed in Africa are of local origin.

Another important question is whether KPBD mutations are under positive selection in Africa, which
is difficult to determine by standard haplotype-based methods because so many independent
mutations are involved. This question is further complicated by marked geographical variation in
normal levels of genetic diversity, i.e. there are many more rare variants in Africa than Southeast
Asia, most likely due to the larger population size and other demographic factors (Manske et al.
2012). Here we address this question by comparing kelch13 against other genes in the same
samples, a process that we refer to as genomic calibration. We show that for most genes the ratio
of non-synonymous to synonymous mutations is relatively constant across geographical regions,

despite geographic differences in genetic diversity, and that this ratio is correlated with the level of
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sequence conservation across different Plasmodium species. When calibrated against other genes
with the same level of cross-species conservation, allowing for geographical differences in the
overall level of genetic diversity, kelch13 shows a marked excess of non-synonymous substitutions in
Southeast Asia, but appears normal in Africa. Moreover, KPBD mutations causing radical amino acid
changes at highly conserved positions are found at relatively high frequency in Southeast Asia but
remain at very low frequency in Africa. Taken together, these findings indicate that non-synonymous
KBPD mutations are undergoing strong evolutionary selection in Southeast Asia, whereas those seen

in Africa have originated locally and most likely reflect normal standing variation.

These findings have practical implications for the prevention of artemisinin resistance in Africa,
where there is evidently a deep reservoir of standing genetic variation that could potentially allow
resistance to emerge rapidly as the levels of selective pressure increase. In most parts of Africa, the
selective pressure of artemisinin is probably relatively low at present, for several reasons.
Artemisinin has been widely used in Southeast Asia for over two decades, whereas its usage in Africa
is more recent, and it is estimated that only 20% of infected African children currently have access to
frontline treatment ACT medication (World Health Organization 2014). Another factor is that
people living in regions of high malaria endemicity acquire partial immunity and asymptomatic
infection, so that there is a large reservoir of parasites in Africa that are not exposed to antimalarial
drugs because asymptomatic individuals do not seek treatment (Hastings 2003). The situation could
change dramatically as malaria control efforts are intensified, and it will be vital to monitor the
effects of major interventions on the emergence of resistance, particularly in African countries that
have already achieved relatively low levels of malaria transmission. There also needs to be vigilance
for significant changes in other parts of the genome, e.g. at the fd, arps10, mdr2 and crt loci that
appear to be predisposing factors for the emergence of resistance-causing KPBD mutations in
Southeast Asia. Another concern is that growing resistance to ACT partner drugs, now emerging in
Southeast Asia (Saunders et al. 2014). may spread to Africa and lead to increased selective pressure

for artemisinin resistance there.

Previous waves of resistance to frontline antimalarial drugs, i.e. chloroquine and sulfadoxine-
pyrimethamine, included localised emergences; but at a global level these were dominated by hard
sweeps of specific haplotypes originating in Southeast Asia (Mita et al. 2009). Although we still know
relatively little about the functional properties of different KPBD mutations, it is clear that some are
more successful than others, e.g. the C580Y allele has emerged at multiple locations in Southeast
Asia and Africa, and a specific C580Y haplotype is approaching fixation in large parts of Western
Cambodia (Miotto et al. 2015). The high level of sequence conservation of KPBD across Plasmodium

species indicates that mutations in these domains incur fitness costs, making mutant parasites less
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likely to survive. However, these fitness costs may be compensated by other genetic variants, either
in kelch13 or elsewhere in the genome, that are likely to accumulate in the course of evolution. The
danger is that, as a result of this continuing evolutionary process, parasites in Southeast Asia will
progressively acquire higher levels of artemisinin resistance (World Health Organization 2014)
coupled with strong biological fitness and the ability to propagate across a wide range of vector
species. Under these circumstances, the current soft sweep of artemisinin resistance could give way

to a pervasive hard sweep with potentially disastrous consequences.

These findings demonstrate the utility of applying genomic epidemiology to identify features of
parasite demography and evolution that affect how drug resistance spreads. Future strategies to
combat resistance will require better understanding of the evolutionary consequences of malaria
control interventions, e.g. how the selective advantage of a resistance allele is counterbalanced by
its fitness cost under different control regimes and in different geographical settings. It is now
possible to approach this problem prospectively, by conducting systematic spatiotemporal sampling
and genome sequencing of the parasite population as an integral part of public health interventions

to prevent resistance spreading.
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Methods

Ethical Approval

All samples in this study were derived from blood samples obtained from patients with P. falciparum
malaria, collected with informed consent from the patient or a parent or guardian. At each location,
sample collection was approved by the appropriate local and institutional ethics committees. A full

list of these committees is given in the Supplementary Materials.

Sample Preparation, Sequencing and Genotyping

DNA was extracted directly from blood samples taken from patients at admission time, after
leukocyte depletion to minimize human DNA. Leukocyte depletion was achieved by CF11 filtration
in most samples (Venkatesan et al. 2012), or alternatively by Lymphoprep density gradient
centrifugation (Axis-Shield) followed by Plasmodipur filtration (Euro-Diagnostica)(Auburn et al. 2011)
or by Plasmodipur filtration alone. Genomic DNA was extracted using the QlAamp DNA Blood Midi
or Maxi Kit (Qiagen), and quantities of human and Plasmodium DNA were determined by
fluorescence analysis using a Qubit instrument (Invitrogen) and multi-species quantitative PCR (Q-
PCR) using the Roche Lightcycler 480 Il system, as described previously (Manske et al. 2012).
Samples with >50 ng DNA and <80% human DNA contamination were selected for sequencing on the
Ilumina HiSeq platform following the manufacturer’s standard protocols (Bentley et al. 2008).
Paired-end sequencing reads of length 200-300bp were obtained, generating approximately 1Gbp of
read data per sample. All short read sequence data have been deposited in the European

Nucleotide Archive (http://www.ebi.ac.uk/ena/data/search/?query=plasmodium), and metadata will

be released at the time of publication.
Polymorphism discovery, quality control and sample genotyping followed a process described
elsewhere (Manske et al. 2012). Short sequence reads from 3,411 P. falciparum samples included in

the MalariaGEN Plasmodium falciparum Community Project (https://www.malariagen.net/node/44)

were aligned against the P. falciparum 3D7 reference sequence V3

(ftp://ftp.sanger.ac.uk/pub/pathogens/Plasmodium/falciparum/3D7/3D7.latest version/version3/),

using the bwa program(Li and Durbin 2009) (http://bio-bwa.sourceforge.net/) as previously

described(Manske et al. 2012), to identify an initial global set of 4,305,957 potential SNPs. This list
was then used to guide stringent re-alignment using the SNP-o-matic algorithm (Manske and
Kwiatkowski 2009), to reduce misalighment errors. The stringent alignments were then examined by
a series of quality filters, with the aim of removing alighment artefacts and their sources. In
particular, the following were removed: a) non-coding SNPs; b) SNPs where polymorphisms have

extremely low support (<10 reads in one sample); c) SNPs with more than two alleles, with the

Genomic epidemiology of the current wave of artemisinin resistant malaria Page 15


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

exception of loci known to be important for drug resistance, which were manually verified for
artifacts; d) SNPs where coverage across samples is lower than the 25" percentile and higher than
the 95" percentile of coverage in coding SNPs (these thresholds were determined from artifact
analysis ); ) SNPs located in regions of relatively low uniqueness (Manske et al. 2012); f) SNPs where
heterozygosity levels were found to be inconsistent with the heterozygosity distribution at the SNP’s
allele frequency; and g) SNPs where genotype could not be established in at least 70% of the
samples. These analyses produced a final list of 926,988 high-quality SNPs in the 14 chromosomes
of the nuclear genome, whose genotypes were used for analysis in this study.

All samples were genotyped at each high-quality SNP by a single allele, based on the number of
reads observed for the two alleles at that position in the sample. At positions with fewer than 5
reads, the genotype was undetermined (no call was made). At all other positions, the sample was
determined to be heterozygous if both alleles were each observed in more than 2 reads; otherwise,
the sample was called as homozygous for the allele observed in the majority of reads. For the
purposes of estimating allele frequencies and genetic distances, a within-sample allele frequency (f)
was also assigned to each valid call. For heterozygous calls, f,, was estimated as ratio of non-
reference read count to reference read count; homozygous calls were assigned f,=0 when called

with the reference allele, and f.,=1 when called with the non-reference allele.

Frequency estimation and clustering

For a given population P, we estimated the non-reference allele frequency (NRAF) at a given SNP as
the mean of the within-sample allele frequency (f») for all samples in P which have a valid genotype
at that SNP. The minor allele frequency (MAF) at is the computed as min(NRAF, (1 — NRAF)).

To investigate the origin of the kelch13 mutations in Africa, we clustered by genetic distance all the
samples carrying a non-synonymous mutation in the resistance domains. The clustering is expected
to group together samples with similar haplotypes and hence likely to have the same origin. The
topology of the resulting tree was then compared to the one obtained using the same method to a
region of the genome not associated to artemisinin-resistance. To this aim, we considered two
different regions of the genome. One centred on kelch13 and extending 50kbp both sides
(Pf3D7_13_v3:1,775,900-1,675,900), and one on the same chromosome but centred upstream
(Pf3D7_13 v3:350,000-450,000) serving as control. This control region lies outside of the main
haplotypes associated to kelch13 (Miotto et al. 2015). Different window sizes led to similar results.
The genotype of kelch13 was derived from read counts at non-synonymous SNP in the kelch13
resistance domains using the same procedure described previously (Miotto et al. 2015).

We computed an NxN pairwise distance matrix, where N is the number of samples. Each cell of the

matrix contained an estimate of genetic distance between the relevant pair of samples, obtained by
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summing the pairwise distance, estimated from within-sample allele frequency (f), at each SNP in
the 100kbp window considered. When comparing a pair of samples s, and s at a single SNP i where
a genotype could be called in each sample, with within-sample allele frequencies f; and f;
respectively, the distance dag was estimated as daz = fa (1- fz) + fz (1- fa). The genome-wide distance

Dag between the two samples is then calculated as

a
Dyp = — 5 widsp
Nyp :

where nag is the number of SNPs where both samples could be genotyped, w; is an LD weighting
factor (see below) and o is a scaling constant, equal to 70% of the number of coding positions in the
genome (since our genotyping covers approximately 70% of the coding genome). The exact value of
a is uninfluential towards the analyses conducted in this study. The LD weighting factor, which
corrects for the cumulative contribution of physically linked polymorphisms, was computed at each
SNP i with MAF 2 0.1 in our sample set, by considering a window of m SNPs (j = 0.. m) centred at i.
For each j, we computed the squared correlation coefficient r2;; between SNPs i and j. Ignoring

positions j where where r2; < 0.1, the weighting w; was computed by

1
A tree was then built using a standard hierarchical clustering method (hclust) implemented in the
R stats package (http://stat.ethz.ch/R-manual/R-patched/library/stats/html/00Index.html) using
the Ward’s minimum variance criterion. A similar pairwise distance matrix, but using the whole
genome, was also used to produce a neighbour-joining tree using the nj implementation in the R

ape package.

Conservation scoring and ancestral allele analysis

We analyzed homologous protein sequences of kelch13 genes for seven Plasmodium species for
which high-quality sequence data were available: P. falciparum, P. reichenowi, P. vivax, P. knowlesi,
P. yoelii, P. berghei, and P. chabaudi. The sequences were retrieved from the OrthoMCL cluster

ORTHOMCL894 in GeneDB (http://www.genedb.org/), and a multiple alignment was obtained using

ClustalW (Larkin et al. 2007) at default settings. In turn, we considered each pair alignment of P.
falciparum with one of the remaining species, assigning a substitution score to each kelch13 amino
acid position, derived from the CCF53P62 substitution matrix. Although this matrix was chosen due
to its suitability for AT-rich codon biases (Brick and Pizzi 2008), we found that use of the more
commonly used BLOSUM®62 matrix (Henikoff and Henikoff 1992) did not have a significant effect on

the results. Finally, each amino acid position was assigned a conservation score for the pair
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alignment, equal to the mean of the substitution scores in a 9-residue window centered at that

position.

To reconstruct putative ancestral and derived alleles in the propeller domain, we catalogued all
polymorphic positions in the multiple sequence alighment. We organized the seven species into
three groups by similarity: Laverania (P. falciparum, P. reichenowi), primate Plasmodia (P. vivax, P.
knowlesi) and rodent Plasmodia (P. yoelii, P. berghei, and P. chabaudi), and observed that at each
position, only one of the groups presented an allele different from that in the remaining groups. This
group-specific allele was labelled as a putative derived allele, and the alternative allele as ancestral.
(see Supplementary Table 1). Rodent species were found to carry the highest number of derived
alleles, and therefore deemed to be good comparators for genome-wide conservation scoring. P.
chabaudi was selected as a representative species in this group, and used for subsequent

comparative analyses.

We estimated a gene conservation score for every P. falciparum gene for which a P. chabaudi
orthologue sequence could be obtained from PlasmoDB (http://www.plasmodb.org/). The details of
the method are described elsewhere (Gardner et al. 2011). Briefly, alignments of orthologous
protein sequences were performed using ClustalW (Larkin et al. 2007) at default settings, and each
amino acid position was assigned a CCF53P62 substitution score (see above). The gene conservation

score assigned was equal to the mean substitution score for all amino acid positions in the gene.

Hydrophobicity analysis
Each amino acid position in the kelch13 was assigned a hydrophobicity score, estimated by
computing the mean of the Kyte-Doolittle index in a 14-residue window centered at the position,

using the protein sequence translated from the 3D7 reference sequence.
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Tables

Table 1 — Count of samples analysed in this study

Region Code Sample Country Code Sample
counts counts
Burkina Faso BF 56
Cameroon CM 134
Ghana GH 478
West Africa WAF 957 Gambia, The GM 73
Guinea GN 124
Mali ML 87
Nigeria NG 5
Kenya KE 52
Madagascar MG 18
East Africa EAF 412 Malawi MW 262
Tanzania TZ 68
Uganda UG 12
Central Africa CAF 279 D. R. Congo CcD 279
South America SAM 27 Colombia co 16
Peru PE 11
South Asia SAS 75 Bangladesh BD 75
West Southeast Asia WSEA 497 Mya.mmar MM 111
Thailand TH 386
Cambodia KH 762
East Southeast Asia ESEA 1102 Laos LA 120
Vietnam VN 220
Indonesia (Papua) ID 17

Oceania OCE 62 Papua New
Guinea PG 45

Table 2 — Worldwide distribution of kelch13 mutations. Number of mutations present (not
necessarily exclusively) in 5 populations (AFR=Africa, SEA=Southeast Asia, SAS=South Asia,

OCE=0ceania, SAM=South America).

AFR SEA SAS OCE SAM
Resistance domains 26 34 1 1 0

Non-synonymous ;
Upstream region 42 16 2 1 1
Resistance domains 38 9 1 0 0

Synonymous ;
Upstream region 22 3 1 0 0
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Table 3 - List of the non-synonymous mutations in the kelch13 resistance domains. Non-
synonymous mutations found in the kelch13 resistance domains and their position on chromosome
Pf3D7_13 v3. For each mutation is reported where it has been observed and in how many samples.
Where known, we reported if the mutation has been previously observed in patients with a
prolonged parasite clearance half-life (>5 hours) by Miotto et al. 2014 and/or Ashley et al 2014.

. Genomic Observed in
Mutation coordinates AFR | SEA | SAS | OCE | SAM ART-R samples?
D353Y 1725941 - 4 - - - Yes
F395Y 1725814 - 1 - - - No

1416V 1725752 1 1 i _ .
1416M 1725750 1 - . . .
K438N 1725684 - 1 - - - No
P441L 1725676 - 27 - - - Yes
P443s 1725671 - 1
F446l 1725662 ; 7
G449A 1725652 . 7 | - . . Yes

2

4

1

- - - Yes

S$459L 1725622 2
A481v 1725556 -
S485N 1725544 -

- - - Yes

Y493H 1725521 1 76 - - - Yes
V520l 1725440 1 - - - -
$522C 1725434 2 1 - - - No
P527H 1725418 1 5 - - -
C532S 1725404 1 - - - -
V534L 1725398 2 - - - -
N537I 1725388 1 1 - - - No
G538V 1725385 - 19 - - - Yes
R539T 1725382 = 63 = o = Yes
15431 1725370 - 34 - - - Yes
P553L 1725340 2 24 o o o Yes
A557S 1725329 1 - - - -
R561H 1725316 1 24 = 5 = Yes
V568G 1725295 - 6 - - - Yes
T573S 1725280 2 - - - -
P574L 1725277 - 12 - - - Yes
R575K 1725274 - 3 - - -
A578S 1725266 18 - - - - No
C580Y 1725259 2 | 423 | - 1 = Yes
D584V 1725247 - 3 - - - Yes
V589I 1725233 2 - - - -
T593S 1725221 1 - - - -
E612D 1725162 1 - - - -
Q613E 1725161 5 1 - - _
Q613L 1725160 1 - - - - No
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Mutation coGoer:‘iJr:'a‘itces AFR | SEA | SAS | OCE K SAM A;"_’;‘*:;’;i::s?
F614L 1725158 | - | 1 | - | - ] No
Y630F = 1725109 | 2 | 1 | - | - _

V637 1725089 | 2 | - | - | . ]

P667A | 1724999 | . | 2 | . | . ]

Pe67L | 1724998 | - | 2 | 1 | - ]

F6731 1724981 | . | 3 | - | . ) Yes
A675V 1724974 1 18 - - - Yes
A676S | 1724972 | 2 | 3 | - | . ]

H719N | 1724843 | 1 -] ] Yes

Table 4 - Frequency of the non-synonymous mutations in the kelch13 resistance domains. Counts
of non-synonymous mutations in the two conserved domains of kelch13 are shown for each
geographical region, stratified by the number of samples in which they are observed.

AFR SEA SAS OCE SAM
1-2 samples 24 13 1 1 0
3-5 samples 1 7 0 0 0
>5 samples 1 14 0 0 0

Table 5 - Frequency of the genetic background alleles across the world. Frequency of the four
genetic background alleles identified in Miotto et al. 2015 for each geographical region. For each
SNP, we show mutation name; chromosome number; nucleotide position; and frequencies of the
mutant allele in the various populations.

Mutation Chr Pos AFR SAS SEA PNG SAM
arps10-V127M 14 2481070 0.0% 0.0% 59.4% 0.0% 0.0%
fd-D193Y 13 748395 0.1% 2.2% 62.8% 23.9% 0.0%
mdr2-T4841 14 1956225 0.1% 57% 64.2% 0.4% 0.0%
crt-N326S 7 405362 0.8% 28.2% 68.6% 0.1% 0.0%
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Figure Legends

Figure 1 — Different origin of African and Asian mutations. Neighbour-joining tree showing
population structure across all the sampling sites. Countries are classified as in Table 1. Branches
with large open tip circle indicate the sample is a kelch13 mutant, while those with a small black
symbol are mixed infections (i.e. mixture of wild-type and mutant parasites or two mutant parasites
with different mutations). Branches without tip symbols are kelch13 wild type. African kelch13

mutants are, at a genomic level, more similar to other African samples.

Figure 2 — Different origin of African and Asian mutations. (a) Hierarchical clustering tree of kelch13
mutants in SEA (n=741) and Africa (n=56), computed from pairwise genetic distances over a 100 kbp
window centred at the kelch13 locus. Haplotypes surrounding kelch13 in SEA mutants (blue) form a
separate tree from those in African mutants (red), suggesting that the latter have originated
independently. (b) An analogous tree using a different 100 kbp region (centred at 400 kbp in the
same chromosome) shows considerably less marked separation between mutants in the two

continents.

Figure 3 — Number and density of variants in Africa and Southeast Asia. (a) Number of variants in
Africa (AFR) and in SEA: while the number of high-frequency variations is consistent between the
two regions, samples from Africa possess an excess of low-frequency variations and dominate the
total number of variants discovered. (b) SNP density per gene: for each gene, the number of variants
found in the two regions is normalized by the length of the coding region (in kbp). African samples
have on average 3.9 times more mutations than parasites from SEA. (c) Non-synonymous /
synonymous ratio per gene: ratios of non-synonymous to synonymous mutations found per gene are
similar in the two regions. To reduce the effect of small numbers artefacts, in both analysis only

genes with at least 10 SNP were considered.

Figure 4 — Structure of kelch13 and positioning of mutations in Africa and Southeast Asia. The
positions of kelch13 polymorphisms observed in Africa (red) and SEA (blue) are shown. Coloured
rectangles describe the extents of the resistance domains and upstream region, with the locations of
non-synonymous changes indicated above, and that of synonymous changes below. Short lines

represent singleton/doubleton mutations, while longer lines represent more common mutations.

Figure 5 — Genome-wide analysis of N/S ratio. (a) For each gene with more than 2 synonymous or
non-synonymous SNPs, the N/S ratio in Africa (red points) and in SEA (blue points) are plotted
against the conservation score (derived from a CCF53P62 matrix) of the gene coding sequence. The

kelch13 gene is represented by larger circles. For each region, a solid line show median values, while
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dotted lines delimit 95% of the genes at varying levels of conservation. (b) Histogram showing the
distribution of the ratio of N/S ratios in SEA and Africa, for all genes with >2 either synonymous or

non-synonymous SNPs on each region. An arrow shows the placement of kelch13.

Figure 6 — Characterization of kelch13 mutations in Africa and Southeast Asia. In these plots, all
kelch13 amino acids in the propeller domains, downstream of position 430, are plotted against their
Kyte-Doolittle hydrophobicity score (KD, gray). Circle symbols in plot (a) derived amino acid alleles in
P. falciparum, coloured according to the conservation score against the ancestral allele
(Supplementary Table 1), derived from the CFF53P62 substitution matrix; lower values indicate more
radical substitutions. The remaining plots use the same colouring scheme to show polymorphisms

observed in 23 samples in Africa (b) or in SEA (c).

Figure 7 =Structure of the kelch13 propeller domain, showing the position of mutations in Africa
and Southeast Asia. (a) The sequence of the kelch13 propeller domain (amino acids 443-726) is
organized according to its 6-blade tertiary structure, with the four B-strands characterizing each
blade highlighted in colour. Polymorphisms observed in Africa (red) and SEA (blue) are shown by
circles above the mutated position. Small circles indicate very rare mutations (singletons and
doubletons), while larger circles are used for more frequent mutations. (b) Plot of hydrophobicity at
positions in this domain (estimated by Kyte-Doolittle score) showing how hydrophobicity peaks (gray
vertical lines) occur periodically in correspondence to B-strands 1 and 2. The location of B-strands is

shown below the plot, using the same colour scheme as above.

Genomic epidemiology of the current wave of artemisinin resistant malaria Page 26


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Genomic epidemiology of the current wave
of artemisinin resistant malaria

The MalariaGEN Plasmodium falciparum Community Project

Figures

Figure 1

kelch13

West Africa
Central Africa
East Africa
South Asia
West SE Asia
East SE Asia
Oceania
South America

oo Ee 080D S

Genomic epidemiology of the current wave of artemisinin resistant malaria Page 1


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 2

Q
o

P3D7_13_v3:1725900 +/- 50 kbp P3D7_13_v3:400000 +/- 50 kbp

0.004
J
0.004
J

0.003
!
0.003

0.002
1
0.002

0.001
|
0.001

0.000

0.000

AFR

sEA|

Genomic epidemiology of the current wave of artemisinin resistant malaria Page 2


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 3
a MAF
O <0.1%
ﬁ O 01%<f<1%
o0 | >1%
o
L
<
[ I | | |
0 200000 400000 600000 800000
Number of variants
b (a) SNP density per gene C (b) N/S ratio
3 - f 8
g © . ]
g: =7 E <+ - _$_ i
g E © - ! i
| = — . E =
=3 T T = T T
AFR SEA AFR SEA

Genomic epidemiology of the current wave of artemisinin resistant malaria Page 3


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SEA
AFR
AFR
SEA

|
il

kelch propeller

III
III

lI
'l
TN
wim

L
"l
L ul 1
LL) HII

I 1
L
1

Al
T

BTB/POZ
P R
LRI L |

l]]

|
II

;
upstream region
t

1
T

gy
] Tl |

Figure 4

ufs-uoN uls

Page 4

Genomic epidemiology of the current wave of artemisinin resistant malaria


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Figure 5

available under aCC-BY-NC-ND 4.0 International license.

\

kelch13

00g

0S¢

00¢

0sL

Aouanbaig

oot 0S 0

= SEA O keichy

AFR

-1

-2

Log fold change in N/S between SEA and Africa

Conservation

Page 5

Genomic epidemiology of the current wave of artemisinin resistant malaria


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 6
a Derived alleles in P. falciparum
=
O m 2
= (=]
g X
(= -1
o -
o © o -
© | O . |
T m
Q@
C‘I\I =
b el Polymorphisms in Africa
z
[&]
2
(o]
£ © -
o Q@
g |
E - | O
]
o
]
o — . .
C Polymorphisms in SEA
Q
- O O
> O
(5]
5 o o 8
-8 o - | o O )
3 ®
S | Ce0 O
£ _ | o g
1
o

| | | | 1 |
450 500 250 600 650 700

Amino Acid Position

Genomic epidemiology of the current wave of artemisinin resistant malaria Page 6


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

[ 98ed elle|ew JUe)SISDJ UIUISILWSLIE JO SABM JUSJ44ND Y3 Jo ASojolwapids djwousn

9TL STL ¥TL ETL TTL TTL OTL STL STL LTL OTL STL #TL €TL TWL TIL
I N VY I 1T A S HOS 4 4 d A1 1 S

OTL 60L BOL £0L 90L SOL #0L €0L TOL TOL 00L 569 869 L69 969 S69 w69 €89 769 169 069 689 889 L89 989 SBO +89 €89 I89 189 OB9 649 8.9 L9 9L9 SL9 vL9 €9 TLO TL9 QL9 699 899 L99 999 S99
d 9 N L a 4 S N T - - - A 3 95 N 3I 9 9 as 1 1V V¥ 9 4 NW2II H I 4 A9

99 £99 799 199 099 659 859 £59 959 SS9 ¥S9 €S9 7S9 1S9 0S9 6¥9 8¥9 Lv9 9¥9 SPF9 vv9 EF9 TF9 TV9 OF9 6E9 BE9 LE9 9E9 SE9 w9 EE9 TE9 TE9 09 679 879 LI9 979 SI9 9 £I9 779 1{9 079 619 BI9 LI9

e
e °
SI9 ¥19 ET9 €19 119 019 609 809 £09 909 S09 v09 €09 <09 109 009 665 BEHS LBS 96 SBS vHS EGS T6S T6G 065 68S 88S L[8S 98BS SBS ¥8S EBG TBS I8BS 08S 64S BLS LLS 9LS SIS VIS BLS TLS TLS 0LS
° o @ 0] e
Qe ° ° e @ °

695 895 L9S 99S €95 ¥#9S £9S 795 T9S 095 655 855 LSS 956 SSS ¥SS £S5 7SS 1SS 0SS 6¥S 8FS L¥S OFS SPS v¥S €FS ¥ TS QS 6£S 8ES LES OEC SES vES £ES (€S TES 0FS 6CS 8IS LTS 976 SIS (S £CS

available under aCC-BY-NC-ND 4.0 International license.

¢IV_ EI:IZm__.mmoo>qu02mp>ouzzxmm_z._z
@ @ @ (@) Q@0-° (0]
) ° e ™ e o )
TCS TZS 0TS SIS BIS LIS 91 SIS ¥IS EIS TIS TTS OIS 805 805 L0S 905 <SOS vOS €0S TOS T0S Q0S 66F BEY L&6F 96¢ S6v v6v €6¢ 6% T6v 06¢ 68¢ 88F LBF 980 S8F v8F €8V TBF I8V 0BY 64F BLV LIV 9L Sit
wmIn_ EAxIm_l#<v.>m>zzquzzd><mwu><zzhmEm
e @ e (@)
o ° e
viv €L¥ TLV TLV OLF 69F 8Ov £97 997 S9F At €9F T9% 19 Q9F &St 8Sv ISt 9ISt Sy St ESP TSW TS OSv 6vr 8tv LbY 9Fv Svb vir £Fb
) @ Q@ e
°
t puesis-g E 7 puesis-g T puesis-g

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

m n

(=]
Andiqoydoiphiy

T 3pe|g

9 3pe|g

Sope|g

7 epeld

€9pe|g

Zapeig

T3pe|g


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Genomic epidemiology of the current wave
of artemisinin resistant malaria

The MalariaGEN Plasmodium falciparum Community Project

Supplementary Materials

Table of Contents

UL Lo 1V (<o Fed=T o V=T o TSR 1

SUPPIEMENTAIY FIGUIES ... . tiiiieee e ettt e ettt e e e e ettt e e e e e e sttt e e e e e eeesataaaeeaeeesaasbaseeaeeeasastaeasaaesesassasesaseaasnsaseeasanses 2

0] o) o 1= g =T a1 =TV I o] L= 3SR 4

0] o) o 1=l g Y=t ol =T VA =Y SRR 6
Full List of Ethical APProval AUTNOTITIES .......cccuviiiiiieeceee ettt et e et e e et e e e ta e e e e abee e sbaeeeabaeeensaeeeesbeseesaeaennseeenns 6

Full Acknowledgements

The authors would like to thank the following individuals, who contributed to partner studies or to
the MalariaGEN Resource Centre, making this study possible.

e Ghana: James Abugri, Nicholas Amoako

e Kenya: Steven M. Kiara, John Okombo

e Madagascar: Rogelin Raherinjafy, Seheno Razanatsiorimalala
e U.S.A.: Hongying Jiang, Xin-zhuan Su

Genomic epidemiology of the current wave of artemisinin resistant malaria Page 1


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

7 28ed ElJB|BW JUB)SISDJ UIUISIWSYIE JO DABM JU344Nnd 3y} jo ASojoiwapida djwousn

ipnegeyd
12ysiaq

008 00Z 009 005 00% 00€ 002 \_ ' oot 0
11| 90A-

|
1S3]/MOUY t {!

XEAIN e | .._
IMOUaYdIal S | —.\ ,__ Aﬁ - ¥
> ....4 A x ) N J

‘(43jj12doud pue 70d/49.1g) sulewop 32Uelsisal 0OM) 3yl SSpN|IUl YdIYM ‘9uas sy} JO 1534 Y1 JIAO

S$9123ds ||e SS0Jde UOI1BAISUO0D Y31y AjgesJewad st 343y ‘(1pnbgoyd pue ‘1aybiaq ‘i1j304 d) sa1aads Juapod Ul Ajdenaiied ‘panIasuod sso| St 00 uolsod mojaq
uo133J 3y3 y3noyy|y ‘panIasuod ssa| Ajjesauasd s uoi3as wealisdn ayl seasaym ‘sa10ads usamiag pansasuod Ajysdiy st sulewop aouelsisad 3yl Sujuieiuod
uoi8aJ ay] *(SPOYIaN 93S) 1pnpgoyd *d PUe ‘1aybiaq “d ‘11]20A *d ‘1Sa|mouy *d ‘XDAIA *d ‘ImouayaIal *d :a|ge|jieAe aiam ejep 3suanbas Ayjenb-ysiy yoiym

40} $9193ds whnipowisn|d J13Y3o XIS ul ssndojowoy sy Yum 32uanbas 3uipod auad wnindidipf ‘d ay3 4o syuawudije uo xiulew g9d£s40) e SuiAjdde Aq panliap
‘€TY2/3>] JO SINPISA pIoe oulwe 97/ Y3 SSOJIE 3J0IS UOIIeAIdsU0) *dds wnipowso|d ui duanbas £TYay o uoneasasuo) — T a4ndi4 Arejusawajddng

sa.1ng1y Arejusawdjddng


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplementary Figure 2 — Genome-wide analysis of high-frequency SNP density. (a) Plot of the
density of frequent (present in 3 or more samples) non-synonymous mutations in Africa (red) and
SEA (blue) against conservation, for all genes with more than 2 synonymous or non-synonymous
SNPs, showing that kelch13 (square symbol) is consistent with other similarly conserved genes in
Africa, but has excess non-synonymous polymorphisms in SEA. (b) An analogous plot for
synonymous mutations also shows that kelch13 follows the normal trend among genes in Africa, but
has far fewer SNPs than expected in SEA.

a b
] 9
2 2
2 o H =]
2 ] e &7
Z £
a o ~ 9
Z o v o
&G a -
5 3
>
o o
g 6 ] 2 o
£ o
: £
g o | c o |
> o™ O o
2 <
5 o | v g |
2 - E' -
2 g
o w | w
3 < g (=]
5 o
frs
o N
(= o
; = = AFR = SEA Q kelch13 ; = = AFR = SEA O keich13
T T T T T T T T
2 0 2 4 -2 0 2 4
Conservation Conservation

Genomic epidemiology of the current wave of artemisinin resistant malaria Page 3


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplementary Tables

Supplementary Table 1 — Kelch13 propeller domain mutations in different Plasmodium species.
Here we report amino acid allele differences in a multiple sequence alignments of kelch13
homologues for seven species of Plasmodium parasites for which high-quality sequence data were
available: P. falciparum (Pf), P. reichenowi (Pr), P. vivax (Pv), P. knowlesi (Pk), P. yoelii (Py), P. berghei
(Pb), and P. chabaudi (Pc). The species formed three groups by similarity: Laverania (Pf, Pr), primate
Plasmodia (Pv, Pk) and rodent Plasmodia (Py, Pb and Pc). An allele shared by all members of two
different groups was identified as a putative ancestral allele. The table shows, for each position
where at least one species exhibits a difference from the others: the amino acid position in the Pf
kelch13 sequence; the putative ancestral amino acid allele; the alleles in the various species
(columns with heading listing multiple species show mutations common to those species); and a
substitution score of the mutation, based on a CCF53P62 substitution matrix (see Methods). All
substitution scores are 20, denoting conservative substitutions.

F.’f. Ancestral PEPr | Py,Pk PK Py,Pb, Py,Pb Pb Pc Substitution
Position Allele Pc Score
434

447
448
517
519
520
534
550
566
568
578
584
590
593
605
613
648
666
676
691
708
711
723

-n
<
N

— W —U0UOP>P<<U0OPQpU0UAHd—-—U0OPrP<<uns<TnTH-—O0O
m
<
N O OFRP ONPRPRORFPRONPREPRONNERNONONLR

Genomic epidemiology of the current wave of artemisinin resistant malaria Page 4


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/019737; this version posted May 24, 2015. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplementary Table 2 — Conservtion score of kelch13 mutations. The table shows, for each non-
synonymous kelch13 mutation observed in the dataset, the number of samples carrying the
mutation in Africa (AFR), in Southeast Asia (SEA), and a substitution score of the mutation, based on
a CCF53P62 substitution matrix (see Methods); lower values indicate more radical substitutions.
Mutations observed in Africa tend to have higher conservation score, whereas in SEA mutations tend
to be more radical.

Mutation AFR SEA CFF53P62
Q613E 1
Y630F
V637l
V5891
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Y493H
1416V
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1416M
F395Y 1
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V534L
R561H
A675V
H719N
P527H
A557S
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1543T
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P667L
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Supplementary Text
Full List of Ethical Approval Authorities

This is the complete list of local and institutional committees that gave ethical approval for the
partner studies: Comité d'Ethique, Ministére de la Santé, Bobo-Dioulasso, Burkina Faso; Navrongo
Health Research Centre Institutional Review Board, Navrongo, Ghana; Kintampo Health Research
Centre Institutional Ethics Committee, Kintampo, Ghana; Noguchi Memorial Institute for Medical
Research Institutional Review Committee, University of Ghana, Legon, Ghana; Ghana Health Service
Ethical Review Committee, Accra, Ghana; Gambia Government/MRC Joint Ethics Committee, Banjul,
The Gambia; Comité d'Ethique National Pour la Recherche en Santé, Guinea; Ethics Committee of
Faculté de Médecine, de Pharmacie et d'Odonto-Stomatologie, University of Bamako, Bamako, Mali;
Ethical Review Committee, University of llorin Teaching Hospital, llorin, Nigeria; Institutional Review
Board, Faculty of Health Sciences, University of Buea, Cameroon; Comité d’Ethique, Ecole de Santé
Publique, Université de Kinshasa, Ministére de I'Enseignement Superieur, Universitaire et Recherche
Scientifique, D. R. Congo; Comité National d'Ethique aupres du Ministére de la Santé Publique,
Madagascar; Institutional Review Committee, Med Biotech Laboratories, Kampala, Uganda and
Uganda National Council for Sciences and Technology (UNCST); College of Medicine Research Ethics
Committee, University of Malawi, Blantyre, Malawi; KEMRI National Ethical Review Committee,
Kenya; Medical Research Coordinating Committee of the National Institute for Medical Research,
Tanzania; Ethical Review Committee, Bangladesh Medical Research Council, Bangladesh; Ethics
Committee of the International Centre for Diarrheal Disease Research, Bangladesh; Institutional
Ethical Review Committee, Department of Medical Research (Lower Myanmar); Ministry of Health,
Government of The Republic of the Union of Myanmar; National Ethics Committee for Health
Research, Ministry of Health, Phnom Penh, Cambodia; Ministry of Health National Ethics Committee
For Health Research, Laos; Ethics Committee, Faculty of Tropical Medicine, Mahidol University,
Bangkok, Thailand; Ethical Committee, Hospital for Tropical Diseases, Ho Chi Minh City, Vietnam;
Eijkman Institute Research Ethics Commission, Jakarta, Indonesia; Institutional Review Board, Papua
New Guinea Institute of Medical Research, Goroka, Papua New Guinea; Institutional Review Board,
International Center for Medical Research and Training, Cali, Colombia; Institutional Review Board,
Universidad Nacional de la Amazonia Peruana, lquitos, Peru; Human Research Ethics Committee of
NT Department of Health and Families and Menzies School of Health Research, Darwin, Australia;
Institutional Review Board, New York University Medical School, NY, USA; Institutional Review
Board, National Institute of Allergy and Infectious Diseases, Bethesda, MD, USA; Institutional Review

Board, Walter Reed Army Institute of Research, Washington DC, USA; Ethics Review Committee,
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World Health Organization, Geneva, Switzerland; Ethics Committee of the Faculty of Medicine,
Heidelberg, Germany; Ethics Committee of the Medical University of Vienna; Ethics Committee,

London School of Hygiene and Tropical Medicine, London, UK; Oxford Tropical Research Ethics

Committee, Oxford, UK.

Genomic epidemiology of the current wave of artemisinin resistant malaria Page 7


https://doi.org/10.1101/019737
http://creativecommons.org/licenses/by-nc-nd/4.0/

