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Abstract

Multiple transcontinental waves of drug resistance in Plasmodium falciparum have originated in 

Southeast Asia before spreading westward, first into the rest of Asia and then to sub-Saharan 

Africa. In vitro studies have suggested that hypermutator P. falciparum parasites may exist in 

Southeast Asia and that an increased rate of acquisition of new mutations in these parasites may 

explain the repeated emergence of drug resistance in Southeast Asia. This study is the first to test 

the hypermutator hypothesis using field isolates. Using genome-wide SNP data from human P. 

falciparum infections in Southeast Asia and West Africa and a test for relative rate differences we 

found no evidence of increased relative substitution rates in P. falciparum isolates from Southeast 

Asia. Instead, we found significantly increased substitution rates in Mali and Bangladesh 

populations relative to those in populations from Southeast Asia. Additionally we found no 

association between increased relative substitution rates and parasite clearance following 

treatment with artemisinin derivatives.
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1. INTRODUCTION

Resistance to chloroquine, an antimalarial drug used widely in population-level malaria 

control efforts, was first identified in western Cambodia in 1957, 20 years before its 

appearance in eastern Africa [1]. Following the introduction of other new antimalarial drugs, 

new resistance mutations have repeatedly originated in Southeast Asia, specifically western 

Cambodia [2], and subsequently spread westward toward Africa [3]. Most recently, clinical 

resistance to artemisinin, and mutations in the K13 propeller gene with which artemisinin 

resistance is strongly associated, were both first identified in western Cambodia [4,5], 

although it appears that K13 mutations have arisen in multiple independent foci in Southeast 

Asia [6].
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Possible reasons for why resistance mutations in Plasmodium falciparum have repeatedly 

emerged in western Cambodia include antimalarial usage practices [7] and differences in 

transmission intensity of P. falciparum parasite populations, which in turn affect host 

immunity [8]. Another explanation for this phenomenon is suggested by in vitro evidence 

that P. falciparum isolates from Southeast Asia acquire new drug resistance mutations at 

higher rates than isolates from West Africa [9]. The identification of hypermutator P. 

falciparum lineages in the field, and evidence linking these lineages to emergent drug 

resistance mutations, would have important implications for malaria control and drug 

resistance containment strategies. Hypermutator phenotypes are common among some 

eubacterial pathogens under drug pressure [10]; however, to our knowledge, this 

phenomenon has never been observed in a eukaryotic parasite. Likewise, the evidence 

supporting the “hypermutator hypothesis” has come from in vitro studies on culture-adapted 

laboratory isolates, often using P. falciparum strains that have passed through thousands of 

generations of drug pressure. To date, there is no population-level evidence on mutation rate 

variation in P. falciparum isolates from human infections in the field.

In this study, we examined mutation rate variation in 177 P. falciparum isolates collected in 

clinical trials in Southeast Asia and in Mali, West Africa, using whole-genome sequencing 

data and a test of relative nucleotide substitution rates. In addition, we used clinical data on 

efficacy of artemisinin derivatives to examine the relationship between relative substitution 

rate and an emerging drug resistance phenotype.

2. METHODS

P. falciparum isolates were collected during artemisinin therapeutic efficacy trials in 

Bangladesh, Cambodia, Laos, Myanmar, Thailand, and Vietnam [6,11] and a Plasmodium 

population genetics study in Mali [12]. Isolates originated from a wide geographic range of 

the distribution of P. falciparum, and included those associated with known artemisinin-

resistant phenotypes and lineages from areas where this phenotype is either uncommon or 

non-existent. We included all available samples from these sites for which complete 

sequencing data were available. ACTs are the recommended first-line treatment for 

confirmed uncomplicated P. falciparum infection in all six countries. During the study 

period, the reported maximum number of ACT treatment courses delivered per year was 

2,842,500 (Mali, 2008) and the minimum was 51,425 (Laos, 2010) [13]. Compared to 

Bangladesh and Southeast Asia, P. falciparum transmission is significantly higher in Mali, 

where the parasite prevalence among children ages 2-10 years is >40% and the 

entomological inoculation rate is greater than 100 infective bites per individual [14].

Sequencing, alignment, SNP calling, and quality filtering for these data have been described 

previously [15]. SNPs were detected using sequencing data for all isolates in the study that 

were amenable to sequencing, minimizing possible ascertainment bias in the identification 

of polymorphic sites. Population structure of isolates from Southeast Asia was estimated 

using the STRUCTURE software package [16], which employs Bayesian clustering methods 

to infer population number and membership from multilocus genotype data. The 

STRUCTURE run that achieved the highest estimated probability, without grouping samples 

by individual clone lineages, included eight populations (Figure 1). To exclude highly 

Brown et al. Page 3

Infect Genet Evol. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



admixed samples, which could interfere with accurate relative rate comparisons between 

populations, isolates with membership coefficients in their assigned population of less than 

0.50 were excluded from analysis. In addition, isolates with >5% missing SNP calls and 

those that may have represented polyclonal infections (defined as those samples with 

>0.005% heterozygous SNP calls) were excluded from subsequent analysis. Isolates from 

Mali were assumed to represent a separate population distinct from Southeast Asia isolates, 

without any significant substructure, consistent with previous analyses of P. falciparum 

population structure in Africa [17]. These steps yielded nine geographically distinct 

populations, of which eight included a sufficient number of samples for relative rate 

analysis.

Nucleotide substitution rates were compared using the relative rate test of Tajima [18]. In 

brief, the test compares the number of unique nucleotide substitutions, m1 and m2, in two 

sequences, S1 and S2, (sampled from populations 1 and 2, respectively) versus an outgroup 

sequence. The sum of nucleotide sites where S1 ≠ S2 = outgroup are counted as unique 

substitutions for S1 and equals m1, and the sum of sites where S2 ≠ S1 = outgroup is m2. 

Sites in which S1 ≠ S2 ≠ outgroup or S1 = S2 ≠ outgroup are ignored. If S1 and S2 have the 

same rate of nucleotide substitution, the number of unique substitutions is expected to be 

equal between populations 1 and 2, such that E(m1) = E(m2). The mj value for each 

population was obtained by averaging over samples within that population. The values m1 

and m2 were compared using a χ2 statistic. The probability of observed χ2 values was 

estimated by randomly permuting population assignments of individual samples. Whole-

genome sequence data from Plasmodium reichenowi (Berriman et al., in press) was used as 

the outgroup sequence, and was aligned to known orthologous regions in the P. falciparum 

3D7 reference genome using MAFFT version 7.154 [19]. Only SNPs in protein-coding 

regions were considered.

We applied this method to two sets of P. falciparum SNP data: (1) the complete set of all 

418,463 synonymous and non-synonymous SNPs where the orthologous nucleotide in P. 

reichenowi could be determined; and (2) a subset of data set (1), which includes only 

synonymous SNPs, and excluding sites that fall in genomic regions with evidence of recent 

positive selection, as previously determined using analyses of extended haplotype 

homozygosity [11]. The first data set provided the maximum available power for detecting 

relative rate differences and the second yielded more conservative relative rate estimates 

based only on substitutions at 125,063 ostensibly neutral sites. With the large number of 

sites analyzed, the tests had high power to detect relative rate differences [20]. In addition, 

comparing mean rates among groups of isolates reduced variance through averaging, a well 

known statistical effect, and reduced error due to the stochastic distribution of substitutions 

among lineages [21].

3. RESULTS

We detected significant increases in both the mean rate of synonymous substitution and the 

mean rate of synonymous plus non-synonymous substitution in samples from Mali and 

Bangladesh versus those from Southeast Asia (Fig 2A). Large effect sizes are observed for 

all statistically significant comparisons in both data sets (Supplementary Figure 1). 
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Furthermore, we observed little substitution rate variation among populations in Southeast 

Asia, including those comprised mostly of artemisinin-resistant and of artemisinin-sensitive 

parasites (Fig 2A, populations MY1-VL6). For none of the possible pairwise relative rate 

comparisons between Malian and Southeast Asian isolates did we observe a Southeast Asian 

isolate with a significantly higher relative rate than a Malian isolate (Figure 1, B), indicating 

that, among all samples analyzed, no individual parasite exists within the Southeast Asian 

populations for which the substitution rate is higher than that of a Malian parasite. There 

was no significant correlation between parasite clearance half-life after artemisinin treatment 

and the relative rate of synonymous substitution (Mantel test: r=0.003, p value=0.432, 6000 

permutations).

Multiple highly drug-resistant P. falciparum isolates exhibit defective DNA mismatch repair 

phenotypes [22], suggesting a possible mechanistic link between increased substitution rate 

and the acquisition of drug resistance. Recently, Miotto et al. identified 32 SNPs in P. 

falciparum DNA repair genes that were highly differentiated in Cambodian isolates with 

delayed parasite clearance phenotypes, including polymorphisms in the DNA repair-related 

genes MLH1, pms1, and RAD50 [17]. We tested for relative rate differences between 

isolates carrying the reference versus non-reference allele for these SNPs in DNA repair 

genes (30 SNPs; for 2 SNPs there were no samples carrying the non-reference allele in our 

data). We found only a single instance where isolates bearing the non-reference SNP had a 

significantly higher number of unique mutations, a non-synonymous mutation in a 

hypothetical repair-related gene on chromosome 11 (MAL11:480718, p < 1.6 X 10−4 in the 

combined SNP data set); however, this rate difference was not observed for synonymous 

SNPs and the effect size for this difference was small (0.16, 95% CI:-0.14-0.46). Moreover, 

the effect sizes for all rate differences in this analysis were small, with 95% confidence 

intervals spanning both negative and positive values.

4. DISCUSSION

We found no evidence that P. falciparum parasites in Southeast Asia isolated from humans 

had elevated substitution rates when compared to parasites from West Africa, nor did we 

find elevated substitution rates among populations with slower parasite clearance half-lives. 

Indeed, we observed the opposite: isolates from Mali and Bangladesh, populations that both 

exhibit rapid parasite clearance half-lives after artemisinin treatment, had more substitutions 

than those from Southeast Asia when compared to the outgroup species, including those at 

synonymous sites located outside regions potentially affected by recent selective sweeps. 

Although these differences achieve statistical significance, their magnitude is small relative 

to the total number of polymorphic sites in our analysis. For example, the increase in 

proportion of substitutions per site observed in the Malian populations is 0.00017 - 0.00035 

for synonymous and non-synonymous substitutions combined; and 0.00013 - 0.00039 for 

synonymous substitutions only (Figure 2). Consistent with this analysis, recent mutation 

accumulation experiments have shown that rates of mitotic evolution in P. falciparum do not 

vary significantly between 3D7-derived clones (a laboratory strain originally from west 

Africa) and clones derived from the highly drug-resistant Southeast Asian isolate Dd2 [23].
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The small but statistically significant variation in substitution rates observed in our data may 

be attributable to underlying differences in mutation rates and/or differences in the fixation 

rate of new mutations. Linkage disequilibrium (LD) blocks are markedly shorter in African 

P. falciparum populations versus those in Southeast Asia [24], likely due to higher rates of 

effective sexual outcrossing and recombination in high transmission settings, increasing the 

ability of natural selection to act independently on linked mutations. In Southeast Asia, 

where haplotype blocks can extend over large chromosomal regions, new mutations are 

more likely to be affected by background selection [25]. The fact that the difference in 

substitution rate per site between countries is small and extends to synonymous sites suggest 

that the sites affected include slightly advantageous polymorphisms involved in processes 

such as mRNA stability or translation efficiency [26-28]. Underlying differences in mutation 

rate may also contribute to the observed variation in substitution rates, either due to inherent 

differences in DNA repair competency or the increased number of P. falciparum sexual 

generations per year that occur in areas of higher malaria transmission (for example, sub-

Saharan Africa). P. falciparum has a high rate of recombination [29], which has been shown 

to be mutagenic on some eukaryotic taxa [30], and hence could differently impact 

populations that differ in rate of meiotic division.

Our results do not support the hypermutator hypothesis, and suggest that other explanations 

underlie the recurrent emergence in Southeast Asia of new drug resistance mutations. A 

distinct possibility is that the lower transmission intensity observed in Southeast Asia 

relative to Mali would be expected to result in a higher proportion of monoclonal infections 

and in lower infection rates in human populations in Southeast Asia. These conditions might 

increase the role of genetic drift relative to selection in the fate of new mutations, and 

therefore be more conducive to an increase in frequency, and within population fixation, of 

mutations that are deleterious [31] as many drug resistant mutations are known to be [3,8].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ACT artemisinin combination therapy

SNP single nucleotide polymorphism

LD linkage disequilibrium
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HIGHLIGHTS

(1) We compared nucleotide substitution rates between P. falciparum 

subpopulations.

(2) We compared 177 isolates from Mali, Bangladesh, and Southeast Asia.

(3) Average rates of synonymous substitution were slightly higher in isolates 

from Mali

(4) We found no association between faster substitution rates and artemisinin 

resistance.
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Figure 1. 
(A) Results of the STRUCTURE analysis with eight populations and number of samples 

after exclusion of polyclonal isolates and isolates with >5% missing SNP calls, for isolates 

from Bangladesh (B), Cambodia (C), Laos (L), Mali (MA), Myanmar (MY), Vietnam (V), 

and Vietnam-Laos (VL). Malian isolates were not included in the STRUCTURE analysis, 

but assumed to constitute a separate population, distinct from Southeast Asia, with no 

significant substructure. Following filtering to include only non-admixed, non-polyclonal 

samples with low amounts of missing data, the Vietnamese population V8 contained only 

two samples, and was excluded from subsequent analysis. (B) In vivo artemisinin parasite 

clearance half-lives by population. Parasite clearance half-lives for isolates in populations 

MY1-B7 were measured directly for each isolate. For isolates in population MA9, half-lives 

were extrapolated from previously published values for isolates collected in Mali between 

2010-2011[32].
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Figure 2. 
(A) Difference in mean number of unique nucleotide substitutions (mCOLUMN-mROW) and 

χ2 values for 418,463 synonymous and non-synonymous sites (below the diagonal of 

identity values) and 125,063 synonymous sites excluding SNPs in regions inferred to be 

under recent positive selection (above the diagonal of identity values). χ2 values for each 

population-population comparison were determined using methods described in the text, 

with P. reichenowi as the outgroup. 10,000 random permutations of population assignments 

were used to generate the null distribution of χ2 values and p-value for each population-

population comparison. Relative rate comparisons with p-values less than the Bonferonni-

corrected value of 0.0018 are marked with an asterisk. (B) Distribution of χ2 values for all 
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individual relative rate comparisons between Malian isolates (population MA9) and isolates 

from Southeast Asia (Cambodia, Myanmar, Laos, or Vietnam) multiplied by d, a constant 

equal to 1 or -1 which reflects the directionality of the relative rate difference (where for 

each isolate i from Southeast Asia and isolate j from Mali). Values of > 3.85 (green plot 

region) indicate individual relative rate comparisons where the Malian isolate has a 

significantly greater relative rate (p < 0.05 for χ2 with 1 d.f.); values of < −3.85 (blue plot 

region) indicate relative rate comparisons where the isolate from Southeast Asia (SEA) has a 

significantly greater relative rate. Left panel: Relative rate comparisons based on 125,063 

synonymous SNPs; Right panel: Relative rate comparisons based on 418,463 synonymous 

and non-synonymous SNPs.
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