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Abstract  1 

Artemisinin resistance mutations in Plasmodium falciparum kelch13 (Pfk13) have begun to 2 

emerge in Africa. Pfk13-R561H was the first reported African mutation found in Rwanda in 3 

2014, but limited sampling left questions about its early distribution and origin. We detected 476 4 

parasitemias among 1873 residual blood spots from a 2014-15 Rwanda Demographic Health 5 

Survey. We sequenced 351 samples revealing 341/351 were wild type (97.03% weighted) and 4 6 

samples (1.34% weighted) harbored R561H which were significantly spatially clustered. Our 7 

study better defines the early distribution of R561H in Rwanda and suggests that the origin may 8 

have involved higher-transmission regions.  9 

 10 

Introduction 11 

Artemisinin-based combination therapies (ACT) are currently the key antimalarials used 12 

in Africa and emerging resistance threatens decades of public health gains. Concerningly, 13 

mutations in the Plasmodium falciparum kelch13 (Pfk13) gene causing in vitro artemisinin 14 

resistance are emerging in Africa [1,2]. Additionally, recent reports have shown delayed parasite 15 

clearance in Rwandan patients infected with R561H mutants after treatment with ACT [3]. While 16 

high-grade clinical resistance to ACT remains low in Africa thanks to the continued efficacy of 17 

partner drugs, decreased sensitivity to artemisinin is thought to have potentiated partner drug and 18 

lead to ACT treatment failure in southeast Asia (SEA), making the emergence of validated Pfk13 19 

resistance mutations a grave concern [4–6]. 20 

Early in the emergence of artemisinin resistance in SEA, multiple mutations in Pfk13 21 

were found with the eventual emergence of C580Y as the dominant genotype. A similar pattern 22 

may be occuring in Africa with multiple validated or candidate resistance mutations emerging 23 
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including R561H, C469F/Y, and A675V [1,2,7,8]. Understanding trends in resistance allele 24 

frequencies can only be done through intensive genomic surveillance. 25 

The first report of artemisinin resistant Pfk13 mutants in Africa occurred in Rwanda in 26 

2014, with 7.4% of samples collected in Masaka between 2014-15 harboring R561H [1]. By 27 

2018, reported R561H prevalence increased to 19.6% in Masaka and 22% in Rukara [9]. While 28 

ring-stage survival assays confirmed in vitro artemisinin resistance, these studies found no 29 

association between clinical outcomes and Pfk13 mutations. The expansion of a validated 30 

resistance mutation is nevertheless concerning, and the lack of broader sampling in previous 31 

studies makes it difficult to trace R561H’s spread through the country. To our knowledge, only 32 

two Pfk13 genotyping studies were done in Rwanda between 2010-2015, the years preceding and 33 

including the first report of R561H [1,10] (Figure 1A). These studies were limited to a few 34 

sampling sites, leaving questions about the true distribution of R561H early in its emergence.  35 

Here we used an existing Demographic Health Surveys (DHS) sample set, originally 36 

designed as a random representative sample of the Rwandan population for HIV prevalence, 37 

conducted between 2014-15. Repurposing this nationally representative dataset provides an 38 

opportunity for a nation-wide baseline study of R561H prevalence in Rwanda early in the 39 

emergence timeline (Figure 1B). This study also employs a cost-conscious approach for 40 

genotyping discarded samples that can be employed in resource-limited settings. 41 

Methods 42 

Sample collection and preparation 43 

Sample collection for 2014-15 DHS in Rwanda included a subset of participants from whom 44 

dried blood spots (DBS) were collected on filter paper for HIV testing. Residual DBSs were 45 

provided by Rwanda Biomedical Center. The DHS included 12,699 GPS tagged households in 46 
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492 clusters in 30 regions who completed the initial questionnaire. Of these households, 50% 47 

were selected for malaria and anemia testing in women and children, and the other 50% were 48 

selected for HIV testing via DBS sample collection (Figure 1C). Complete survey methods are 49 

described by the DHS [11]. The final anonymized DHS dataset was downloaded from 50 

https://dhsprogram.com. All data cleaning and analysis was done in R version 4.1.2 using 51 

packages detailed here: https://github.com/bailey-lab/Rwanda-DHS-2014-15. Analyses utilizing 52 

parasite genomes from de-identified samples were deemed nonhuman subjects of research at the 53 

University of North Carolina at Chapel Hill (NC, USA) and Brown University (RI, USA).  54 

From the DHS survey database, malaria prevalence for each cluster was calculated based 55 

on either positive rapid diagnostic test (RDT) or microscopy. Given we could not simply identify 56 

positive DBS samples based on RDT testing as they were different groups, we focused on 57 

clusters where we would expect to detect a reasonable number of positives to genotype, selecting 58 

clusters with >15% malaria prevalence (n clusters = 67, n samples = 2255). Regional malaria 59 

prevalence was calculated in R using survey-weighted means, using DHS household survey-60 

weights. We located 1873 of these samples and placed three 6 mm punches into wells of a 2 ml 61 

plate. DNA was extracted using Chelex [13]. 62 

Amplification of short PCR amplicons including R561H site 63 

A two-step PCR was optimized to amplify short amplicons with sample barcodes covering 64 

amino acid positions 516-572 on the Pfk13 gene (Supplementary Methods). PCR step 1 product 65 

was resolved on an agarose gel, and the presence of a faintly visible or stronger band was used to 66 

select samples for sequencing. First-step primers were based on previous designs [12] and 67 

contained molecular inversion probe (MIP) compatible 5’ linking sequences, enabling barcoding 68 

[13]. Positive samples (n=476) were re-plated using an OT2 robot (Opentrons, Brooklyn, NY, 69 
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USA). PCR step 2 was used to add unique barcodes to each sample, and these products were 70 

resolved on a gel. 71 

Library preparation 72 

To reduce over sequencing of high parasitemia samples, 5 uL of each PCR step 2 reaction were 73 

sorted into high and low parasitemia pools based on the PCR step 2 band intensity, using an 74 

Opentrons OT2. To prepare libraries for sequencing, a 1.2x SPRI bead cleanup was performed 75 

on the two pools eluted in 30uL TE low EDTA pH=8 (Thermo Fisher Scientific, Waltham MA, 76 

USA). The eluted pools were combined for a total volume of 20 uL, and amplicons were 77 

resolved on a 1.0 % agarose gel. Fragments of the correct size were excised and DNA was 78 

purified using the NEB DNA Gel Extraction kit T1020S (Ipswich, MA, USA). Library quality 79 

was assessed using a fragment analyzer (Agilent, Santa Clara, CA), the library pooled with other 80 

libraries and sequenced on an Illumina Nextseq 550 using a 300-cycle mid output kit at 5.3 pM.  81 

Analysis  82 

Samples were demultiplexed using MIPtools software available at https://github.com/bailey-83 

lab/MIPTools and analyzed using SeekDeep pipeline available at https://github.com/bailey-84 

lab/SeekDeep [14]. Samples that had < 50 reads on the first pass of sequencing (n=243) were 85 

repooled, gel extracted, and resequenced. Samples with ≥ 20 total combined reads were included 86 

in subsequent analysis (n=351). Mutation prevalence was calculated using HIV survey-weights.  87 

Spatial correlation of R561H was calculated in GeoDa (https://geodacenter.github.io) 88 

using Moran’s I with Empirical Bayes to take varying cluster sample sizes into account. 89 

Significance was calculated in Geoda with 999 permutations. A 97.5% confidence interval of 90 

inferred R561H prevalence was created using a spatial Binomial logistic model.  91 
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Map figures were created in RStudio using spatial data downloaded from the DHS 92 

website. 93 

Results 94 

By genotyping parasites from discarded DHS samples, we were able to investigate the 95 

distribution of diversity of Pfk13 mutations in Rwanda early in the emergence of R561H.  96 

Short amplicon PCR was an effective way to determine infections  97 

Amplification identified 25.4% of Pf unknown samples positive (476/1873), similar to the 98 

expected 25.7% positivity found by DHS by RDT.  On a per cluster level, we found that 99 

amplicon success had moderate correlation with the expected P. falciparum prevalence (Pearson 100 

coefficient = 0.357). However, some clusters fell above or below the expected value based on 101 

DHS data due to inherent variance from testing different subsets of individuals such as 102 

differences in average age (RDT was 18 years compared to 22 years for PCR). While PCR is 103 

normally more sensitive than RDT, sample degradation likely decreased our sensitivity and our 104 

assays did not leverage multicopy genes. Additionally, RDTs can be false positives due to the 105 

persistence of HRP2 protein despite clearance of the parasite.  106 

Targeted deep sequencing of amplicon revealed R561H and other Pfkelch13 mutations 107 

Of the 476 PCR positive samples, 351 (73.7%) were successfully sequenced, revealing a 108 

majority of wild type parasites (341/351, 97.03%) (Supplementary Table 1). One sample (0.27%) 109 

had a synonymous mutation (G533G) and 9 samples (2.70%) had nonsynonymous K13 110 

mutations, including R561H (4), V555A (3), C532W (1), and G533A (1) (Supplementary Table 111 

1).  112 

The four R561H isolates were spatially clustered across three DHS clusters in the 113 

southeast part of the country, representing 5.47% of samples in Kirehe and 2.74% in Ngoma. 114 
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(Figure 2a, Supplementary Figure 1, Supplementary Table 2). The Moran’s I value of spatial 115 

correlation of clusters with R561H was 0.133 (p=0.046), indicating significant spatial 116 

clustering.  Additionally, a 97.5% confidence interval of inferred R561H prevalence based on the 117 

number of mutant isolates, sampling scheme, and geographic proximity to other isolates 118 

highlighted localization in the southeast, higher confidence of low or no prevalence in the 119 

southwest, but lower of confidence in unsampled northern regions (Figure 2b). 120 

Discussion 121 

Previous Pfk13 genotyping in Rwanda in the years leading up to the first observation of R561H 122 

failed to capture the larger picture across the country. This study provides expanded geographic 123 

sampling and an improved baseline of Pfk13 genotypes in relatively high-prevalence regions 124 

early in the R561H emergence timeline. Previous studies only observed the mutation in Masaka 125 

as of 2014, but our study demonstrates that it was also present and significantly clustered in 126 

high-transmission regions in the southeast of the country. In keeping with prior reports, we found 127 

a small number of clinically unvalidated polymorphisms, three previously not observed in 128 

Rwanda as of 2014-15 (Supplementary Table 3).  129 

The presence of R561H in three spatially clustered high-transmission clusters outside of 130 

previously reported areas could point towards a more southern origin or spread. While additional 131 

data is needed to better understand the origin and spread, it is concerning that the resistant 132 

parasites were already present in high-transmission areas as of 2014. This was unexpected, as it 133 

is hypothesized that low-transmission areas drive selection of resistant parasites, due to low 134 

levels of host immunity and reduced within-host competition [15]. A possible explanation of the 135 

current findings could be periods of low- and high-transmission due to intermittent indoor 136 
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residual spraying in these regions. Regardless of cause, the presence of mutant parasites in high-137 

transmission zones is of significant concern for the control of malaria.  138 

Though these samples allowed for retrospective genotyping, working with old, discarded 139 

samples poses challenges. Some bags were not fully sealed, some had water damage, and the 140 

desiccant was exhausted in most sample bags. The DNA was thus variably degraded, forcing us 141 

to focus on just a short amplicon containing the R561H mutation site. While this did not capture 142 

all mutations of interest in Rwanda (i.e. C469F, P574L, and A675V), these could be pursued 143 

with additional amplicons [1,7,10].  144 

 Relatively low sequencing success can likely be attributed to selection of PCR step 1 145 

positive amplicons, as any sign of a band was classified as positive. The presence of non-specific 146 

bands could have led to misidentification of positives at this step.  147 

The sampling scheme should also be taken into consideration. This method led to 148 

samples from older patients, with sequenced samples from patients averaging 22 years. As 149 

factors such as pre-existing immunity are thought to have an impact on the evolution of parasites, 150 

the relative proportion of mutant parasites may be different from studies with a lower median age 151 

such as Uwimana et al 2020, who only took samples from children 1-14 years [1].  152 

This approach requires significant manual labor for large studies. Sorting through 153 

thousands of samples, punching dried blood spots, and running gels to identify Plasmodium 154 

positive samples was not a small task. This in practice required us to sample from high malaria 155 

prevalence areas to not waste resources and time on unknown samples in low-prevalence areas 156 

for little output. This is a key limitation as low-prevalence are historically the emergence sites of 157 

resistant parasites, so it is possible that R561H existed in 2014-15 in areas we did not sample. 158 

Finally, we did not sample directly from Masaka, where R561H was first observed in 2014. 159 
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However, our sampling scheme included multiple clusters nearby Masaka and did not find 160 

R561H. When possible, future national sampling should coordinate HIV and RDT sampling for 161 

ease of genotyping residual samples.  162 

Our study is the first country-wide examination of early distribution of artemisinin 163 

resistant Pfk13 R561H parasites in Rwanda using samples derived from a representative sample 164 

of circulating parasites. This data will allow for better modeling of the initial rate of spread when 165 

combined with other retrospective analyses and current surveys.166 
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Figures 

 

Figure 1: Previous Studies and Our Study Design 

A: Sampling sites of P. falciparum genotyping studies done in Rwanda 2010-2015.  Sites 

included Masaka, Ruhuha, Bugarama, Kibirizi, Nyarurema and Rukara (Uwimana et al 2020) 

and the Huye district 2010-15 (Tacoli et al 2016). 

B: DHS 2014 sampling clusters. We sequenced samples from clusters with >15% malaria 

prevalence. 

C: Study design. We used DBS samples from the HIV arm of a 2014-15 DHS study, selecting 

2255 samples taken from 67 clusters with >15% malaria, as calculated in the malaria/anemia 

arm. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted October 26, 2022. ; https://doi.org/10.1101/2022.10.26.513523doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.26.513523
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

13 

Figure 2: Geographic distribution of Pfk13 mutations in high malaria prevalence 

demographic health survey clusters in Rwanda.  

A: Mutations confirmed by sequencing amplicons corresponding to Pfk13 amino acids 516-572 

are presented as pie charts, the center of each corresponding to the center of the DHS survey 

district. Mutation presence at the DHS cluster level shown for Kirehe and Ngoma districts.  

B: The 97.5% confidence interval of inferred R561H prevalence using a spatial Binomial logistic 

model.  
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