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1 Abstract

2 Plasmodium parasites, the causal agents of malaria, are eukaryotic organisms that obligately 

3 undergo sexual recombination within mosquitoes. However, in low transmission settings where 

4 most mosquitoes become infected with only a single parasite clone, parasites recombine with 

5 themselves, and the clonal lineage is propagated rather than broken up by outcrossing. We 

6 investigated whether stochastic/neutral factors drive the persistence and abundance of Plasmodium 

7 falciparum clonal lineages in Guyana, a country with relatively low malaria transmission, but the 

8 only setting in the Americas in which an important artemisinin resistance mutation (pfk13 C580Y) 

9 has been observed. To investigate whether this clonality was potentially associated with the 

10 persistence and spatial spread of the mutation, we performed whole genome sequencing on 1,727 

11 Plasmodium falciparum samples collected from infected patients across a five-year period (2016-

12 2021). We characterized the relatedness between each pair of monoclonal infections (n=1,409) 

13 through estimation of identity by descent (IBD) and also typed each sample for known or candidate 

14 drug resistance mutations. A total of 160 clones (mean IBD ≥ 0.90) were circulating in Guyana 

15 during the study period, comprising 13 highly related clusters (mean IBD ≥ 0.40). In the five-year 

16 study period, we observed a decrease in frequency of a mutation associated with artemisinin 

17 partner drug (piperaquine) resistance (pfcrt C350R) and limited co-occurence of pfcrt C350R with 

18 duplications of plasmepsin 2/3, an epistatic interaction associated with piperaquine resistance. We 

19 additionally report polymorphisms exhibiting evidence of selection for drug resistance or other 

20 phenotypes and reported a novel pfk13 mutation (G718S) as well as 61 nonsynonymous 

21 substitutions that increased markedly in frequency. However, P. falciparum clonal dynamics in 

22 Guyana appear to be largely driven by stochastic factors, in contrast to other geographic regions. 
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23 The use of multiple artemisinin combination therapies in Guyana may have contributed to the 

24 disappearance of the pfk13 C580Y mutation.

25

26 Author Summary

27 Malaria is caused by eukaryotic Plasmodium parasites, which undergo sexual recombination 

28 within mosquitoes. In settings with low transmission, such as Guyana, these parasites often 

29 recombine with themselves, leading to the propagation of identical clones. We explored the 

30 population genomics of Plasmodium falciparum malaria parasites in Guyana over five years to 

31 characterize clonal transmission dynamics and understand whether they were influenced by local 

32 drug resistance mutations under strong selection, including pfk13 C580Y, which confers resistance 

33 to artemisinin, and pfcrt C350R, which confers resistance to piperaquine. Using whole genome 

34 sequencing on 1,463 samples, we identified 160 clones, in which all parasites share at least 90% 

35 of their genomes through recent common ancestry. We observed a decrease in frequency of the 

36 pfcrt C350R mutation, as well as the disappearance of pfk13 C580Y.  Our findings contrast with 

37 the deterministic rise of drug resistance mutations observed in other geographic regions, 

38 sometimes associated with clonality. The simultaneous use of at least two different artemisinin 

39 combination therapies may have prevented the spread of an artemisinin-resistant clone in Guyana, 

40 suggesting a strategy for resistance management in other geographic regions.

41

42  
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43 Introduction

44 Genomic data from pathogens, vectors, and/or human hosts can complement traditional 

45 epidemiological data on disease incidence and prevalence to inform decisions regarding control. 

46 In the case of malaria, several distinct use cases for genomic epidemiology have been previously 

47 identified [1], including the identification of imported cases and transmission hotspots [2,3], as 

48 well as informing strategies for local disease elimination by documenting connectivity among 

49 parasite populations mediated by human movement [4]. Most importantly, genomic data from 

50 malaria parasites can play an important role in surveillance of emerging drug resistance markers 

51 [5]. Resistance has arisen to every widely deployed antimalarial [6], and molecular surveillance 

52 has been endorsed by the WHO as a core intervention for maintaining the efficacy of current 

53 malaria drug treatment regimens [7].

54 Genetic surveillance of drug or insecticide resistance is typically conducted using genotyping 

55 data from specific polymorphisms associated with resistance [4,8]. However, whole genome 

56 sequencing (WGS) data and genome-wide genotyping assays can inform understanding of the 

57 context for the origin and spread of mutations, especially in cases where compensatory or epistatic 

58 mutations are required to generate a high-fitness resistance genotype capable of spreading quickly 

59 [9]. While measurable phenotypic resistance may be conferred by individual mutations, other 

60 genomic changes are often required for those mutations to be evolutionarily successful, with 

61 examples in Plasmodium malaria parasites [10–12], bacteria [13] and other pathogens [14].

62 Resistance has been arising in a small number of specific geographic locations to artemisinin, 

63 which is administered with one or more partner drugs as artemisinin combination therapy (ACT) 

64 as the first line treatment for malaria caused by Plasmodium falciparum in most of the world. 

65 Delayed parasite clearance following ACT treatment was first observed in the Greater Mekong 
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66 Subregion (GMS) of Southern Asia in early 2000s [15,16]. More recently, mutations associated 

67 with reduced susceptibility to artemisinin have also been detected in East Africa [17–21] and 

68 Papua New Guinea [22]. The most important artemisinin resistance mutation, a C to Y substitution 

69 at codon 580 (C580Y) in the propeller domain of a kelch-domain-containing protein on 

70 chromosome 13 (pfk13) was first observed in the Americas in samples collected in Guyana in 

71 2010, where five out of 94 symptomatic cases were found to carry the pfk13 C580Y mutation [23]. 

72 In 2014, a therapeutic efficacy study (TES) from Guyana failed to detect clinical artemisinin 

73 resistance [24], but sample size was likely too low to recruit subjects with low-frequency resistance 

74 mutations. The pfk13 C580Y mutation was observed in 14 out of 854 clinical samples in a 

75 resistance surveillance study conducted in Guyana from 2016-2017, and through whole genome 

76 sequencing we determined that all of these samples represented a single clonal parasite lineage, 

77 despite being observed in disparate regions of the country [25]. 

78 This observation of a single clonal background for the pfk13 C580Y mutation in Guyana was 

79 unexpected because P. falciparum is a eukaryotic parasite that undergoes sexual recombination in 

80 mosquitoes as an obligatory component of its life cycle. However, when a mosquito bites a human 

81 host with a monoclonal infection (caused by a single parasite genomic lineage), parasites do not 

82 have an opportunity to undergo sexual outcrossing in the mosquito, and instead perform selfing, 

83 resulting in the perpetuation of the genomic lineage present in the previous human host.  Malaria 

84 transmission levels are low in Guyana relative to many settings in sub-Saharan Africa, and 

85 therefore most infections are monoclonal, resulting in frequent clonal transmission. Therefore, a 

86 null hypothesis to explain the observation of pfk13 C580Y on a single clonal background could 

87 simply invoke low transmission in Guyana as a causal mechanism.
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88 However, a plausible alternative hypothesis is that the pfk13 C580Y mutation was observed on 

89 a single clonal background because that genomic lineage contained important compensatory or 

90 epistatic mutations, related to the phenotype of artemisinin resistance directly or resistance to one 

91 or more partner drugs commonly administered in ACTs. Historically, resistance to antimalarials 

92 has originated de novo in low-transmission settings like Southeast Asia or the Americas and has 

93 only later spread to sub-Saharan Africa where malaria is much more common [26], leading to the 

94 hypothesis that low sexual outcrossing rates in such settings could facilitate the emergence of high-

95 fitness resistance genotypes by preserving key combinations of alleles (in addition to factors such 

96 as lower immunity and higher drug pressure). Clonality has been associated with the emergence 

97 of pfk13 C580Y P. falciparum in Cambodia and its subsequent spread throughout the GMS 

98 [16,26], perhaps facilitated by an additional mutation in this lineage (plasmepsin 2 and/or 

99 plasmepsin 3 gene amplification) that confers resistance to an important artemisinin partner drug. 

100 In East Africa, studies from Uganda [19] and Eritrea [27] reported evidence of emergence of 

101 resistance through clonal propagation with an increase in prevalence of pfk13 mutations. 

102 The official first-line for malaria in Guyana is the ACT artemether-lumefantrine (AL), and no 

103 lumefantrine (LMF) resistance mutations are known to be segregating in Guyana P. falciparum 

104 populations. However, an important context for malaria transmission in Guyana is among gold-

105 miners working in forested regions who are known to frequently self-medicate with the ACT 

106 dihydroartemisinin (DHA) -piperaquine (PPQ) -trimethoprim (TMP; DHA + PPQ + TMP; 

107 Artecom) tablets [28,29]. At least two mutations that are segregating in Guyana confer resistance 

108 to piperaquine: a point C350R mutation in the chloroquine resistance transporter (pfcrt) gene that 

109 is endemic to the Guiana Shield region and has been increasing in frequency over the last 20 years 

110 [28,30,31], and copy number amplification of the plasmepsin 2 (Pfpm2 - PF3D7_1408000) and/or 
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111 plasmepsin 3 (Pfpm3 - PF3D7_1408100) genes [30]. The pfcrt C350R mutation and plasmepsin 

112 2/3 amplifications interact epistatically to yield piperaquine resistance [32], adding credibility to 

113 the hypothesis that clonal transmission may be adaptive under DHA-piperaquine pressure.

114 In the present study we generated whole genome sequencing data from P. falciparum clinical 

115 samples collected in Guyana between 2016-2021 to profile the temporal and spatial dynamics of 

116 clonal parasite lineages. We identify circulating clonal components (referred to as clones), defined 

117 as groups of genomically indistinguishable parasites identified under a graph-based framework 

118 [33], and we explore whether limited sexual outcrossing may have been conducive to the de novo 

119 origin of the pfk13 C580Y mutation in Guyana. We specifically explore the representation of pfk13 

120 C580Y, pfcrt C350R, and Pfpm2/3 gene amplifications in clonal and unique parasite genomic 

121 backgrounds, and their co-occurence in frequency vs. rare clonal lineages. Further, we profile new 

122 signatures of selection in the local parasite population using this deep population genomic dataset 

123 to determine whether previously uncharacterized mutations may also drive clonal dynamics, or 

124 whether the persistence and prevalence of clonal lineages in Guyana are driven by stochastic 

125 factors. 

126

127 Results

128 Temporal and Spatial Clonal Dynamics in Guyana

129 We performed selective whole-genome amplification (sWGA) on 1,727 samples collected 

130 from Guyana between 2016 and 2021 across three time periods (Fig. 1). A total of 264 genomes 

131 (15.3%) did not meet the quality criteria of at least 30% of the genome covered at ≥ 5-fold 

132 coverage, resulting in 1,463 samples suitable for analysis. Of this set, 54 samples were classified 
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133 as multiclonal infections (Fws < 0.7) and were excluded from subsequent analyses. The final dataset 

134 for relatedness analysis contained 1,409 monoclonal genomes (Table S9) with an average pairwise 

135 IBD across the entire dataset of 0.283 (SD = 1.114 – Fig. S1). The final dataset obtained was 

136 composed of 736 genomes from 2016/2017; 130 genomes from 2018/2019 which were collected 

137 as part of a therapeutic efficacy study (TES); and finally 523 genomes from patient samples 

138 collected in 2019/2021. To explore patterns of relatedness due to shared recent common ancestry, 

139 pairwise identity-by-descent (IBD) values were computed between haploid genotypes (Fig. 2). 

140 Genome-wide mean IBD estimates across samples revealed patterns of shared ancestry. 

141 Network analysis identified 160 clones (C), which were defined as groups of at least two samples 

142 with a mean pairwise IBD ≥ 90%, and 332 singletons.  Some of these clones formed larger highly 

143 related clusters, defined as a group of multiple clones (n ≥ 3) which displayed a mean IBD ≥ 40% 

144 and grouped together in the hierarchically-clustered dendrogram as portrayed in Fig. 2. A total of 

145 13 highly related clusters were present in Guyana between 2016 and 2021. Cluster 1 was composed 

146 of 7 clones and 21 singletons, including the largest component of the study (C#1), which was 

147 composed of 73 samples and disappeared in October 2018 (Fig. 3). Most parasite clones in Guyana 

148 persisted for a brief time, but others lasted multiple years. The mean duration of clones was under 

149 three months (75.0 days), but clones sampled on multiple occurrences (n=160) persisted on 

150 average for at least 8.3 months (251 days). Increasing the IBD threshold did not significantly 

151 change the number of clones (IBD ≥ 99%: 96 clones; IBD ≥ 95%: 159 clones). Four clones 

152 belonging to different highly related clusters persisted throughout the study (C#143, C#100, C#32, 

153 C#305; Fig. 3). Of the 160 clones, 138 were sampled over multiple months (≥ two months), 96 

154 over three months, 68 over six months, and 34 over a year. Seven clones were sampled over two 
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155 years. A total of 69 clones were related to other clones by ≥ 0.40 mean IBD (Fig. S3) and highly 

156 related cluster 3 appeared as the most related to other clusters. 

157

158 pfk13 C580Y was restricted to a single clonal background.

159 The C580Y mutation in the pfk13 gene (PF3D7_1343700) was present only on single clonal 

160 background (C#268, Fig. 3) as previously reported by Mathieu et al. (2020) [25]. This clone was 

161 composed of six samples and did not carry pfcrt C350R. The clone was part of highly related 

162 cluster 10 which was composed of six clones and five singletons (Table S1). The clonal 

163 background harboring pfk13 C580Y was related to clone C#270 (n=5) and C#271 (n=2) at mean 

164 pairwise IBD levels of 0.45 and 0.42, respectively. On average, clones circulated in 2.46 spatial 

165 clusters and for 237.0 days. The pfk13 C580Y-harboring clonal component C#268, last observed 

166 in April 2017, was observed in six locations over 418 days (Fig 4). In terms of clonal persistence, 

167 this haplotype was among the top 20% of multi-occurrence clones (n=130). We investigated 

168 nonsynonymous (NSY) mutations with a similar allelic frequency (MAF = 0.007 ± 0.05) as pfk13 

169 C580Y, screening 2,360 NSY mutations for their relative clonal size and clonal persistence (Fig. 

170 5). The temporal persistence of the pfk13 C580Y mutation above the mean clonal duration (t = 

171 287.4 days, p < 0.211, tC580Y=418.0 days) and clonal size was above average (nC580Y=8.0 p < 0.211, 

172 nmean=6.0) but below the 95th percentile of polymorphisms in the same frequency class in each 

173 case.

174 Two occurrences of a previously undescribed pfk13 mutation (G718S) were also observed. The 

175 two samples were collected the same week in November 2020 in Aranka River in Region 7. They 

176 also carried the pfk13 K189T mutation. These samples belonged to a clonal background (C#321) 
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177 composed of four samples which was first detected in April 2018, but the other members of this 

178 clonal background did not have sufficient coverage at this position to permit allele identification. 

179

180 Decrease in pfcrt C350R frequency across the five year study period.

181 In the pfcrt gene (PF3D7_0709000), which encodes a transmembrane digestive vacuole protein  

182 known to modulate resistance to chloroquine and other drugs [10], Allelic positions 72, 76, 220, 

183 326 (wildtype) and 356 in pfcrt were fixed. The frequency of pfcrt C350R in the dataset was 

184 54.04% (n=709) and was found in 222 clones (Fig. 2). Additionally, six samples harbored a 

185 previously undocumented coding polymorphism in pfcrt: D329N. The earliest observation of the 

186 D329N mutation was obtained in September 2018 and was sampled in Georgetown as part of the 

187 TES. The D329N mutation was found in three clones (C#173, C#9, C#402), which were each 

188 composed of two samples. These samples exhibited the pfcrt C350 wildtype allele and were found 

189 in different highly related clusters. Between the two study periods, a change in pfcrt C350R 

190 frequency was observed. In 2016/17, pfcrt C350R was present in 73.3% of samples (n=478) while 

191 in 2020/2021, the frequency of the mutation was 36.2% (n=191). This frequency reversion to the 

192 wildtype allele could also be observed within a highly related cluster (Table S7). In 2016/17, highly 

193 related cluster 6 displayed one predominant clone (C#134) carrying the pfcrt C350R mutation. The 

194 clone was found primarily in Mid Essequibo but also appeared in six other spatial clusters (Fig. 3 

195 & S4, Table S8). In 2020/21, samples in this highly related cluster return to the wildtype (in C#137, 

196 C#135, C#136 and C#138). These samples were still widely distributed, with C#137 occuring in 

197 nine spatial clusters (Fig. 6). Evidence of multiple events of pfcrt C350R mutation was observed. 

198 The wildtype and pfcrt C350R were both observed in nine clones. For instance, C#45 contained 
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199 four samples with pfcrt C350R and seven representing the wildtype (Fig. 6). The clone C#268 

200 harboring the pfk13 C580Y did not carry pfcrt C350R. 

201 When investigating whether pfcrt C350R had an impact on clonal persistence or clonal size, no 

202 significant difference was observed. The average duration of clones carrying the mutation was 

203 268.0 days (p < 0.810), while the average duration of clones representing other nonsynonymous 

204 (NSY) mutations of comparable allele frequency (MAF = 0.46 ± 0.05) was 291.0 days (Fig. 5C, n 

205 = 683 NSY mutations). The size of clones harboring pfcrt C350R (mean = 6.9, p < 0.526) was also 

206 similar to the size of clones representing these comparator mutations (mean size of 6.9 samples) 

207 (Fig. 5D). Mutations significantly associated with prolonged clonal duration included one mutation 

208 in falcilysin gene (PF3D7_1360800, n= 134.5 days, p < 0.001) as well as two mutations in 

209 PF3D7_1133400 (AMA1 - apical membrane antigen 1, n=156.4/150.0 days, p < 0.001). 

210 Comparator NSY mutations associated with elevated average clone size also included variants in 

211 AMA1 (PF3D7_1133400, n=4.6 samples) and MSP1 (PF3D7_0930300, n=4.3 samples). 

212

213 Co-occurrence of plasmepsin 2/3 duplication and pfcrt C350R 

214 The combination of pfcrt C350R and plasmepsin 2/3 copy number amplification has been 

215 recently demonstrated to confer piperaquine resistance in the Guiana Shield [30]. Pfpm2/3 copy 

216 number status was recovered from 62 samples in 2016/17 (8.0%) [30]. Although the information 

217 was only available for a limited number of samples, a Χ2 test revealed a significant association 

218 between pfpm2/3 copy number and C350R (P < 0.035). We assessed pfpm2/3 copy number for 

219 401 samples in the 2020/21 dataset. A total of 96 (15.2%) samples possessed pfcrt C350R in 

220 combination with an increase in pfpm2/3 copy number while 87 samples (21.7%) exhibited pfcrt 

221 C350R with a single copy of pfpm2/3. Ninety-six out of 245 (39.2%) wildtype samples presented 
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222 multiple copies of pfpm2/3. No significant association between pfpm2/3 copy number and pfcrt 

223 C350R was observed during the 2020/21 period (Χ2 = 0.89, P < 0.64). Highly related clusters 

224 appeared to carry the pfcrt C350R mutation heterogeneously. Highly related clusters with more 

225 than two samples displayed a frequency of pfpm2/3 copy number variation of 37.8% (Fig. 7). Only 

226 four out of the 60 clones investigated carried the duplication homogeneously highlighting the 

227 genomic lability of this duplication.

228 While the frequency of pfcrt C350R decreased between 2016 and 2021, two highly related 

229 clusters exhibited a frequency increase and were predominantly carrying the mutation (Table S7). 

230 In cluster 4, where 61 samples were observed in 2020/21 (with only 5 samples observed across 

231 2016/17), 43 samples (70.5%) carried pfcrt C350R. Among the 33 samples with pfcrt C350R 

232 which were tested, 14 (42.4%) displayed multiple pfpm2/3 copies of number, whereas 19 had a 

233 single copy. In cluster 9, which was only observed in 2020/21, 37 samples (94.9%) carried pfcrt 

234 C350R (Fig. S8). In this cluster, 31 samples were tested for pfpm2/3 copy of number and only 4 

235 samples (12.9%) harbored both pfcrt C350R and multiple pfpm2/3 copies. 

236

237 Mutations in drug resistance genes 

238 The rise of drug resistance polymorphisms has the potential to drive clonal dynamics. In mdr1 

239 (PF3D7_0523000), mutations were found at positions 1042 (n=951) and 1246 (n=1,061) with only 

240 one occurrence of the wildtype allele for each position. At position 1034, 92% (n=844) of samples 

241 possessed the double NSY mutations restoring the wildtype serine, while 64 samples carried the 

242 cysteine. Two samples displayed only the non-synonymous mutation on the second codon 

243 resulting in a threonine. In dhfr, positions 50, 51 and 108 (PF3D7_0417200) were monomorphic 

244 while in dhps (PF3D7_0810800), mutations at positions 540 (n=1,318) and 581 (n=1,319) were 
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245 near-fixed with 25 and 18 samples displaying the wildtype respectively. A new mutation in 

246 plasmepsin 2, G442H, was observed in 12 samples found in six clones (C#385, n=4; C#216, n=10; 

247 C#218 n=5, C#219, n=2, C#325, n=2 and C#320, n=1) and observed among different clusters.

248

249 Shift in the selection landscape in Guyana.

250 We searched for evidence of temporal changes in natural selection by observing the changes in 

251 allele frequencies between two time periods: 2016-2017 and 2020-2021. The frequency of highly 

252 related clusters 3, 4, 6 and 11 increased while the other clusters decreased or remained stable (Table 

253 1 - Fig. S2 & S5). These changes were associated with the rise of NSY mutations and 61 NSY 

254 mutations spread across 41 genes, which were in the 99th percentile of change in frequencies (Table 

255 2). These mutations included pfk13 K189T, which increased in frequency from 34.4% (n=185) in 

256 2016/2017 to 68.4% (n=214) in 2020/2021. The pfkic6 Q1680K mutation in PF3D7_0609700 

257 (pfkic6) encoding a Kelch13 Interacting Candidate was present in emerging clusters at 73.0% (n=) 

258 in 2020/2021 for cluster 6 and 66.7% in cluster 4 (Fig. S6A). A similar increase of K308E in 

259 PF3D7_1344000 encoding an aminomethyltransferase on chromosome 13 was observed (Fig. 

260 S6B). In highly related cluster 6, the clones present in 2020/21 harbored four mutations in 

261 PF3D7_1346400 (pfvps13) which were absent in C#134. The gene encodes a gametocyte-specific 

262 protein and the frequency of the H3221N mutation increased from 12.0% (n=33) to 48.0% 

263 (n=120).  The I10F mutation in the FNL (falcilysin) gene on chromosome 13 (PF3D7_1360800) 

264 also increased in frequency. In PF3D7_0701900, a Plasmodium exported protein, six NSY 

265 mutations were observed (Table S2). Three NSY mutations in transcription factor pfap2-g5 

266 (PF3D7_1139300) showed a large increase in frequency: Q2468H increased from 28.3% (n=160) 

267 to 63.9% (n=205), G1901S from 48.8% (n=268) to 83.2% (n=268), and T526S from 46.5% 
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268 (n=288) to 82.8% (n=270). PF3D7_0704000 encoding for conserved Plasmodium membrane 

269 protein also showed a NSY mutation which increased in frequency (33.7 (n=227) to 64.7% 

270 (n=337)). 

271 The selection landscape of these two periods 2016/2017 and 2020/2021 was also investigated 

272 using isoRelate [34] to detect genomic regions exhibiting enhanced relatedness, with a false 

273 discovery rate of 0.01. The analysis was run on clones sampled across more than three months in 

274 2016/2017 and in 2020/2021 (n2016/2017 = 55 clones, n2020/2021 = 49 clones). Selection signals 

275 (relatedness peaks) were consistent across different analysis runs with different representative 

276 samples of each clonal component (Fig. S7). This allowed investigation of signals of positive 

277 selection within “successful” clones to understand whether genes present on genomic segments 

278 within these clones were particularly important in Guyana. In 2016/2017, seven segments (159 

279 genes) contained within four strong selection signals on chromosomes 2, 4, 7 and 9 were identified 

280 among long-lasting clones (see Fig. 6 and see supplementary results for details). On chromosome 

281 9 (chr9: 61,342-208,725 and 318,311-432,047), the selection signal found in long-lasting clones 

282 in 2016/2017 was observed in both short- and long-lasting clones in 2020/2021. Nine genes (eleven 

283 mutations) presented a large increase in mutation frequencies (𝚫FREQUENCY ≥ 28.4%, Table 3) in 

284 the past five years: PF3D7_0902400 and PF3D7_0902500 (two serine/threonine protein kinase 

285 part of the FIKK family gene), PF3D7_0903300 (unknown function), PF3D7_0904200 (PH 

286 domain-containing protein), PF3D7_0905500 (unknown function).

287

288

289
290 Table 1 – Change in highly related cluster frequencies between 2016/2017 and 2020/2021
291

Study 
Period

2016/2017 2020/2021
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Highly 
related 
cluster

IBD Number 
of 

samples

Frequency in 
2016/17 (%)

IBD Number 
of 

samples

Frequency of 
2020/21 (%)

1 0.867 88 11.8 0.957 2 0.4
2 0.627 97 13.0 0.545 38 7.2
3 0.708 25 3.4 0.534 107 20.2
4 0.886 5 0.7 0.722 63 11.9
5 0.763 64 8.6 - 0 0.0
6 0.966 23 3.1 0.841 37 7.0
7 0.476 124 16.7 0.409 49 9.3
8 0.614 54 7.3 0.547 13 2.5
9 0.578 3 0.4 0.566 39 7.4
10 0.512 18 2.4 0.424 2 0.4
11 0.485 8 1.1 0.541 32 6.0
12 0.405 59 7.9 0.997 2 0.4
13 0.525 51 6.9 0.421 37 7.0
Other 0.292 125 16.8 0.299 108 20.4
Total 0.294 744 100.0 0.308 529 100.0

292

293 Table 2 – Polymorphism which increased in frequency between 2016/2017 and 2020/2021
Gene Chr:Position Number of  

NSY in 99th 

percentile

Description Codons AA

PF3D7_0113800 1:527107-536351 3 DBL containing protein, unknown 

function

3436G>A; 

3445C>T; 

8458G>A

Glu1146Lys; 

His1149Tyr; 

Val2820Ile

PF3D7_0216800 2:696193-699561 3 TMEM121 domain-containing protein, 

putative

1381T>A; 

1373G>A; 

938A>G

Cys461Ser; 

Ser458Asn; 

Gln313Arg

PF3D7_0418600 4:834394-840429 3 regulator of chromosome condensation, 

putative

2254T>G; 

2255G>T; 

2270C>T

Gly748Asp; 

Cys752Gly; 

Cys752Phe

PF3D7_0609000 6:370261-388494 1 nucleoporin NUP637, putative 12682G>C Glu4228Gln

PF3D7_0609700 6:413652-419781 1 protein KIC6 5038C>A Gln1680Lys

PF3D7_0701900 7:79890-82943 4 Plasmodium exported protein, 

unknown function

 2654T>A; 

2091T>A ;  

 Ile885Lys; 

Asp697Glu; 
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2075G>A ;  

2013T>A

Ser692Asn;  

Asn671Lys

PF3D7_0704000 7:167489-177295 1 conserved Plasmodium membrane 

protein, unknown function

2220A>C Glu740Asp

PF3D7_0723800 7:993232-1000233 1 apicomplexan kinetochore protein 1, 

putative

2129A>T Glu710Val

PF3D7_0828200 8:1216271-1220716 1 leucine--tRNA ligase, putative 3201A>T Lys1067Asn

PF3D7_0831600 8:1358314-1363618 1 cytoadherence linked asexual protein 8 4099A>G Lys1367Glu

PF3D7_0902400 9:106514-108406 1 serine/threonine protein kinase, FIKK 

family

58T>C Tyr20His

PF3D7_0902500 9:109334-111329 1 serine/threonine protein kinase, FIKK 

family

865T>C Cys289Arg

PF3D7_0903300 9:140977-150588 2 conserved Plasmodium membrane 

protein, unknown function

2518A>T; 

4167A>T

Ile840Phe; 

Lys1389Asn

PF3D7_0904200 9:197867-198816 1 PH domain-containing protein, putative 465C>A Asn155Lys

PF3D7_0904300 9:199051-207458 1 conserved protein, unknown function 3445T>A Tyr1149Asn

PF3D7_0904600 9:212515-217983 1 ubiquitin specific protease, putative 2032A>G Ile678Val

PF3D7_0905300 9:251353-269709 1 dynein heavy chain, putative 2182A>T Asn728Tyr

PF3D7_0905500 9:278369-279088 1 conserved Plasmodium protein, 

unknown function

65C>G Ala22Gly

PF3D7_1001600 10:86538-89009 1 alpha/beta hydrolase, putative 1676C>T Ala559Val

PF3D7_1004400 10:207000-209642 2 RNA-binding protein, putative 776C>G; 

575A>G

Ala259Gly; 

Asn192Ser

PF3D7_1005300 10:233285-234473 2 conserved Plasmodium protein, 

unknown function

759A>T; 

11A>T

Glu253Asp; 

Asn4Ile

PF3D7_1005400 10:234795-235745 1 conserved Plasmodium protein, 

unknown function

225T>A Asn75Lys

PF3D7_1107300 11:301283-311287 1 polyadenylate-binding protein-

interacting protein 1, putative

9430A>T Ile3144Phe

PF3D7_1129300 11:1131294-1136834 1 conserved Plasmodium protein, 

unknown function

1477G>A Gly493Arg

PF3D7_1138400 11:1501011-1513691 1 guanylyl cyclase 11060A>G Tyr3687Cys

PF3D7_1139100 11:1548186-1553561 1 RNA-binding protein, putative 4289G>A Arg1430Lys

PF3D7_1139300 11:1556744-1565045 3 transcription factor with AP2 

domain(s)

7404A>C; 

5701G>A; 

1577C>G

Gln2468His; 

Gly1901Ser; 

Thr526Ser

PF3D7_1342200 13:1660812-1663730 1 conserved Plasmodium membrane 

protein, unknown function

2902G>A Asp968Asn

PF3D7_1343700 13:1724817-1726997 1 kelch protein K13 566A>C Lys189Thr
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PF3D7_1344000 13:1759466-1761991 1 aminomethyltransferase, putative 922A>G Lys308Glu

PF3D7_1344100 13:1764190-1766607 1 krox-like protein, putative 2170C>G Gln724Glu

PF3D7_1346400 13:1852898-1870864 1 VPS13 domain-containing protein, 

putative

9661C>A His3221Asn

PF3D7_1346700 13:1876016-1877362 2 6-cysteine protein 1307C>T; 

940T>A

Thr436Ile; 

Leu314Ile

PF3D7_1346800 13:1878875-1880194 2 6-cysteine protein 532A>G; 

203C>T

Ile178Val; 

Thr68Met

PF3D7_1360800 13:2435343-2438924 1 falcilysin 28A>T Ile10Phe

PF3D7_1417700 14:750330-751684 1 conserved Plasmodium protein, 

unknown function

364G>T Asp122Tyr

PF3D7_1418900 14:783078-785819 1 ATP-dependent RNA helicase DBP4, 

putative

2135T>C Val712Ala

PF3D7_1419400 14:804425-811369 3 conserved Plasmodium membrane 

protein, unknown function

5150G>T; 

2898T>A; 

2605G>A

Gly1717Val; 

Asn966Lys; 

Asp869Asn

PF3D7_1453600 14:2199371-2204708 2 RAP protein, putative 3689A>T; 

3669T>G

Lys1230Ile; 

Asn1223Lys

PF3D7_1474200 14:3023852-3038832 1 conserved Plasmodium membrane 

protein, unknown function

9554C>T Ser3185Leu

PF3D7_1478100 14:3216275-3217794 1 Plasmodium exported protein (hyp13), 

unknown function

 721A>G  Ile241Val

294

295 Discussion

296 In this study, we profiled the dynamics of P. falciparum over a five year study period using 

297 the deepest whole genome sequencing dataset yet produced for this parasite species from a single 

298 country. In contrast to the GMS and East Africa, where clonal transmission and enhanced 

299 population relatedness were directly related to the emergence of mutations conferring resistance 

300 to ACTs [27,35], Guyana offers a different perspective on clonal dynamics in the context of drug 

301 resistance emergence in a low-transmission setting. Stochastic processes with intermittent 

302 recombination appear to be the dominant mechanism driving clonal diversity rather than a selective 

303 advantage obtained from particular polymorphisms favoring a specific clonal background. 
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304

305Impact of artemisinin on clonal dynamics in Guyana

306 Resistant lineages can circulate at low frequencies for years before becoming dominant. In this 

307 study, a total of 160 clones aggregated into 13 highly related clusters were observed. Two highly 

308 related clusters present at the beginning of the study disappeared by 2020, while four highly related 

309 clusters increased in frequency (Table 1). Malaria transmission in the Guyana shield is largely 

310 driven by mobile populations working in gold mining or other forest-associated professions [36]. 

311 Evidence of clonal dispersal among spatial clusters was best represented by highly related cluster 

312 6, which has two clones spreading to seven and nine spatial clusters in a limited amount of time 

313 (Fig. 4). In 2016/2017, one clonal component (C#134) dominated and was preferentially found in 

314 Mid Essequibo. By 2021, the former clonal component had disappeared and a related clone 

315 (C#137) appeared to be circulating predominantly in Potaro. A cautionary note regarding Pf 

316 sampling is needed as this dataset was assembled through different sampling schemes performed 

317 at different health centers. Parasite origin inferred from patient travel recollection may not be 

318 consistently precise and regions with high mining activities might be over represented (Fig. S4).

319 In 2004, Guyana was the first country on the continent to implement artemether-lumefantrine 

320 (COARTEM®). Therefore, constant artemisinin pressure and shifting exposure to lumefantrine, 

321 piperaquine, and perhaps other partner drugs has imposed heterogeneous selective  pressure on P. 

322 falciparum lineages. However, only limited evidence of allelic change responding to artemisinin 

323 drug pressure has been observed. A pfkic6 (Kelch13 Interacting Candidate; PF3D7_0609700) 

324 Q1680K polymorphism increased by 31.65% (Table S3) in the five year study period. The NSY 

325 mutation was present in clones which persisted longer than average (Δ=31.8, p < 0.001) and pfkic6 

326 is a gene which could potentially play a role in artemisinin (ART) resistance given its association 
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327 with the resistance-associated PfK13 protein [37,38]. Other polymorphisms that appeared to be 

328 favored in the Guyana landscape were associated with potential resistance to artemisinin (Table 2) 

329 and their prevalence should be closely monitored, but polymorphisms driving resistance in other 

330 regions did not show any obvious signs of selection. 

331

332 Selection by artemisinin partner drugs 

333 The emergence of drug resistance in the Guyana shield is of concern, considering that resistance 

334 to chloroquine and sulfadoxine-pyrimethamine emerged almost simultaneously and in an 

335 independent manner in both South America and Southeast Asia [11,39]. In Guyana, 54% of gold 

336 miners self-medicate to treat fever using Artecom (DHA+PPQ+TMP) tablets before seeking care 

337 [40]. The association of the pfcrt C350R allele with an amplification of plasmepsin (xpfpm2/3) has 

338 been shown to strengthen resistance phenotypes to piperaquine [28,30]. In the current study, we 

339 observed a reduction in frequency of pfcrt C350R from 73.0% to 24.2% across five years 

340 indicating a potential reduction in piperaquine pressure. We can speculate that a change in 

341 dominant ACT therapy from DHA+PPQ+TMP to artemether-lumefantrine could have occurred. 

342 Erratic use of DHA+PPQ+TMP during a period of high prevalence of the pfcrt C350R mutation 

343 could have contributed to the emergence of the pfk13 C580Y mutation.  Subsequent increase in 

344 the use of  artemether-lumefantrine may have reduced the pressure to maintain  pfcrt C350R, and 

345 eliminated the pfk13 C580Y mutation primarily through success of the partner drug. 

346 Further potential evidence for reduced DHA+PPQ+TMP self-medication in recent years is the 

347 reduced prevalence of parasite genomes containing both pfcrt C350R and plasmepsin duplication. 

348 In Southeast Asia,  an increase in copy number of the plasmepsin 2 (pfpm2) and/or plasmepsin 3 

349 (pfpm3) genes is associated with piperaquine resistance [35,41]. These copy number amplifications 
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350 have been observed to enhance piperaquine resistance in vitro through epistatic interaction with 

351 the pfcrt C350R mutation [30]. As observed in French Guiana [30], we found multiple mutational 

352 events for pfcrt C350R occurring within a short timespan. Plasmepsin duplication was also highly 

353 genomically labile, varying within and among conserved clonal lineages (Fig. 7). The gene 

354 amplification appeared more variable compared to the emergence of polymorphism. The 

355 frequency of these phenomena unique to this part of the world make it difficult for a clone to thrive 

356 to the extent observed in the GMS. Gene copy number may appear as a strategy for regulating 

357 expression under environmental stresses [42]. In this context, the plasticity of pfpm2/3 might 

358 reflect a more rapid adjustment of the parasite responding to heterogeneous drug exposure. For 

359 instance, in highly related cluster 4, the dominant highly related cluster circulating in Lower 

360 Mazaruni in 2020/21, 14 of45 samples displayed both pfcrt C350R and xpfpm2/3, which might 

361 reflect localized recent selection by piperaquine. 

362

363 Other candidate variants associated with clonal dynamics

364 Although this study primarily attributes recent spatiotemporal dynamics of parasite clones in 

365 Guyana to stochastic processes (e.g., sporadic outcrossing, periods of low-transmission bottleneck) 

366 rather than to selection towards the preservation of specific multi-locus haplotypes, we do not 

367 suggest that meaningful selective processes are entirely absent. For instance, the clonal 

368 background containing pfk13 C580Y was observed in six spatial clusters across 418 days, where 

369 the average clone was found in 2.36 spatial clusters and lasted on average 287 days (Fig. 4). It is 

370 therefore possible that the pfk13 C580Y mutation improved clone fitness for a period of time. We 

371 also noted the previously unobserved pfk13 G718S mutation in C#321, further sign of 

372 autochthonous pfk13 polymorphism in Guyana (Fig. 3). Furthermore, we observed persistent and 
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373 large clones carrying two NSY mutations in AMA1 as well as a NSY mutation (MAF = 0.46 ± 

374 0.05) in falcilysin (PF3D7_1360800) (Table S3-S4). The latter additionally featured among the 61 

375 NSY mutations which increased in frequency between 2016 and 2021. Falcilysin is a 

376 metalloprotease believed to be involved in hemoglobin digestion, and has been found to be a target 

377 of chloroquine, which inhibits its proteolytic activity [43]. Given that degraded products of 

378 hemoglobin activate ART [44], it is possible that this polymorphism interferes with parasite 

379 clearance. 

380 The outcrossing rate in Guyana appears to maintain sufficient haplotypic diversity in the 

381 population to prevent the long-term dominance of specific clones. However, four clones were 

382 sampled over four years, indicating the possibility of longer-term clonal persistence in the region. 

383 The selection signal observed at pfcrt was conserved throughout the dataset as previously 

384 described in global P. falciparum populations [34] (Fig. 5). These results suggest that selection 

385 may yet be influencing clonal dynamics in Guyana, even if the impact of selection is not as stark 

386 as in the GMS [9]. 

387 Other NSY mutations which increased in frequency tended to be associated with gametocyte 

388 maturation, a process which is key to withstanding artemisinin pressure [45] because artemisinin 

389 clears only asexual parasites. Moreover, gametocyte production ultimately determines fitness 

390 because they are required for transmission. Three polymorphisms were found in transcription 

391 factor pfap2-g5 (PF3D7_1139300). Apicomplexan-specific ApiAP2 gene family is a well-known 

392 regulator of sexual commitment and gametocyte development [46–48]. The gene appears as an 

393 important mechanism during the maturation of sexual stages through gene repression combined 

394 with other chromatin-related proteins [49]. Transcription factors (AP2 genes) involved in the 

395 gametocyte development have been previously found to display the strongest signatures of 
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396 selection in French Guiana [50]. Seven other genes which increased in frequency are also related 

397 to gametocyte development. For instance, PF3D7_0904200 (PH domain–containing protein) 

398 transcripts have been shown to be enriched in gametocytes [51] and PF3D7_1474200 was found 

399 to be highly expressed in late-stage gametocytes [52]. 

400

401 Relevance of pfK13 C580Y mutation disappearance

402 Guyana represents the first country where the pfk13 C580Y mutation (or similar ART resistance 

403 mutations) have appeared and then subsequently disappeared rather than increase in frequency. 

404 The mutation was restricted to a single clonal background and was last observed in April 2017. 

405 This clonal background lacked the pfcrt C350R mutation, making it likely susceptible to PPQ, 

406 which has been subject to fluctuating use through self-medication in the country and might have 

407 led to this disappearance in the presence of efficacious artemether-lumefantrine treatment. 

408 Previous therapeutic efficacy studies in the region have hinted at resistance to artemether-

409 lumefantrine [53] and artesunate monotherapy [54] but evidence from TES in Guyana is lacking. 

410 A modeling study exploring factors associated with the spread of pfk13 mutations found that 

411 deploying multiple first-line therapies was the best approach to postponing treatment failure [55]. 

412 The simultaneous use and potentially shifting balance of at least two ACTs in Guyana might have 

413 therefore led to the elimination of the pfk13 C580Y mutation and its clonal background. 

414

415 Clonal turnover in Guyana appears to be different from the patterns observed in other regions 

416 like South-East Asia and East Africa. In the GMS, artemisinin was initially used as monotherapy 

417 facilitating rapid resistance expansion via hard selective sweep [56]. These observations indicate 

418 that drug resistance emergence does not result in the same patterns of clonal dynamics in different 
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419 geographic locations, perhaps due to unique differences in disease epidemiology and drug pressure 

420 across settings. Further molecular surveillance of clonal dynamics is warranted in settings where 

421 it occurs, given the potential association of clonal transmission with both known and novel 

422 mutations associated with drug resistance.

423

424 Materials and methods

425 Sample collection and spatial cluster mapping

426 We evaluated 1,727 clinical samples collected from malaria-diagnosed individuals between 

427 2016 and 2021 who provided informed consent for genetic analysis of their parasite samples. 

428 Samples were collected as dried blood spots on Whatman FTA cards. Samples dating from 2016-

429 2017 (n=837) were collected for a resistance surveillance project [25]. Samples dating from 2018-

430 2019 (n=174) were collected in the context of a therapeutic efficacy study. Samples dating from 

431 2020-2021 (n=716) were collected for a separate malaria molecular surveillance study from 

432 individuals diagnosed with P. falciparum infection (Fig. 1). Participants provided informed 

433 consent in accordance with the ethical regulations of the countries.

434 To define spatial clusters, we first matched travel history responses to a catalog of malaria survey 

435 sites used by the Guyana Ministry of Health (MoH). We then mapped survey sites onto a custom 

436 shape file summarizing the country’s primary river and road coordinates and onto a raster map of 

437 motorized transport resistance [57] available at https://malariaatlas.org/. Sites were clustered based 

438 on river/road connectivity in the R package ‘riverdist’ [58], travel conductance using the R package 

439 ‘gdistance’ [59], and manual assessment of coordinates on river/road and resistance layers in 

440 QGIS.
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441 Samples were collected in specific recruitment locations and patient travel history was 

442 documented. To investigate spatial patterns, 20 spatial clusters were defined following roads and 

443 rivers access (Fig. 1a). Patient travel history revealed that a majority of infections were acquired 

444 in Lower Mazaruni River in Region 7 (n=434, 36.1%), followed by Potaro River in Region 8 

445 (n=162, 13.5%), as well as along the Cuyuni River (Table S1, S3 and supplementary results for 

446 details on highly related clusters dispersal). Travel history data from the Therapeutic Efficacy 

447 Study (TES) (n=174) conducted in 2018 and 2019 in Georgetown and Port Kaituma were not 

448 recorded. Overall, location data were missing for 216 samples (14.9%). 

449

450 Genomic data generation

451 DNA extraction was performed using two approaches according to year of collection. Samples 

452 from 2016-2017-2018-2019 (n=1,011) were extracted from dried blood spots using the QIAamp 

453 DNA mini kit according to the manufacturer’s instructions (Qiagen, Hilden, Germany).  For 

454 samples from 2020-2021 (n=716), we performed DNA extraction on all patient samples using a 

455 ThermoFisher blood and tissue kit and a ThermoFisher Kingfisher instrument. We performed 

456 selective whole genome amplification (sWGA) [60] on all samples to enrich the proportion of 

457 parasite DNA relative to host DNA. We performed library construction using a NEBNext kit on 

458 the enriched DNA samples and sequenced them on an Illumina NovaSeq instrument using 150 bp 

459 paired-end reads. We aligned reads to the P. falciparum 3D7 v.3 reference genome assembly and 

460 called variants following the Pf3K consortium best practices 

461 (https://www.malariagen.net/projects/pf3k). We used BWA-MEM [61] to align raw reads and 

462 remove duplicate reads with Picard tools [62]. We called SNPs using GATK v3.5 HaplotypeCaller 

463 [63]. We performed base quality score and variant quality score recalibration using a set of 
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464 Mendelian-validated SNPs, and restricted downstream population genomic analyses to SNPs 

465 observed in ‘accessible’ genomic regions determined to be amenable to high quality read 

466 alignment and variant calling [64]. Individual calls supported by fewer than five reads were 

467 removed and any variant within 5 nucleotides of a GATK-identified indel was also excluded. 

468 Samples exhibiting quality monoclonal genome data (>= 5x coverage for >30% of the genome) 

469 were included in relatedness analyses. The final dataset to investigate mutation comprised 74,357 

470 SNPs. 

471

472 Relatedness analysis using identity by descent

473 We performed analyses of relatedness by estimating pairwise identity by descent (IBD) 

474 between all monoclonal patient samples (n=1,409). We estimated IBD using the hmmIBD 

475 algorithm [65], incorporating all SNPs that were called in ≥ 90% of samples and with minor allele 

476 frequency ≥ 1%, resulting in a final set of 16,806 SNPs [65]. We used the Fws metric (< 0.70) to 

477 identify and exclude samples containing multiclonal infections [66]. We conducted subsequent 

478 analyses in Python v3.8. We constructed clones using Networkx v.2.8 [67]. clones, defined as 

479 groups of statistically indistinguishable parasites identified under a graph theoretic framework 

480 [33], were obtained using a mean IBD threshold ≥ 0.90. Highly related clusters were defined as a 

481 group of clones (n ≥ 3) which clustered together in the hierarchically-clustered dendrogram 

482 (UPGMA algorithm) performed using seaborn v0.13.0 with a threshold of 3 [68] and which also 

483 displayed a mean IBD ≥ 0.40. This threshold was chosen based on this specific dataset and because 

484 it represents genomes separated by 1-2 recombination events. To identify temporal changes across 

485 the sampling period, we investigated NSY SNPs that were in the 99th percentile of change in 

486 frequencies. To investigate whether mutations in pfcrt were significantly associated with longer 
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487 duration or frequency of clones, we selected mutations within ± 0.05 of the minor allele frequency 

488 (MAF) of pfcrt C350R (MAF = 0.46). We evaluated SNP enrichment in clones with similar 

489 duration/frequency as the C350R mutation in pfcrt. Mutations within the 95th percentile were 

490 considered as significant. 

491 We investigated signals of selection using the genome wide test statistics (XiR,s) in isoRelate 

492 v.0.1.0 [34] in R. XiR,s is a chi-squared distribution test statistic for measuring IBD. Briefly, an 

493 IBD matrix status with SNPs as rows and sample pairs as columns is created. A normalization 

494 procedure is implemented by subtracting the column mean from all rows to account for the amount 

495 of relatedness between each pair. Secondly, to adjust for differences in SNP allele frequencies, the 

496 row mean is subtracted from each row and divided by pi(1-pi), where pi is the population allele 

497 frequency of SNP i. Then, row sums are computed and divided by the square root of the number 

498 of pairs. Summary statistics are normalized genome wide. To do this, all SNPs are binned in 100 

499 equally sized bins partitioned on allele frequencies. Finally, the mean was subtracted and divided 

500 by the standard deviation of all values within each bin. Z-scores were squared to allow only 

501 positive values and such that the statistics followed a chi- squared distribution with 1 degree of 

502 freedom. We calculated XiR,s and obtained -log10 transformed p-values, and used a false discovery 

503 rate threshold of 0.05 to assess evidence of positive selection.

504

505 Plasmepsin 2/3 copy number estimation

506 DNA from selected samples was used for amplification by quantitative PCR (qPCR) to 

507 estimate the copy number of plasmepsin 2 and plasmepsin 3 (pfpm 2/3) using a previously 

508 published protocol that does not distinguish between the two genes [41]. P. falciparum tubulin 

509 primers (Pftub) were used as a single copy comparator locus (forward-5’-
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510 TGATGTGCGCAAGTGATCC-3’; reverse-5’-TCCTTTGTGGACATTCTTCCTC-3’) and 

511 amplified separately from pfpm (forward-5’-TGGTGATGCAGAAAGTTGGAG-3’; reverse-5’-

512 TGGGACCCATAAATTAGCAGA-3’). qPCR reactions were carried out in triplicate in 20 µL 

513 volumes using 384-well plates (Fisher Scientific, Hampton, NH) using 10 µL SensiFAST SYBR 

514 No-ROX mix (2x) (Bioline Inc., Taunton, MA), 300 nM forward and reverse primer, 6.8 µl 

515 nuclease-free H2O, and 2 uL DNA template as previously described by [69]. The reactions were 

516 performed using the following conditions: initial denaturation at 95 °C for 15 minutes followed by 

517 40 cycles at 95 °C for 15 seconds, 58 °C for 20 seconds, and 72 °C for 20 seconds; a melt curve 

518 starting at 95 °C for 2 minutes, 68 °C for 2 minutes, followed by increments of 0.2 °C from 68 °C 

519 to 85 °C for 0:05 seconds and a final step at 35 °C for 2 minutes. Copy number value was calculated 

520 using the 2^-𝚫𝚫Ct method [69]. Means of pfpm2 and Pftub were calculated for 3D7 (a single copy 

521 control) using six replicates. Standard deviation should not be more than 25% including all 

522 triplicates for the DNA samples. If the value was between 0.6 and 1.5, the copy number is 

523 estimated as 1, whereas if the value was between 1.5 and 2.4, the copy number estimated was 2. 

524 We use the term xpfpm2/3 to designate the amplification of pfpm2 or pfpm3 and 1pfpm2/3 to denote 

525 one copy of both genes similarly to [30].
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726 Figures

727 Figure 1 – Spatial and temporal distribution of Plasmodium falciparum samples in Guyana. a) 
728 Spatial clusters (n=20) delimited using an informed approach following access using roads and 
729 rivers. b) temporal distribution of samples (n=1,409) colored by patient travel history. Three 
730 sampling periods could be observed 2016/2017 (n=773), 2018/2019 where samples were collected 
731 as part of a therapeutic efficacy study (TES) (n=174) with no information on patient travel history, 
732 and 2020/2021 (n=531).
733
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750 Figure 2 - The mean IBD between samples highlighting highly related clusters (IBD ≥ 0.4). 
751 Different sampling years are indicated as well as the presence/absence of pfcrt C350R. 
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768 Figure 3 – Clonal temporal dynamics between 2016 and 2021. Clone (clonal component) C#1 in 
769 highly related cluster 1 was the largest clone present in the dataset (n=73 samples). C#268 is the 
770 clonal background harboring pfk13 C580Y, while C#321 carried the pfk13 G718S. All clones 
771 highlighted on the figure are referenced in the text.
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775 Figure 4 – Clone persistence and the number of spatial clusters reached (> 1 sample and at least 
776 one spatial location, n=130, mean =287 days). Clones are colored by highly related clusters. C#268 
777 carrying the pfk13 C580Y mutation is highlighted right on the persistence 80th percentile (vertical 
778 line). The horizontal and vertical dashed lines represent the 95th percentiles. All clones highlighted 
779 on the figure are ref in the text.
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791 Figure 5 – Clone persistence and clone size for NSY mutation with similar (± 0.05) MAF (a-b) 
792 pfk13 C580Y (MAF = 0.007 ± 0.05 n = 2,360), c-d) pfcrt C350R (MAF = 0.46 ± 0.05 n = 683) 
793 and (e-f) Eleven NSY (nine genes) on chromosome 9 which increased in frequency (in 99th 
794 percentile: 𝚫FREQUENCY ≥ 28.4% - MAF = 0.29 ± 0.05 n = 853). Vertical black lines represent the 
795 mean of the distribution, red vertical lines are the mutations observed, and the dashed line is 95th 
796 percentile at the particular MAF.
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800 Figure 6 – Selection signals from isoRelate in long-lasting clones (sampled over three months) and 
801 short-lived clones sampled over two study periods (a-b) 2016/2017 and (c-d) 2020/2021. Dashed 
802 lines represent the threshold for the different selection signals investigated using a false discovery 
803 rate of 0.01. 
804

805
806
807
808 Figure 7 – pfcrt C350R and plasmepsin amplification (xpfpm2/3) in the different clones (> 1 
809 sample) from 2020/2021. Copy number in plasmepsin appears not consistent among clones (P < 
810 0.0349) and recurrent mutational events of pfcrt C350R were observed in four clones (C#116, 
811 C#45, C#4, C#160).
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