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 2

Abstract 26 

 27 

Identification of genomic regions that are identical by descent (IBD) has proven useful for human 28 

genetic studies where analyses have led to the discovery of familial relatedness and fine-mapping 29 

of disease critical regions. Unfortunately however, IBD analyses have been underutilized in 30 

analysis of other organisms, including human pathogens. This is in part due to the lack of 31 

statistical methodologies for non-diploid genomes in addition to the added complexity of 32 

multiclonal infections. As such, we have developed an IBD methodology, called isoRelate, for 33 

analysis of haploid recombining microorganisms in the presence of multiclonal infections. Using 34 

the inferred IBD status at genomic locations, we have also developed a novel statistic for 35 

identifying loci under positive selection and propose relatedness networks as a means of 36 

exploring shared haplotypes within populations. We evaluate the performance of our 37 

methodologies for detecting IBD and selection, including comparisons with existing tools, then 38 

perform an exploratory analysis of whole genome sequencing data from a global Plasmodium 39 

falciparum dataset of more than 2500 genomes. This analysis identifies Southeast Asia as having 40 

many highly related isolates, possibly as a result of both reduced transmission from intensified 41 

control efforts and population bottlenecks following the emergence of antimalarial drug 42 

resistance. Many signals of selection are also identified, most of which overlap genes that are 43 

known to be associated with drug resistance, in addition to two novel signals observed in multiple 44 

countries that have yet to be explored in detail. Additionally, we investigate relatedness networks 45 

over the selected loci and determine that one of these sweeps has spread between continents while 46 

the other has arisen independently in different countries. IBD analysis of microorganisms using 47 

isoRelate can be used for exploring population structure, positive selection and haplotype 48 

distributions, and will be a valuable tool for monitoring disease control and elimination efforts of 49 

many diseases.  50 
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 51 

Author Summary 52 

 53 

There are growing concerns over the emergence of antimicrobial drug resistance, which threatens 54 

the efficacy of treatments for infectious diseases such as malaria. As such, it is important to 55 

understand the dynamics of resistance by investigating population structure, natural selection and 56 

disease transmission in microorganisms. The study of disease dynamics has been hampered by 57 

the lack of suitable statistical models for analysis of isolates containing multiple infections. We 58 

introduce a statistical model that uses population genomic data to identify genomic regions (loci) 59 

that are inherited from a common ancestor, in the presence of multiple infections. We 60 

demonstrate its potential for biological discovery using a global Plasmodium falciparum dataset. 61 

We identify low genetic diversity in isolates from Southeast Asia, possibly from clonal expansion 62 

following intensified control efforts after the emergence of artemisinin resistance. We also 63 

identify loci under positive selection, most of which contain genes that have been associated with 64 

antimalarial drug resistance. We discover two loci under strong selection in multiple countries 65 

throughout Southeast Asia and Africa where the selection pressure is currently unknown. We find 66 

that the selection pressure at one of these loci has originated from gene flow, while the other loci 67 

has originated from multiple independent events.  68 

 69 

Introduction 70 

 71 

Two alleles are identical by state (IBS) if they have the same nucleotide sequence. These alleles 72 

can be further classified as identical by descent (IBD) if they have been inherited from a common 73 

ancestor [1]. While a genomic region that is IBD must also be IBS, the converse of this statement 74 

is not true. It therefore follows that individuals who share a genomic region IBD are in fact 75 
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related. For closely related individuals, these regions tend to be large and frequently distributed 76 

across the genome. However, as individuals become more distantly related, recombination breaks 77 

down IBD regions over time such that they become smaller, less frequently distributed and may 78 

disappear altogether [1]. For extremely distant relatives, small IBD segments will persist which 79 

are the result of non-random allele associations or linkage disequilibrium (LD) [2]. Such ancient 80 

IBD is not the focus of this article, instead we are concerned with IBD that has been inherited 81 

from a recent common ancestor, within 25 generations.  82 

 83 

Human genetic studies have greatly benefited from identification of IBD regions, with 84 

applications including disease mapping [3], discovery of familial relatedness [4] and determining 85 

loci under selection [5, 6]. With considerable work focusing on human studies, much of the 86 

statistical framework underpinning IBD algorithms has been tailored to diploid genomes, making 87 

them unsuitable for analysis of non-diploid organisms [7]. In particular, IBD analysis of 88 

microorganisms that cause disease, such the malaria causing parasite, Plasmodium, and bacterium 89 

Staphylococcus aureus, are not feasible with the current methodologies due to the haploid nature 90 

of their genomes and the presence of multiple strains in an infection. IBD analysis would be 91 

invaluable for the study of these, and other diseases, as it can be used to infer fine-scale 92 

population structure [8, 9], investigate transmission dynamics [8, 9] and identify loci under 93 

selection that may be associated with antimicrobial resistance.  94 

 95 

The main challenge for IBD analysis of microorganisms is the presence of multiple infections, 96 

where the number of strains in an infection is termed the multiplicity of infection (MOI), or 97 

alternatively the complexity of infection (COI). For a haploid organism like Plasmodium, the 98 

genomic data extracted from an infection with MOI = 1 is trivially phased. This makes analysis of 99 

such isolates relatively straightforward. However, when MOI > 1 the genomic data will appear as 100 
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heterozygous. In this instance, such isolates are typically excluded from population genomic 101 

analyses as statistical methods are not well equipped to deal with this added complexity [10-12]. 102 

 103 

The first probabilistic model for identifying IBD between pairs of haploid genomes was 104 

introduced by Daniels et al. [9], who implemented a hidden Markov model (HMM) for IBD 105 

detection in Plasmodium. This model has since been used for in-depth analyses of population 106 

structure and disease transmission in malaria [8, 9], and was recently made available as the tool 107 

hmmIBD [13]. However, as it is only applicable to haploid genomes, it is limited to MIOI = 1 108 

isolates only. Recently, we developed a similar HMM in the package XIBD [7], for detecting IBD 109 

on the human X chromosome. Since the X chromosome is haploid in males and diploid in 110 

females, XIBD requires three separate models to account for the difference in ploidy between 111 

male and female pairs. Here, we make use of these models in our latest tool isoRelate, which is a 112 

freely available R package that performs IBD mapping on recombining haploid species, that also 113 

allows for multiple infections. Our model uses unphased genotype data from biallelic single 114 

nucleotide polymorphisms (SNPs), which can be obtained from either array data or sequencing 115 

data that randomly samples SNP variation throughout the genome. The use of biallelic SNPs 116 

means that at most 2 alleles can be shared IBD between any two isolates with MOI > 1. As such, 117 

IBD is likely to be inferred between the dominant two clones in an infection. However, IBD can 118 

be inferred between minor clones given their relative contribution to the infection is high enough 119 

to be captured by genotyping algorithms. isoRelate also offers a number of useful functions for 120 

downstream analyses following the detection of IBD segments, including identification of loci 121 

under selection using a novel statistic based on IBD inference, and is currently the only tool with 122 

such exploratory features. 123 

 124 

We perform extensive simulation analyses to assess the performance of isoRelate when detecting 125 

IBD segments in the presence of multiclonal infections, in addition to comparisons of our 126 
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proposed selection statistic with several existing methods and their ability to detect complex 127 

patterns of positive selection. Furthermore, we demonstrate the value of IBD analysis with 128 

isoRelate by analyzing whole genome sequencing (WGS) data for a previously published global 129 

Plasmodium falciparum dataset of 2,550 isolates [14]. We use isoRelate to explore the population 130 

structure of P. falciparum in different geographical regions and investigate the distribution of 131 

shared haplotypes over positively selected regions using relatedness networks implemented in 132 

isoRelate. 133 

 134 

Results 135 

 136 

Validation of isoRelate for IBD detection on simulated sequencing data 137 

 138 

We performed a simulation study to assess the power and accuracy of isoRelate in detecting IBD 139 

segments using sequencing data for P. falciparum when the number of clones in an infection, and 140 

their respective frequencies, varies. In particular, we assessed the performance of isoRelate when 141 

isolates have MOI = 1, MOI = 2 (relative clonal frequencies: 50:50, 75:25 and 90:10) and MOI = 142 

3 (relative clonal frequencies: 34:33:33, 50:30:20, 70:20:10). We arbitrarily selected chromosome 143 

12 (Pf3D7_12_v3) for IBD inference, and simulated sequencing data for pairs of isolates 144 

separated from 1 to 25 generations (siblings to 24th cousins), where isolates separated by 25 145 

generations are likely to have on average IBD segments of length 2cM, which is the smallest 146 

length that an IBD segment is detected with high power by most IBD algorithms for human 147 

genome analyses [1]. For each of the 25 generations, we simulated 200 haploid pairs of related 148 

isolates, mimicking MOI = 1 infections, totalling 10,000 simulated isolates. Similarly, 10,000 149 

MOI = 2 and MOI = 3 isolates were each simulated such that only one clone in the mixed 150 

infection had relatedness included in its genome, where this clone was randomly assigned as the 151 
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major, minor or middle (for MOI = 3) clone in the isolate, with respect to clonal frequency (see 152 

Material and Methods for more details on the simulation process). 153 

 154 

The results from this analysis are displayed in Fig 1, where we define power as the average 155 

proportion of a segment that is detected as a function of the size of the true IBD segment, and 156 

accuracy as the probability that at least 50% of a detected segment is true as a function of the 157 

reported size of the detected segment. Naturally, isoRelate has the greatest ability to detect IBD 158 

segments when there are fewer clones in the isolate. It is also capable of detecting IBD in 159 

multiclonal infections, however as the number of clones increases and the major clone’s 160 

frequency decreases, the power and accuracy of isoRelate also decreases. Additionally, isoRelate 161 

is able to detect IBD in the minor clone when it contributes to more than 20% of the infection. 162 

Overall, isoRelate has the greatest power to detect IBD segments that are 4cM or larger in P. 163 

falciparum. This corresponds to detecting relatedness between clones separated by up to 13 164 

generations (or 25 meioses). Additionally, if IBD segments are detected that are 1.5cM or longer, 165 

then there is at least an 80% chance that they will be real.  166 
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167 

Fig 1. Power and accuracy of isoRelate to detect IBD in simulated sequencing data for P. 168 

falciparum. The performance results are segregated by the clonal-fraction of the related clone in 169 

the isolate. Clones that make up the highest proportion of an isolate are referred to as the major 170 

clone, while those that make up the smallest proportion are the minor clone. For MOI = 3 171 

isolates, the clone that is neither the major nor the minor clone is referred to as the middle clone.  172 

 173 

We believe that the allele frequency spectrum of P. falciparum, which is heavily skewed to the 174 

right (S1A Fig), reduces the performance of isoRelate as most SNPs have the reference allele 175 

resulting in little genetic variation between isolates. To test this, we performed a second 176 

simulation whereby the allele frequency spectrum was generated to follow a uniform distribution 177 

(S1B Fig). Here, isoRelate performs exceptionally well, even in the presence of mixed infections 178 

(Fig 2). In particular, IBD segments as small as 2cM are detected with high power and accuracy. 179 
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These results suggest that the allele frequency spectrum of the species under evaluation will 180 

impact of the ability of isoRelate to detect IBD segments, with increasingly skewed distributions 181 

resulting in reduced IBD performance.  182 

 183 

Fig 2. Power and accuracy of isoRelate given a uniform allele frequency spectrum.  184 

 185 

Validation of isoRelate for IBD detection in the MalariaGEN Pf3k genetic 186 

cross dataset 187 

 188 

We also validated our methodology by applying isoRelate to the MalariaGEN Pf3k genetic cross 189 

dataset [15] to detect known recombination events. This dataset contains the parents and offspring 190 

of three P. falciparum strain crosses; 3D7 x HB3, 7G8 x GB4, and HB3 x Dd2. There are 21, 40 191 
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and 37 isolates for the three crosses respectively, and 11,612 SNPs, 10,903 SNPs and 10,637 192 

SNPs remaining following filtering procedures (S1 Table). We combined the results for all three 193 

crosses and found that isoRelate detected 98% of all reported IBD segments, with an average 194 

concordance between inferred and reported segments of 99%. Additionally, isoRelate detected 195 

segments with 99% accuracy. We did not detect IBD between any of the founders. This is 196 

expected given the documented origins of these three strains, which were derived from very 197 

different geographic regions [16]. False negatives, where IBD was not inferred between parents 198 

and offspring, were observed predominantly in genomic regions located between recombination 199 

events. Moreover, identical segment boundaries were detected between all replicate isolates.  200 

 201 

Analysis of selection methodologies  202 

 203 

We developed a selection statistic based on inferred IBD to assess the significance of excess IBD 204 

sharing indicative of positive selection. Briefly, we transformed a binary IBD matrix to account 205 

for variations in relatedness between isolates and SNP allele frequencies, then performed 206 

normalization allowing us to calculate –log10 p-values for each SNP. 207 

 208 

We assessed the performance of our proposed selection statistic on SNP data simulated from an 209 

evolutionary model for P. falciparum under three scenarios of positive selection; hard selective 210 

sweep, soft selective sweep (i.e. recurrent variants) and selection on standing variation. For each 211 

selective sweep, selection coefficients of s = 0.01, s = 0.1 and s = 0.5 were examined, where 212 

selection on standing variation was introduced to existing alleles with population allele 213 

frequencies of either f = 0.01, f = 0.05 or f = 0.1, while hard sweeps and soft sweeps were 214 

introduced to new alleles. Sweeps were randomly inserted along a 2.27 Mb region, which is 215 

approximately the size of P. falciparum chromosome 12. Ten replicate simulations were 216 
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performed for each combination of selection parameters, resulting in a total of 150 simulated 217 

datasets. 200 haplotypes were sampled at 50, 100, 200 and 500 generations following the 218 

introduced sweeps (see Material and Methods for more details on the simulation process). 219 

 220 

We compared the selection signatures generated by isoRelate to those detected by the integrated 221 

haplotype score (iHS) [17] and haploPS [18]. iHS makes use of the extended haplotype 222 

homozygosity (EHH) test, which calculates the probability that two randomly selected 223 

chromosomes have identical haplotypes adjoining an identical core haplotype [11, 17, 19]. In 224 

contrast, haploPS identifies positive selection by comparing the lengths of identified haplotypes 225 

with other haplotypes genome-wide at similar frequencies. Both iHS and haploPS require 226 

knowledge of haplotype phase, therefore we performed initial comparisons of isoRelate, iHS and 227 

haploPS using only isolates with MOI = 1 as haplotype phase is known. A second analysis was 228 

performed allowing isolates to have MOI > 1 (S2 Table). isoRelate and iHS produce selection 229 

statistics that follow known distributions. We thus generated Q-Q plots for SNP specific test 230 

statistics for both of these methods (S2 and S3 Fig). 231 

 232 

We calculated the power and accuracy of isoRelate, iHS and haploPS in detecting these sweeps, 233 

where power was defined as the proportion of sweeps that were detected within 50kb of the 234 

selected SNP, and accuracy was defined as the proportion of detected sweeps that were within 235 

50kb of the selected SNP. The results from the analysis of MOI > 1 isolates are comparable to the 236 

analysis of MOI = 1 isolates (S4 and S5 Fig), thus we describe the results from the analysis of 237 

MOI = 1 isolates only. 238 

 239 

No method is able to detect a sweep with a selection coefficient of s = 0.01 with high power and 240 

accuracy, regardless of the type of sweep (S4 Fig). Sweeps with selection coefficients of s = 0.1 241 

and s = 0.5 are more readily identified. For analysis of hard sweeps, haploPS outperforms 242 
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isoRelate and iHS, particularly as the selection coefficient increases (Fig 3, S4 Fig). Specifically, 243 

haploPS is able to detect a hard sweep with selection coefficient s ≥ 0.1 at least 500 generations 244 

after its introduction while isoRelate and iHS are limited to less than 200 generations. Soft 245 

selective sweeps and selection on standing variation are less readily identified than hard selective 246 

sweeps, particularly as the initial allele frequency f increases. Such complex sweeps are limited to 247 

detection within 200 generations of the initial pressure by all methods. Hughes and Verra [20] 248 

used three generations per year as a conservative estimate of the average generation time in P. 249 

falciparum. Given this, all methods should be able to detect complex sweeps that occurred up to 250 

approximately 66 years ago, depending on the selection coefficient, which is within the 251 

timeframe of reported antimalarial drug resistance [21]. 252 

 253 

 254 
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Fig 3. Power and accuracy results of isoRelate, iHS and HaploPS in detecting complex 255 

sweeps. The performance results are segregated by sweep type, where the results for selection on 256 

standing variation are shown for a selection coefficient of 0.1. Power is defined as the proportion 257 

of sweeps (calculated over 10 reps) with at least one 20 kb bin within 50 kb either side of the 258 

selected SNP that either contains three or more significant SNPs (isoRelate and iHS, alpha = 5%), 259 

or is in the top 1% of bins with respect to the average number of haplotype counts per bin 260 

(haploPS), as a function of the number of generations since the sweep was introduced. Accuracy 261 

is calculated as either the proportion of 20 kb bins with at least three significant SNPs (isoRelate 262 

and iHS) that are within 50kb of the selected SNP or the proportion of 20 kb bins within the top 263 

1% of bins with respect to of haplotype counts (haploPS), that are within 50kb of the selected 264 

SNP, as a function of the number of generations since the sweep was introduced. If there are no 265 

bins with at least three significant SNPs for any of the 10 reps then the accuracy is set to NA. 266 

 267 

More generally, haploPS has the greatest power to detect sweeps of all types, however this comes 268 

at the cost of more falsely detected sweeps resulting in reduced accuracy. In contrast, both 269 

isoRelate and iHS detect sweeps with high accuracy. This suggests that a combination of tools 270 

would be useful for inferring positive selection, where consensus sweeps would be a good 271 

indication of true selection.  272 

 273 

Population genetic analysis of P. falciparum using isoRelate 274 

 275 

To demonstrate the ability of isoRelate to investigate a haploid species with well-characterized 276 

selection signals, we performed IBD mapping of 2,550 P. falciparum isolates from 14 countries 277 

across Africa, Southeast Asia and Papua New Guinea as part of the MalariaGEN Pf3K dataset. 278 

The samples in this dataset were collected during the years 2001 to 2014 (S3 Table) and details of 279 
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the collection process and sequencing protocols have been described elsewhere [14, 16]. We 280 

define within-country analyses as all pairwise IBD comparisons between isolates from the same 281 

country (14 analyses in total) while between-country analyses as all pairwise-country 282 

comparisons (91 analyses in total) where pairs of isolates contain one isolate from each country.  283 

 284 

2,377 isolates remained after filtering, with 994 isolates (42%) classified as having multiple 285 

infections (S3 and S4 Table). The mean number of SNPs remaining post filtering for within-286 

country analyses was 31,018 SNPs, with the least number of SNPs in Papua New Guinea isolates 287 

(18,270 SNPs) and the largest number of SNPs in Guinea (Africa) isolates (44,528 SNPs) (S3 288 

Table). SNPs for between-country analyses were selected if they were present in both countries 289 

and if their minor allele frequencies differed by less than 30%. This criterion resulted in the 290 

inclusion of at least 75% of SNPs present in both populations, where on average 12,271 SNPs 291 

remained per analysis. The smallest number of SNPs was in the analysis between Mali and Papua 292 

New Guinea (1,945 SNPs), while the largest number of SNPs was in the analysis between Guinea 293 

and Malawi (29,138 SNPs) (S5 Table). These highly varying numbers of informative SNPs 294 

largely reflect geographical isolation and population structure [22, 23], but are also influenced by 295 

the quality of the WGS data, with poorer quality sequencing leading to fewer SNPs. Analyses 296 

with so few SNPs, such as Mali and Papua New Guinea, are less likely to detect selection 297 

signatures since smaller IBD segments will fail to be detected, however are still useful for 298 

identifying closely related isolates that are expected to share large IBD segments over many 299 

SNPs. 300 

 301 

Investigating levels of relatedness amongst P. falciparum isolates 302 

 303 
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We calculated the proportion of pairs IBD at each SNP and investigated the distributions of these 304 

statistics across the genome (Fig 4, S6 Table, S6 Fig). We identified higher levels of relatedness 305 

in Southeast Asia than in Africa or in Papua New Guinea, with isolates from Cambodia 306 

displaying the highest average sharing across the genome (5%, calculated as the mean proportion 307 

of pairs IBD genome-wide), reflecting high background relatedness. The Cambodian dataset 308 

consists of isolates collected from four study locations; therefore we stratified the relatedness 309 

proportions by study location to identify sites with extremely high amounts of relatedness. We 310 

detected high relatedness between 87% (2,890/3,321) of pairs from the Pailin Province of 311 

Cambodia, with on average 29% of pairs IBD per SNP (S7 and S8 Table, S7 and S8 Fig). This 312 

reflects an extremely high number of closely-related isolates, i.e. clones and siblings. Isolates 313 

from Pailin make up 16% of the Cambodian dataset and inflate the overall signal seen in 314 

Cambodia. We also detected high amounts of relatedness, including many clonal isolates, in the 315 

Thai Province of Sisakhet, which borders Cambodia, reflecting similar transmission dynamics 316 

between regions in close proximity. 317 

 318 

 319 

 320 
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 321 

Fig 4. The proportion of pairs within each country who are IBD at each SNP.  322 

Chromosome boundaries are indicated by grey dashed vertical lines and positive control genes 323 

are identified gene symbols by tick marks on the top x-axis. Countries that are part of the African 324 

continent are shades of red and orange while countries in Southeast Asia are shades of blue and 325 

Papua New Guinea is pink. 326 
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 327 

Relatedness-networks can be created using clustering techniques to identify groups of isolates 328 

sharing a common haplotype. We constructed a relatedness-network to investigate clusters of 329 

isolates sharing near-identical genomes, reflecting identical infections or ‘duplicate’ samples (Fig 330 

5). Southeast Asia has a number of large clusters containing highly related isolates with the five 331 

largest clusters belonging to Cambodia, containing between 12 and 68 isolates, indicative of 332 

clonal expansions. The largest cluster contains mostly isolates from the Pursat Province of 333 

Cambodia, however the remaining isolates are from the Pailin Province and the Ratanakiri 334 

Province of Cambodia, suggesting common haplotypes between western and eastern Cambodia 335 

(S9 Fig). In contrast, we did not find any isolates within Guinea or Mali to be highly related, nor 336 

did we find isolates from different countries to be highly related (S9 Table, S10 and S11 Fig). 337 

 338 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 14, 2018. ; https://doi.org/10.1101/088039doi: bioRxiv preprint 

https://doi.org/10.1101/088039
http://creativecommons.org/licenses/by-nc-nd/4.0/


 18

 339 

Fig 5. Relatedness network for pairs of isolates identified as having high proportions of IBD 340 

sharing. Each node identifies a unique isolate and an edge is drawn between two isolates if they 341 

share more than 90% of their genome IBD. Isolates with MOI = 1 are represented by circles 342 

while isolates with MOI > 1 are represented by squares. There are 264 clusters in this network 343 

comprising 805 isolates (out of 2,377 isolates) in total. Isolates that do not share more than 90% 344 

of their genome IBD with any other isolate are omitted from the network. 345 

 346 

Analysis of selection signals 347 

 348 

The genome-wide distributions of the proportion of pairs IBD can identify genomic regions with 349 

high amounts of sharing that may be under positive selection. This has been previously 350 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 14, 2018. ; https://doi.org/10.1101/088039doi: bioRxiv preprint 

https://doi.org/10.1101/088039
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19

demonstrated for IBD studies in human populations [5, 6]. To assess the significance of our 351 

selection signals, based on the composite IBD, we calculate the genome-wide distributions of the 352 

–log10 p-values for within-country analyses (Fig 6) and report the top five signals of selection for 353 

each country in S10 Table. Q-Q plots are displayed in S12 Fig. 354 

 355 

We observe signals of selection over several known P. falciparum antimalarial drug resistance 356 

genes such as Pfcrt (chloroquine resistance transporter) and Pfdhfr (dihydrofolate reductase) in 357 

addition to several regions suspected of being associated with antimalarial drug resistance 358 

(chr6:1,102,005-1,283,312; chr12:700,000-1,100,000). Many of these signals also show 359 

substantial continent and/or country variation. Below, we examine the selection signals 360 

overlapping two known P. falciparum antimalarial resistance genes, Pfcrt and Pfk13 (kelch 13), 361 

as well as the signals seen on chromosome 6 and chromosome 12, to demonstrate the interpretive 362 

possibilities of IBD signals obtained with isoRelate. 363 

 364 
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 365 

Fig 6. Selection signals from isoRelate on Pf3k dataset. –log10(p-values) of XiR calculated by 366 

transforming and normalizing the IBD proportions within each country. Dashed horizontal lines 367 

represent a 5% singnificance threshold. Grey dashed vertical lines indicate chromosome 368 

boundaries. Positive control genes are identified by gene symbol and tick marks on the upper x-369 

axis. 370 
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 371 

Selection signals over the chloroquine resistance locus, Pfcrt 372 

 373 

The P. falciparum chloroquine resistance transporter gene, Pfcrt, is located on chromosome 7 at 374 

403,222-406,317. All countries except Malawi, Myanmar, Cambodia and Laos have at least one 375 

significant SNP within 12kb of Pfcrt based on a 5% genome-wide significance threshold. Malawi 376 

withdrew the use of chloroquine as an antimalarial drug in 1993, which resulted in the 377 

disappearance of the molecular marker of chloroquine resistance (K76T mutation) in Malawian 378 

P. falciparum populations [24]. Thus we would not expect to see a signature of selection over 379 

Pfcrt in Malawi. Additionally, none of the between-country analyses involving isolates from 380 

Malawi reach significance within 60kb of the Pfcrt locus. An increase in IBD proportions is 381 

observed over Pfcrt in Myanmar with the closest significant SNP located 25kb downstream of 382 

Pfcrt. In contrast, little to no increase in IBD is observed in the region surrounding Pfcrt in 383 

Cambodia and Laos, and no significant SNPs are identified within close proximity to Pfcrt.  384 

 385 

We investigated relatedness over Pfcrt between isolates from different countries and confirmed 386 

the spread of chloroquine resistance throughout Southeast Asia and Africa, while also confirming 387 

an independent origin of chloroquine resistance in Papua New Guinea (Fig 7A) [25, 26]. 388 

However, we were unable to determine the exact haplotypes at codons 72-76 of the Pcfrt gene, of 389 

which CVIET and SVMNT have both been associated with chloroquine resistance [25, 26], due 390 

to low quality data resulting in missing genotype calls for many isolates in addition to unknown 391 

haplotype phase for MOI > 1 isolates. 392 

 393 

The largest cluster in Fig 7B contains 48% of all isolates, of which 78% have missing genotype 394 

calls at codons 73-75 collectively. All isolates in this cluster have the wild type C allele at the 395 

C72S variant codon 72. Additionally, 95% of these isolates have the chloroquine resistant K76T 396 
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mutation (codon 76). Thus, we speculate the dominant haplotype in the largest cluster to be 397 

CVIET, which arose in Southeast Asia and spread to Africa [26]. All isolates from the largest 398 

Papua New Guinea cluster have the C72S mutation and K76T mutation (and missing genotype 399 

calls at codons 73-75) consistent with the presence of the SVMNT haplotype [25]. 400 

 401 
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Fig 7. Relatedness network for pairs of isolates inferred IBD over Pfcrt. Each node identifies 403 

a unique isolate and an edge is drawn between two isolates if they were inferred either partially or 404 

completely IBD over Pfcrt. Isolates with MOI = 1 are represented by circles while isolates with 405 

MOI > 1 are represented by squares. There are 178 clusters in this network comprising of 1,563 406 

isolates in total, with the largest cluster containing 1,134 isolates. Isolates that are not IBD over 407 

Pfcrt are omitted from the network. (A) Isolates are coloured according to country. (B) Isolates 408 

are coloured if they carry the K76T mutation associated with chloroquine resistance. 409 

 410 

Selection signals over the artemisinin resistance locus, Pfk13 411 

 412 

Parasite resistance to the antimalarial drug artemisinin has been associated with mutations in the 413 

P. falciparum kelch 13 gene, k13, located on chromosome 13 at 1,724,817-1,726,997 [27, 28]. 414 

We detected selection signals of marginal significance over Pfk13 in Cambodia and Thailand (Fig 415 

6), which is not surprising given that artemisinin resistance has only recently been identified in 416 

Cambodia in 2007 and is currently confined to Southeast Asia [29]. Samples from Cambodia and 417 

Thailand were collected between 2009 to 2013 (S3 Table), hence the resistance mutations are 418 

expected to be at low frequencies within these populations, producing very weak signals of 419 

selection. 420 

 421 

Artemisinin resistance has arisen as a soft selective sweep, involving at least 20 independent 422 

Pfk13 mutations [14]. Relatedness networks over Pfk13 identify many disjoint clusters of related 423 

isolates (Fig 8A), with at least 9 clusters containing isolates that carry the most common mutation 424 

associated with artemisinin resistance, C580Y [14] (Fig 8B). We identified isolates from 425 

Cambodia, Thailand and Vietnam as carriers of this mutation at frequencies of 40%, 26% and 1% 426 

respectively. Additionally, relatedness is detected between isolates from Cambodia and Thailand 427 
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that have the C580Y mutation as well as isolates from Cambodia and Vietnam with this mutation, 428 

suggesting that some resistance-haplotypes have swept between countries [30]. 429 

  430 
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Fig 8. Relatedness network for pairs of isolates inferred IBD over Pfk13. Each node identifies 432 

a unique isolate and an edge is drawn between two isolates if they were inferred either partially or 433 

completely IBD over Pfk13. Isolates with MOI = 1 are represented by circles while isolates with 434 

MOI > 1 are represented by squares. There are 242 clusters in this network comprising of 1,148 435 

isolates in total, with the largest cluster containing 335 isolates. Isolates that are not IBD over 436 

Pfk13are omitted from the network.  (A) Isolates are coloured according to country. (B) Isolates 437 

are coloured if they carry the C580Y mutation associated with artemisinin resistance. 438 

 439 

Selection signals on chromosome 6 and chromosome 12 440 

 441 

We observe a strong signal of selection towards the right telomere of chromosome 6 (1,001,000-442 

1,300,000). This signal has only been reported in isolates from Senegal and The Gambia [31-33], 443 

while we show it to be present in at least nine additional countries throughout Southeast Asia and 444 

Africa. We created a relatedness network over this signal (Fig 9) and observed a similar network 445 

to that seen over Pfcrt, suggesting the signal in each county is most likely driven by a shared 446 

haplotype that has spread between Southeast Asia, Africa and Papua New Guinea. Additionally, 447 

significant IBD sharing is detected in all pairwise-country analyses over the interval chr6: 448 

1,102,005-1,283,312. This interval contains 32 genes (S11 Table) of which several have been 449 

identified as promising drug resistance candidates [31-33]. Furthermore, a recent study induced 450 

resistance to a number of antimalarial compounds, identifying several variants associated with 451 

resistance in the amino acid transporter gene Pfaat1 (PF3D7_0629500) [34], which is located 452 

within this selection interval. However, the cause of the selection pressure in the isolates from 453 

this study remains unknown. 454 

 455 
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 456 

Fig 9. Relatedness networks for pairs of isolates inferred IBD over the interval chr6: 457 

1,001,000-1,300,000. Each node identifies a unique isolate and an edge is drawn between two 458 

isolates if they were inferred IBD anywhere over this interval. Isolates with MOI = 1 are 459 

represented by circles while isolates with MOI > 1 are represented by squares. There are 93 460 

clusters in this network comprising of 1,862 isolates in total, with the largest cluster containing 461 

1,643 isolates. Isolates that are not IBD over this interval omitted from the network. 462 

 463 

We created a relatedness network for the signal on chromosome 12 to identify clusters of isolates 464 

that share IBD within and between countries (Fig 10). In contrast to that seen on chromosome 6, 465 

the selection occurring on chromosome 12 appears to be driven by haplotypes with both 466 

independent and shared origins. In particular, the genetic mechanism underlying the signal in 467 
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Malawi is independent of countries elsewhere in Africa, while the signal in Ghana is the result of 468 

at least two genetically distinct haplotypes, one of which is also present in other Western African 469 

countries (Fig 10). The signals on chromosome 12 are located between 700,000-1,100,000 bp 470 

which contains approximately 94 genes (S12 Table). This interval contains the gene Pfgch1 471 

(GTP-cyclohydrolase 1) which has been identified as being under selection in isolates from 472 

Malawi [35]. Copy number variations of Pfgch1, first observed in laboratory strains [36] then in 473 

field isolates from Malawi, Ghana, Guinea, DR of the Congo, The Gambia, Bangladesh, 474 

Cambodia, Myanmar, Thailand and Vietnam [35, 37], are suspected of being associated with 475 

sulfadoxine/pyrimethamine resistance and we have identified selection over Pfgch1 in most of 476 

these countries. 477 

 478 

 479 
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Fig 10. Relatedness network for pairs of isolates inferred IBD over the interval chr12: 480 

700,000-1,100,000. Each node identifies a unique isolate and an edge is drawn between two 481 

isolates if they were inferred IBD anywhere over this interval. Isolates with MOI = 1 are 482 

represented by circles while isolates with MOI > 1 are represented by squares. There are 149 483 

clusters in this network comprising of 1,569 isolates in total, with the largest cluster containing 484 

1,089 isolates. Isolates that are not IBD over this interval omitted from the network. 485 

 486 

Joint inheritance of selection 487 

 488 

We explored selection signatures to determine if the haplotypes under selection at multiple loci 489 

were jointly inherited in some pairs of isolates. Specifically, we investigated whether haplotypes 490 

associated with antimalarial drug resistance at two loci were jointly inherited. We investigated the 491 

P. falciparum multidrug resistance gene 1 (Pfmdr1), located on chromosome 5: 957,890-962,149, 492 

which has been associated with chloroquine resistance and amodiaquine resistance when the 493 

Pfmdr1 N86Y mutation is present along with the Pfcrt K76T mutation [38]. Fig 11 displays 494 

genome-wide selection signals in Ghana, stratified by pairs that are IBD over Pfmdr1 and pairs 495 

that are not IBD over Pfmdr1. A significant signal of selection is observed over Pfcrt in both 496 

stratified groups, suggesting Pfcrt is under selection jointly with Pfmdr1 as well as independently 497 

of Pfmdr1. Of the isolate pairs that are IBD over Pfmdr1, 13% are also IBD over Pfcrt while 6% 498 

are IBD over Pfcrt and carry both the N86Y mutation and the K76T mutation. The median 499 

proportion of genome inferred IBD between these pairs is 1%, alleviating concerns that joint 500 

inheritance of both variants is due to highly related pairs.  501 

 502 

A smaller signal is observed over Pfmspdbl2 in both groups. Increased copy number of 503 

Pfmspdbl2 has been associated with decreased sensitivity to halofantrine, mefloquine and 504 
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lumefantrine [39, 40] and we find copy number alterations to be present also. In particular, copy 505 

number alterations of Pfmspdbl2 are present in isolates carrying the N86Y variant that are IBD 506 

over both Pfmdr1 and Pfmspdbl2. Increased relatedness over Pfmspdbl2 in isolates that share 507 

haplotypes over Pfmdr1 suggests that these isolates may be multidrug resistant. 508 

 509 

 510 

Fig 11. Selection signals in Ghana stratified by pairs who are IBD or non-IBD over Pfmdr1. 511 
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Pairs that are IBD over Pfmdr1 represent the red signal while pairs that are not IBD over Pfmdr1 512 

represent the black signal. The dashed horizontal line represent a 5% singificance threshold and 513 

the dashed vertical lines idenitfies the chromosome boundaries.  514 

 515 

Discussion 516 

 517 

We have presented here a method that identifies recent IBD sharing between pairs of haploid 518 

microorganisms in the presence of multiclonal infections. We explored the power and accuracy of 519 

our method, isoRelate, in two comprehensive simulation studies, where we investigated our 520 

ability to detect IBD segments of various sizes in the presence of multiple infections as well as 521 

our ability to detect complex patterns of positive selection. Here we showed that IBD segments of 522 

2cM or larger are detectable with isoRelate, however as MOI increases and the dominant clonal 523 

proportion decreases, the power to detect IBD segments naturally decreases. This is due to added 524 

heterozygosity in the isolate and largely reflects the ability of the genotyping algorithm to capture 525 

multiple haplotypes. Additionally, for species like P. falciparum, where the allele frequency 526 

spectrum is heavily skewed, IBD performance is compromised, however isoRelate is still 527 

powerful for detecting segments of 4cM or larger.  528 

 529 

When assessing the performance of isoRelate at detecting complex patterns of positive selection, 530 

sweeps were detectable up to 200 generations after their introduction. Given that isoRelate is 531 

designed to infer recent common ancestry, it follows that more recent signals of positive selection 532 

are identified. However, sweeps were only detected in our simulations when the selection 533 

coefficient was sufficiently large (s ≥ 0.1), which is true for assessments of iHS and haploPS also. 534 

Unlike iHS and haploPS, our method accounts for the amount of relatedness between isolates and 535 

does not require phased data. In the Pf3k dataset analysed here, more than 40% of isolates were 536 
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multiclonal and would typically be excluded from analysis with both iHS and haploPS, whilst 537 

isoRelate was able to use all isolates. Including isolates with MOI > 1 in analyses can provide 538 

useful insights as to the spread of haplotypes between geographical regions. For example, an 539 

isolate with MOI = 2 may consist of two genetically distinct haplotypes that each originate from 540 

different villages. This could occur if the infected individual travels between villages, potentially 541 

introducing new haplotypes into the exiting parasite populations. Haplotype spread such as this 542 

can be visualized using relatedness networks and one instance of this can be seen in the 543 

Cambodian dataset (S9 Fig). Here, an isolate with MOI > 1 from the Pailin Province is highly 544 

related to two, otherwise unrelated, clusters of isolates from the Pursat Province and Pailin 545 

Province of Cambodia. 546 

 547 

While the ability to include isolates with MOI > 1 is informative, analyses are generally more 548 

powerful with MOI = 1 isolates. To this end, Zhu et al. [41] has recently developed a statistical 549 

framework, DEploid, for deconvolving multiclonal isolates which would enable analysis of 550 

individual clones within an isolate. However, DEploid requires a reference panel of single-clone 551 

isolates as a proxy for the population of interest and has not yet been tested on large cohorts like 552 

the Pf3k dataset.  553 

 554 

Similarly, one limitation of isoRelate is that HMMs are computationally intensive algorithms, 555 

where the computational time increases linearly with the number of SNPs and quadratically with 556 

the number of isolates. An IBD analysis of isolates from Malawi (357 isolates; 40,225 SNPs; 557 

63,546 pairwise analyses) takes approximately 8 hours on a single-core processor, while the 558 

analysis of isolates from Guinea (100 isolates; 44,528 SNPs; 4,950 pairwise analyses) takes less 559 

than 1 hour. Additionally, the computational time for MOI > 1 isolates is longer than for MOI = 1 560 

isolates as the observation state space is larger, resulting in more genotypic combinations to 561 
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account for. However, isoRelate allows for parallelization of analyses on multicore processors, 562 

which will considerably reduce the computation time.  563 

 564 

The ability of isoRelate to detect IBD segments also depends on the quality of the data. Most 565 

genetic datasets will contain a small number of genotyping errors and missing genotype calls, 566 

which can result in incorrect IBD inference and/or reduced performance. However, IBD inference 567 

has been shown to be robust to both missing data [6] and genotyping errors [42], within reason. 568 

Furthermore, IBD analyses require several criteria to be met. This includes the availability of a 569 

good quality reference genome and the fact that the organism must recombine as one of its main 570 

sources of genetic variation. As such these methods do not appear to be applicable to 571 

Mycobacterium tuberculosis for example, but should work, at least theoretically, with any other 572 

organism that shares these criteria with P. falciparum. Amongst these are P. vivax [43] and some 573 

species of Staphylococcus [44]. Moreover, isoRelate can be applied to any dense genomic data 574 

that produces SNP genotypes, which includes WGS, RNA sequencing and SNP arrays.  575 

 576 

Additional downstream analyses can be performed with IBD estimates, whereby IBD patterns 577 

could be tested for associations with important epidemiological variables such as occupation and 578 

exposure to mosquitoes. This could be performed in a multivariate normal modeling framework 579 

such as that employed by the SOLAR package [45], where the IBD of the human host is replaced 580 

with the IBD of the sampled isolates from the host. Furthermore, IBD mapping has the potential 581 

to track emerging drug resistance and, for diseases that experience relapse infections such as 582 

malaria caused by Plasmodium vivax, may be able to distinguish between new or relapsing 583 

infections in drug efficacy and cohort studies, though these applications have yet to be explored. 584 

 585 

Materials and Methods  586 
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 587 

Data processing  588 

 589 

MalariaGEN genetic crosses dataset 590 

 591 

To validate our method’s ability to recapitulate recombination events and thus IBD sharing we 592 

made use of a previously published P. falciparum genetic cross. Whole genome sequencing 593 

(WGS) data was retrieved for 98 P. falciparum lab isolates that were generated as part of the 594 

MalariaGEN consortium Pf3k project [15]. This dataset included the parent and progeny (first 595 

generation) of crosses between the pairs of parent clones 3D7 and HB3, 7G8 and GB4, and HB3 596 

and Dd2. We retrieved all available Pf3k data in VCF file format from data release 5 597 

(https://www.malariagen.net/data/pf3k-5). SNPs were excluded if they were not in a ’core’ region 598 

of the genome [15] or if they had QD ≤ 15 or MQ ≤ 50, or if less than 90% of samples were not 599 

covered by at least 5 reads, or they were not polymorphic or if their MAF was less than 1% (using 600 

a read depth estimator). Samples were also excluded if less than 90% of their SNPs were not 601 

covered by at least 5 reads. S1 Table shows the number of isolates and SNPs before and after 602 

filtering of each genetic cross. 603 

 604 

We visualized parental recombination breakpoints in the progeny’s haplotypes using the GATK 605 

genotype data with default settings in the online app (https://www.malariagen.net/apps/pf-606 

crosses/1.0/). This allowed us to produced ‘truth’ IBD datasets with known recombination events. 607 

We then assessed isoRelate’s inferred IBD segment locations against this dataset.  608 

 609 

MalariaGEN global P. falciparum dataset 610 

 611 
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WGS was performed on 2,512 P. falciparum field isolates sampled from 14 countries across 612 

Africa and Southeast Asia as part of the MalariaGEN consortium Pf3k project [14, 16]. We 613 

retrieved all available Pf3k data in VCF file format from release 5. We merged all nuclear 614 

chromosome VCF files and applied filters to the 2,512 samples and 1,057,870 biallelic SNPs. 615 

 616 

Variants were filtered using GATK’s SelectVariants and VariantFiltration modules [46]. SNPs 617 

were excluded if there were more than 3 SNPs within a 30 base pair window, or if they were not 618 

in a ’core’ region of the genome, or if they had Variant Quality Score Recalibration (VQSR) < 0. 619 

Moreover, to reduce the possibility of spurious SNP calls further filters for Quality of Depth 620 

(QD), Strand Odds Ratio (SOR), Mapping Quality (MQ) and MQ Rank Sum (MQRankSum) 621 

were applied (QD > 15, SOR < 1, MQ > 50, MQRankSum > -2).  This filtering left 561,695 SNPs 622 

in the dataset. 623 

 624 

Next, separating the data by country of origin, SNPs were excluded if less than 90% of samples 625 

were not covered by at least 5 reads or they were not polymorphic. Samples were also excluded if 626 

less than 90% of their SNPs were not covered by at least 5 reads. Following this, countries were 627 

grouped into broader geographical regions of West Africa, Central Africa or Southeast Asia, and 628 

the intersection of SNPs within a region was taken. Lastly, within each country, SNPs with minor 629 

allele frequencies (MAF) less than 1% (using read depths) were removed. S3 Table displays the 630 

number of isolates and SNPs before and after filtering of each country. Nigeria was excluded 631 

from all downstream analyses due to the low number of SNPs remaining after filtering. 632 

 633 

Papua New Guinea dataset  634 

 635 

WGS data was available for 38 P. falciparum isolates from Madang, Papua New Guinea (PNG), 636 

sampled in 2007 and sequenced at the Wellcome Trust Sanger Institute (WTSI), Hinxton, UK as 637 
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part of the MalariaGEN consortium (http: //www.malariagen.net/about; study ID: 1021-PF-PG-638 

MUELLER). The sequencing data was processed by replicating the analysis processing steps of 639 

the MalariaGen Pf3k field isolates for compatibility (S1 Methods). 640 

 641 

Simulating sequencing data with IBD inserted 642 

 643 

We performed a simulation study to assess the ability of isoRelate to detect IBD sharing in the 644 

presence of multiclonal infections when the relative frequency of each clone in the isolate varies. 645 

We chose to assess the following combinations of MOI and their respective fractions: MOI = 1, 646 

MOI = 2 (clonal fractions: 50:50, 75:25, and 90:10) and MOI = 3 (clonal fractions: 34:33:33, 647 

50:30:20 and 70:20:10). We selected chromosome 12 (Pf3D7_12_v3) for IBD analysis and 648 

simulated sequencing data for pairs of isolates separated from 1 to 25 generations (siblings to 24th 649 

cousins). Relatedness was simulated to reflect the inheritance patterns of Plasmodium using 650 

pedigree information as follows. Given a 25-generation pedigree, haplotypes were generated for 651 

all founders using S1 Methods Algorithm 1. For the purpose of this analysis, all founders were 652 

simulated to have MOI = 1 and the Pf3D7 v3 reference genome was used as the base genome for 653 

all founders. Algorithm 1 requires SNP information. Here, we chose 58,987 SNPs (from the core 654 

region of the genome) that passed initial filtering procedures from the Cambodian Pf3k dataset. 655 

SNPs belonging to Cambodia were selected, as Cambodia was approximately the middle-ranked 656 

country in terms of SNP numbers following filtering. SNP allele frequencies were calculated 657 

from the 521 Cambodian isolates. A second analysis was performed where allele frequencies for 658 

the same SNPs were randomly sampled from a uniform distribution bound between 0 and 1. 659 

Following founder haplotype simulation, recombination could be used to generate haplotypes for 660 

all non-founders in the pedigree according to S1 Methods Algorithm 2. Here we assume that 661 

recombination follows an exponential distribution with mean 1 Morgan. All non-founders inherit 662 

a mosaic of their parent’s haplotypes and are simulated to have MOI = 1. Data was simulated to 663 
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ensure that each pair of isolates in a pedigree shared at least one segment of IBD. For each of the 664 

25 generations, 200 pairs of MOI = 1 related isolates were simulated, totalling 10,000 simulated 665 

isolates. 666 

 667 

For each of these isolates, haplotype information was generated in the form of a fasta file. These 668 

fasta files were then used as the input into ART v 2.3.7 [47], where we simulated paired-end next 669 

generation sequencing data incorporating a read error profile for the Illumina HiSeq 2500 system, 670 

which should be representative of that used in sequencing the Pf3k dataset [14]. Reads were 671 

simulated as 150 bp in length with a 200 bp mean fragment size and 10 bp standard deviation of 672 

the fragment size. A read depth of 100X coverage was simulated for each isolate and fastq files 673 

were produced. 674 

 675 

Following the simulation of sequencing data for 10,000 MOI = 1 isolates, we generated two more 676 

datasets of MOI = 2 and MOI = 3 isolates, respectively. To do this, we simulated sequencing data 677 

for an additional 2,000 unrelated haploid isolates using the above procedure. To generate a 678 

dataset of MOI = 2 isolates, we randomly assigned one of the two clones in the isolate as the 679 

carrier of IBD. In some instances, the IBD carrier will be the dominant clone, while in other 680 

instances the IBD carrier will be the minor clone. For each of the 10,000 MOI = 1 isolates, we 681 

used seqtk to subset the sequencing data to the corresponding clonal frequency of interest. We 682 

then randomly selected an unrelated isolate and used seqtk to subset its sequencing data such that 683 

the sum of the coverage of the related and unrelated clone at each position totalled 100X. The 684 

subset datasets were then merged into a single fastq file to represent a MOI = 2 isolate. A similar 685 

process was used to generate MOI = 3 isolates, where the sequencing data of two unrelated 686 

isolates were merged with the sequencing data of one related isolate such that the total coverage 687 

at each position was 100X. The raw sequencing data then underwent the same analysis processing 688 

steps as the MalariaGen Pf3k field isolates for compatibility.  689 
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 690 

Simulated data with known selective sweeps 691 

 692 

To assess the ability of IBD to detect the positive selection, we simulated SNP data in the 693 

presence of various sweeps using the forward population genetic simulator, SLiM [48], under an 694 

evolutionary model appropriate for P. falciparum. Specifically, we simulated a 2.27 Mb region, 695 

which is approximately the length of P. falciparum chromosome 12, under three different 696 

scenarios; positive selection via hard sweeps, soft sweeps and standing variation.  697 

 698 

We generated an initial population that resembles P. falciparum assuming a constant effective 699 

population size of 100,000 [20], a mutation rate of 1.7 x 10-9 per base pair per generation [49] and 700 

a recombination rate of 7.4 x 10-7 per base pair per generation [15]. The forward simulation was 701 

run over 400,000 generations, after which a sample of 10,000 haplotypes was randomly drawn to 702 

undergo selective pressures as follows. We note that it would have been desirable to run the 703 

simulation over more generations [20], however this was not computationally feasible with the 704 

forward simulator.  705 

 706 

A hard sweep was generated by sampling one haplotype to introduce a new allele with a selection 707 

coefficient of either s = 0.01, s = 0.1 or s = 0.5. Alternatively, selection on standing variation was 708 

introduced by adding a selective advantage of s = 0.01, s = 0.1 or s = 0.5 to an existing allele with 709 

a population frequency of either f = 0.01, f = 0.05 or f = 0.1. Finally, soft sweeps were generated 710 

such that a new allele would arise and spread throughout the population on multiple haplotype 711 

backgrounds. We introduced the new allele at random generations, where, at each generation, one 712 

haplotype was sampled that was not already carrying the allele, and the allele was inserted. For 713 

each soft sweep, the selected allele had identical selection coefficients on each haplotype of either 714 

s = 0.01, s = 0.1 or s = 0.5. The number of generations between the introduction of the new allele 715 
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was randomly sampled from a Poisson distribution with mean 3 generations. The allele was 716 

introduced a total of 30, 10 and 5 times over the course of each soft sweep for selection 717 

coefficients s = 0.01, s = 0.1 and s = 0.5, respectively. We needed to introduce the allele on more 718 

haplotype backgrounds when smaller selection coefficients were used as we wanted multiple 719 

haplotypes to sweep through the population without the allele being lost straight away. We 720 

generated 10 replicates for each scenario (hard sweep = 3, standing variation = 9, soft sweep = 3), 721 

randomly assigning the genetic position of the selected allele, and sampled 200 haplotypes at 722 

generations 50, 100, 200 and 500 following the initial sampling of the population. The dominance 723 

coefficient of all selective sweeps was 1. 724 

 725 

isoRelate does not require phased or deconvoluted data, therefore we performed a secondary 726 

analysis on 100 isolates with MOI which could exceed 1. Each isolate was assigned MOI 727 

according to a zero-truncated Poisson distribution with mean 1. Haplotypes were randomly 728 

sampled for each isolate from the 200 haplotypes initially generated for each of the simulation 729 

parameter combinations previously examined. Random sampling of haplotypes produces isolates 730 

with clonal infections. Both iHS and haploPS were run on only the MOI = 1 isolates with clonal 731 

isolates removed while isoRelate was run on all isolates using unphased data. On average 56% of 732 

isolates in each of the 150 datasets have MOI = 1 (S2 Table). After the removal of clonal isolates, 733 

approximately 49 isolates with MOI = 1 remain for analysis with iHS and haploPS in each 734 

dataset, while all 100 isolates are used in the analysis of isoRelate. 735 

 736 

Assessing clonality and extracting data for IBD analysis 737 

 738 

We applied the Fws metric to within-country SNP sets to determine isolates that had multiple 739 

infections [16]. An isolate was classified as having multiple infections if Fws< 0.95. For each 740 
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country PED and MAP files for downstream analysis were extracted using moimix [50]. 741 

Heterozygous SNP calls were retained for isolates assigned as having MOI greater than 1, 742 

otherwise heterozygous SNPs were set to having a missing value at those SNPs to signify the 743 

likelihood of a genotyping error. 744 

 745 

Detecting relatedness between isolates 746 

 747 

We extend a first order hidden Markov model (HMM) that detects IBD segments between pairs 748 

of human samples to allow detection of IBD between pairs of non-human, haploid samples [7]. 749 

The assumption of a first order HMM is unlikely to hold in the presence of dense datasets 750 

containing linkage disequilibrium, however we do not consider this to be an issue with P. 751 

falciparum due to the short LD segments in its genome [23, 51]. Furthermore, false positive IBD 752 

segments due to LD tend to be much smaller than true IBD segments and are filtered out with 753 

length-based filtering criterion. 754 

 755 

Genotype calls are used to determine the number of alleles shared IBD at each SNP between a 756 

pair of isolates. The potential number of shared alleles at a SNP defines the state space in the 757 

HMM and is dependent on the MOI of the pair under consideration. An isolate with MOI = 1 758 

consists of a single strain and is analyzed as if it were haploid; thus sharing either 0 or 1 allele 759 

IBD with any other isolate. An isolate with MOI > 1 consists of multiple genetically distinct (and 760 

possibly related) strains, and is considered diploid; sharing 0, 1 or at most 2 alleles IBD with 761 

other isolates. Here, the ability of our model to detect IBD in the minor clone of an isolate with 762 

MOI > 2 will depend on the clonal frequency and the genotyping algorithms ability to capture 763 

SNP variation at that frequency.  764 

 765 
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Initial probabilities, emission probabilities and transition probabilities are calculated as in Henden 766 

et al. [7] and are described in the S1 Methods. We model an error rate in the calculation of the 767 

emission probabilities, which could reflect either a genotyping error or a mutation, where a larger 768 

error rate is likely to result in more IBD detected. Both the initial probabilities and the emission 769 

probabilities require population allele frequencies. For the simulation study, whereby the 770 

performance of isoRelate is assessed, we compute the allele frequencies for each dataset of MOI 771 

separately.  Additionally, for the analysis of the Pf3k dataset, we compute these frequencies for 772 

each country separately. This is necessary due to the highly divergent sets of SNPs observed in P. 773 

falciparum globally [52]. To perform IBD analyses between isolate from different countries, 774 

SNPs were included in the analysis if the population allele frequencies between the pair of 775 

countries differed by less than 0.3. A MAF concordance threshold of 0.3 was arbitrarily used in 776 

the analysis as this threshold resulted in the inclusion of at least 75% of SNPs present in both 777 

populations, for all pairwise-population analyses. Population allele frequencies for the combined 778 

countries were then calculated using all isolates from pairs of countries being examined. SNPs 779 

with MAF less than 1% were removed from the analysis along with SNPs with missing genotype 780 

data for more than 10% of isolates. Similarly, isolates with missing genotype data for more than 781 

10% of SNPs were removed and a genotyping error rate of 1% was included in the model. S3 and 782 

S5 Tables give the number of isolates and SNPs before and after filtering for each country and 783 

pairwise-country dataset.  784 

 785 

IBD segments are reported based on the results from the Viterbi algorithm [53] and segments that 786 

contain less than 20 SNPs or have lengths less than 50,000bp are excluded, as they are likely to 787 

represent distant population sharing that is not relevant to recent selection. In the Pf3k analysis, 788 

IBD analyses were performed between all pairs of isolates that remained once filtering 789 

procedures had been applied. 790 

 791 
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The algorithm has been developed as an R package, isoRelate, and can be downloaded from 792 

https://github.com/bahlolab/isoRelate. 793 

 794 

Identifying selection signals and assessing significance from IBD 795 

 796 

Using normalisation procedures previously applied in algorithms such as EIGENSTRAT [54] we 797 

derived a test statistic that approximately followed a normal distribution and which could thus be 798 

interpreted probabilistically using distributional assumptions, rather than resorting to 799 

computationally demanding permutation tests.  800 

 801 

To calculate the test statistic we first created a matrix of binary IBD status with rows 802 

corresponding to SNPs and columns corresponding to isolate pairs. For each column, we subtract 803 

the column mean from all rows to account for the amount of relatedness between each pair. 804 

Following this we subtract the row mean from each row and divide by the square root of pi(1-pi), 805 

where pi is the population allele frequency of SNP i. This adjusts for differences in SNP allele 806 

frequencies, which can affect the ability to detect IBD. Next we calculate row sums and divide 807 

these values by the square root of the number of pairs. These summary statistics are normalized 808 

genome-wide by binning all SNPs into 100 equally sized bins partitioned on allele frequencies 809 

and then we subtracted the mean and divided by the standard deviation of all values within each 810 

bin. Negative z-scores are difficult to interpret when investigating positive selection; therefore we 811 

square the z-scores such that the new summary statistics follow a chi-squared distribution with 1 812 

degree of freedom. This produces a set of genome wide test statistics (XiR,s), where  XiR,s is the 813 

chisquare distributed test statistic for IBD sharing from isoRelate at SNP s.  814 

 815 
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We calculate p-values for (XiR,s), after which we perform a –log10 transformation of the p-values 816 

to produce our final summary statistics, used to investigate the significance of selection 817 

signatures. Finally, a 5% genome-wide significance threshold was used to assess evidence of 818 

positive selection. 819 

 820 

Comparing methods for the detection of selection on simulated data 821 

 822 

We performed a standard analysis of selection signals using the scikit-allel v0.201.1 package in 823 

Python 2.7 [55, 56]. To compute selection statistics on simulated data, we calculated the 824 

integrated haplotype score (iHS) for SNPs passing a MAF filter of 1% [17].  We note that SNPs 825 

were removed from analysis if they were not in a core region of the genome as defined by Miles 826 

et al. [15]. We report the iHS if the EHH decays to 0.05 before reaching the final SNP examined 827 

within a maximum gap distance of 2 Mb spanning the EHH region, otherwise iHS was set to 828 

missing.  To standardize iHS we binned all SNPs into 100 equally sized bins partitioned on allele 829 

frequencies and then subtracted the mean and divided by the standard deviation of iHS within that 830 

bin. We computed log10 p-values using the normalized iHS from a standard normal distribution.  831 

 832 

To detect selection using haploPS [18], SNPs passing a MAF filter of 1% that were in core 833 

regions of the genome were analysed. We first calculated the adjusted haploPS score for 834 

haplotypes identified at core frequencies of 5% to 95% in increments of 5%. This score is 835 

calculated by comparing the lengths of the identified haplotypes to the lengths of other haplotypes 836 

that are present as similar frequencies in the dataset. Regions were considered to be under 837 

positive selection if the adjusted haplotype score was less than 0.05. Since haplotypes are 838 

identified across multiple core frequencies, similar regions of positive selection are detected 839 

across these frequencies. We stacked the significant haplotypes around each SNP, identified 840 
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across the different core frequencies, and calculated the number of significant haplotypes that 841 

overlap each SNP. Regions that have undergone strong positive selection in the form of a hard 842 

sweep will typically be inferred as positively selected across multiple core frequencies, therefore 843 

the number of significant haplotypes that overlap each SNP within these regions should be larger 844 

than those in regions that have not undergone selection. 845 

 846 

Since a large number of analyses were carried out (10 replications for each of the 15 scenarios of 847 

sweeps, with haplotypes sampled at 4 time points following selection), results were summarised 848 

as follows. For isoRelate and iHS, we calculated the genetic distance between the SNP with the 849 

largest –log10 p-value and the selected allele. While for haploPS we calculated the distance 850 

between the selected allele and the SNP with the most number of significant haplotypes inferred 851 

across the core frequencies. Boxplots were created for each combination of scenarios from the 10 852 

replications. Boxplots centered around zero with a small interquartile range are indicative of a 853 

sweep being consistently detected, and a method performing well. 854 

 855 

Relatedness networks 856 

 857 

To examine the haplotype sharing between isolates within and between countries, both as 858 

genome-wide averages and at a regional level, we generated relatedness networks using the R 859 

package igraph [57]. Each node in the network represents a unique isolate and an edge is drawn 860 

between two nodes if the isolates are IBD anywhere within the interval for the regional 861 

investigations (Fig 4-7) and if the isolates share more than 90% of their genome IBD for the 862 

genome-wide analyses (Fig 2). Isolates with MOI = 1 are represented by circle nodes while 863 

isolates with MOI > 1 are represented by squares. Node colors are unique for isolates from 864 

different countries. 865 
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 866 

Detecting multidrug resistance 867 

 868 

To investigate multidrug resistance we extract all pairs who are IBD over a drug resistant gene of 869 

interest. Here a pair is classified as IBD if they have an IBD segment that partially or completely 870 

overlaps the specified interval. From this subset of pairs we calculate our selection signal as per 871 

usual and investigate the distribution of these statistics across the genome. All selection 872 

signatures that reach significance provide evidence of co-inheritance and thus mutual-selection in 873 

these pairs. Therefore we examine joint selection of an antimalarial drug resistant gene with other 874 

drug resistant genes for evidence of multidrug resistance. 875 
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