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 2 

Abstract 33 

Mixed-species, mixed-strain Plasmodia infections are known to occur in humans in malaria 34 

endemic areas. To date, the true extent of this complexity has not been explored in high-35 

burden countries of sub-Saharan Africa. Here we take a metagenomic lens to infections 36 

obtained by sampling variable blood volumes from residents living in high, seasonal 37 

transmission in northern Ghana. We identified significantly higher prevalence of Plasmodium 38 

spp. and inter-/intra-species complexity in larger blood volumes. Overall, malaria infections 39 

displayed high levels of metagenomic complexity comprising single-, double-, and triple-40 

species infections with varying levels of complexity for P. falciparum, P. malariae, P. ovale 41 

curtisi, and P. ovale wallikeri. We present evidence of individuals with greater susceptibility 42 

to highly-complex infections that cannot be explained by age or location. The implications of 43 

these findings to malaria epidemiology and control are illustrated by a geographic scaling 44 

exercise to district and region levels in Ghana. 45 

 46 

 47 

1. Introduction 48 

Hematozoan parasites represent a taxonomic group of eukaryotic microorganisms that infect 49 

a broad range of hosts. The most studied of this group are the causative agents of malaria, 50 

Plasmodium spp., a taxon that has been shown to be highly diverse1. The definitive hosts of 51 

malaria parasites, including humans, lizards, birds, and non-human primates, are frequently 52 

infected with multiple diverse species and strains, e.g.2–8. Despite this diversity, malaria is 53 

often too simplistically considered a disease caused by a single infectious agent, due in the 54 

case of humans to the dominating prevalence of a single species of Plasmodium falciparum 55 

that causes the major burden of infection globally. Often overlooked is the extreme genomic 56 

diversity of P. falciparum strains and other Plasmodium spp. in a host and how they may 57 

interact5,9. 58 

 59 

The most recent World Health Organisation (WHO) Malaria Report shows that 95% of malaria 60 

cases occur in sub-Saharan Africa, with most found in eleven high-burden countries in Africa, 61 

including Ghana10. In these high-transmission endemic areas, individuals develop non-62 

sterilising immunity protecting against clinical disease but not infection due to the extreme 63 
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genomic diversity of Plasmodium spp., especially of P. falciparum with less known about the 64 

other species infecting humans11–17. These infections are typically asymptomatic and key to 65 

sustaining transmission18. Surveillance of the asymptomatic reservoir in humans has typically 66 

observed a large gradient in parasite density for P. falciparum, with most of these being 67 

submicroscopic or low-density infections with densities significantly lower than observed in 68 

clinical infections (Fig. S1). Whilst it is known that individuals harbour infections with mixed 69 

species and strains19,20, the extent of this within-host complexity in the asymptomatic 70 

reservoir has never been explored. 71 

 72 

Here we present a metagenomic approach to study malaria in high transmission, given that 73 

malaria infection in a person comprises a community of parasites. Current reliance on whole 74 

genome sequencing with limitations in methods to phase genomes in highly-complex 75 

infections has forced the field to view infections simplistically by examining dominant 76 

parasites whilst ignoring rare species or strains with potential for emergence. In contrast, a 77 

key aspect of metagenomic experimental design is ensuring deep sampling to capture most 78 

of the complexity of a community, as employed in environments as diverse as human 79 

microbiome and space microbiology21–23. Similarly, this must be considered when designing 80 

malaria surveillance and genetic studies in high transmission, where the end game is to 81 

eliminate the species or detect the emergence of drug-resistant parasites. It is currently 82 

unknown if the routine sampling of a small blood volume from dried blood spot (DBS) cuttings 83 

in epidemiological surveys is reflective of actual metagenomic complexity per person in high 84 

transmission. 85 

 86 

We set out to explore the impact of deep blood volume sampling on the metagenomic 87 

complexity of Plasmodium spp. in 188 afebrile human hosts in four age groups, living in high 88 

transmission in Bongo District, Ghana. We report significantly higher prevalence of 89 

Plasmodium spp. with deeper sampling compared to DBS and also observed higher P. 90 

falciparum complexity defined as multiplicity of infection (MOI). This contributed to increased 91 

richness in the population whilst low genetic similarity among isolates was maintained. We 92 

showed that complexity of malaria infections in the Sahel region of Ghana comprises single-, 93 

double-, and triple-species infections with varying MOI levels per species and identified 94 

individuals more susceptible to highly-complex infections. Our findings determined that both 95 
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broad and deep sampling of a reservoir is crucial for accurate representation of the parasite 96 

population in an endemic area, requiring us to view complexity cumulatively in a 97 

metagenomic sense, not only of the dominant P. falciparum species but also of the minor 98 

Plasmodium spp. species inclusively. 99 

 100 

2. Results 101 

To measure infection complexity across species, we define here terms used in this study (Fig. 102 

1). Sex is an obligatory part of the Plasmodium spp. life-cycle and constant outcrossing occurs 103 

in nature, especially in high transmission24,25. Therefore, unlike in bacteriology where strains 104 

are defined as clonal entities, this study defines “strains” as genetically-diverse parasites that 105 

are distinct either by antigen (for P. falciparum and P. ovale spp.) or by neutral markers 106 

(microsatellites, for P. malariae). The number of different strains per person is represented 107 

by “multiplicity of infection” (MOI). “Metagenomic complexity” further summarises MOI 108 

across the combination of species as a measure of overall within-host complexity. 109 

 110 

 111 
Fig. 1. Defining terminologies in this study. We define “strains” of malaria parasites as genetically-112 
diverse parasites that are distinct either antigenically (for P. falciparum and P. ovale spp.) or by 113 
genotypes based on neutral microsatellites (for P. malariae). “Multiplicity of infection” (MOI) 114 
represents the number of different strains per person. “Metagenomic complexity” summarises MOI 115 
across the combination of species as a measure of overall within-host complexity. 116 
 117 

 118 

 119 

 120 
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2.1 Demography of participants and parasitological characteristics of infections 121 

This study was conducted in the Bongo District (Vea/Gowrie catchment area) in the Upper 122 

East Region of northern Ghana, characterised by seasonal malaria transmission26,27. Based on 123 

the WHO “A Framework for Malaria Elimination”28, this area is categorised as “high 124 

transmission” where P. falciparum microscopic prevalence was ≥35% at baseline in 201226,27. 125 

A study population of 188 individuals (i.e. “isolates”) with age ranges 6-90 years were sampled 126 

in November 2020 (Tables S1, S2). Children <5 years were receiving seasonal malaria 127 

chemoprevention (SMC) and excluded. Of the 188 isolates, 75.5% were adolescents (11-20 128 

years) and adults (≥21 years), generally excluded in current malaria surveillance where the 129 

target is measuring disease burden29. Only 17.6% of the 188 isolates were found to be 130 

microscopically-positive for Plasmodium spp., predominantly of P. falciparum, including 131 

mixed infections. We also identified microscopy-negative isolates with positive P. falciparum 132 

histidine-rich protein 2 (PfHRP2) measurements. 133 

 134 

2.2 Higher prevalence of Plasmodium spp. multi-species infections in larger pRBC volumes 135 

Overall, Plasmodium spp. prevalence was underestimated when DBS cuttings or small blood 136 

volumes were sampled. Based on 18S rRNA, parasite detection levels were significantly higher 137 

in 100μL packed red blood cells (pRBC) relative to those in DBS, by factors of 1.32× for P. 138 

falciparum, 1.93× for P. malariae, and 2.50× for P. ovale spp. (Fig. 2). An independent 139 

varcoding protocol corroborated P. falciparum findings, indicating 1.36× detection in 100μL 140 

compared to 1μL-pRBC (Table S3). P. vivax remained absent from infections regardless of 141 

blood volume sampling. Increased prevalence of double- and triple-species infections in 142 

100μL-pRBC relative to DBS was also observed (Fig. 2). Parasite prevalence relies on counting 143 

the proportion of human hosts infected but does not capture within-host parasite population 144 

sizes; we explore this within-host complexity and diversity in the subsequent sections. 145 

 146 
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 147 
Fig. 2 Relative to sampling of DBS, sampling of larger pRBC volumes yielded increased prevalence of 148 
Plasmodium spp. infections. Data shown for Plasmodium spp. detection by species-specific 18S rRNA 149 
PCR on DBS and 100μL-pRBC for N=188 isolates, stratified by age (6-10 years (n=46), 11-20 years 150 
(n=47), 21-39 years (n=44), and ≥40 years (n=51)). All infections were negative for P. vivax and 151 
therefore excluded from this figure. (A) Presence or absence of P. falciparum, P. malariae, and P. ovale 152 
spp. as indicated by “Pf”, “Pm”, and “Po” respectively. (B) Number of detected infections by species 153 
and age group. Fisher’s exact test was used to assess significance in differences between DBS and 154 
100uL-pRBC, with symbols *, **, ***, and **** representing p-value significance levels of 0.05, 0.01, 155 
0.001, and 0.0001, respectively. 156 
 157 

2.3 Intra-species complexity of P. falciparum 158 

2.3.1 Greater intra-species complexity of P. falciparum in larger pRBC volumes 159 

Many isolates had greater P. falciparum strain complexity with deeper blood sampling (Fig. 160 

3A, Table S4). Using a fingerprinting method (varcoding) shown to more accurately estimate 161 

P. falciparum MOI (Pf-MOI) in high-transmission areas30,31, 101 isolates had Pf-MOI ≥ 1 across 162 

all four pRBC volumes. Distributions of Pf-MOI were significantly different (p-value < 0.0001), 163 

with the largest increase observed between 1μL- and 100μL-pRBC with median Pf-MOI of 1 164 

and 3, respectively (p-value < 0.0001) (Fig. 3B). Concordance was high for Pf-MOI from 50μL 165 

and 100μL, suggesting near-saturation with these larger volumes (Fig. S2) though Pf-MOI 166 

distributions remained significantly different (p-value < 0.01) (Fig. 3B). Most DBLα types found 167 
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in 1μL-pRBC were also present in the larger volumes (Fig. S3, S4). High concordance in Pf-MOI 168 

was estimated between 40 repeat isolates at all volumes and Pf-MOI distributions between 169 

repeats were not significantly different, supporting a robust approach in this study (Fig. S5). 170 

 171 
Fig. 3. Higher levels of P. falciparum Pf-MOI were detected in larger pRBC volumes. (A) Shown here 172 
are only 147 isolates with Pf-MOI ≥ 1 in at least one pRBC volume, stratified by age (6-10 years (n=37), 173 
11-20 years (n=38), 21-39 years (n=30), and ≥40 years (n=42)). For DBS, isolates in grey were not 174 
varcoded as these were negative by microscopy. (B) Boxplots are shown for isolates with Pf-MOI ≥ 1 175 
for all four pRBC volumes (n=101). Significance of pairwise pRBC comparisons was inferred with 176 
pairwise Wilcoxon signed rank tests, with levels of significance adjusted using the “holm” correction. 177 
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(C) Non-linear relationship between Pf-MOI fold differences (FDPf-MOI in log scale) and the Pf-MOI 178 
measured from 1μL-pRBC volumes (Pf-MOIS), shown for isolates with Pf-MOI ≥ 1 for all four pRBC 179 
volumes (n=101). Red dashed line indicates no difference in Pf-MOI (FDPf-MOI = 1) while green solid line 180 
shows the smooth curve fitted with a generalised additive model. (D) Population-level metrics were 181 
estimated for isolates with Pf-MOI ≥ 1 with isolate repertoire size ≥ 20. Differences in DBLα type 182 
richness and number of infected isolates are shown, represented by bars and points, respectively. (E) 183 
Differences in genetic similarity between isolate repertoires by pairwise-type sharing (PTS), where 184 
most distributions were significantly different, with the exception of 50μL vs 100μL. Boxes within each 185 
violin show the median and interquartile ranges, values available in Table S6. Statistical analysis was 186 
conducted with the Kruskal-Wallis analysis of variance, followed by Dunn’s test for multiple 187 
comparisons. In all plots, significance symbols *, **, ***, and **** represent p-value significance 188 
levels of 0.05, 0.01, 0.001, and 0.0001, respectively. 189 
 190 

2.3.2 Non-linear relationships between Pf-MOI fold differences and initial Pf-MOI 191 

For isolates with Pf-MOI = 0 in a pRBC volume but Pf-MOI ≥ 1 in a different volume, these Pf-192 

MOI values mostly differed by one (Fig. S6). For the 101 isolates with Pf-MOI ≥ 1 across all 193 

four pRBC volumes, relationships between fold differences in Pf-MOI (FDPf-MOI) and the Pf-194 

MOI in the smaller compared pRBC volumes (Pf-MOIS) were non-linear (Fig. 3C, Fig. S7). 195 

Relatively small FDPf-MOI values were observed for MOI comparisons between 50μL- vs 100μL-196 

pRBC, suggesting again that sampling was almost saturated at these volumes sufficient to 197 

capture the complexity of P. falciparum multiclonal infections in our study population. These 198 

non-linear correlations can be considered for use to computationally adjust Pf-MOI values 199 

estimated for DBS samples in large-scale field surveillance. A power analysis based on 200 

proportions of Pf-MOI > 1 isolates in each pair of 1μL vs larger pRBC volume determined that 201 

there was sufficient data for comparison of different pRBC volumes when all isolates were 202 

considered, but larger sample sizes are needed for age-stratified analyses (Table S5). 203 

 204 

2.3.3 Increased P. falciparum complexity added to richness while infections remained 205 

largely unrelated 206 

Our observations can be used to evaluate potential differences in epidemiological and 207 

population genetics metrics when variable blood volumes are sampled for a same set of 208 

isolates. Increased DBLα type richness was observed with larger pRBC sampling volumes (Fig. 209 

3D) while DBLα type sharing between isolate repertoires remained low for all four pRBC 210 

volumes, indicating minimal genetic overlap (Fig. 3E, Table S6). Thus, not only did the deeper 211 

sampling of volume detect greater complexity of strains within infections in the form of higher 212 

Pf-MOI, this additional complexity contributed newly-detected diversity in the population 213 
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such that we did not find clonal or highly-related parasites between isolates, as evidenced 214 

from rising cumulative diversity (Fig. S8). 215 

 216 

2.3.4 Shallow broad sampling vs deep restricted sampling: is one approach enough for 217 

malaria surveillance? 218 

We also had DBS samples from 1,809 individuals from our larger cross-sectional survey in 219 

Bongo collected during the same surveyed time point. Of these, 263 were positive for 220 

asymptomatic P. falciparum infections by microscopy. When comparing DBLα types 221 

recovered from DBS of 263 asymptomatic isolates and 100μL-pRBC from 113 isolates, only 222 

32.1% of the total 21,222 DBLα types was seen in combined DBS and 100μL-pRBC samples 223 

(Fig. S9, Table S7). Deep vertical sampling of the population using 100μL-pRBC volumes 224 

recovered 23.1% of the total DBLα types that were not recovered in broad sampling of DBS 225 

of the same Bongo population at relatively shallow depths. The remainder of 44.8% of total 226 

DBLα types was recovered by DBS sampling but not seen in the pRBC sampling. Finding 227 

subsets of DBLα types exclusively from different sample sources suggests that both sampling 228 

approaches are necessary and complementary to more accurately reflect true population-229 

level metrices. 230 

 231 

2.4 Inter- and intra-species complexity of Plasmodium spp. 232 

We report on infection complexity for three minor species P. malariae (Pm-MOI), P. ovale 233 

curtisi (Poc-MOI), and P. ovale wallikeri (Pow-MOI) in 100μL-pRBC samples of isolates 234 

previously identified as positive by 18S rRNA. For 26 P. malariae isolates, microsatellite data 235 

revealed a median Pm-MOI of 2 [range: 1-4]. Of the ten P. ovale spp. isolates, there were eight 236 

P. ovale curtisi, one P. ovale wallikeri, and one double-species infection based on the P. ovale 237 

spp. tryptophan-rich antigen gene (potra), with fragment sizes reporting Poc-MOI and/or 238 

Pow-MOI of 1. 239 

 240 

For 146 isolates with any MOI data, the summation of estimated MOI across all four species 241 

is expressed as metagenomic complexity (Fig. 4A), showing single-, double-, or triple-species 242 

infections (Fig. 4B). Whilst the one triple Pm-Poc-Pow infection reflected an absence of P. 243 

falciparum (i.e. varcoding data, Pf-MOI = 0), P. falciparum was detected in this isolate with 244 

18S rRNA PCR, suggesting a possible quadruple-species infection. The absence of P. 245 
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falciparum in the two Pm-only infections was supported by 18S rRNA PCR (i.e., not detected) 246 

and varcoding data (i.e., Pf-MOI = 0). 247 

 248 
Fig. 4. Malaria infection complexity comprising of single-, double-, and triple-species infections with 249 
varying MOI levels. Isolates are ordered in increasing metagenomic complexity, i.e. total MOI from 250 
four combined Plasmodium spp. species. (A) Metagenomic complexity calculated from the summation 251 
of estimated MOI across all four species of P. falciparum (Pf), P. malariae (Pm), P. ovale curtisi (Poc), 252 
and P. ovale wallikeri (Pow). (B) Proportion of complexity representing the proportion of MOI 253 
contributed per species. 254 
 255 

Extreme metagenomic complexity with summed MOI from 10-23 was seen in a subset of 256 

individuals in every age group (Fig. 4A), occurring at a prevalence of 5.85% in this survey of 257 

188 individuals. Most of these were in the groups of children and adolescents. These 258 

individuals had as many as 7-20 different P. falciparum antigenic strains, 2-4 P. malariae 259 

genotypes by microsatellites, and/or 1 each of P. ovale curtisi/P. ovale walikeri antigenic 260 

strains by potra. It is unclear why extreme complexity was found in these individuals, 261 

comprising nine males and two females. Inspection of association between metagenomic 262 

complexity and human host or spatial characteristics did not yield any notable findings (Table 263 

S8). 264 

 265 
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2.5 Impact on malaria surveillance and elimination  266 

By comparing DBS or 1uL-pRBC to deeper sampling of 100uL-pRBC, this study quantified the 267 

underestimation of prevalence and metagenomic complexity in current protocols employing 268 

small blood volumes. Exemplified below is the application of these quantified factors to adjust 269 

estimates from the larger survey of DBS samples of 1,809 individuals in Bongo, of which 1,455 270 

were aged ≥6 years. 271 

 272 

The Malaria Atlas Project (MAP) reports standardised rapid diagnostic tests and microscopy-273 

based P. falciparum prevalence of 8.9% in Bongo, based on the proportion of children aged 274 

2-10 years in a defined year32. Employing molecular methods on DBS samples, we estimated 275 

higher P. falciparum prevalence in the same age group of children aged 2-10 years (34.6%) 276 

and even higher prevalence when individuals of all ages were inspected (49.5%) (Fig. 5A). 277 

Following adjustments to account for deeper volume sampling, a 65.6% P. falciparum 278 

prevalence was estimated for Bongo. This study additionally made available prevalence data 279 

for minor Plasmodium species currently unavailable in MAP. 280 

 281 

To illustrate the relevance of these findings to malaria surveillance and elimination, we scaled 282 

up prevalence and P. falciparum complexity data to the district and regional levels in Bongo 283 

and Upper East Ghana, respectively, based on a 2021 Population and Housing census by the 284 

Ghana Statistical Service (GSS)33,34. Scale up of difference in prevalence of P. falciparum, P. 285 

malariae, and P. ovale spp. (Fig. 5B) predicted that tens of thousands of Plasmodium spp. 286 

infections would be missed in Bongo District from using DBS, and hundreds of thousands 287 

would be missed in the wider Upper East Region in Ghana (Table S9). In a population, 288 

thousands of these individuals are expected to be heavily infected with highly-complex 289 

infections, representing a substantial reservoir. This study provides a sampling frame to look 290 

for these individuals for further exploration. 291 

 292 

Whilst parasite prevalence and clinical incidence count the number of infected human hosts 293 

(Fig. 5A and B), other metrics such as MOI and parasite census population size count the 294 

number of diverse parasite genomes in infections (Fig. 5C). A mean Pf-MOI of 3.04 was 295 

calculated from varcoding of DBS samples from 247 individuals microscopy-positive for P. 296 

falciparum. Subsequently, mean Pf-MOI was adjusted to 5.89 to account for deeper volume 297 
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sampling, resulting in larger parasite census population sizes in Bongo District and the Upper 298 

East Region in Ghana. 299 

 300 
Fig. 5. Impact of underestimated complexity on the large reservoir in the Bongo District and the 301 
Upper East Region in Ghana. In this figure, “Adjusted” represents adjusted estimates to account for 302 
deeper volume sampling (i.e. 100μL). (A) LEFT: Malaria Atlas Project (MAP) report of P. falciparum 303 
infection prevalence by region in Ghana in children 2-10 years. RIGHT: Comparison of P. falciparum 304 
prevalences in Bongo estimated by MAP in children 2-10 years, by 18S rRNA in our larger DBS survey 305 
in children 2-10 years, in our larger DBS survey in all ages, and adjusted for deeper volume sampling 306 
in all ages. Also shown are prevalences for minor species P. malariae and P. ovale spp. that are not 307 
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available in MAP. (B) Impact on metrics that count infected hosts. Prevalence and adjusted prevalence 308 
estimated from the larger DBS survey in individuals ≥6 years were scaled up to approximate the 309 
number of malaria cases in the Bongo DBS survey, Bongo District, and the Upper East Region in Ghana, 310 
detailed in Table S9. Similarly, the numbers of heavily-infected individuals with extreme metagenomic 311 
complexity in these regions were approximated with the 5.85% prevalence observed in this study. (C) 312 
Impact on metrics that count diverse parasites. Similarly, mean Pf-MOI and adjusted mean Pf-MOI 313 
estimated from the larger DBS survey in individuals ≥6 years were scaled up to approximate the 314 
parasite census population size in the Bongo DBS survey, Bongo District, and the Upper East Region in 315 
Ghana without age stratification. 316 
 317 

3. Discussion 318 

Our metagenomic approach of sampling variable blood volumes for Plasmodium spp. species 319 

in Bongo, Ghana highlighted the complexity of infections in this area of West Africa. This 320 

endemic area is typical of high seasonal transmission in the Sahel so our results can be broadly 321 

translated to this high-burden region of West Africa, even those experiencing intense malaria 322 

control35,36. This contemporary deep dive into Plasmodium spp. infection complexity, post-323 

multiple interventions37 found P. falciparum as the dominant species with minor species P. 324 

malaria, P.ovale curtisi, and P. ovale wallikeri present, generally at submicroscopic levels. P. 325 

vivax was undetected in the Bongo population, likely due to the significant protection of 326 

Duffy-negativity against sustained endemic P. vivax infections in West African human hosts38.  327 

Scaling up to district and regional level, we predicted that most individuals of all ages are 328 

infected with Plasmodium spp. and current DBS surveys are significantly underestimating the 329 

prevalence of minor species infections. 330 

 331 

Our report of single-, double-, and triple-species infections comprising varying MOI levels per 332 

species shows that highly complex infections are common in this asymptomatic reservoir in 333 

Ghana. Of note, we observed a subset of individuals with extreme metagenomic complexity 334 

of infection in all age classes. Whether susceptibility to extreme mixed infections is due to 335 

behavioural, host genetic, immunological, or environmental factors warrants further 336 

investigation. This observation is reminiscent of “wormy” people observed in helminth 337 

ecology/epidemiology studies39 and predicted by anopheline preferential biting behaviour39. 338 

These heavily-infected individuals warrant further investigation. 339 

 340 

Given the elevated diversity and frequent multiclonal infections in the malaria reservoir in 341 

high-transmission areas, metrics of parasite prevalence and clinical incidence that use the 342 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted May 2, 2025. ; https://doi.org/10.1101/2025.04.29.25326533doi: medRxiv preprint 

https://doi.org/10.1101/2025.04.29.25326533
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

infected human host as the unit of measurement do not capture the complexity of infections 343 

in the asymptomatic reservoir. We have illustrated the impact of scaling prevalence of 344 

infected hosts based on deeper sampling in Bongo District and the larger Upper East Region 345 

of Ghana. Scaling up on within-host diversity must consider the observed non-linear 346 

relationship between fold differences in Pf-MOI and the Pf-MOI in the smaller compared pRBC 347 

volumes, with the obvious implication that DBS estimates cannot be corrected by a single 348 

factor of difference. Instead, such a factor must be calculated using a measured distribution, 349 

where adjustments are mostly needed for isolates with Pf-MOI in the 1 to 3 range. Larger 350 

sample sizes stratified by age, gender, and relevant heterogeneities to an endemic area will 351 

be necessary to explore these non-linear relationships further as will Bayesian approaches32. 352 

This type of scale-up of a study to multiple spatial sites counting both infected hosts and 353 

genetically-diverse parasites per host has broad applications for geographic information 354 

system (GIS) mapping, such as for the Malaria Atlas Project32. Our findings make the case that 355 

both broad and deep sampling of all ages in sentinel sites is needed to achieve accurate 356 

representation of an asymptomatic reservoir. 357 

 358 

Malaria elimination in Africa requires a focus on the reservoir, characterised by low-density 359 

subclinical infections. Yet, there have been limited investigations of these low-density 360 

subclinical infections of Plasmodium species in general40–43, with the majority of current 361 

molecular methods developed for high-density, clinical samples. In this context, our study 362 

serves as a warning of the extent of the malaria problem in terms of prevalence and diversity 363 

in the reservoir of infection in all ages in high-burden, high-transmission areas in Africa. Data 364 

presented also point to the need for a change in perspective and approaches in malaria 365 

genomic surveillance, so that we view malaria infections holistically as the complex infections 366 

that they are rather than the examination of each species individually17,44–47. In doing so, we 367 

can better study the impact of transmission-reducing interventions such as indoor residual 368 

spraying (IRS) and vaccines on the reservoir37.  369 

 370 

Additionally, metagenomics offers a way to study emerging drug resistance in rare strains and 371 

minor species conferred through current treatment regimens optimised for P. falciparum48–372 
50. With prolonged SMC and widespread use of antimalarials to P. falciparum in communities, 373 

the probability of drug resistance is likely to increase silently in P. malariae and P. ovale spp., 374 
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pointing to the need for deep sampling of the reservoir. Such mutations have already been 375 

found with investigators using whole genome amplification and large volumes of blood from 376 

clinical cases where parasitaemias are significantly higher51. Metagenomics further allows us 377 

a means to examine complex interactions among species (e.g.5) revealed by epidemiological 378 

patterns as well as emergence of minor species with relapse capability. To achieve this, 379 

accurate measurement of infection complexity is crucial by taking on board metagenomic 380 

approaches to sampling. Broadly, our results are also relevant to those doing surveillance of 381 

Haemosporidian parasites of other hosts infected with multiple species and genotypes. 382 

 383 

4. Methods 384 

Detailed methods are available in Supplementary Data 1. 385 

4.1 Study area and population 386 

This study was conducted in the Bongo District (Vea/Gowrie catchment area) in the Upper 387 

East Region of northern Ghana. Informed consent was obtained from key stakeholders and 388 

the local community in Bongo District. Members of the local community were trained as field 389 

workers directly involved in liaising with the community and in the collection of data. At the 390 

time of this survey, the population had undergone malaria control interventions, including 391 

long-lasting insecticidal nets (LLINs), three rounds of indoor residual spraying (IRS) (2013-392 

2015), and five consecutive years (2016-2020) of seasonal malaria chemoprevention (SMC) 393 

administered at monthly intervals during the malaria season to children between the ages of 394 

3-59 months (i.e. <5 years old)30. This study was reviewed and approved by the ethics 395 

committees at the Navrongo Health Research Centre, Ghana (NHRC IRB-131) and 396 

The University of Melbourne, Australia (HREC 21649). 397 

 398 

4.2 Estimation of WB and pRBC volume equivalent in DBS 399 

The typical protocol in the field involves collecting 3-4 dried blood spots (DBS) per filter 400 

paper52. From these small DBS, two sections are cut (~5mm × 5mm each) for gDNA extraction. 401 

We approximated that two 5mm × 5mm DBS cuttings contains the equivalent of ~6-7μL of 402 

whole blood (Supplementary Data 2). Given the average expected proportion of RBCs at 403 

~40%, our typical DBS cuttings would thus have the equivalent of ~2.4-2.8μL packed red blood 404 

cells (pRBC), with some variation due to a person’s hermatocrit levels. 405 
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 406 

4.3 Parasitological measurements 407 

Parasitological measurement methods were performed as previously published37,53. Briefly, 408 

parasite densities were counted against 200 white blood cells (WBC) on 10% Giemsa-stained 409 

thick film blood smears and examined under oil immersion of 100-fold magnification. Final 410 

parasite densities (parasites/mL of blood) were calculated by averaging two independent 411 

readings, assuming an average WBC count of 8,000/μL of blood. Parasite species were 412 

identified using a 100-fold magnification of thin film smears and categorised based on 413 

morphology. 414 

 415 

4.4. Sampling of venous whole blood and dried blood spot samples 416 

4.4.1. Whole blood (WB) 417 

200 individuals with ages ranging 6-90 years were sampled. Children <5 years receiving SMC 418 

were excluded. Approximately 5mL of venous whole blood samples (WB) were collected per 419 

person and transported to the Navrongo Health Research Centre, where they were processed 420 

within 2-4 hours after collection. These WB samples were centrifuged to separate the WB into 421 

components of pRBC, white blood cells, and plasma. All three components were harvested 422 

individually and stored at -80°C. 423 

4.4.2. Dried blood spots (DBS) 424 

At the same time as the venous whole blood collection, DBS were also collected onto filter 425 

paper (3MM Whatman) for the same participants and for a larger subset of the population 426 

(see 30 for detailed methods on DBS collection). 427 

 428 

4.5. Extraction of genomic DNA from pRBC and DBS 429 

Of the 200 individuals (i.e. “isolates”), a total of 12 were excluded (Table S1). Nine were 430 

excluded as these could not be matched accurately to epidemiological data. The remaining 431 

three isolates were excluded as these were later confirmed to be symptomatic (i.e. febrile 432 

and microscopically-positive for P. falciparum). Genomic DNA was extracted from four 433 

volumes of pRBC (1μL, 10μL, 50μL, 100μL) from the remaining 188 afebrile isolates. Genomic 434 

DNA was eluted in 50μL buffer AE. In this study, a “sample” refers to a DBS or pRBC volume 435 

per isolate, hence there can be multiple samples per isolate. 436 

 437 
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Two 5mm × 5 mm sections were cut from DBS and gDNA was extracted as previously 438 

published26. Genomic DNA was eluted in 50μL buffer AE. 439 

 440 

4.6. Measurement of plasma PfHRP2 concentrations 441 

Plasma PfHRP2 concentration was determined using the Quantimal CELISA kit (TM, Cellabs). 442 

In this enzyme-linked immunosorbent assay, wells are coated with a primary monoclonal 443 

antibody to PfHRP2, sample is applied and wells are washed, then probed with a secondary 444 

anti-Pf antibody conjugated to horseradish peroxidase (HRP) for detection at 450nm. 445 

 446 

4.7. Detection of Plasmodium spp. using 18S rRNA species-specific PCR 447 

Plasmodium species detection was performed on the DBS and 100μL-pRBC samples (N=188 448 

isolates). To detect the presence of different Plasmodium species, previously published 449 

protocols with modifications were used26,54. A nested polymerase chain reaction targeting the 450 

18S ribosomal RNA gene (18S rRNA) was performed26 to identify Plasmodium species in DBS 451 

and pRBC samples25. The different Plasmodium spp. were determined to be present based on 452 

band size (P. falciparum: 205bp, P. malariae: 144bp, P. ovale spp.: 800bp, P. vivax: 120bp). 453 

 454 

4.8. Genotyping of P. malariae using microsatellites 455 

Of the 188 isolates, 26 were identified as P. malariae-infected isolates through species-456 

specific PCR. The 100µL-pRBC sample for each of these isolates was genotyped at 12 neutral 457 

microsatellite markers using previously published primers55,56. A semi-nested PCR protocol 458 

was adapted for low-density infections (Rios-Teran et al., ‘In preparation’). Four pools were 459 

prepared per isolate for fragment analysis by capillary electrophoresis. Allele sizes were 460 

measured by comparing with the size standard LIZ500. Only alleles greater than one third of 461 

the dominant allele were scored to avoid stutter peaks. Automated binning was performed 462 

using tandem57. 463 

 464 

4.9. Identification and genotyping of P. ovale spp. using potra 465 

Of the 188 isolates, 10 were identified as P. ovale spp.-infected isolates through species-466 

specific PCR. The 100µL-pRBC sample for each of these isolates was genotyped for P. ovale 467 

spp. identification (i.e., P. ovale curtisi or P. ovale wallikeri) and subsequently genetic 468 

diversity. This semi-nested PCR protocol involves P. ovale spp. specific amplification of a size-469 
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polymorphic fragment of the tryptophan-rich antigen gene (potra)16,58 with modifications for 470 

low-density infections (Rios-Teran et al., ‘In preparation’). Visualised on 2% agarose gel, the 471 

species P. ovale curtisi or P. ovale wallikeri was present if a band was seen around 400-600bp.  472 

 473 

4.10. Targeted amplicon sequencing of P. falciparum DBLα tags with varcoding 474 

The varcoding method has been shown to be appropriate for MOI estimation in high 475 

transmission, outperforming SNP-based barcodes31,59. This method utilises targeted amplicon 476 

sequencing of var DBLα type sequences encoding a Duffy-binding-like domain of Plasmodium 477 

falciparum erythrocyte membrane protein 1 (PfEMP1). For DBS samples, varcoding was 478 

performed on microscopy-positive isolates using primers and protocols previously 479 

described30. 480 

 481 

For pRBC samples, a modified protocol was applied, detailed in Supplementary Data 1. Four 482 

pRBC volumes for 188 isolates were varcoded, including those that appear negative by 483 

microscopy or species-specific PCR. Forty isolates were randomly selected as repeats to assess 484 

the reproducibility. Laboratory strains were included as positive controls. Samples of varying 485 

pRBC volumes of a same isolate and repeats were sequenced on the Illumina MiSeq platform 486 

(2 × 300bp) in the same sequencing pool and run. 487 

 488 

4.11. Processing DBLα tags into DBLα types 489 

An established bioinformatics workflow60,61 consisting of a suite of pipelines was used to 490 

generate DBLα tags from raw Illumina paired-end reads (https://github.com/UniMelb-Day-491 

Lab/tutorialDBLalpha). DBLα tag sequence data included DBLα tags from pRBC generated in 492 

this study, combined with DBLα tags from an interrupted time-series study in Bongo, 493 

involving one pilot and eight cross-sectional surveys conducted between 2012 to 2020 (i.e. 494 

Malaria Reservoir Study). These surveys involved mostly asymptomatic isolates26,30,62 with 495 

small proportions of symptomatic and clinical isolates (unpublished). DBLα data cleaning60, 496 

clustering60 at a 96% nucleotide identity threshold63, and classification into ups groups64 was 497 

performed with published pipelines (Supplementary Data 1). 498 

 499 

4.12. Estimation of isolate repertoire size and multiplicity of infection (Pf-MOI) 500 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted May 2, 2025. ; https://doi.org/10.1101/2025.04.29.25326533doi: medRxiv preprint 

https://doi.org/10.1101/2025.04.29.25326533
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

The isolate repertoire size represents the number of unique DBLα types in an isolate. Pf-MOI 501 

represents the estimated number of unique parasite genomes in an isolate. For samples with 502 

≥20 DBLα types, Pf-MOI in each sample was estimated using a Bayesian approach 503 

(prior=“uniform”, aggregate=“pool”)30. Samples with ≥1 DBLα types but <20 DBLα types were 504 

assigned MOI=1. 505 

 506 

4.13. Estimation of fold difference (FDPf-MOI) and model fitting 507 

Differences in Pf-MOI were expressed as fold differences (FD):  508 

𝐹𝐷!"# =
𝑀𝑂𝐼$
𝑀𝑂𝐼%

 509 

where MOIS and MOIL are the Pf-MOI of the smaller (S) and larger (L) volume samplings, 510 

respectively, of a same isolate. A generalised additive model (GAM) was fit to the data (FDPf-511 

MOI and Pf-MOIS) with penalised smoothing parameters selected by REML (gam function in 512 

mgcv v1.9-165). 513 

 514 

4.14. Estimation of genetic similarity or overlap between isolate repertoires 515 

To ensure robust analyses exploring genetic similarity, we evaluated only samples with ≥ 20 516 

DBLα types (i.e. isolate repertoire size ≥ 20). Genetic similarity of repertoires of two isolate 517 

repertoires is generally represented by the pairwise type sharing metric (PTS)63. Specifically: 518 

𝑃𝑇𝑆 =
2 ∗ 𝑠ℎ𝑎𝑟𝑒𝑑&'
𝑆𝑖𝑧𝑒& + 𝑆𝑖𝑧𝑒'

 519 

where sharedij is the shared number of DBLα types between isolate repertoires of samples i 520 

and j, and Sizei and Sizej are the isolate repertoire sizes of samples i and j, respectively. A value 521 

of 0 indicates the absence of sharing between two samples while a value of 1 indicates 522 

completely identical DBLα repertoires. 523 

 524 

Genetic similarity between isolate repertoires from two different pRBC volumes was assessed 525 

in a directional manner relative to the isolate repertoire size of a reference sampled volume 526 

(i.e. denominator)60: 527 

𝑃𝑇𝑆% =	
𝑠ℎ𝑎𝑟𝑒𝑑%$
𝑆𝑖𝑧𝑒%

; 𝑃𝑇𝑆$ =
𝑠ℎ𝑎𝑟𝑒𝑑%$
𝑆𝑖𝑧𝑒$

 528 
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where sharedSL is the shared number of DBLα types between isolate repertoires of smaller (S) 529 

and larger (L) volume samplings of a same isolate, and SizeS and SizeL are the isolate repertoire 530 

sizes of smaller and larger volume samplings, respectively, of a same isolate (i.e. VolS and 531 

VolL). High PTSS and low PTSL values indicate that DBLα types identified in the smaller volume 532 

are also present in the larger volume and that there are additional DBLα types identified in 533 

the larger volume but not found in the smaller volume. 534 

 535 

4.15. Scaling up prevalence, Pf-MOI, and parasite census population size to larger regions 536 

in Bongo and Upper East Ghana 537 

Prevalence, mean MOI, and parasite census population size18 values were estimated from DBS 538 

samples of a larger surveyed 1,455 individuals aged ≥6 years. These values were further 539 

adjusted to obtain estimates if isolates were sampled more deeply at 100μL (Supplementary 540 

Data 1). Further scaling up to the larger population sizes of Bongo and Upper East Region of 541 

Ghana provided an approximation of the number of infections or parasites underestimated 542 

in these regions. Given the exclusion of children ≤ 5 years from this study, population size 543 

data was split for 0-9 years with a 6:4 ratio into two age groups 0-5 years and 6-9 years. 544 

Relevant to our study. The final age-structured population size data as follows: 545 

• Bongo District: 102,004 [≥6 years]; 12,166 [6-9 years]; 28,494 [10-19 years]; 35,135 [20-546 

39 years]; 26,209 [≥40 years]. 547 

• Upper East Region: 1,100,676 [≥6 years]; 133,700 [6-9 years]; 304,105 [10-19 years]; 548 

378,958 [20-39 years]; 283,913 [≥40 years]. 549 

 550 

Map of regions and districts in Ghana in Fig. 5A was drawn with Global ADMinistrative area 551 

(GADM) data downloaded for Ghana (v4.1)66. 552 

 553 

4.16. Statistical analysis 554 

Differences in the number of Plasmodium spp. species detected between DBS and 100µL-555 

pRBC were analysed with Fisher’s exact test. The Friedman test compared MOI distributions 556 

for paired data of four pRBC volumes. Pairwise Wilcoxon signed rank tests with “holm” 557 

correction compared MOI data of paired pRBC volumes or repeats. Lin’s concordance 558 

correlation coefficient (CCC) estimated the agreement of MOI values between pRBC volumes 559 

for a same isolate or between two repeats of a same isolate. The Kruskal-Wallis Rank Sum test 560 
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compared PTS distributions between repeats for each pRBC volumes, with Dunn’s test for 561 

multiple comparisons. Association of variables with metagenomic complexity was tested 562 

using the Mann-Whitney U test (sex, village), the Kruskal-Wallis test (occupation, section), 563 

and Spearman’s correlation (age, haemoglobin, temperature). Tests with p-value or adjusted 564 

p-value ≤ 0.05 were considered significant. Through power analysis, we determined the 565 

minimum sample sizes to achieve enough statistical power of 0.80 (α=0.05, 566 

alternative=“two.sided”) for future correction by host age groups. 567 

 568 

Data availability 569 

Primer sequences, DBLα type sequences, and data tables underlying results are available on 570 

GitHub (https://github.com/mh-tan/Metagenomic_Complexity_Plasmodium). 571 
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