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Abstract

Background Mixed-species, mixed-strain plasmodia infections are known to occur in
humans in malaria endemic areas. It may be surprising that to date, the extent of this
complexity has not been systematically explored in high-burden countries of sub-Saharan
Africa, especially in the reservoir of asymptomatic infections in all ages, which sustains
transmission.
Methods Here we take a metagenomic lens to these infections by sampling variable blood
volumes from 188 afebrile residents living in high, seasonal transmission in Northern
Sahelian Ghana. We estimated multiplicity of infection for different Plasmodium spp.
through genotyping of antigens and microsatellites. We further defined ‘metagenomic
complexity’ as a measure of overall within-host complexity across the combination of
species and strains.
ResultsWeshow that prevalence ofPlasmodium spp. and inter-/intra-species complexity is
significantly higher in larger blood volumes from these individuals.Overall,malaria infections
display high levels of metagenomic complexity comprising single-, double-, and triple-
species infections with varying levels of intra-species complexity for P. falciparum, P.
malariae, P. ovale curtisi, and P. ovale wallikeri. We also report a subset of individuals with
highly-complex infections that cannot be explained by age or location. The implications of
these findings to malaria epidemiology and control are illustrated by a geographic scaling
exercise to district and region levels in northern Ghana.
Conclusions Our metagenomic investigation underscores the need to more sensitively
measure within-host Plasmodium spp. complexity in asymptomatic carriers of infection.
This will optimise strategies for malaria surveillance and control.

Hematozoan parasites represent a taxonomic group of eukaryotic micro-
organisms that infect a broad range of hosts. Themost studied of this group
are the causative agents of malaria, Plasmodium spp., a taxon that has been
shown to be highly diverse1. The definitive hosts of malaria parasites,
including humans, lizards, birds, and non-human primates, are frequently

infected with multiple diverse species and strains (e.g., refs. 2–8). Despite
this diversity, malaria is often too simplistically considered a disease caused
by a single infectious agent, due in the case of humans to the dominating
prevalence of a single species of Plasmodium falciparum that causes the
major burden of infection globally. Often overlooked is the extreme
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Plain Language Summary

In malaria-endemic regions, people are
chronically infected with parasites and may
carry multiple species and strains at a time
without symptoms. It is these infections that
predominantly sustain transmission to mos-
quitoes. To improve malaria control and
elimination strategies, better methods for
detecting and measuring infections are nee-
ded. This study found that larger blood
volumes detect more species and strain
diversity, revealing that current approaches
likely miss much of the infection complexity.
We showed that some individuals carry more
complexity than others, although the cause
remains unknown. Our results highlight the
limitations of current sampling practices and
provide insights that could improve malaria
surveillance in sub-Saharan Africa.
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genomic diversity of P. falciparum strains and other Plasmodium spp. in a
host and how they may interact5,9.

Themost recentWorld Health Organisation’s (WHO)WorldMalaria
Report shows that 94% of malaria cases occur in sub-Saharan Africa (SSA),
with most found in eleven high-burden countries in Africa, including
Ghana10. In thesehigh-transmission endemic areas, a largeproportionof the
population across all ages harbour the malaria parasites asymptomatically
without clinical manifestation11. Repeated exposure to malaria infections
drives the development of adaptive immune responses, shaping host
immunity over time12. However, this immunity is often non-sterilising,
protecting against clinical disease but not infection13,14 due to the extreme
genomic diversity of Plasmodium spp., especially of P. falciparum with less
known about the other species infecting humans (e.g., Plasmodium vivax,
Plasmodium malariae, Plasmodium ovale curtisi, Plasmodium ovale
wallikeri)15–21. This asymptomatic reservoir is sustained by enormous anti-
genicdiversity of theparasite22, providing avast infection reservoir for vector
transmission11,23,24. The challenge of hyperendemic regions requires that the
malaria field comes to terms with such diversity, studying it as a complex
adaptive system to understand resilience to malaria interventions25.

Surveillance of the asymptomatic reservoir in humans has
typically observed a large gradient in parasite density for P. falci-
parum, with most of these being submicroscopic or low-density
infections with densities significantly lower than observed in clinical
infections (Supplementary Fig. 1). Whilst it is known that individuals
harbour infections with mixed species and strains26,27, the extent of
this within-host complexity in the asymptomatic reservoir has never
been explored. Here we present a metagenomic approach to study
malaria in high transmission, given that malaria infection in a person
comprises a community of parasites. Current reliance on whole
genome sequencing with limitations in methods to phase genomes in
highly-complex infections has forced the field to view infections
simplistically by examining dominant parasites whilst ignoring rare
species or strains with potential for emergence. In contrast, a key
aspect of metagenomic experimental design is ensuring deep sam-
pling to capture most of the complexity of a community, as employed
in environments as diverse as human microbiome and environmental
microbiology28–30. Similarly, this must be considered when designing
malaria surveillance and genetic studies in high transmission, where
the end game is to eliminate the species or detect the emergence of
drug-resistant parasites. It is currently unknown if the routine
sampling of a small blood volume from dried blood spot (DBS)
cuttings in epidemiological surveys is reflective of actual metage-
nomic complexity per person in high transmission.

We set out to explore the impact of sampling blood volume on
the metagenomic complexity of Plasmodium spp. in 188 afebrile
human hosts in four age groups, living in high transmission in Bongo
District in the Upper East Region of northern Ghana. We report
significantly higher prevalence of Plasmodium spp. with large volume
sampling at 100 μL packed red blood cells (pRBC) compared to DBS,
and also observe higher P. falciparum complexity defined as multi-
plicity of infection (MOI). This contributes to increased richness in
the parasite population whilst low genetic similarity among isolates is
maintained. We show that complexity of malaria infections in
Northern Sahelian Ghana31 comprises single-, double-, and triple-
species infections with varying MOI levels per species and identify a
subset of individuals with highly-complex infections. Our findings
determine that broad sampling across a population (i.e., sampling
many individuals) and deep sampling within individuals (i.e., sam-
pling large blood volumes) in a reservoir is crucial for accurate
representation of the parasite population in an endemic area,
requiring us to view complexity cumulatively in a metagenomic
sense, not only of the dominant P. falciparum species but also of the
minor Plasmodium spp. inclusively. These findings are of transla-
tional significance to develop sentinel site protocols relevant to local

epidemiological conditions in high-transmission areas of West Africa
moving towards pre-elimination.

Methods
Inclusion and ethics
This study was reviewed and approved by the ethics committees at the
Navrongo Health Research Centre (Ghana; NHRC IRB-131), The Uni-
versity ofMelbourne (Australia; Project IDs: 13433, 31586, and 21649), The
University of Chicago (USA; IRB14-1495, IRB19-0760, and IRB21-0417),
and New York University (USA; IRB-FY2024-8572). Details on the study
area, study population, inclusion/exclusion criteria, and data collection
procedures have been described in refs. 32,33. Informed consent was
obtained from key stakeholders and the local community in Bongo District
before this researchwas undertaken.Members of the local community were
trained as field workers and were directly involved in liaising with the
community and in the collection of the study data.

Study area and population
This studywas conducted in the BongoDistrict in theUpper East Region of
northern Ghana, characterised by seasonal malaria transmission, with a
short, wet season (Jun-Oct) and a prolonged dry season (Nov-May)32,33. For
this study, supplementary consentwas sought from200 enrolled individuals
in the Vea/Gowrie catchment area to collect ~5mL of whole blood. For this
collection, 50 individuals were randomly chosen from four age groups (i.e.,
6–10, 11–20, 21–39,≥40 years). This was completed during the larger cross-
sectional study inBongo that enrolled~2000 individuals inNovember 2020.
At the time of this survey, the population had undergone malaria control
interventions, including long-lasting insecticidal nets (LLINs), three rounds
of indoor residual spraying (IRS) (2013–2015), and five consecutive years
(2016–2020) of seasonal malaria chemoprevention (SMC) administered at
monthly intervals during themalaria season to children between the ages of
3–59 months (i.e., <5 years old)22.

Estimation of WB and pRBC volume equivalent in DBS
The typical protocol in the field involves collecting 3–4 dried blood spots
(DBS) per filter paper34. From these small DBS, two sections are cut
( ~ 5mm× 5mm each) for gDNA extraction. We approximated that two
5mm× 5mm DBS cuttings contain the equivalent of ~6–7 μL of whole
blood (Supplementary Method. 1). Given the average expected proportion
ofRBCs at~40%, our typicalDBScuttingswould thushave the equivalent of
~2.4–2.8 μL packed red blood cells (pRBC), with some variation due to a
person’s hermatocrit levels. Thus, this study set out to compare MOIs
estimated using gDNA extracted from pRBC volumes of 1 μL, 10 μL, 50 μL,
and 100 μL.

Parasitological measurements
Parasitological measurement methods were performed according to Tiedje
et al.32. Parasite densities were counted against 200 white blood cells (WBC)
on 10% Giemsa-stained thick film blood smears and examined under oil
immersion of 100-foldmagnification. Final parasite densities (parasites/mL
of blood) were calculated by averaging two independent readings, assuming
an averageWBC count of 8000/μL of blood. Parasite species were identified
using a 100-foldmagnification of thin film smears and categorised based on
morphology.

Sampling of venous whole blood and dried blood spot samples
Two hundred individuals with ages ranging 6–90 years were sampled.
Children <5 years receiving SMC were excluded. Approximately 5mL of
venous whole blood samples (WB) were collected per person and trans-
ported to the laboratory at theNavrongoHealth Research Centre in Ghana,
where theywere processed within 2–4 h after collection. TheseWB samples
were centrifuged at 3000 RPM at 4 °C for 10min to separate the WB into
components of pRBC, WBC, and plasma. All three components were
harvested individually and stored at−80 °C.
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At the same time as the venous whole blood collection, DBS were also
collected onto filter paper (3MMWhatman) for the same individuals and
for a larger subset of the population in Bongo (see Tiedje et al.22).

Extraction of genomic DNA from pRBC and DBS
Of the 200 individuals, a total of 12were excluded (SupplementaryTable. 1).
Nine were excluded as these could not be matched accurately to epide-
miological data. The remaining three individuals were excluded as these
were later confirmed to be symptomatic (i.e. febrile and microscopically-
positive forP. falciparum). GenomicDNA (gDNA)was extracted from four
volumes of pRBC (1 μL, 10 μL, 50 μL, 100 μL) from parasites ‘isolates’ of the
remaining 188 afebrile individuals, using theQIAampDNABloodMiniKit,
followingmanufacturer’s protocol (Cat No. 51106). A 1× PBS was added to
pRBCsamples tomakeup 200 μLof every sample volume for extraction.An
RNase A step was included to generate RNA-free genomic DNA, following
manufacturer’s protocol (Cat No. 19101). Genomic DNA was eluted in
50 μLbufferAE. In this study, a ‘sample’ refers to aDBSorpRBCvolumeper
isolate, hence there can be multiple samples per isolate. These extractions
were performed in 2022 (August to September).

Two 5mm× 5mm sections were cut fromDBS and gDNA extraction
was performed using the QIAamp DNA mini kit (QIAGEN) according to
manufacturer’s protocol withmodifications32. Genomic DNAwas eluted in
50 μLbufferAE.These extractionswereperformed in 2022 (March to June).

Measurement of plasma PfHRP2 concentrations
Plasma PfHRP2 concentration was determined using the Quantimal
CELISA kit (TM, Cellabs). In this enzyme-linked immunosorbent assay,
wells are coated with a primary monoclonal antibody to PfHRP2, sample
was applied and wells were washed, then probed with a secondary anti-Pf
antibody conjugated to horseradish peroxidase (HRP) for detection using
the FLUOstar omega plate reader (BMG Labtech) at 450 nm. A standard
curve was prepared starting at 10 ng/mL of standardised PfHRP2 and
diluted 1:2 down to 0.01 ng/mL. The negative control ofMelbourne plasma
(Australian Red Cross Lifeblood, non-malarious region) was included for
comparison. Individual plasma sampleswere collected asmentioned above,
and diluted 1:20 in duplicate, along with the negative control and RPMI
blanks, to allowmost positive samples to fall within the range of detection of
the assay.Where the samplewas saturated itwas repeated at 1:40, andwhere
it was detected but fell under the cut-off it was repeated at 1:10 to confirm
results. All standard curves and samples were analysed using Arigo
GAINdata ELISA data analysis software (Arigo biolaboratories) to obtain
PfHRP2 concentrations, and the cut-off was applied manually at the level
suggested by the manufacturer (OD negative control+0.1, Cellabs).

Detection of Plasmodium spp. using the species-specific 18S
rRNA PCR
For all the DBS and 100μL-pRBC samples (N = 188 isolates) a nested PCR
targeting the 18S ribosomal RNA gene (18S rRNA) of Plasmodium spp. was
performed using previously published primers and protocols with
modification32,35to detect for the presence of P. falciparum, P. malariae, P.
ovale spp., and/or P. vivax in all samples32,35. The protocol and primer
sequences for the species-specific 18S rRNA PCR are available online on
GitHub (see Data Availability).

Both the first and second rounds of the nested PCRwere carried out in
a total volume of 20 μL, with final concentrations of 1X buffer, 2mM of
MgCl2, 0.125mM of dNTP mix, 0.125 μM of each primer, 0.4 units of
GoTaqG2 Flexi DNA polymerase (Promega), and nuclease-free water. The
first round was carried out using 2 μL of gDNA template and the rPLU6/
rPLU5primerpair. The second roundwas carried out in four separate tubes,
each containing a single species-specific primer pair (i.e., rFAL1/rFAL2 to
detect the presence of P. falciparum, rMAL1/rMAL2 for P. malariae,
rOVA1/rOVA2 for P. ovale spp., rVIV1/rVIV2 for P. vivax) and 2 μL of the
first-round PCR product. The PCR amplification was performed in two
rounds with the following cycling conditions: the first round consisted of
95 °C for 2min; 25 cycles of 58 °C for 2min, 72 °C for 5min, and 94 °C for

1min; followed by 58 °C for 2min, 72 °C for 2min, and storage at 4 °C. The
second round consisted of 95 °C for 2min; 30 cycles of 58 °C for 2min,
72 °C for 5min, and 94 °C for 1min; followed by 58 °C for 2min, 72 °C for
2min, and storage at 4 °C. For each PCR, positive (i.e., P. falciparum 3D7
isolate) and negative (i.e., nuclease-free water) controls were included for
quality control. The PCR amplicon products from the four separate second-
round PCRs (i.e., P. falciparum, P. malariae, P. ovale spp., P. vivax) (10 µL)
were electrophoresed for 90min on a 2% agarose gel stained with SYBRTM

Safe DNAGel Stain (Invitrogen) along with a 100 bp DNA Ladder (100 bp
to 3,000 bp) (Axygen). The different Plasmodium spp. were determined to
be present in each isolate based on band size (P. falciparum: 205 bp, P.
malariae: 144 bp, P. ovale spp.: 800 bp, P. vivax: 120 bp).

Genotyping of P. malariae using microsatellites
Of the 188 isolates, 26 were identified as P. malariae-infected isolates using
the species-specific 18S rRNA PCR. The 100 µL-pRBC sample for each of
these isolates was genotyped at 12 neutral microsatellite loci using primers
fromtwopreviously publishedpanels36,37. For this study, the twopanelswere
combined andmultiplexed. Outer primers were designed for the first round
of amplification in the Mathema et al.37 panel to enable a semi-nested PCR
approach, while the Bruce et al.36 primers were used as published. The
protocol and primer sequences are available online on GitHub (see Data
Availability).

The PCR protocol and cycling conditions were optimised tomaximise
amplification success, particularly for samples with low parasite densities.
The first-round PCRs were multiplexed (i.e., three separate PCR reactions
each containing four different sets of primers). Eachfirst-roundof this semi-
nested PCR was carried out in a total volume of 25 µL, comprising 5 µL of
gDNA template, with final concentrations of 1X buffer, 3mM of MgCl2,
0.4mM of dNTP mix, 0.04 µM of each primer, 1.2 units of GoTaq G2 Hot
Start polymerase (Promega), and nuclease-free water. The second-round
PCRs required the preparation of 12 separate reactionswith the fluorescent-
labelled primers. Each second-round PCRwas carried out in a total volume
of 25 µL, comprising 3 µL of the first-round PCR product, with final con-
centrations of 1X buffer, 3mMofMgCl2, 0.2mMof dNTPmix, 0.08 µMof
each primer, 0.6 units of GoTaq G2 Hot Start polymerase (Promega), and
nuclease-free water. The PCR amplification was performed in two rounds
with the following cycling conditions: the first round consisted of 94 °C for
4min; 35 cycles of 94 °C for 30 sec, 48 °C for 30 sec, and 68 °C for 1min;
followed by 68 °C for 2min and storage at 4 °C. The second round consisted
of 94 °C for 4min; 45 cycles of 94 °C for 30 sec, 52 °C for 30 sec, and 68 °C
for 1min; followed by 68 °C for 2min and storage at 4 °C. For each PCR,
positive (i.e., previously genotyped P. malariae isolates) and negative (i.e.,
nuclease-free water) controls were included for quality control.

For the capillary electrophoresis, four pools with the fluorescently
labelled round-twoPCRproductswere prepared for eachP.malariae isolate
(available online on GitHub). These pools were then sent to the Australian
Genome Research Facility (AGRF, Melbourne, AU) where capillary elec-
trophoresis was performed on anApplied Biosystems 3730xlDNA analyser
with a 50m array and POP-7 polymer (ThermoFisher Scientific). Analysis
of the raw electropherograms was carried out using GeneMarker® software
v3.0.1 (SoftGenetics LLC) and alleles were scored using customised panels
and normalised to the size standard LIZ500. To prevent the mis-scoring of
stutter peaks, multiple alleles per locus were scored if the minor peak(s)
height was > 33% of the predominant allele or highest peak (i.e., local max)
in the electropherogram. Background noise was defined as any peak < 200
fluorescent units38. For all isolates genotyped, the multilocus haplotypes
were constructed using the predominant allele (or highest peak) at each
locus. Automated binning was performed using TANDEM v. 1.0739.

Identification and genotyping of P. ovale spp. using potra
Since its identification by Stephens in 1922, Plasmodium ovale was con-
sidered a single species. However, molecular studies later revealed two
genetically distinct forms, commonly referred to as P. ovale curtisi and P.
ovale wallikeri20. While the formal nomenclature of these species remains
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under discussion21,40–42, this study adopts the prevailing convention in the
literature, referring to the two species asP. ovale curtisi andP. ovalewallikeri,
and using P. ovale spp. to describe them collectively.

Of the 188 isolates, 10 were identified as P. ovale spp.-infected isolates
using the species-specific18S rRNAPCR.The100 µL-pRBCsample for each
of these isolates was genotyped for P. ovale spp. identification (i.e., P. ovale
curtisi or P. ovale wallikeri) and genetic diversity. This semi-nested PCR
protocol involves species-specific amplification of a size-polymorphic
fragment of the single-copy P. ovale spp. tryptophan-rich antigen gene
(potra)20,43,44 withmodifications for low-density infections. Themethodwas
also used because it specifically targets the species-specific potra regions (i.e.,
poctra for P. ovale curtisi and powtra for P. ovale wallikeri) enabling both
species discrimination and intra-species genetic diversity based on the PCR
amplicon size. The protocol and primer sequences for potra are available
online on GitHub (see Data Availability).

The first-round of this semi-nested PCR was carried out in a total
volume of 20 µL, comprising 2 µL of gDNA template, with final concentra-
tionsof 1Xbuffer, 2mMofMgCl2, 0.125mMofdNTPmix, 0.125 µMof each
primer (PoTRA-F/PoTRA rev3), 0.4 units of GoTaq G2 Flexi DNA poly-
merase (Promega), and nuclease-free water. The second-round PCRs
involved two separate reactions using the forward primer (PoTRA-F) and
either the P. ovale curtisi (PocTRA-R) or the P. ovale wallikeri (PowTRA-R)
reverse primer. Each second-round PCRwas carried out in a total volume of
20 µL, comprising 3 µL of the first-round PCR product, and the same final
reagent concentrations as the first round. The PCR amplification was per-
formed in two rounds with the following cycling conditions: the first round
consisted of 95 °C for 4min; 25 cycles of 95 °C for 1min, 56 °C for 1min, and
72 °C of 1min; followed by 72 °C for 2min and storage at 4 °C. The second
round consisted of 95 °C for 4min; 30 cycles of 95 °C for 1min, 60 °C for
1min, and 72 °C for 1min; followed by 72 °C for 2min and storage at 4 °C.

The P. ovale curtisi and/or P. ovale wallikeri PCR amplicon products
from the second round (10 µL) were electrophoresed for 120min on a 2%
agarose gel stained with SYBRTM Safe DNA Gel Stain (Invitrogen) along
with a 100 bp DNA Ladder (100 bp to 3000 bp) (Axygen). To estimate the
size (bp) of the P. ovale curtisi and/or P. ovale wallikeri PCR amplicon(s)
identified for each isolate, a point-to-point regressionmethod implemented
in the BIORAD Image Lab Software V5.2.1 (installed on the BIORAD Gel
DocTM EZ Imager) was used. The point-to-point regression method (semi-
log) estimates the molecular weight by interpolating the distances of the
PCR amplicons to those of the 100 bp DNA Ladder. The bins were con-
structed every 18 bpwhich corresponds to the length of the repeat size of the
amplified poctra and powtra fragments. Automated binningwas performed
forpoctra and powtrausingTANDEMv. 1.0739, recorded inMicrosoft Excel
v. 2211, and analysed in RStudio version 4.2.2.

Targeted amplicon sequencing of P. falciparum DBLα tags with
varcoding
The varcodingmethodhas been shown tobe appropriate forMOI estimation
in high transmission, outperforming SNP-based barcodes45,46. This method
utilises targeted amplicon sequencingof varDBLα type sequences encoding a
Duffy-binding-like domain of Plasmodium falciparum erythrocyte mem-
brane protein 1 (PfEMP1). For DBS samples, varcoding was performed on
microscopy-positive isolates using published primers and protocols22.

For pRBC samples, a modified protocol was applied. Varcoding was
performed on four pRBC volumes for 188 isolates, including those that
appear negative by microscopy or species-specific PCR to assess if more
infections are found when larger volumes are sampled. Forty isolates (i.e.
~20%of isolates)were randomly selected as repeats to assess reproducibility.
Laboratory strains (i.e., 3D7, Dd2, HB3) were included as positive controls.
Samples of varying pRBC volumes of a same isolate and its repeats (if any)
were sequenced on the Illumina platform using the MiSeq Reagent Kit v3
(600 cycle; 2 × 300 bp paired-end) in the same sequencing pool and run.

The sequence region within var genes encoding the DBLα domain of
PfEMP1 (i.e. DBLα tags) were amplified in a single-step PCR from genomic
DNA using universal degenerate primer sequences22 to blocks D (forward

primer: DBLαAF, 5’-GCACGMAGTTTYGC-3’) and H (reverse primer:
DBLαBR, 5’-GCCCATTCSTCGAACCA-3’)47,48. To generate data in this
study, primers used included forward barcoded primers and an unbarcoded
reverse primer. Both forward and reverse primers also contain Illumina
Nextera overhangs to facilitate subsequent preparation of sequencing
libraries. Primer sequences are available online on GitHub (see Data
Availability).

Each PCRwas prepared in a total volume of 40 μL, comprising of 2 µL
of gDNA template,withfinal concentrations of 0.5Xbuffer, 2mMofMgCl2,
0.07mM of dNTP mix, 0.375 μM of each primer (DBLαAF, DBLαBR), 3
units of GoTaq G2 Flexi DNA polymerase (Promega), and nuclease-free
water. The PCR cycling conditions consisted of 95 °C for 2min; 30 cycles of
95 °C for 40 sec, 49 °C for 90 sec, and 65 °C for 90 sec; followed by at 65 °C
for 10min and storage at 4 °C. PCR products were purified using the SPRI
method (solid-phase reversible immobilization) (Agencourt AMPure XP
beads). Purified PCR product concentrations were measured using the
Quant-iT PicoGreen dsDNA Kit (Invitrogen, Cat No. P7589) following
manufacturer’s protocol. Amplicons were then pooled equimolarly, with
each pool consisting of up to 99 isolates, all with unique barcodes. Pooled
amplicons were subsequently indexed (Amplicon Indexing Service) and
sequenced on the Illumina platform using the MiSeq Reagent Kit v3 (600
cycle; 2 × 300 bp paired-end) at the Australian Genome Research Facility
(AGRF, Melbourne, AU).

Processing DBLα tags into DBLα types
An established bioinformaticsworkflow49,50 consisting of a suite of pipelines
was used to generate DBLα tags from raw Illumina paired-end reads
(https://github.com/UniMelb-Day-Lab/tutorialDBLalpha). DBLα tag
sequence data included DBLα tags from pRBC generated in this study,
combined with DBLα tags from an interrupted time-series study in Bongo,
involving one pilot and eight cross-sectional surveys conducted between
2012 and 2020 (i.e., Malaria Reservoir Study, Genbank BioProject
PRJNA396962). These surveys involvedmostly asymptomatic infections22,32
,51 with small proportions of symptomatic and clinical infections. Clustering
ofDBLα tagswas performed at a 96%nucleotide identity threshold52 used to
define a DBLα tag in a sample or DBLα types in a population of tags.
• The DBLaCleaner pipeline (v1.0)49 was used to generate DBLα tag

sequences per sample from raw paired-end Illumina sequence reads.
• The clusterDBLa pipeline (v1.0)49 was used to generate unique DBLα

types fromDBLα tags with amatrix detailing presence/absence of each
DBLα type in isolates.

• The classifyDBLa pipeline (v1.0)50 was used to classify DBLα types into
DBLα domain subclasses and subsequently into upsA or non-upsA
groups53.

Estimation of isolate repertoire size and multiplicity of
infection (MOI)
The isolate repertoire size represents the number of unique DBLα types in
an isolate. Pf-MOI represents the estimated number of unique parasite
genomes in an isolate. For samples with ≥20 DBLα types, Pf-MOI in each
sample was estimated using a Bayesian approach (prior = uniform, aggre-
gate = pool)22. Samples with ≥1 DBLα types but <20 DBLα types were
assignedPf-MOI = 1.PlasmodiummalariaeMOI(Pm-MOI)was estimated
based on the maximum number of distinct alleles at any of the 12 micro-
satellite loci.Plasmodiumovale spp.MOI (Po-MOI)was estimated from the
number of unique fragment sizes obtained based on the potra gene.

Estimation of fold difference (FDPf-MOI) and model fitting
Differences in Pf-MOI were expressed as fold differences (FD):

FDMOI ¼
MOIL
MOIS

ð1Þ

where MOIS and MOIL are the Pf-MOI of the smaller (S) and larger (L)
volume samplings, respectively, of a same isolate. A generalised additive
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model (GAM) was fit to the data (FDPf-MOI and Pf-MOIS) with penalised
smoothing parameters selected by REML ( gam function in mgcv v1.9-154).

Estimation of genetic similarity or overlap between isolate
repertoires
To ensure robust analyses exploring genetic similarity, we evaluated only
samples with ≥ 20 DBLα types (i.e. isolate repertoire size ≥ 20). Genetic
similarity of repertoires of two isolate repertoires is generally represented by
the pairwise type sharing metric (PTS)52. Specifically:

PTS ¼ 2 � sharedij
Sizei þ Sizej

ð2Þ

where sharedij is the shared number of DBLα types between isolate reper-
toires of samples i and j, and Sizei and Sizej are the isolate repertoire sizes of
samples i and j, respectively. A value of 0 indicates the absence of sharing
between two sampleswhile a value of 1 indicates completely identical DBLα
repertoires.

Genetic similarity between isolate repertoires from two different pRBC
volumes was assessed in a directional manner relative to the isolate reper-
toire size of a reference sampled volume (i.e. denominator)49:

PTSS ¼
sharedSL
SizeS

; PTSL ¼
sharedSL
SizeL

ð3Þ

where sharedSL is the shared number of DBLα types between isolate
repertoires of smaller (S) and larger (L) volume samplings of a same isolate,
and SizeS and SizeL are the isolate repertoire sizes of smaller and larger
volume samplings, respectively, of a same isolate (i.e., VolS and VolL). High
PTSS and low PTSL values indicate that DBLα types identified in the smaller
volume are also present in the larger volume and that there are additional
DBLα types identified in the larger volume but not found in the smaller
volume.

Scaling up prevalence, Pf-MOI, and P. falciparum census popu-
lation size to larger regions in Bongo and Upper East Ghana
Prevalence, mean MOI, and P. falciparum census population size22 values
were estimated fromDBS samples of a larger surveyed1455 individuals aged
≥6 years (SupplementaryMethod. 2). These values were further adjusted to
obtain estimates if isolates were sampled more deeply at 100 μL (Supple-
mentary Data. 1), using non-linear correlations comparing Pf-MOI
from 1 μL and 100 μL pRBC. Further scaling up to the larger population
sizes of Bongo District and Upper East Region of Ghana provided an
approximation of the number of infections or parasites underestimated in
these regions. Given the exclusion of children ≤ 5 years from this study,
population size data was split for 0–9 years with a 6:4 ratio into two age
groups 0–5 years and 6–9 years. Relevant to our study. The final age-
structured population size data as follows:
• Bongo District: 102,004 [ ≥ 6 years]; 12,166 [6–9 years]; 28,494 [10–19

years]; 35,135 [20–39 years]; 26,209 [ ≥ 40 years].
• UpperEast Region: 1,100,676 [ ≥ 6 years]; 133,700 [6–9 years]; 304,105

[10–19 years]; 378,958 [20–39 years]; 283,913 [ ≥ 40 years].

Map of regions and districts in Ghana was drawn with Global
ADMinistrative area (GADM) data downloaded for Ghana (v4.1)55. From
the Malaria Atlas Project (MAP)56,57, we downloaded data on ‘Infection
Prevalence’ standardised based on the proportion of children aged 2–10
years in Ghana in 2020 (also the year of our field sampling). Infection
prevalence in children aged 2–10 years in Bongo is shown (pixel location:
‘Bongo, Upper East, Ghana’).

Statistical analysis
Differences in the number of Plasmodium spp. detected between DBS and
100µL-pRBC were analysed with Fisher’s exact test (two-sided, stats
v4.2.158). The Shapiro-Wilk test of normality rejected normality of Pf-MOI

data. The nonparametric Friedman test (rstatix v0.7.259) compared MOI
distributions for paired data of four pRBC volumes. Nonparametric pair-
wiseWilcoxon signed rank tests (two-sided)with “holm” correction (rstatix
v0.7.259) compared MOI data of paired pRBC volumes or repeats. Lin’s
concordance correlation coefficient (CCC) (DescTools v0.99.4960) estimated
the agreement of MOI values between pRBC volumes for a same isolate or
between two repeats of a same isolate. The Kruskal-Wallis Rank Sum test
(rstatix v0.7.259) compared PTS distributions between repeats for each
pRBC volumes, withDunn’s test (rstatix v0.7.259) formultiple comparisons.
Association of variables with metagenomic complexity was tested using the
two-sided Mann-Whitney U test (sex, village), the Kruskal-Wallis test
(occupation, section), and Spearman’s correlation (age, haemoglobin,
temperature). Tests with p-value or adjusted p-value ≤ 0.05were considered
significant.

To obtain age-specific correction scales, we must have sufficient data
with MOI > 1 in each pRBC volume and/or host age groups. To determine
the minimum sample sizes to achieve enough statistical power, we first
calculated effect sizes (h) from the proportion of isolateswithMOI > 1using
theES.h function in thepwrRpackage (v1.3-0)61. Thepwr.2p2n.test function
from the same R package was used to estimate statistical power at a sig-
nificance level (α) of 0.05 (alternative = “two.sided”). The pwr.2p.test func-
tion was further used to estimate theminimum sample sizes (n) required to
achieve a statistical power of 0.80 (α = 0.05, alternative = “two.sided”) for
future correction by host age groups.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
To measure infection complexity across species, we define here terms used
in this study (Fig. 1). Sex is an obligatory part of the Plasmodium spp. life-
cycle and constant outcrossing occurs in nature, especially in high
transmission62,63. Therefore, unlike in bacteriologywhere strains are defined
as clonal entities, this study defines ‘strains’ as genetically-diverse parasites
that are distinct either by antigen (for P. falciparum and P. ovale spp.) or by
neutral markers (microsatellites, for P. malariae). The number of different
strains per person is represented by ‘multiplicity of infection’ (MOI).
‘Metagenomic complexity’ further summarises MOI across the combina-
tion of species as a measure of overall within-host complexity.

Demography of surveyed individuals and parasitological char-
acteristics of infections
This study was conducted in the Bongo District (Vea/Gowrie catchment
area) in theUpperEastRegionof northernGhana, characterisedby seasonal
malaria transmission32,33. Based on the WHO “A Framework for Malaria
Elimination”64, this area is categorised as high transmission where P. falci-
parum microscopic prevalence was ≥35% at baseline in 201232,33. A study
population of 188 individuals (i.e., 100 female and 88 male based on self-
reporting) with age ranges 6–90 years were sampled randomly at the end of
thewet season inNovember 2020 (Supplementary. Tables 1-2). Children<5
years were receiving seasonal malaria chemoprevention (SMC) and exclu-
ded. Of the 188 individuals, 47 (25.0%) were adolescents (11–20 years) and
95 (50.5%) were adults ( ≥ 21 years), generally excluded in current malaria
surveillance where the target is measuring disease burden65. Parasite ‘iso-
lates’ from only 33 of the 188 individuals (17.6%) were found to be
microscopically-positive for Plasmodium spp., predominantly of P. falci-
parum, including mixed infections. We also identified 46 microscopy-
negative isolates with positive P. falciparum histidine-rich protein 2
(PfHRP2) measurements (Supplementary Table 3).

Higher prevalence of Plasmodium spp. multi-species infections
in larger pRBC volumes
Overall, Plasmodium spp. prevalence was underestimated when DBS cut-
tings or small blood volumes (1 μL) were sampled. Based on 18S rRNA,
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parasite detection levelswere significantlyhigher in100 μLpacked redblood
cells (pRBC) relative to those in DBS, by factors of 1.32× for P. falciparum,
1.93× for P. malariae, and 2.50× for P. ovale spp. (Fig. 2, Table 1). An
independent varcoding protocol corroborated P. falciparum findings,
indicating 1.36× detection in 100 μL compared to 1 μL-pRBC (Supple-
mentary Table. 4). P. vivax remained undetected in all infections regardless
of blood volume sampling. Increased prevalence of double- and triple-
species infections in 100 μL-pRBCrelative toDBSwas also observed (Fig. 2).
Parasite prevalence relies on counting the proportion of human hosts
infected but does not capture within-host parasite population sizes; we
explore thiswithin-host complexity anddiversity in the subsequent sections.

Intra-species complexity of P. falciparum
Greater intra-species complexity of P. falciparum in larger pRBC
volumes. Many isolates had greater P. falciparum strain complexity with
larger blood sampling (Fig. 3a, Supplementary. Tables 5-6). Using a
fingerprinting method (varcoding22) shown to more accurately estimate
P. falciparum MOI (Pf-MOI) in high-transmission areas46, 101 isolates
had Pf-MOI ≥ 1 across all four pRBC volumes. Distributions of Pf-MOI
were significantly different (Friedman test, p-value < 0.0001, n = 101),
with the largest increase observed between 1μL- and 100μL-pRBC with
median Pf-MOI of 1 and 3, respectively (pairwise Wilcoxon signed rank
test, p-value < 0.0001, n = 101) (Fig. 3b). Concordance was high for Pf-
MOI from 50 μL and 100 μL, suggesting near-saturation with these larger
volumes (Supplementary Fig. 2) though Pf-MOI distributions remained
significantly different (pairwise Wilcoxon signed rank test,
p-value < 0.01, n = 101) (Fig. 3b). Most DBLα types found in 1 μL-pRBC
were also present in the larger volumes (Supplementary Figs. 3–5). High
concordance in Pf-MOI was estimated between 40 repeat isolates at all
volumes and Pf-MOI distributions between repeats were not significantly
different, supporting a robust approach in this study (Supplemen-
tary Fig. 6).

Non-linear relationships between Pf-MOI fold differences and initial
Pf-MOI. For isolates with Pf-MOI = 0 in a pRBC volume but Pf-MOI ≥ 1

in a different volume (i.e. Pf-MOIS = 0 and Pf-MOIL > 0OR Pf-MOIL = 0
and Pf-MOIS > 0), these Pf-MOI values mostly differed by one, with a
minority of isolates ( < 8%) differing by two or three (Supplementary
Fig. 7, Supplementary Table. 7). Taking a comparison between 1 μL- and
100 μL-pRBC as an example, of the 42 isolates with Pf-MOI1μL = 0, we
observed 9.50% (4/42), 81.0% (34/42), 4.80% (2/42), and 4.80% (2/42) of
isolates showed Pf-MOI100μL of 0, 1, 2, and 3, respectively. For the 101
isolates with Pf-MOI ≥ 1 across all four pRBC volumes, relationships
between fold differences in Pf-MOI (FDPf-MOI) and the Pf-MOI in the
smaller compared pRBC volumes (Pf-MOIS) were non-linear (Fig. 3c,
Supplementary Fig. 8). Relatively small FDPf-MOI valueswere observed for
MOI comparisons between 50 μL- vs 100 μL-pRBC, suggesting again that
sampling was almost saturated at these volumes sufficient to capture the
complexity of P. falciparum multiclonal infections in our study popula-
tion. These non-linear correlations can be considered for use to com-
putationally adjust Pf-MOI values estimated for DBS samples in large-
scale field surveillance. A power analysis based on proportions of Pf-
MOI > 1 isolates in each pair of 1 μL vs larger pRBC volume determined
that there was sufficient data for comparison of different pRBC volumes
when all isolates were considered, but larger sample sizes are needed for
analyses stratified by host ages (Supplementary Table. 8).

Increased P. falciparum complexity added to richness while infec-
tions remained largely unrelated. Our observations can be used to
evaluate potential differences in epidemiological and population genetics
metrics when variable blood volumes are sampled for a same set of
individuals. Increased DBLα type richness was observed with larger
pRBC sampling volumes (Fig. 3d) while DBLα type sharing between
isolate repertoires remained low for all four pRBC volumes, indicating
minimal genetic overlap (Fig. 3e, Supplementary Table 9). Thus, not only
did the larger sampling of blood volume detect greater complexity of
strains within infections in the form of higher Pf-MOI, this additional
complexity contributed newly-detected diversity in the population such
that we did not find clonal or highly-related parasites between isolates, as
evidenced from rising cumulative diversity (Supplementary Fig. 9).

Fig. 1 |Defining terminologies in this study.Wedefine ‘strains’ofmalaria parasites
as genetically-diverse parasites that are distinct either antigenically (for P. falci-
parum and P. ovale spp.) or by genotypes based on neutral microsatellites (for P.
malariae). Multiplicity of infection (MOI) represents the number of different strains
per person. Metagenomic complexity summarises MOI across the combination of
species as a measure of overall within-host complexity. We also define the different

sampling strategies discussed in this study: ‘shallow but broad sampling’ referring to
sampling many individuals but with smaller blood volumes (e.g., dried blood spots
(DBS)), as opposed to ‘deep but restricted sampling’ when referring to sampling
MOI or complexity within a few individuals but with larger blood volumes (e.g.,
100 μL packed red blood cells (pRBC)). Created in https://BioRender.com.
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Shallow but broad sampling vs deep but restricted sampling: is one
approach enough for malaria surveillance?. We further investigated
whether the antigenic diversity in a shallow but broad sampling of the
larger population (DBS) can be detected in a deep but restricted sampling
of a subset of individuals (pRBC).We define ‘shallow but broad sampling’
referring to sampling many individuals but with smaller blood volumes,
as opposed to ‘deep but restricted sampling’ when referring to sampling
MOI or complexity within a few individuals but with larger blood
volumes (Fig. 1).

To explore this, we included DBS samples from 1809 individuals from
our larger cross-sectional survey in Bongo collected during the same sur-
veyed time point in November 2020. Of these, 263 were positive for
asymptomatic P. falciparum infections by microscopy. When comparing
DBLα types recovered fromDBS of 263 individuals and 100 μL-pRBC from
113 individuals, only 6821 (32.1%) of the total 21,222 DBLα types was seen
in combined DBS and 100 μL-pRBC samples (Supplementary Fig. 10,
Supplementary Table 10). Deep vertical sampling of the 113 individuals
using 100 μL-pRBC volumes recovered 4894 (23.1%) of the total DBLα
types that were not recovered in broad sampling of DBS of the 263 indivi-
duals at relatively shallow depths. The remainder of 9507 (44.8%) of total
DBLα types was recovered by DBS sampling but not seen in the pRBC

sampling, indicating that diversity of DBLα types in the larger DBS popu-
lation was not fully captured by the diversity detected in a few individuals.
Finding subsets ofDBLα types exclusively fromdifferent sampling strategies
suggests that both broad and deep sampling are necessary and com-
plementary to more accurately reflect true population-level metrices of
diversity and MOI.

Inter- and intra-species complexity of Plasmodium spp.
We report on infection complexity for threeminor speciesP.malariae (Pm-
MOI), P. ovale curtisi (Poc-MOI), and P. ovale wallikeri (Pow-MOI) in
100 μL-pRBC samples of individuals previously identified as para-
site positive by 18S rRNA. For 26 individuals infected with P. malariae,
microsatellite data revealed amedian Pm-MOI of 2 [range: 1–4]. Of the ten
individuals infectedwithP. ovale spp., therewere eightP. ovale curtisi, oneP.
ovale wallikeri, and one double-species infection based on the P. ovale spp.
tryptophan-rich antigen gene (potra), with fragment sizes reporting Poc-
MOI and/or Pow-MOI of 1.

For 146 isolates with anyMOI data, the summation of estimatedMOI
across all four species is expressed as metagenomic complexity (Fig. 4a),
showing single-, double-, or triple-species infections (Fig. 4b). Whilst the
one triple Pm-Poc-Pow infection reflected an absence of P. falciparum (i.e.,
varcoding data, Pf-MOI = 0), P. falciparumwas detected in this isolate with
18S rRNAPCR, confirming a quadruple-species infection. The absence ofP.
falciparum in the two Pm-only infections was supported by 18S rRNA PCR
(i.e., not detected) and varcoding data (i.e., Pf-MOI = 0).

Extreme metagenomic complexity with summed MOI from 10 to 23
was seen in a subset of individuals in every age group (Fig. 4a), occurring at a
prevalence of 5.85% (11/188) in this survey of 188 individuals.Most of these
were in the groups of children (4 individuals) and adolescents (4 indivi-
duals). These individuals had as many as 7 to 20 different P. falciparum
antigenic strains, 2 to 4 P. malariae genotypes by microsatellites, and/or 1
each of P. ovale curtisi/P. ovale walikeri antigenic strains by potra. It is
unclearwhy extreme complexitywas found in these individuals, comprising
nine males and two females. Inspection of association between metage-
nomic complexity and human host or spatial characteristics did not yield
any notable findings (Supplementary Table 11).

Impact on malaria surveillance and elimination
By comparing DBS or 1 uL-pRBC to larger sampling of 100uL-pRBC, this
study quantified the underestimation of prevalence and metagenomic
complexity in current protocols employing small blood volumes. We
describe belowa case example of howwe canpotentially use these quantified
factors to adjust estimates from the larger survey of DBS samples of 1809
individuals in Bongo, of which 1455 were aged ≥6 years.

Estimated through geostatistical modelling methods applied to rapid
diagnostic tests or microscopy data, the Malaria Atlas Project (MAP)56,57

reports a standardised P. falciparum prevalence of 6.97% in Bongo in the
Upper East Region ofGhana, basedon the proportion of children aged 2–10
years in the year 2020. Employing molecular methods on DBS samples
collected in the same year 2020, we estimated higher P. falciparum crude
prevalence in the same age group of children aged 2–10 years (186/537,
34.64%) and even higher crude prevalence when individuals of all ages were
inspected (896/1809, 49.53%) (Fig. 5a). Following adjustments to account
for larger volume sampling when individuals of all ages were inspected, a
65.57% P. falciparum crude prevalence was estimated for Bongo. This
analysis compares data from the same sampling year (2020), but we could
not account for potential differences in sampling seasons (e.g., malaria peak
season vs. MAP’s yearly average) due to the lack of availability of monthly
prevalence data from MAP, which may lead to a smaller underestimation
than described. This study has additionallymade available crude prevalence
data for minor Plasmodium spp. currently unavailable in MAP.

To illustrate the relevance of these findings to malaria surveillance and
elimination, we scaled up prevalence and P. falciparum complexity data to
the district and regional levels in Bongo and the Upper East Region of
Ghana, respectively, based on a 2021 Population andHousing census by the

Fig. 2 | Relative to sampling of DBS, sampling of larger pRBC volumes yielded
increased prevalence of Plasmodium spp. infections.Data shown for Plasmodium
spp. detection by species-specific 18S rRNA PCR on DBS and 100μL-pRBC for
N = 188 isolates, stratified by host age (6–10 years (n = 46 isolates), 11–20 years
(n = 47 isolates), 21-39 years (n = 44 isolates), and ≥40 years (n = 51 isolates)). All
infections were negative for P. vivax and therefore excluded from this figure. Pre-
sence or absence of P. falciparum, P. malariae, and P. ovale spp. as indicated by Pf,
Pm, and Po respectively.
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Ghana Statistical Service (GSS)66,67. Scale up of difference in prevalence of P.
falciparum, P. malariae, and P. ovale spp. (Fig. 5b) predicted that tens of
thousands ofPlasmodium spp. infectionswould bemissed inBongoDistrict
from using DBS, and hundreds of thousands would be missed in the wider
Upper East Region of Ghana (Supplementary Table 12). In a population,
thousands of these individuals are expected to be heavily infected with
highly-complex infections, representing a substantial reservoir. This study
provides a sampling frame to look for these individuals for further
exploration.

Whilst parasite prevalence and clinical incidence count the number of
infected human hosts (Fig. 5a, b), other metrics such as MOI and parasite
census population size count the number of diverse parasite genomes in
infections (Fig. 5c). A mean Pf-MOI of 3.04 was calculated from varcoding
ofDBS samples from247 individualsmicroscopy-positive forP. falciparum.
Subsequently, mean Pf-MOI was adjusted to 5.89 to account for larger
volume sampling, resulting in largerP. falciparum censuspopulation sizes in
Bongo District and the Upper East Region of Ghana.

We make clear that actual design and implementation of such a
strategy will require careful considerations taking into account sampling
season and consolidating areas with similar malaria epidemiologies, which
was not undertaken in this study. Such strategies would also require us to
treat groups of individuals receiving targeted malaria control interventions
(e.g., SMC) separately in analysis.

Discussion
Our metagenomic approach of sampling variable blood volumes for Plas-
modium spp. in Bongo, Ghana highlighted the complexity of infections in
this area in West Africa. This endemic area is in one of the three ecological
zones in Ghana (i.e. ‘Sahel Savannah zone’)68 and has been described as
‘Northern Sahelian Ghana’31. Application of our proposed metagenomic
sampling strategy may be broadly considered in similar ecologies in West
Africawithhigh seasonalmalaria transmission69,70. This contemporary deep
dive into Plasmodium spp. infection complexity, post-multiple
interventions22 found P. falciparum as the dominant species with minor
species P. malariae, P. ovale curtisi, and P. ovale wallikeri present, generally
at submicroscopic levels. P. vivax was undetected in the Bongo population,

likely due to the protection ofDuffy-negativity against sustained endemicP.
vivax infections in West African human hosts71. Scaling up to district and
regional level, we predicted thatmost individuals of all ages are infectedwith
Plasmodium spp. and current DBS surveys are substantially under-
estimating the prevalence of minor species infections.

Our report of single-, double-, and triple-species infections comprising
varying MOI levels per species shows that highly complex infections are
common in this asymptomatic reservoir in Ghana. Regarding the diversity
of minor Plasmodium spp., our reliance on a limited set of markers of
varying sensitivities (microsatellites for P. malariae and potra for P. ovale
spp.) may substantially underestimate their true diversity, especially in
contrast to our use of highly diverse variant antigen genes (var genes) for P.
falciparum. Of note, we observed a subset of individuals with extreme
metagenomic complexity of infection in all age classes. Whether suscept-
ibility to extreme mixed infections is due to behavioural, host genetic,
immunological, and/or environmental factors warrants further investiga-
tion. This observation is reminiscent of ‘wormy’ people observed in hel-
minth ecology/epidemiology studies72 and susceptibility may be influenced
by anopheline preferential biting behaviour39. These heavily-infected indi-
viduals warrant further investigation and may be examined longitudinally
and in terms of host genomics and immunological profiles to inform on
infection history.

Given the elevated diversity and frequent multiclonal infections in the
malaria reservoir in high-transmission areas, metrics of parasite prevalence
and clinical incidence that use the infected human host as the unit of
measurement do not capture the complexity of infections in the asympto-
matic reservoir. Instead, our study provides the evidence to develop pro-
tocols to obtain better estimates of MOI and parasite census population
size22 as endpoints for evaluating interventions. This study designmay serve
as a prototype to design future surveillance of other high-transmission areas
thatmayneed tobe run concurrentlywith largermalaria surveys to facilitate
MOI correction in a cost-effective approach. Further, following up on this
idea of viewing infections as metagenomic entities, there is also avenue for
future work to examine the possibility of obtaining relative abundance
values to explore the calculation of other metagenomic diversity metrics
(e.g., evenness, dominance, dissimilarity), potentially from read support per

Table 1 | Number of detected infections by species and age group

Number of detected infections by species & age group

Species Host Age Group Microscopy positivea DBSb 100 μL pRBCb Sig. × increasec

P. falciparum All 33 105 139 **** 1.32

6–10 Years 9 22 31 *** 1.41

11–20 Years 12 29 38 **** 1.31

21–39 Years 4 20 29 **** 1.45

≥40 Years 8 34 41 **** 1.21

P. malariae All 2 14 27 **** 1.93

6–10 Years 0 4 6 **** 1.50

11–20 Years 2 8 14 *** 1.75

21–39 Years 0 0 3 ns 4.00c

≥40 Years 0 2 4 ** 2.00

P. ovale spp. All 0 4 10 **** 2.50

6–10 Years 0 1 4 ns 4.00

11–20 Years 0 2 3 ** 1.50

21–39 Years 0 0 1 ns 2.00c

≥40 Years 0 1 2 * 2.00

Datashown forPlasmodium spp. detectionbyspecies-specific18S rRNAPCRonDBSand100 μL-pRBCforN = 188 isolates, stratifiedbyhost age (6-10years (n = 46 isolates), 11–20years (n = 47 isolates),
21–39years (n = 44 isolates), and≥40years (n = 51 isolates)). A two-sidedFisher’sexact testwasused toassess significance indifferencesbetweenDBSand100uL-pRBC,with symbols *, **,***, and ****
representing p-value significance levels of 0.05, 0.01, 0.001, and 0.0001, respectively.
aThis column represents the number of individuals sampled with isolates that were microscopically-positive for Plasmodium spp., predominantly of P. falciparum, including mixed infections.
bThese columns represent the number of individuals sampled with isolates that were 18S rRNA PCR positive for Plasmodium spp., including mixed infections.
cFor some groups (marked), due to zero values for DBS, this was calculated with the addition of 1 to each value. E.g. for P. malariae, 21–39 years: ‘× increase’ = (3+ 1)/(0+ 1) = 4.00.
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amplified marker and normalised across the different markers and
approaches.

We have illustrated the impact of scaling prevalence of infected hosts
based on larger blood volume sampling in Bongo District and the larger
Upper East Region of Ghana. Scaling up on within-host diversity must
consider the observed non-linear relationship between fold differences in
Pf-MOI and the Pf-MOI in the smaller compared pRBC volumes, with the
obvious implication that DBS estimates cannot be corrected by a single

factor of difference. Instead, such a factor must be calculated using a mea-
sured distribution, where adjustments are mostly needed for isolates with
Pf-MOI in the 1 to 3 range. Larger sample sizes stratifiedby age, gender, and
relevant heterogeneities to an endemic areawill benecessary to explore these
non-linear relationships further as will Bayesian approaches56. This type of
scale-up of a study tomultiple spatial sites counting both infected hosts and
genetically-diverse parasites per host has broad applications for geographic
information system (GIS) mapping, such as for the Malaria Atlas Project56.
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Our findingsmake the case that both broad and deep sampling of all ages in
sentinel sites is needed to achieve accurate representation of an asympto-
matic reservoir.

Malaria elimination in Africa requires a focus on the reservoir, char-
acterised by low-density subclinical infections. Yet, there have been limited
investigations of these low-density subclinical infections of Plasmodium
spp. in general73–76, with the majority of current molecular methods devel-
oped for high-density, clinical samples. In this context, our study serves as a
warning of the extent of the malaria problem in terms of prevalence and
diversity in the reservoir of infection in all ages in high-burden, high-
transmission areas in Africa. Data presented also point to the need for a
change in perspective and approaches in malaria genomic surveillance, so
that we view malaria infections holistically as the complex infections that

they are rather than the examination of each species individually19,77–80. In
doing so, we can better study the impact of transmission-reducing inter-
ventions such as indoor residual spraying (IRS) and vaccines on the
reservoir22. Of further interest would be to also consider how other factors
such as age of samples post-collection or sample storage conditions81 can
affect PCR sensitivity and estimation of metagenomic complexity.

Additionally, metagenomics offers a way to study emerging drug
resistance in rare strains and minor species conferred through current
treatment regimens optimised for P. falciparum82–84. With prolonged SMC
and widespread use of antimalarials to P. falciparum in communities, the
probability of drug resistance is likely to increase silently in P. malariae and
P. ovale spp., pointing to the need for deep sampling of individuals in the
reservoir. Suchmutations have already been found with investigators using

Fig. 4 | Malaria infection complexity comprising of single-, double-, and triple-
species infections with varying MOI levels. Isolates are ordered in increasing
metagenomic complexity, i.e., total MOI from four combined Plasmodium spp.
aMetagenomic complexity calculated from the summation of estimatedMOI across

all four species of P. falciparum (Pf ), P. malariae (Pm), P. ovale curtisi (Poc), and P.
ovale wallikeri (Pow). b Proportion of complexity representing the proportion of
MOI contributed per species.

Fig. 3 | Higher levels of P. falciparum Pf-MOI were detected in larger pRBC
volumes. a Shown here are only 147 isolates with Pf-MOI ≥ 1 in at least one pRBC
volume, stratified by host age (6–10 years (n = 37 isolates), 11–20 years (n = 38
isolates), 21–39 years (n = 30 isolates), and ≥40 years (n = 42 isolates)). Isolates are
ordered according to the order in Fig. 2. For DBS, isolates in grey were not varcoded
as these were negative by microscopy. b Boxplots are shown for isolates with Pf-
MOI ≥ 1 for all four pRBC volumes (n = 101 isolates). Significance of pairwise pRBC
comparisons was inferred with pairwise Wilcoxon signed rank tests, with levels of
significance adjusted using the “holm” correction. cNon-linear relationship between
Pf-MOI fold differences (FDPf-MOI in log scale) and the Pf-MOImeasured from1 μL-
pRBC volumes (Pf-MOIS), shown for isolates with Pf-MOI ≥ 1 for all four pRBC
volumes (n = 101 isolates). Red dashed line indicates no difference in Pf-MOI
(FDPf-MOI = 1)while green solid line shows the smooth curve fittedwith a generalised

additive model. d Population-level metrics were estimated for isolates with Pf-
MOI ≥ 1 with isolate repertoire size ≥ 20. Differences in DBLα type richness and
number of infected individuals are shown, represented by bars and points, respec-
tively. eDifferences in genetic similarity between isolate repertoires by pairwise-type
sharing (PTS), where most distributions were significantly different, with the
exception of 50 μL vs 100 μL. Values are available in Supplementary Table 9. Sta-
tistical analysis was conductedwith theKruskal-Wallis analysis of variance, followed
by Dunn’s test for multiple comparisons. In box and violin plots, the central line in
each box represents the median, the box represents the interquartile range (IQR)
from the 25th to 75th centiles, the whiskers indicate the most extreme data points
within 1.5x IQR, and dots display data points. In all plots, significance symbols *, **,
***, and **** represent p-value significance levels of 0.05, 0.01, 0.001, and 0.0001,
respectively.
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Fig. 5 | A case example of the impact of underestimated complexity on the large
reservoir in the BongoDistrict and theUpper East Region ofNorthernGhana. In
this figure, ‘Adjusted’ represents adjusted estimates to account for larger volume
sampling (i.e., 100 μL). aMalaria Atlas Project (MAP) report of P. falciparum
infection prevalence by region in Ghana in children 2–10 years (in year 2020), and
comparison of P. falciparum prevalences in Bongo in the year 2020 estimated by
MAP for Bongo inGhana in children 2–10 years (PfPR2-10 data for year 2020), by 18S
rRNA in our larger DBS survey in children 2–10 years, in our larger DBS survey in all
host ages, and adjusted for larger volume sampling in all host ages. Also shown are
prevalences for minor species P. malariae and P. ovale spp. that are not available in
MAP. b Impact on metrics that count infected hosts. Prevalence and adjusted

prevalence estimated from the larger DBS survey in individuals ≥6 years were scaled
up to approximate the number of malaria cases in the Bongo DBS survey, Bongo
District, and the Upper East Region of Ghana, detailed in Supplementary Table 12.
Similarly, the numbers of heavily-infected individuals with extreme metagenomic
complexity in these regions were approximated with the 5.85% prevalence reported
in this study. c Impact on metrics that count diverse parasites. Similarly, mean Pf-
MOI and adjusted mean Pf-MOI, estimated from the larger DBS survey in infected
individuals ≥6 years, were scaled up to approximate the P. falciparum census
population size in the BongoDBS survey, BongoDistrict, and theUpper East Region
of Ghana without host age stratification. Tables are available in accessible format in
Supplementary Tables 13–15.
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whole genome amplification and large volumes of blood from clinical cases
where parasitaemias are significantly higher85.Metagenomics further allows
us a means to examine complex interactions among species (e.g., ref. 5)
revealed by epidemiological patterns as well as emergence of minor species
with relapse capability. To achieve this, accurate measurement of infection
complexity is crucial by taking on board metagenomic approaches to
sampling. Broadly, our results are also relevant to those doing surveillanceof
Haemosporidian parasites of other hosts infected withmultiple species and
genotypes.

Data availability
P. falciparum DBLα tag sequences have been deposited to Genbank under
the accession PRJNA1266761. This Targeted Locus Study project has been
deposited at DDBJ/EMBL/GenBank under the accession KIYA00000000.
The version described in this paper is the first version, KIYA01000000.
Protocols and primer sequences are available on GitHub (https://github.
com/UniMelb-Day-Lab/SpeciesSpecific_18S_rRNA_PCR; https://github.
com/UniMelb-Day-Lab/Pfalciparum_varDBLalpha_PCR; https://github.
com/UniMelb-Day-Lab/Pmalariae_Microsat_PCR; https://github.com/
UniMelb-Day-Lab/Povale_potra_PCR). DBLα type sequences and data
tables underlying results are available on GitHub (https://github.com/mh-
tan/Metagenomic_Complexity_Plasmodium). The individual age data are
not publicly available due to ethical reasons. Requests for data on individual
age classes corresponding to P. falciparum isolates should be made by
contacting the Malaria Reservoir Study Team represented by Prof. Karen
Day (karen.day@unimelb.edu.au; Response timeframe: ~1month), in order
to discuss how these data will be utilised for academic or research purposes
and, if appropriate, to identify opportunities for collaboration.

Code availability
A collection of custom R scripts used to generate results are available on
GitHub at: https://github.com/mh-tan/Metagenomic_Complexity_
Plasmodium, digital resource identifier on Zenodo86: https://doi.org/10.
5281/zenodo.15750983.
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