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Background: Resistance to antimalarial drugs remains a major obstacle to
malaria elimination. Multiplexed, targeted amplicon sequencing is being
adopted for surveilling resistance and dissecting the genetics of complex
malaria infections. Moreover, genotyping of parasites and detection of
molecular markers drug resistance in resource-limited regions requires open-
source protocols for processing samples, using accessible reagents, and rapid
methods for processing numerous samples including pooled sequencing.

Methods: Plasmodium falciparum Streamlined Multiplex Antimalarial Resistance
and Relatedness Testing (Pf-SMARRT) is a PCR-based amplicon panel consisting
of 15 amplicons targeting antimalarial resistance mutations and 9 amplicons
targeting hypervariable regions. This assay uses oligonucleotide primers in two
pools and a non-proprietary library and barcoding approach.
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Results: We evaluated Pf-SMARRT using control mocked dried blood spots (DBS)
at varying levels of parasitemia and a mixture of 3D7 and Dd2 strains at known
frequencies, showing the ability to genotype at low parasite density and recall
within-sample allele frequencies. We then piloted Pf-SMARRT to genotype 100
parasite isolates collected from uncomplicated malaria cases at three health
facilities in Dschang, Western Cameroon. Antimalarial resistance genotyping
showed high levels of sulfadoxine-pyrimethamine resistance mutations,
including 31% prevalence of the DHPS A613S mutation. No K13 candidate or
validated artemisinin partial resistance mutations were detected, but one low-
level non-synonymous change was observed. Pf-SMARRT's hypervariable
targets, used to assess complexity of infections and parasite diversity and
relatedness, showed similar levels and patterns compared to molecular
inversion probe (MIP) sequencing. While there was strong concordance of
antimalarial resistance mutations between individual samples and pools, low-
frequency variants in the pooled samples were often missed.

Conclusion: Overall, Pf-SMARRT is a robust tool for assessing parasite
relatedness and antimalarial drug resistance markers from both individual and
pooled samples. Control samples support that accurate genotyping as low as 1
parasite per microliter is routinely possible.

KEYWORDS

malaria, Plasmodium falciparum, antimalarial resistance, genetic relatedness,
amplicon sequencing

Introduction

Increasing resistance to antimalarial drugs remains a major hurdle
for malaria control programs. Despite some gains over the last
decades, malaria control has flattened if not reversed in some parts
of Africa. Globally, malaria resulted in 249 million infections and
608,000 deaths in 2022 (World Health Organization, 2022). The recent
emergence of partial artemisinin resistance in Africa (Rosenthal et al,,
2024) is of particular concern considering the clinical failure of
artemisinin combination therapies (ACTs) observed in Southeast
Asia (Dondorp et al,, 2009; Noedl et al., 2010). Antimalarial efficacy
has traditionally been monitored through in vivo efficacy studies, often
termed therapeutic efficacy studies (TES), and by in vitro
measurement of response to antimalarials (Ekland and Fidock, 2008;
White, 2022). However, once correlated mutations are discovered
across large populations, antimalarial resistance can be more efficiently
tracked by measuring individual mutations with malaria molecular
surveillance (MMS) (Prosser et al., 2018; Juliano et al.,, 2024). Given
that critical mutations occur in multiple locations in multiple genes,
simple and rapid methods for assessing numerous known mutations
are needed. One approach that has become more popular in recent
years is targeted deep sequencing through PCR amplicons or
molecular inversion probes (MIPs) (Aydemir et al., 2018;
Kattenberg et al,, 2023; Aranda-Diaz et al., 2024). Multiplex targeted
deep sequencing can also help to understand how parasites are related
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to one another. By targeting single nucleotide polymorphisms (SNPs)
or microhaplotypes, multiplex assays can be used to study
overall population diversity, within-individual diversity, or even to
track transmission by leveraging metrics like identity-by-
descent (IBD).

Multiplex targeted sequencing can represent direct amplification
(multiplex PCR) or initial capture enrichment followed by universal
PCR. MIPs allow for high levels of multiplexing (100s-1000s of
targets) and are rapidly adaptable. However, MIPs are not as
sensitive at low levels of parasitemia compared to smaller multiplex
PCR panels (often 10 to 100 targets). Amplicon panels, in contrast,
can be challenging to multiplex and balance successfully, making
them less adaptable. They are often lower throughput, with multiple
PCR reactions required to limit cross amplification between products.
Many PCR amplicon panels have been developed that target
antimalarial resistance markers, parasite diversity, or both
(LaVerriere et al,, 2022; Holzschuh et al, 2023; Rovira-Vallbona
et al, 2023; Aranda-Diaz et al, 2024). These panels have mostly
focused on short amplicons but recently, longer amplicons have
become accessible using Oxford Nanopore Technology (Girgis et al.,
2023; de Cesare et al,, 2024). For an amplicon panel to be widely
useful, an assay must be highly sensitive in genotyping low-
parasitemia samples, capable of high-throughput use, low cost, and
easily implemented in resource-limited areas. One way to achieve
these goals is to design approaches for which materials are easily
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acquired through multiple commercial sources and detailed protocols
are publicly available.

When surveilling for mutations, one way to make MMS more
efficient is the use of pooled sequencing, for which individual samples
or DNA extracts are mixed prior to amplification. Pooled-sample
sequencing was piloted in malaria parasites but usually by using a
single amplicon at a time (Taylor et al., 2013, 2015; Juliano et al., 2016;
Brazeau et al, 2019). This approach shows promise, providing
frequency estimates in the pools similar to prevalence estimates of
the individual samples (Taylor et al., 2013). However, the reliability of
reported estimates and the application of pooling to highly
multiplexed amplicon sequencing is yet to be established. Success of
pooled sequencing using molecular inversion probes (MIPs) suggests
that multiplex amplicon sequencing should be feasible using pooled
samples (Aydemir et al., 2021; Young et al., 2024).

Studies assaying molecular markers of antimalarial resistance
have become more common in Cameroon (Table 1). Overall,
mutations associated with sulfadoxine-pyrimethamine resistance in
Plasmodium falciparum dihydrofolate reductase (DHFR) and
dihydropteroate synthase (DHPS) are often reported (Chauvin
et al, 2015). The K76T mutation in P. falciparum chloroquine
resistance transporter (CRT) is no longer commonly seen (Niba
et al.,, 2023). Mutations in P. falciparum multidrug resistance protein
1 (MDRI1) are less common, with the N86Y mutation frequently
identified in studies that sequenced the mdrl gene (Tuedom et al,
2021). To date, validated and candidate artemisinin partial resistance
polymorphisms in P. falciparum kelch13 (K13) have not been
described in Cameroon (Niba et al., 2023).

Here, we present a new highly multiplexed amplicon panel for
studying antimalarial resistance and parasite relatedness, Plasmodium
falciparum Streamlined Multiplex Antimalarial Resistance and
Relatedness Testing (P-SMARRT). This protocol uses commercially
available reagents that can be sourced from multiple vendors using
any multiplex capable Taq polymerase. We assessed assay
characteristics using mocked blood spots at varying parasitemias
and a known mixture of two malaria strains. The assay was then
used to characterize antimalarial resistance polymorphisms,
complexity of infection (COI), and genetic relatedness of 100 P.
falciparum infections from Dschang, Cameroon. We compared the
assay performance against MIPs on a subset of 50 samples to examine
how the assay performs against a routinely implemented method in
our laboratories (Verity et al., 2020). We also evaluated the
performance of the assay in detecting and quantifying parasite
genetic variation using pooled samples.

Methods

Development of the Plasmodium
falciparum streamlined multiplex
antimalarial resistance and
relatedness testing assay

By leveraging previously published and validated primer pairs

(Protocol 1 in Supplementary Data Sheet 1), as well as development
of specific primers for the assay, we targeted 15 antimalarial
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resistance polymorphisms, as well as 9 regions of hypervariability
that don't contain any length polymorphisms. This resulted in a
panel containing 24 target amplicons. The major antimalarial
resistance polymorphisms targeted by the assay include:

* K13: amino acids 433-570, 575-623 and 668-702; covering
almost all current validated (F446I, N458Y, C469Y, M476I,
Y493H, R539T, 1543T, P553L, R561H, C580Y, R622I,
A675V) and candidate (P441L, G449A, C469F, A481V,
R515K, P527H, N5371/D, G538V, V568G) artemisinin
partial resistance mutations.

* CRT: amino acids 43-90; including K76T.

e MDRI1: amino acids 71-92, 170-229, and 1031-1042;
including N86Y, Y184F, and S1034C.

e DHFR: amino acids 41-81 and 97-123; including, N51I,
C59R, and S108N.

*  DHPS: amino acids 429-443, 537-573, and 579-615; including
1431V, A436S, A437G, K540E, A581G, and A613S/T.

Multiplex amplification was performed in two reactions (Primer
Pool A and B) to avoid overlapping amplicons. Post-amplification,
the PCR products were purified using silica micro columns. Pool A
and B were quantified using Qubit HS dsDNA reagent, mixed at
equal concentrations, then prepared into libraries for sequencing
using a ligation-based protocol (Glenn et al., 2019). The complete
protocol for sample preparation is provided in Protocols 1 and 2 in
Supplementary Data Sheet 1 and Supplementary Data Sheet 2. After
sequencing using Illumina 2 X 150bp chemistry, sample haplotypes
and their within-sample frequency were determined using SeekDeep
(Hathaway et al., 2018). Samples were sequenced with at least 2
replicates allowing for improved de-noising. SeekDeep can examine
each replicate individually, limiting erroneous haplotypes with depth
and frequency filters. Replicates can be combined into a final sample
call, which offers the same depth and frequency filters but requires
haplotypes to be in both replicates, thereby minimizing false
haplotypes and more accurately estimating within-sample
haplotype frequency.

Assay performance and validation of
SeekDeep processing filters using
control data

To validate the assay, DNA from the mocked blood spots at
varying levels of parasitemia (parasites per microliter: p/uL) (10,000
p/uL, 1,000 p/uL, 100 p/uL, 10 p/uL, and 1 p/uL) was amplified and
sequenced twelve times using two replicates per sample. In addition, a
mixture containing 88% 3D7 and 12% Dd2 genomic DNA (MRA-
102G and MRA-150G, respectively; BEI Resources, Manassas, VA) at
a concentration of 1,000 p/uL was sequenced twelve times with two
replicates per sample. Final SeekDeep sample filtering was: 1) a
minimum of 100 reads per sample; 2) a minimum of 100 reads per
replicate; 3) amplicons were restricted to the exact expected length; 4)
a minimum frequency within a sample for a haplotype of 1%; and 5) a
requirement that haplotypes needed to pass thresholds in both
replicates to be counted.
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TABLE 1 Recent reports (published 220-2024) of molecular markers of P. falciparum antimalarial resistance mutations in Cameroon.

MDR1

DHFR

DHPS

CRT K13
Reference Region Location Year
Allele Allele Allele Allele % Allele
N51I 100.0 A436H *
C59R 100.0 A437G 87.2
Littoral Douala 2014 86 NA NA S108N 100.0 K540E 0 NA
A581G 12.8
A613S 0
N511I 82.4 A436H *
C59R 89.8 A437G 51.0
North Garoua 2014 104 NA NA S108N 94.4 K540E 1.0 NA
A581G 10.6
A613S 0
N511 97.0 A436H *
C59R 98.0 A437G 83.1
(Guémas et al., 2023) Central Yaounde 2015 77 NA NA S108N 100.0 K540E 0 NA
A581G 6.5
A613S 0
N511 93.0 A436H *
C59R 93.0 A437G 62.6
Adama. Tibadi 2015 99 NA NA S108N 97.4 K540E 0 NA
A581G 5.1
A613S 0
N511 93.4 A436H *
C59R 95.6 A437G 78.6
Far North Maroua 2017 140 NA NA S108N 99.3 K540E 0 NA
A581G 49.3
A613S 0
(Continued)
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TABLE 1 Continued

CRT

MDR1

DHFR

DHPS

. K13
Reference Location
Allele Allele % Allele Allele Allele
K76T 215 N86Y 15.8
(Xu et al., 2023) NA Countrywide 2016-2021 59 NA NA 0
Y184F 54.4
K76T 23.6 N86Y 442 N511 99.3 A436H 0
Y184F 85.5 C59R 99.3 A437G 85.1
2014 165 S108N 100.0 K540E 0 0
A581G 0.7
A613S 5.7
(Niba et al., 2023) Central Yaounde
K76T 6.8 N86Y 14.0 N511 99.5 A436H 0
Y184F 75.3 C59R 99.5 A437G 94.2
2019-2020 244 S108N 100.0 K540E 0.6 0
A581G 38
A613S 10.7
A436H 0
A437G 33.8
Mt.
(Mbacham et al., 2023) South West 2016-2017 145 NA NA NA K540E 0 NA
Cameroon
A581G 52.4
A613T/S NA
N511 98.6 A436H 0
C59R 98.6 A437G 97.1
(Cohen et al., 2023) Central Yaounde 2020 159 NA NA S108N 100 K540E 4.3 NA
A581G 24.3
A613S 6.7
N511 96.6 A436H 0
C59R 98.3 A437G 81.4
(Wang et al., 2022) NA Countrywide 2016-2021 59 NA NA NA
S108N 98.3 K540E 6.8
A581G 5.1
(Continued)
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TABLE 1 Continued

Reference

(Nana et al., 2023)

(Sarah-Matio
et al., 2022)

Region

Central

Central

Location

Yaounde

Yaounde

Year

2016

2017, 2018

47

91

CRT MDR1 DHFR DHPS
Allele Allele Allele Allele

A613S 8.5

N511 97.3 A436H 0
C59R 97.3 A437G 83.3

NA NA S108N 97.3 K540E 0
A581G 9.5
A613S 95

K76T N86Y 13.8 N511 98.3 A436H 0
Y184F NA C59R 98.3 A437G 945

S108N 98.3 K540E 0
A581G 7.7
A613S 10.3

K13
Allele

Pubmed search term: Cameroon, antimalarial, mutations (Access June 27, 2024), four papers excluded (PMID: 37968386, 35183684, PM(C8299738 and PM(C9971654); NA: Not available or not tested; Mutations reported on: CRT: K76T; MDR1: N86Y, Y184F; DHFR: N511,
C59R, S108N; DHPS: A436S, A437G, K540E, A581G, A613S/T; K13: all validated and candidate artemisinin partial resistance mutations (validated: F4461, N458Y, C469Y, M476l, Y493H, R539T, 1543T, P553L, R561H, P574L, C580Y, R6221, A675V, candidate: P441L,

G449A, C469F, A481V, R515K, P527H, N5371/D, G538V, V568G); #total n for which sequencing data was recovered; *unable to be determined based on report formatting.
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Clinical samples and ethics

P. falciparum positive samples from an acute febrile illness cohort
conducted in Dschang, Cameroon from June 12, 2020 -September 8,
2020 were used for this study. The cohort has been described
previously (Ali et al, 2022). Briefly, 431 participants presenting
with fever (axillary temperature >37.5°C or self-reported history of
fever) in the past 24 hours without signs and symptoms of severe
malaria to Dschang Regional Hospital, Hospital de Soeur Servantes
du Christ de Batsingla, and Saint Vincent Hospital outpatient
departments. Individuals were excluded if they had used anti-
malarials in the past 14 days. Consented participants provided
dried blood spots (DBS) collected via finger prick. Demographic
data was collected. The study was approved by the institutional
review board (IRB) of the Cameroon Baptist Convention Health
Board (FWA00002077), Protocol IRB2019-40. (Ali et al., 2022)
Written informed consent was administered in French or English,
based on participant preference, via an independent translator (who
also spoke the local language Yemba). (Ali et al., 2022) For children,
informed consent was obtained from a parent or guardian and assent
from adolescents. Molecular analysis of de-identified samples and
data were deemed non-human subjects research by the University of
North Carolina IRB.

Real-time PCR for estimating parasitemia

One hundred samples with an estimated parasite density of 100
parasites/{LL or greater were randomly selected from a set of previously
generated data using primers targeting varats, a P. falciparum specific
multi-copy target (Hofmann et al., 2015) (Supplementary Figure S1).
All 100 samples were re-extracted from 3 X 6 mm DBS punches using
a Chelex resin extraction (Popkin-Hall et al., 2024). Parasite density in
re-extracted DNA was confirmed by real-time PCR targeting varats,
as previously described (Hofmann et al., 2015). To create a standard
curve and determine estimated parasitemia for each sample, standard
dilutions of Chelex-extracted, mocked DBS containing whole blood
spiked with known densities of cultured 3D7 P. falciparum genomic
DNA (MRA-102, BEI Resources, Manasas, VA) were amplified
alongside clinical samples. The resulting Ct values of the standard
dilutions were plotted against known parasite densities to form a
standard curve, then each sample’s Ct was plotted on the standard
curve to calculate each sample’s parasitemia. All runs included non-
template control reactions. Samples with low estimated parasitemia on
initial real-time PCR runs, when re-extracted, were checked for DNA
concentration using a Qubit fluorometer (Invitrogen, Carlsbad,
California) and Qubit 1X HS dsDNA quantification reagent to
ensure proper extraction occurred.

Individual clinical sample sequencing

The workflow of clinical samples is shown in Figure 1. The 100
samples were sequenced with two replicates. To evaluate initial
amplification and determine if additional sequencing was needed,
we assessed each replicate separately using less stringent filtering
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criteria. These filters were set to be as permissive as possible and
required only a minimum of 25 reads per replicate. Using these
criteria, samples were either: 1) considered complete (if the same
haplotypes were found in both replicates and the difference in
haplotype frequency between replicates was never greater than
10%); or 2) were re-amplified and resequenced with two new
replicates (different haplotypes detected between replicates and/or
>10% variation in haplotype frequency found between replicates for
any haplotype). The replicate PCRs of one sample still showed an
increase in the number of haplotypes with >10% variation in
haplotype frequency upon resequencing, and the original
replicates for that sample were retained. After repeat sequencing
for samples requiring new replicates, the final data was called at the
sample level using the same filters applied to the controls.

Molecular inversion probe sequencing

A subset of 50 isolates were selected for MIP sequencing.
Samples were captured and sequenced as previously described
using capture probes for genome-wide single nucleotide
polymorphisms and probes targeting known antimalarial
resistance polymorphisms (Verity et al., 2020). Data was
processed using MIP analyzer as previously described (Verity
et al, 2020). A variant required at least 3 unique molecular
identifiers to be called and a sample required a depth of 10 UMIs.

Pooled sample sequencing

Pools of samples were generated with a range of pool sizes. The
number of pools available at each sample size was a function of the
available number of nonoverlapping groups of samples. Thus we
generated ten pools of 10 samples, five pools of 20 samples, two
pools of 50 samples, and one pool of 100 samples. Each pool was
sequenced in triplicate with two replicates informing each pool. The
pools were analyzed in SeekDeep with the same clustering
parameters as the individual samples, except that in the pooled
samples the minimum frequency within a sample for a haplotype
was set to 0.5%, on the assumption that more samples should give
more power to confidently call low frequency haplotypes.

Data analysis

For comparisons of study participants, p-value comparisons
across groups for categorical variables are based on the chi-square
test of homogeneity, whereas p-values for continuous variables are
based on the Kruskal-Wallis test for median.

Drug resistance and other genomic metrics for both Pf-
SMARRT and MIP data were calculated using the same approach.
Drug resistance prevalence was determined by considering both
heterozygous and homozygous mutant alleles as mutant samples,
while homozygous reference alleles were considered wild-type
samples. Loci that were not sequenced within a sample were not
included for prevalence calculation (p=x/n*100), where p =

prevalence, x = number of mutant alleles, n = number of
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FIGURE 1
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(All experiments done
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5 non-overlapping
pools of 20 samples
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pools of 50 samples

R1 R2 R1 ‘ ) R2

Sequencing

1

SeekDeep-Analysis of R1 and R2

l

Haplotypes and frequencies for each pool sequenced in triplicate

W start [

| Data Generation & Curation | SeekDeep

| Processing Fork | | Quality Control Fork | Output

Sample flow. One hundred samples from parasitemic participants were used in the study. These samples were PCRed and sequenced with replicates
(R1 and R2) and processed in SeekDeep. To ensure high quality field sample data, we examined the replicates for each field sample. Replicates that
differed in the haplotypes reported or that showed >10% variation in haplotype frequency between replicates (N=35) were re-amplified and re-
sequenced, with one exception. In addition, a subset of 50 samples also underwent MIP sequencing to allow for comparison of relatedness and
antimalarial resistance frequency. Lastly, the 100 samples were used to generate non-overlapping pools of N=10, N=20, N=50, and N=100 to
evaluate the utility of the assays for pooled sequencing. All final sample (and pool) genotyping calls are based upon haplotypes that occurred in both
replicates (R1 and R2) and within sample haplotype frequency was averaged between replicates.

successfully genotyped loci (Fola et al., 2023). The n varied across
loci due to differences in sequence coverage for each amplicon. The
complexity of infection (COI) was estimated in two ways: 1) a
counting method where the amplicon with the highest number of
haplotypes was considered the sample COI and 2) using SNP data
from the amplicons to assess COI using THE REAL McCOIL
(Chang et al, 2017). The program was run in the categorical
method format: heterozygous call as 0.5, homozygous reference
allele as 0, homozygous alternative allele as 1 and no call as —1.
Heterozygosity (He) for each amplicon, the probability that two
amplicon haplotypes will be different, was determined as 1-(p;*
+p2>....4+py’), where py, pa, etc. are the population frequencies of
each haplotype and n is the total number of haplotypes in the
population. The ability to discern unrelated strains, in that any of
the amplicons would have different haplotypes, was estimated as 1-
((1-He;)*(1-He,)*...(1-He;)) where He,, He,, etc. are the
heterozygosities at each amplicon and i is the total number of
amplicons. To assess whether parasite populations within
Cameroon clustered by their geographic origin, we conducted
principal component analysis (PCA) using SNPRelate function in
R 4.2.1 software. The results were visualized using ggplot2 or
GraphPad Prism (v.10.2.3).

Results

Assay performance at different
parasitemias in monoclonal controls

Sequencing depth for test validation controls are shown in
Supplementary Figure S2. In general, replicate samples had very
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similar read counts at all parasitemias except 1 p/uL, where more
variation was introduced in part due to loci failing more commonly at
that level of parasitemia. Genotyping was highly successful at most of
the amplicons for parasitemias as low as 10 p/uL, with some
amplicons dropping out at 1 p/uL (mean 19.16 amplicons, range: 9-
24) (Supplementary Figure S3). The results showed the estimated
number of haplotypes expected, with a single haplotype reported in
most conditions across parasitemia levels and some samples with no
called haplotypes at the lowest parasitemias (Supplementary Figure 54
for diversity markers and Supplementary Figure S5 for antimalarial
resistance markers). Unexpected (false-positive haplotypes that
should not be identified in 3D7) occurred in the DHPS-540
amplicon in two samples at 1 p/uL and in the Heome-A amplicon
in two samples at 1 p/pL. This represented 4 of 1,440 amplicons (24
amplicons across 12 samples across 5 parasitemias) that had false
positive calls, and these occurred only at the lowest parasitemia. These
unexpected haplotypes were low in frequency (<6%) (Supplementary
Figure S6). The issue of low frequency false-positive haplotypes has
been described previously with other amplicon panels (Mideo et al,,
2016; Early et al., 2019).

Estimation of within-sample haplotype
frequency in the control mixture

Upon testing the 3D7/Dd2 mixture (ratio 88:12), we observed
high concordance between measured and expected allele frequency
for the diversity markers and antimalarial SNPs (Supplementary
Figure S7; Supplementary Table 52) with one exception. The DHPS
436/437 amplicon consistently underestimated the Dd2 SNP
frequency when detected (mean 1.09%, SD 0.11%), and often
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failed to detect it (7/12). These controls were run separately from
the clinical samples, which routinely detected multiple haplotypes
in the clinical samples. Thus, it is unclear why this amplicon failed
in the control reactions. MDR1 SNP frequencies varied from
expected due to the copy number variation in Dd2, which
contains different point mutations in each copy.

Cameroon participant characteristics

A total of 230 of the 431 participants were positive for P. falciparum
by real-time PCR. Clinical characteristics of malaria positive study
participants are summarized in Supplementary Table SI. The
participants were 54% female and their average age was 26 years
(range: 20-40) and most resided in Dschang (79%). The majority had
used a bed net the previous night (57%). Prior treatment was not an
exclusion and most had not been treated for malaria in the last 14 days
(74%). The distribution of estimated parasitemias is shown in
Supplementary Figure S1. The 100 participants selected for sequencing
did not differ significantly from those that were not selected, or from the
total malaria positive population, and had a mean parasitemia of 10,498
p/pL (Range: 133 - 94,560 p/pL). Parasitemias after re-extraction of DBS
used for sequencing from the 100 participants had a mean parasitemia of
7103.8 p/uL (Range: 0.5 - 79,627 p/uL). The slightly lower overall
parasitemia is likely due to the re-extraction occurring nearly 2 years
later than the original from DBS stored at -20C. One sample appears to
have had a poor re-extraction. Individual characteristics of the 100
sequenced participants are shown in Supplementary Table S3.

Individual sample sequence quality

Initial amplification resulted in 91 of 100 samples in which the
haplotype sequences were the same in both replicates. Sixty-five of
these samples had the same haplotype sequences, and haplotype
frequencies never differed by more than 10% (Figure 1). After re-
amplifying and resequencing to increase the depth of replicates in the
35 samples that either had haplotypes >10% different in frequency or
discordant haplotypes between replicates (Figure 1), the final dataset
contained 97 samples that passed all filters and 3 samples that had
one haplotype with >10% difference in frequencies between replicates.
In the final sequence data, most samples were successfully genotyped
at nearly all 24 amplicons (mean: 23.7 amplicons genotyped, SD: 0.67,
range: 20-24) (Supplementary Figure S8). The within-sample allele
frequency between the individual replicates of the same sample
showed a high level of concordance (Supplementary Figure S9).
Sequencing depth was high, averaging >2'° reads/amplicon/sample,
across most amplicons, with depth lower for the Heome-H amplicon
(Supplementary Figure S10).

Complexity of infection

The complexity of infection (COI) was first determined simply
by the greatest number of haplotypes observed for any amplicon in
a sample (Figure 2A). The overall mean COI was similar between
the 100 sequenced samples (2.7, Range 1-5) and the 50 sample
subset that underwent both P-SMARRT and MIP analysis (2.6,
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Range 1-5). P~-SMARRT’s absolute count of haplotypes showed a
higher mean COI than estimates by THE REAL McCOIL. When
COI was estimated by THE REAL McCOIL, P-SMARRT estimated
significantly higher mean COI than MIP sequencing (Figure 2B).
The relative COI for each amplicon based on haplotype count of Pf-
SMARRT are shown in Supplementary Figure S11. There was no
single amplicon that was the most reliable indicator of maximum
haplotype count. However, Heome-A was the most informative
amplicon, being associated with the maximum haplotype count in
50 samples, while Heome-D was associated with the maximum
haplotype count in 46 samples, and AMALI in 43 samples.

Antimalarial resistance

Genotyping results and the estimated prevalence of common
antimalarial resistance polymorphisms are shown for key resistance
genes in Tables 2 and 3. No WHO validated or candidate
artemisinin partial resistance polymorphisms were found, but one
sample with a non-synonymous (A578S) and one sample with a
synonymous (F522F) mutation were found in K13. Among the 100
samples sequenced, DHFR mutations associated with
pyrimethamine resistance were at fixation. DHPS mutations,
associated with sulfadoxine resistance, were more variable, while
high levels of the DHPS A436S and A437G mutations, but lower
prevalences for the K540E (7.0, 2.0-12.3), A581G (24.0, 15.6-32.4)
and A613S (31.0, 21.6-40.1). The majority of infections were wild
type at MDRI amino acid N86Y (94.0, 92.13-96.8), a mutation
associated with decreased sensitivity to lumefantrine. When
compared to MIP sequencing, P~SMARRT generally identified a
higher prevalence of antimalarial resistance polymorphisms
(Table 3). In part, this appears to be associated with a higher rate
of finding mixed genotype infections. P~SMARRT identified 12.5%
(81/650) loci successfully genotyped as mixed genotypes, whereas
MIPs found only 6.4% (40/628) (Table 2). Detailed data on coverage
and allele calls is available in Supplementary Table S3.

Parasite diversity

We investigated parasite population structure using Pf-SMARRT.
Given the majority of samples were drawn from essentially one
relatively small geographic location (262 sq. km), we would expect
tight clustering of the isolates. Overall, P/~SMARRT confirmed this
expectation (Figure 3), with principal components 1 and 2 (PCI and
PC2) representing only 3.8% and 3.6% of the variation within the
population, respectively. The most distant sample, an individual from
Douala who came to the local clinic (approximately 215 km by road),
segregated from other samples by PC1. To compare the clustering
determined by P~SMARRT relative to a higher density genotyping
method, we compared it to 50 samples also genotyped by MIPS
(Supplementary Figure S12). As expected, MIPs provided visually
more clustered samples than P-SMARRT.

Diversity markers will have variable information for discerning
strains in different populations. In Cameroon, these diversity
markers had a range of heterozygosity from 0.32 to 0.95
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FIGURE 2

Estimated complexity of infection for each sample. Red text denotes the mean (as a central dot) and standard deviation (as arms above and below the
mean). Black dots represent COI values for individual samples. (A) Depicts the COI for Pf-SMARRT based on the amplicon that provided the highest
number of haplotypes. (B) Shows the estimated COIl determined by THE REAL McCOIL for Pf-SMARRT and MIPs. Significance determined by t-test.
ns = not significant.

TABLE 2 Antimalarial resistance infection genotypes comparing Pf~-SMARRT and MIPs.

Full sample set (N=100) Sub-sample (N=50)
Gene Mutation Pf-SMARRT Pf-SMARRT MIP
WT Mixed WT Mixed MT WT Mixed
CRT K76T 100 81 11 8 50 37 6 7 48 43 1 4
N86Y 100 94 5 1 50 47 2 1 49 47 0 2
MDRI
Y184F 100 28 25 47 50 14 13 23 47 20 2 25
N51I 100 0 0 100 50 0 0 50 48 0 1 47
DHFR C59R 100 0 0 100 50 0 0 50 48 0 1 47
S108N 100 0 0 100 50 0 0 50 49 0 0 49
1431V 100 62 21 17 50 27 13 10 48 34 3 11
A436S 100 27 32 41 50 14 17 19 48 24 24 0
A437G 100 3 7 90 50 2 1 47 48 5 1 2
DHPS
K540E 99 92 7 0 49 46 3 0 48 46 1 1
A581G 100 76 21 3 50 37 12 1 49 35 3 11
A6138 100 69 24 7 50 33 14 3 49 34 3 12
K13 Multiple* 100 100 0 0 50 50 0 0 49 49 0 0

n, number of successfully sequenced samples; WT, pure wild type sensitive genotype; Mixed, mixed wild type and resistant genotype; MT, pure mutant genotype; Prev, prevalence of infections
containing resistant genotypes; *reporting only WHO validated and candidate K13 mutations; MIP, molecular inversion probe.
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TABLE 3 Prevalence of antimalarial resistance polymorphisms by Pf-SMARRT vs MIP.

Pf-SMARRT (100) Pf-SMARRT (50) MIP (50)
Mutation
Prev (%) 95% ClI Prev (%) 95% ClI Prev (%) 95% ClI
CRT K76T 19.0 11.3-26.7 26.0 13.8-38.1 10.4 1.8-19.1
N86Y 6.0 1.3-10.8 6.0 0.5-12.6 4.1 0.4-9.6
MDR1
Y184F 72.0 63.2-80.8 72.0 59.5-84.0 57.4 433-716
N51T 100.0 100.0 100.0 100.0 100.0 100.0
DHFR C59R 100.0 100.0 100.0 100.0 100.0 100.0
S108N 100.0 100.0 100.0 100.0 100.0 100.0
1431V 38.0 28.2-47.0 47.0 32.2-59.8 292 16.3-42.0
A436S 73.0 64.2-81.8 72.0 59.2-84.7 50.0 35.8-64.2
A437G 97.0 93.6-99.9 96.0 90.6-99.8 89.6 80.9-98.2
DHPS
K540E 7.0 2.0-12.3 6.2 0.5-12.8 42 0.4-9.8
A581G 24.0 15.6-32.4 26.0 13.8-38.2 286 15.9-41.2
A613S 31.0 21.6-40.1 34.0 20.8-47.1 30.6 17.7-43.5

(Table 4). Unsurprisingly, AMAI1 showed the greatest within-  (Figure 4), with more variation in the frequency estimates with
population heterozygosity. There were between 5 and 37  smaller pool size. In terms of the ability to detect low abundance
haplotypes in the population depending on the loci. alleles, pooling did well for mutations greater than 40% estimated

frequency by individual sample sequencing (108/110 detected,

98.2%) (Supplementary Figure S13). However, when a mutation
Estimation of antimalarial resistance was between 20% and 40% only 22/27 (81.5%) were detected and
freq uency using pooled S€q uencing for polymorphisms less than 20% only 50/79 (63.3%) were detected.

Utilizing non-overlapping pools of different sizes, we evaluated
the detectability and estimated frequencies of key antimalarial Discussion
resistance polymorphisms in the pools relative to the weighted
(based on parasitemia) frequency based upon individual sample We report the development and validation of a highly
sequencing. In general, correlations between the data were high  multiplexed amplicon deep sequencing tool Pf-SMARRT and

° *
e = Bafou °
o | = Baleveng -|
’\3 = Bamenda ° Y 4 °
> 1 = Bamendou ’ ¢
o Douala
~ 8 Dschang o
N SsT * Ebolowa
8 Manjo
1 ™ Nkongsamba °
® Santchou
o Yaounde 0.10
=1 .
[}
: A
0.00 °
1 Q
o
S .10 P
S <
-0.20 -0.10 0.00 0.10 0.20

PC1(3.8%)

FIGURE 3
Principal component analysis of 100 Cameroonian samples collected from three hospitals in Dschang, Cameroon. Samples are color coded by the
patient’s village/town/city of origin.
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successful application to field samples from Cameroon. Our goal
was to develop a simple assay that was freely available using
standard reagents to characterize key antimalarial drug resistance
genes and provide basic information on parasite COL, diversity, and
relatedness. The assay leverages no custom products and the
necessary protocols are available within this publication. Pf-
SMARRT provided robust data across a range of parasitemias,
with most amplicons successfully genotyped at 1 p/uL. The assay
was then used to characterize antimalarial resistance profiles in
Dschang, Cameroon, with most samples genotyped at all amplicons
successfully. The assay was compared to MIPs in a subset of samples
and showed an overall similar pattern of parasite population
clustering based on PCA but demonstrated a higher rate of
calling minor haplotypes, resulting in higher prevalence for drug
resistance molecular markers and higher COI estimates. Lastly, we
evaluated the assay using pooled deep sequencing to characterize
how well it would detect antimalarial resistance SNPs in sample
pools of different sizes, showing that increased pool size improves
the accuracy of frequency calls but can result in missed low-
frequency SNPs in the pool. P~SMARRT has multiple
advantageous characteristics, which make it particularly useful for
conducting MMS.

Among samples collected in Dschang, Cameroon, in 2020, we
found similar results as other recent molecular studies in other parts
of the country. Although no validated or candidate K13 markers
were found, one non-synonymous polymorphism was identified,
the A578S mutation, which is commonly seen at low prevalence in
Africa but not associated with resistance. Most parasites contained
the wild type N86Y MDRI allele, associated with decreased
susceptibility to lumefantrine. The CRT K76T mutant allele was
found in 19% (95% CI:11.3-26.7%) of samples, which is higher than
the few reports of this mutation in samples collected at a similar
time (Table 1). DHFR mutations remain common and DHPS
mutations are variable. The K540E mutation remains uncommon,
similar to previous reports and as seen in West Africa (Okell et al.,
2017). We detected an appreciable number of 1431V mutants (38%,
CIL: 28.2-47.0), a mutation that has been found and may be

TABLE 4 Diversity of amplicon microhaplotypes in the population.

10.3389/fpara.2024.1509261

increasing in Ghana, Nigeria and Cameroon (Oguike et al., 2016;
Adegbola et al., 2023). In addition, the DHFR A613S was found at a
prevalence of 31.0% (CI: 21.6-40.1).

When comparing P~SMARRT to MIPs, a higher number of
mixed infections were found with P-SMARRT than with MIPs
(Table 2). This resulted in an increased estimated prevalence for
most markers (Table 3). Overall, P~SMARRT identified mixed
genotypes in 12.5% (81/650) of loci, whereas MIPs found mixed
genotypes at 6.4% of loci (40/628). There are likely two reasons for
this difference. PCR amplicons may be more efficient than capture-
based approaches like MIPs. This is primarily due to the nature of
PCR amplification, which enriches specific target regions, ensuring
that even minor clones within a sample are more likely to be
captured and sequenced. The inherent nature of PCR allows for
amplification of low-abundance targets, making it easier to detect
mixed genotypes and rare variants. The depth of sequencing is
another critical aspect that enhances the performance of Pf-
SMARRT. Deeper sequencing of a smaller number of loci allows
for a more finely articulated view of the genetic diversity within a
sample, making it possible to detect low-frequency alleles that may
exist in mixed infections. This increased depth is particularly
valuable in malaria research, where understanding the prevalence
of minor variants can inform public health strategies and resistance
monitoring. While MIPs can achieve significant coverage, they
often operate at shallower sequencing depths (10X-50X coverage).
This can lead to a loss of sensitivity in detecting low-density
infections, limiting their ability to uncover important genetic
variants. It is important to note that while MIPs can, in theory,
achieve similar sensitivity to P~SMARRT with increased coverage
and depth, the practical implementation of this is often constrained
by factors such as cost and technical complexity. P~SMARRT
stands out as a more effective tool for detecting all clones and
resistance mutations identified by MIPs while also capturing more
minor clones and rare variants. This enhanced sensitivity is vital in
regions where malaria transmission declines and efforts shift toward
pre-elimination strategies. The ability to detect low-density
infections and subtle genetic variations makes Pf~-SMARRT

Amplicon Number of samples Total number of Mean number of = Range of number of Heterozygosity*
successfully haplotypes haplotypes haplotypes
genotyped in population per sample per sample
AMAL1 99 37 1.49 1-4 0.950
Heome A 99 19 1.62 1-5 0.827
Heome B 9 10 1.36 1-4 0595
Heome C 100 5 1.44 13 0.637
Heome D 100 29 1.59 1-4 0.906
Heome E 100 8 1.31 13 0321
Heome F 100 13 1.57 1-5 0.812
Heome G 100 6 1.44 1-3 0.704
Heome H 76 5 1.24 1-2 0520

*Heterozygosity was calculated based on microhaplotype frequencies in the population using the custom python script “make_Table_4_heterozygosity.py” in the supplemental github repository.

Frontiers in Parasitology

frontiersin.org


https://doi.org/10.3389/fpara.2024.1509261
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org

Sadler et al.

10.3389/fpara.2024.1509261

10pool2

10pool3

1.00 1
0.754
0.501
0.254

r=0.92

0.001

r=0.94 r=0.95

10pool4

10pool5

10pool6

1.00 1
0.754
0.501
0.254

r=0.79 8

0.001

L]
®

o =072

r=0.93

10pool7

10pool8

10pool9

1.00 1
0.754 L]
0.501
0.254

r=0.96

0.001

eo r=0.67

L] (]

Gene

" r=0.96 dhfr

Pool

10pool10

20pool1

20pool2 o dhps

1.00 1
0.754
0.501

[ 4
0.254 ®

oole ®8 r=0.92

mdr1
pfert

° ° ®

r=0.96 r=0.89

20pool3

20pool4

20pool5

1.00 1

0.754

0.501 [ ]

0.254

] r=0.87 )

0.004

r=0.94|_ e r=0.97

50pooll

50pool2

100pool

1.001 ® ®

0.754 [
0.501

0.254

e
000 r=095|. o

r=0.95 e ® r=0.98

000 025 050 075 1.000.00 0.25

0.50

075 1.00000 025 050 075 1.00

Individual

FIGURE 4

Correlation of antimalarial resistance SNP frequency in pools compared to individual samples. Weighted mean allele frequency for key resistance
mutations was estimated across replicates for each pool group and compared with allele frequencies across replicates for the individual samples
included in each pool. Allele frequencies in the pool were weighted by parasite density of each individual sample included in the pool. Pearson’s
correlation values were high across all pool groups. Each frame is labeled as ##pool#, where ## is the pool size and # is the pool number.

particularly useful for MMS, enabling researchers and public health
officials to make informed decisions in the fight against malaria.

Importantly, MIPs out performed Pf-SMARRT for detecting
genetically similar clusters of parasites within the population
(Figure 3). This is not surprising as the MIP panels used
genotyped over 480 amplicons across the genome as compared to
24 amplicons with P~SMARRT. The use of IBD measurement is
inherently affected by the number of amplicons included and their
distribution across a genome (Guo et al., 2023). P~SMARRT was
not designed specifically for use with IBD but rather to have power
to discern clones based upon global heterozygosity of the diversity
amplicons. For example, based on the measured heterozygosity of
the population in Cameroon (Table 4) we would have a 99.9998%
chance of determining strains are different (and 99.9995% if Heome
H is not successfully genotyped).
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Pooling has previously been proposed as a way to cost effectively
monitor parasite variation (Taylor et al., 2013, 2015; Juliano et al,
2016; Brazeau et al,, 2019) and has worked well for single amplicon
deep sequencing. This was the first time we used highly multiplexed
amplicon deep sequencing in pooled samples. The results suggest that
sensitivity for rare alleles would be a significant limitation for using
pooling for monitoring the emergence of new polymorphism
(Supplementary Figure S13). However, at higher frequencies, the
ability to detect and determine the relative frequency of alleles
occurring at moderate to high frequency was good, especially in
pools with higher numbers of samples. Thus, the use of a pooling
approach may be limited to monitoring known mutations after
emergence. Increasing throughput for individual sample sequencing
by making the assay protocol straightforward and scalable is
necessary for evaluating introduction or emergence of a mutation.
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This study, and the assay do have some limitations. First, this
version of the assay is missing coverage for several key drug resistance
mutations including P574L in K13, I164L in DHFR and D1246Y in
MDRI. In addition, the ligation based library preparation is more
complicated and time consuming than a PCR-based library
preparation. Modifications to resolve these limitations are underway.
Despite sequencing in duplicate and using a relatively conservative
minor frequency cut off of 1%, we detected three false positive
haplotypes in our control experiments, although all false-positives
occurred at the lowest parasitemia, a known issue in amplicon
sequencing. This represented only 3 of 288 loci genotyped in the 1
parasite/uL controls. In addition, in our mixture experiment, one
amplicon (DHPS 437) failed to detect the Dd2 minor variant
consistently. It is unclear what happened during this experiment, as
no other indication of problems occurred with this amplicon in the
other controls or clinical samples. One of the diversity targets (Heome-
H) was consistently under-sequenced relative to other amplicons but
had sufficient coverage to allow calls in most samples (76/100). Lastly,
we did not directly test the assay in low-density infections from
Cameroon (a single low density parasitemia of 0.5 p/pL, likely due to
poor extraction, successfully genotyped at 24/24 amplicons), thus we
do not know how it will perform using such clinical samples, although
the mocked blood spots included whole blood spiked with culture
grown parasites and, therefore, should be a good representation.

Pf-SMARRT represents a valuable tool for conducting MMS,
providing detailed genotyping of 24 amplicons in an open source
platform. Control experiments using mocked blood spots and known
mixtures of different strains provide support that the assay should
accurately report within-sample frequency and reliably detect
genotypes in low density infections. The assay had a high success
rate in samples with what should be RDT-detectable parasitemia from
Dschang, Cameroon. It proved sensitive for minority clones in
infections and had a low false positivity rate, which occurred only at
very low parasitemia. While pooled sequencing had overall good
correlations to individual samples in terms of antimalarial resistance
frequency, the lowest frequency alleles were commonly missed in the
pools. This suggests that pools may not be appropriate for surveillance
of rare alleles in a population but could help monitor the frequency of
common alleles. As we move toward malaria elimination, the insights
provided by Pf-SMARRT will be useful for understanding and
monitoring the transmission dynamics of P. falciparum. Moreover,
as more labs and control programs gain access to next generation
sequencers in Africa, the use of MMS to monitor malaria populations
will only increase. P~SMARRT represents a tool that uses easy to access
materials and can easily be implemented across any Illumina platform,
including the ISeq, to provide robust characterization of antimalarial
resistance polymorphisms and parasite relatedness.

Data availability statement

The original contributions presented in the study are publicly available.
This data can be found here: NCBI SRA, accession PRJINA1171111 and
https://github.com/bailey-lab/pfsmarrt_cameroon_7-6-24.

Frontiers in Parasitology

14

10.3389/fpara.2024.1509261

Ethics statement

The studies involving humans were approved by Cameroon
Baptist Convention Health Board (FWA00002077), Protocol
IRB2019-40. The studies were conducted in accordance with the
local legislation and institutional requirements. Written informed
consent for participation in this study was provided by the
participants’ legal guardians/next of kin.

Author contributions

JS: Data curation, Formal analysis, Methodology, Visualization,
Writing - original draft, Writing - review & editing. AS: Data
curation, Formal analysis, Methodology, Software, Visualization,
Writing - original draft, Writing - review & editing. VT: Data
curation, Formal analysis, Project administration, Writing - review
& editing. IG: Data curation, Formal analysis, Visualization, Writing
- original draft, Writing - review & editing. AF: Data curation,
Formal analysis, Visualization, Writing - original draft, Writing -
review & editing. KW: Conceptualization, Methodology, Writing —
review & editing. AA: Writing — review & editing. KN: Data curation,
Formal analysis, Methodology, Writing - original draft, Writing -
review & editing. KT: Data curation, Formal analysis, Writing -
review & editing. SW: Data curation, Formal analysis, Visualization,
Writing - original draft, Writing - review & editing. WM:
Conceptualization, Formal analysis, Funding acquisition,
Investigation, Writing — review & editing. RD: Funding acquisition,
Investigation, Writing — review & editing. SN: Formal analysis,
Funding acquisition, Investigation, Writing — review & editing. CT:
Data curation, Project administration, Writing — review & editing. JP:
Formal analysis, Investigation, Writing — review & editing. IA:
Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Supervision, Visualization, Writing - original draft, Writing -
review & editing. JB: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Project
administration, Software, Supervision, Visualization, Writing -
original draft, Writing — review & editing. JJ: Conceptualization,
Data curation, Formal analysis, Funding acquisition, Investigation,
Methodology, Project administration, Supervision, Validation,
Visualization, Writing - original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the research,
authorship, and/or publication of this article. This project was funded by
the National Institutes for Allergy and Infectious Diseases (RO1AI156267
to JB and JJ, RO1AI155730 to JJ, RO1AI165537 to J], SN and RD,
RO1AI177791 to JP, K24AI134990 to JJ, U19AI181584 to RD, and
U19AI1089680 to WM). This work was partially supported by the Bill &
Melinda Gates Foundation (INV-050353 to JP) and the EDCTP2 career
development fellowship (TMA2020CDF-3171 to IA). Under the grant
conditions of the Foundation, a Creative Commons Attribution 4.0

frontiersin.org


https://github.com/bailey-lab/pfsmarrt_cameroon_7-6-24
https://doi.org/10.3389/fpara.2024.1509261
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org

Sadler et al.

Generic License has already been assigned to the Author Accepted
Manuscript version that might arise from this submission. This work was
also partially supported by the Yang Biomedical Scholars Fund from the
University of North Carolina.

Acknowledgments

We thank the participants of the study. We thank the laboratory
and clinical staff of the Dschang Regional Hospital Annex, the St.
Vincent Catholic Hospital and the Catholic Hospital in Batsingla for
their assistance in sample collection for this study. The following
reagent was obtained through BEI Resources, NIAID, NIH:
Plasmodium falciparum, Strain 3D7, MRA-102, contributed by
Daniel J. Carucci. The following reagent was obtained through BEI
Resources, NIAID, NIH: Genomic DNA from Plasmodium
falciparum, Strain 3D7, MRA-102G, contributed by Daniel J.
Carucci. The following reagent was obtained through BEI
Resources, NIAID, NIH: Genomic DNA from Plasmodium
falciparum, Strain Dd2, MRA-150G, contributed by David Walliker.

Conflict of interest

JP reports research support from Gilead Sciences, non-financial
support from Abbott Laboratories, and consulting for Zymeron
Corporation, all outside the scope of the manuscript.

References

Adegbola, A. ], Jjarotimi, O. A., Ubom, A. E., Adesoji, B. A., Babalola, O. E., Hocke,
E. F, et al. (2023). A snapshot of the prevalence of dihydropteroate synthase-431V
mutation and other sulfadoxine-pyrimethamine resistance markers in Plasmodium
falciparum isolates in Nigeria. Malar. J. 22, 71. doi: 10.1186/512936-023-04487-5

Ali, I. M., Tchuenkam, V. P. K,, Colton, M, Stittleburg, V., Mitchell, C., Gaither, C.,
et al. (2022). Arboviruses as an unappreciated cause of non-malarial acute febrile illness
in the Dschang Health District of western Cameroon. PloS Negl. Trop. Dis. 16,
€0010790. doi: 10.1371/journal.pntd.0010790

Aranda-Diaz, A., Vickers, E. N., Murie, K., Palmer, B., Hathaway, N., Gerlovina, I,
et al. (2024). Sensitive and modular amplicon sequencing of Plasmodium falciparum
diversity and resistance for research and public health. bioRxiv. 15, 2499.doi: 10.1101/
2024.08.22.609145

Aydemir, O., Janko, M., Hathaway, N. J., Verity, R., Mwandagalirwa, M. K., Tshefu,
A. K., et al. (2018). Drug-resistance and population structure of plasmodium
falciparum across the Democratic Republic of Congo using high-throughput
molecular inversion probes. J. Infect. Dis. 218, 946-955. doi: 10.1093/infdis/jiy223

Aydemir, O., Mensah, B., Marsh, P. W., Abuaku, B., Myers-Hansen, J. L., Bailey, J. A.,
etal. (2021). Immediate pools of malaria infections at diagnosis combined with targeted
deep sequencing accurately quantifies frequency of drug resistance mutations. Peer] 9,
€11794. doi: 10.7717/peerj.11794

Brazeau, N. F., Assefa, A., Mohammed, H., Seme, H., Tsadik, A. G., Parr, J. B,, et al.
(2019). Pooled Deep Sequencing of Drug Resistance Loci from Plasmodium falciparum
Parasites across Ethiopia. Am. J. Trop. Med. Hyg. 101, 1139-1143. doi: 10.4269/
ajtmh.19-0142

Chang, H.-H., Worby, C. J., Yeka, A., Nankabirwa, J., Kamya, M. R,, Staedke, S. G.,
et al. (2017). THE REAL McCOIL: A method for the concurrent estimation of the
complexity of infection and SNP allele frequency for malaria parasites. PloS Comput.
Biol. 13, €1005348. doi: 10.1371/journal.pcbi.1005348

Chauvin, P., Menard, S., Iriart, X., Nsango, S. E., Tchioffo, M. T., Abate, L., et al.
(2015). Prevalence ofPlasmodium falciparumparasites resistant to sulfadoxine/
pyrimethamine in pregnant women in Yaoundé, Cameroon: emergence of highly
resistantpfdhfr/pfdhpsalleles. J. Antimicrob. Chemother. 70, 2566-2571. doi: 10.1093/
jac/dkv160

Frontiers in Parasitology

15

10.3389/fpara.2024.1509261

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpara.2024.1509261/

full#supplementary-material

Cohen, O., Guemas, E., Menard, S., Tsague, K. M., Talom, N. C,, Iriart, X,, et al.
(2023). Effect of sulfadoxine-pyrimethamine chemoprophylaxis in pregnant women on
selection of the new P. falciparum dhps quintuple mutant carrying the 1431V mutation.
J. Antimicrob. Chemother. 78, 665-668. doi: 10.1093/jac/dkac432

de Cesare, M., Mwenda, M., Jeffreys, A. E., Chirwa, J., Drakeley, C., Schneider, K.,
et al. (2024). Flexible and cost-effective genomic surveillance of P. falciparum malaria
with targeted nanopore sequencing. Nat. Commun. 15, 1413. doi: 10.1038/s41467-024-
45688-z

Dondorp, A. M., Nosten, F., Yi, P., Das, D., Phyo, A. P., Tarning, J., et al. (2009).
Artemisinin resistance in Plasmodium falciparum malaria. N. Engl. J. Med. 361, 455—
467. doi: 10.1056/NEJM0a0808859

Early, A. M,, Daniels, R. F., Farrell, T. M., Grimsby, J., Volkman, S. K., Wirth, D. F,,
et al. (2019). Detection of low-density Plasmodium falciparum infections using
amplicon deep sequencing. Malar. J. 18, 219. doi: 10.1186/s12936-019-2856-1

Ekland, E. H., and Fidock, D. A. (2008). In vitro evaluations of antimalarial drugs and
their relevance to clinical outcomes. Int. J. Parasitol. 38, 743-747. doi: 10.1016/
j.ijpara.2008.03.004

Fola, A. A, Feleke, S. M., Mohammed, H., Brhane, B. G., Hennelly, C. M., Assefa, A.,
et al. (2023). Plasmodium falciparum resistant to artemisinin and diagnostics have
emerged in Ethiopia. Nat. Microbiol. 8, 1911-1919. doi: 10.1038/541564-023-01461-4

Girgis, S. T., Adika, E., Nenyewodey, F. E., Senoo Jnr, D. K., Ngoi, J. M., Bandoh, K.,
etal. (2023). Drug resistance and vaccine target surveillance of Plasmodium falciparum
using nanopore sequencing in Ghana. Nat. Microbiol. 8, 2365-2377. doi: 10.1038/
541564-023-01516-6

Glenn, T. C, Nilsen, R. A, Kieran, T.]., Sanders, J. G., Bayona-Vasquez, N. J., Finger,
J. W, et al. (2019). Adapterama I: universal stubs and primers for 384 unique dual-
indexed or 147,456 combinatorially-indexed Illumina libraries (iTru & iNext). Peer] 7,
€7755. doi: 10.7717/peer;j.7755

Gueémas, E., Coppée, R., Ménard, S., du Manoir, M., Nsango, S., Makaba, M. D., et al.
(2023). Evolution and spread of Plasmodium falciparum mutations associated with

resistance to sulfadoxine-pyrimethamine in central Africa: a cross-sectional study.
Lancet Microbe 4, €983-€993. doi: 10.1016/S2666-5247(23)00211-2

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpara.2024.1509261/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpara.2024.1509261/full#supplementary-material
https://doi.org/10.1186/s12936-023-04487-5
https://doi.org/10.1371/journal.pntd.0010790
https://doi.org/10.1101/2024.08.22.609145
https://doi.org/10.1101/2024.08.22.609145
https://doi.org/10.1093/infdis/jiy223
https://doi.org/10.7717/peerj.11794
https://doi.org/10.4269/ajtmh.19-0142
https://doi.org/10.4269/ajtmh.19-0142
https://doi.org/10.1371/journal.pcbi.1005348
https://doi.org/10.1093/jac/dkv160
https://doi.org/10.1093/jac/dkv160
https://doi.org/10.1093/jac/dkac432
https://doi.org/10.1038/s41467-024-45688-z
https://doi.org/10.1038/s41467-024-45688-z
https://doi.org/10.1056/NEJMoa0808859
https://doi.org/10.1186/s12936-019-2856-1
https://doi.org/10.1016/j.ijpara.2008.03.004
https://doi.org/10.1016/j.ijpara.2008.03.004
https://doi.org/10.1038/s41564-023-01461-4
https://doi.org/10.1038/s41564-023-01516-6
https://doi.org/10.1038/s41564-023-01516-6
https://doi.org/10.7717/peerj.7755
https://doi.org/10.1016/S2666-5247(23)00211-2
https://doi.org/10.3389/fpara.2024.1509261
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org

Sadler et al.

Guo, B, Borda, V., Laboulaye, R., Spring, M. D., Wojnarski, M., Vesely, B. A,, et al.
(2024). Strong positive selection biases identity-by-descent-based inferences of recent
demography and population structure in Plasmodium falciparum. Nat Commun 15,
2499. doi: 10.1101/2023.07.14.549114

Hathaway, N. J., Parobek, C. M., Juliano, J. J., and Bailey, J. A. (2018). SeekDeep:
single-base resolution de novo clustering for amplicon deep sequencing. Nucleic Acids
Res. 46, e21. doi: 10.1093/nar/gkx1201

Hofmann, N., Mwingira, F., Shekalaghe, S., Robinson, L. J., Mueller, I, and Felger, L.
(2015). Ultra-sensitive detection of Plasmodium falciparum by amplification of multi-
copy subtelomeric targets. PloS Med. 12, €1001788. doi: 10.1371/journal.pmed.1001788

Holzschuh, A., Lerch, A., Gerlovina, L, Fakih, B. S., Al-Mafazy, A.-W. H., Reaves, E.
J., et al. (2023). Multiplexed ddPCR-amplicon sequencing reveals isolated Plasmodium
falciparum populations amenable to local elimination in Zanzibar, Tanzania. Nat.
Commun. 14, 3699. doi: 10.1038/s41467-023-39417-1

Juliano, J. J., Giesbrecht, D. J., Simkin, A., Fola, A. A,, Lyimo, B. M., Pereus, D., et al.
(2024). Prevalence of mutations associated with artemisinin partial resistance and
sulfadoxine-pyrimethamine resistance in 13 regions in Tanzania in 2021: a cross-
sectional survey. Lancet Microbe 5 (10), 100920. doi: 10.1016/S2666-5247(24)00160-5

Juliano, J. J., Parobek, C. M., Brazeau, N. F., Ngasala, B., Randrianarivelojosia, M.,
Lon, C, et al. (2016). Pooled amplicon deep sequencing of candidate plasmodium
falciparum transmission-blocking vaccine antigens. Am. J. Trop. Med. Hyg. 94, 143-
146. doi: 10.4269/ajtmh.15-0571

Kattenberg, J. H., Fernandez-Mifnope, C., van Dijk, N. J., Llacsahuanga Allcca, L.,
Guetens, P., Valdivia, H. O., et al. (2023). Malaria molecular surveillance in the
Peruvian amazon with a novel highly multiplexed plasmodium falciparum ampliSeq
assay. Microbiol. Spectr. 11, €0096022. doi: 10.1128/spectrum.00960-22

LaVerriere, E., Schwabl, P., Carrasquilla, M., Taylor, A. R, Johnson, Z. M., Shieh, M.,
etal. (2022). Design and implementation of multiplexed amplicon sequencing panels to
serve genomic epidemiology of infectious disease: A malaria case study. Mol. Ecol.
Resour. 22, 2285-2303. doi: 10.1111/1755-0998.13622

Mbacham, H. F,, Mosume, D. M., Apinjoh, T. O., Ntui, V. N., Moyeh, M. N,, Kalaji,
L. N., et al. (2023). Sub-microscopic Plasmodium falciparum parasitaemia,
dihydropteroate synthase (dhps) resistance mutations to sulfadoxine-pyrimethamine,
transmission intensity and risk of malaria infection in pregnancy in Mount Cameroon
Region. Malar. J. 22, 73. doi: 10.1186/5s12936-023-04485-7

Mideo, N, Bailey, J. A., Hathaway, N. J., Ngasala, B., Saunders, D. L., Lon, C,, et al.
(2016). A deep sequencing tool for partitioning clearance rates following antimalarial
treatment in polyclonal infections. Evol. Med. Public Health 2016 (1), 21-36.
doi: 10.1093/emph/eov036

Nana, R. R. D., Bayengue, S. S. B, Mogtomo, M. L. K., Ngane, A. R. N, and Singh, V.
(2023). Anti-folate quintuple mutations in Plasmodium falciparum asymptomatic
infections in Yaoundé, Cameroon. Parasitol. Int. 92, 102657. doi: 10.1016/
j.parint.2022.102657

Niba, P. T. N., Nji, A. M., Chedjou, J. P. K., Hansson, H., Hocke, E. F., Ali, I. M, et al.
(2023). Evolution of Plasmodium falciparum antimalarial drug resistance markers
post-adoption of artemisinin-based combination therapies in Yaounde, Cameroon. Int.
J. Infect. Dis. 132, 108-117. doi: 10.1016/j.ijid.2023.03.050

Noedl, H., Se, Y., Sriwichai, S., Schaecher, K., Teja-Isavadharm, P., Smith, B., et al.
(2010). Artemisinin resistance in Cambodia: A clinical trial designed to address an
emerging problem in Southeast Asia. Clin. Infect. Dis. 51, e82-€89. doi: 10.1086/
657120

Oguike, M. C,, Falade, C. O., Shu, E., Enato, . G., Watila, I, Baba, E. S,, et al. (2016).
Molecular determinants of sulfadoxine-pyrimethamine resistance in Plasmodium
falciparum in Nigeria and the regional emergence of dhps 431V. Int. J. Parasitol.
Drugs Drug Resist. 6, 220-229. doi: 10.1016/j.ijpddr.2016.08.004

Frontiers in Parasitology

16

10.3389/fpara.2024.1509261

Okell, L. C., Griffin, J. T., and Roper, C. (2017). Mapping sulphadoxine-
pyrimethamine-resistant Plasmodium falciparum malaria in infected humans and in
parasite populations in Africa. Sci. Rep. 7, 1-15. doi: 10.1038/s41598-017-06708-9

Popkin-Hall, Z. R., Seth, M. D., Madebe, R. A., Budodo, R., Bakari, C., Francis, F.,
et al. (2024). Malaria species positivity rates among symptomatic individuals across
regions of differing transmission intensities in mainland Tanzania. J. Infect. Dis. 229,
959-968. doi: 10.1093/infdis/jiad522

Prosser, C., Meyer, W, Ellis, J., and Lee, R. (2018). Evolutionary ARMS race:
Antimalarial resistance molecular surveillance. Trends Parasitol. 34, 322-334.
doi: 10.1016/j.pt.2018.01.001

Rosenthal, P. J., Asua, V., Bailey, J. A., Conrad, M. D., Ishengoma, D. S., Kamya, M.
R, et al. (2024). The emergence of artemisinin partial resistance in Africa: how do we
respond? Lancet Infect. Dis. 24 (9), €591-e600. doi: 10.1016/S1473-3099(24)00141-5

Rovira-Vallbona, E., Kattenberg, J. H., Van Hong, N., Guetens, P., Imamura, H.,
Monsieurs, P., et al. (2023). Molecular surveillance of Plasmodium falciparum drug-
resistance markers in Vietnam using multiplex amplicon sequencing, (2000-2016). Sci.
Rep. 13, 13948. doi: 10.1038/s41598-023-40935-7

Sarah-Matio, E. M., Guillochon, E., Nsango, S. E., Abate, L., Ngou, C. M., Bouopda,
G. A, et al. (2022). Genetic diversity of plasmodium falciparum and distribution of
antimalarial drug resistance mutations in symptomatic and asymptomatic infections.
Antimicrob. Agents Chemother. 66, €00188-22. doi: 10.1128/aac.00188-22

Taylor, S. M., Parobek, C. M., Aragam, N., Ngasala, B. E., Martensson, A., Meshnick,
S. R, et al. (2013). Pooled deep sequencing of Plasmodium falciparum isolates: an
efficient and scalable tool to quantify prevailing malaria drug-resistance genotypes.
J. Infect. Dis. 208, 1998-2006. doi: 10.1093/infdis/jit392

Taylor, S. M., Parobek, C. M., DeConti, D. K., Kayentao, K., Coulibaly, S. O.,
Greenwood, B. M., et al. (2015). Absence of putative artemisinin resistance mutations
among Plasmodium falciparum in Sub-Saharan Africa: a molecular epidemiologic
study. J. Infect. Dis. 211, 680-688. doi: 10.1093/infdis/jiu467

Tuedom, A. G. B., Sarah-Matio, E. M., Moukoko, C. E. E., Feufack-Donfack, B. L.,
Maffo, C. N, Bayibeki, A. N,, et al. (2021). Antimalarial drug resistance in the Central
and Adamawa regions of Cameroon: Prevalence of mutations in P. falciparum crt,
Pfmdrl, Pfdhfr and Pfdhps genes. PloS One 16, €0256343. doi: 10.1371/
journal.pone.0256343

Verity, R., Aydemir, O., Brazeau, N. F., Watson, O. J., Hathaway, N. J.,
Mwandagalirwa, M. K, et al. (2020). The impact of antimalarial resistance on the
genetic structure of Plasmodium falciparum in the DRC. Nat. Commun. 11, 2107.
doi: 10.1038/s41467-020-15779-8

Wang, X., Zhang, X., Chen, H., Lu, Q., Ruan, W., and Chen, Z. (2022). Molecular
determinants of sulfadoxine-pyrimethamine resistance in plasmodium falciparum
isolates from Central Africa between 2016 and 2021: wide geographic spread of
highly mutated pfdhfr and pfdhps alleles. Microbiol. Spectr. 10, €02005-22.
doi: 10.1128/spectrum.02005-22

White, N. J. (2022). The assessment of antimalarial drug efficacy in vivo. Trends
Parasitol. 38, 660-672. doi: 10.1016/j.pt.2022.05.008

World Health Organization (2022). World malaria report 2022 (Geneva, Switzerland:
World Health Organization).

Xu, W., Zhang, X., Chen, H., Zhang, J., Lu, Q., Ruan, W., et al. (2023). Molecular
markers associated with drug resistance in Plasmodium falciparum parasites in central
Africa between 2016 and 2021. Front. Public Health 11. doi: 10.3389/
fpubh.2023.1239274

Young, N. W., Gashema, P., Giesbrecht, D., Munyaneza, T., Maisha, F.,
Mwebembezi, F., et al. (2024). High frequency of artemisinin partial resistance
mutations in the great lake region revealed through rapid pooled deep sequencing.
medRxiv. doi: 10.1101/2024.04.29.24306442

frontiersin.org


https://doi.org/10.1101/2023.07.14.549114
https://doi.org/10.1093/nar/gkx1201
https://doi.org/10.1371/journal.pmed.1001788
https://doi.org/10.1038/s41467-023-39417-1
https://doi.org/10.1016/S2666-5247(24)00160-5
https://doi.org/10.4269/ajtmh.15-0571
https://doi.org/10.1128/spectrum.00960-22
https://doi.org/10.1111/1755-0998.13622
https://doi.org/10.1186/s12936-023-04485-7
https://doi.org/10.1093/emph/eov036
https://doi.org/10.1016/j.parint.2022.102657
https://doi.org/10.1016/j.parint.2022.102657
https://doi.org/10.1016/j.ijid.2023.03.050
https://doi.org/10.1086/657120
https://doi.org/10.1086/657120
https://doi.org/10.1016/j.ijpddr.2016.08.004
https://doi.org/10.1038/s41598-017-06708-9
https://doi.org/10.1093/infdis/jiad522
https://doi.org/10.1016/j.pt.2018.01.001
https://doi.org/10.1016/S1473-3099(24)00141-5
https://doi.org/10.1038/s41598-023-40935-7
https://doi.org/10.1128/aac.00188-22
https://doi.org/10.1093/infdis/jit392
https://doi.org/10.1093/infdis/jiu467
https://doi.org/10.1371/journal.pone.0256343
https://doi.org/10.1371/journal.pone.0256343
https://doi.org/10.1038/s41467-020-15779-8
https://doi.org/10.1128/spectrum.02005-22
https://doi.org/10.1016/j.pt.2022.05.008
https://doi.org/10.3389/fpubh.2023.1239274
https://doi.org/10.3389/fpubh.2023.1239274
https://doi.org/10.1101/2024.04.29.24306442
https://doi.org/10.3389/fpara.2024.1509261
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org

	Application of a new highly multiplexed amplicon sequencing tool to evaluate Plasmodium falciparum antimalarial resistance and relatedness in individual and pooled samples from Dschang, Cameroon
	Introduction
	Methods
	Development of the Plasmodium falciparum streamlined multiplex antimalarial resistance and relatedness testing assay
	Assay performance and validation of SeekDeep processing filters using control data
	Clinical samples and ethics
	Real-time PCR for estimating parasitemia
	Individual clinical sample sequencing
	Molecular inversion probe sequencing
	Pooled sample sequencing
	Data analysis

	Results
	Assay performance at different parasitemias in monoclonal controls
	Estimation of within-sample haplotype frequency in the control mixture
	Cameroon participant characteristics
	Individual sample sequence quality
	Complexity of infection
	Antimalarial resistance
	Parasite diversity
	Estimation of antimalarial resistance frequency using pooled sequencing

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


