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Antimalarial therapeutic efficacy studies are vital for monitoring drug efficacy in malaria-endemic
regions. The WHO recommends genotyping polymorphic markers including msp-1, msp-2, and

glurp for distinguishing recrudescences from reinfections. Recently, WHO proposed replacing glurp
with microsatellites (Poly-a, PfPK2, TA1). However, suitable combinations with msp-1 and msp-

2, as well as the performance of different algorithms for classifying recrudescence, have not been
systematically assessed. This study investigated various microsatellites alongside msp-1 and msp-2
for molecular correction and compared different genotyping algorithms across three sites in Uganda.
Microsatellites 313, Poly-a, and 383 exhibited the highest diversity, while PfPK2 and Poly-a revealed
elevated multiplicity of infection (MOI) across all sites. The 3/3 match-counting algorithm classified
significantly fewer recrudescences than both the =2/3 and Bayesian algorithms at probability cutoffs
of 20.7 and 2 0.8 (P <0.05). The msp-1/msp-2/2490 combination identified more recrudescences using
the 22/3 and 3/3 algorithms in the artemether-lumefantrine (AL) treatment arm, while msp-1/msp-
2/glurp combination classified more cases of recrudescence using the =2/3 in the dihydroartemisinin-
piperaquine (DP) arm. Microsatellites PfPK2 and Poly-a, potentially sensitive to detecting minority
clones, are promising replacements for glurp. Discrepancies in recrudescence classification between
match-counting and Bayesian algorithms highlight the need for standardized PCR correction practices.
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Malaria remains a major global health challenge, with Plasmodium falciparum (P. falciparum) responsible for the
majority of malaria-related deaths worldwide!?. Antimalarial drug resistance, especially in P. falciparum, poses a
significant threat to malaria control efforts, making rigorous monitoring of drug efficacy crucial through clinical
trials®>%. Consequently, malaria-endemic countries are advised to conduct therapeutic efficacy studies (TES) at
least every two years>®.

A key challenge in TES is distinguishing recrudescence (the recurrence of asexual parasitemia caused by the
same genotype(s) that caused the original infection) from reinfection (a new infection after the primary one) in
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patients with recurrent malaria®8. The WHO recommends using genotyping to distinguish recrudescence from
reinfection through molecular correction, and suggests changing first-line antimalarial therapy if the molecular-
corrected failure rate exceeds 10%”. The ability to accurately distinguish recrudescence from reinfection depends
on the sensitivity of the genotyping methods, the genetic diversity of the markers used, and the classification
algorithms applied'®. High-throughput methods like amplicon sequencing can overcome the limitations of
length-polymorphic markers, such as glutamate-rich protein (glurp), which may fail to detect minority clones,
resulting in more accurate differentiation between recrudescence and reinfection'!.

The WHO 2008 guidelines recommended the use of three polymorphic genetic markers for molecular
correction: merozoite surface protein 1 (msp-1), merozoite surface protein 2 (msp-2), and glurp'2. However,
glurp has been found to have limitations in detecting minority clones in polyclonal infections!®. Recently, the
WHO recommended replacing glurp with polymorphic microsatellites, including Poly-a, PfPK2, and TAI, to
address these limitations'®. These highly polymorphic markers are identified as cost-effective and unbiased
tools for use in TES in malaria-endemic areas'4. The WHO also recommended the use of a 3/3 match-counting
algorithm, which classifies a recurrent malaria infection as recrudescence if one or more alleles are present
at all three genotyped markers on both day 0 (the day of the primary infection) and the day of the recurrent
infection!’. Nevertheless, the WHO has emphasized the importance of evaluating additional algorithms, such
as the >2/3 match-counting algorithm, which classifies a recurrent infection as recrudescence if one or more
alleles are found in at least two of the three genotyped markers on both day 0 and the recurrent infection day'C.
Another approach is a probabilistic method using Bayesian statistics to quantify the probability that an infection
is either a recrudescence or a reinfection'®!>.

The choice of genotyping methods for molecular correction is influenced by malaria transmission intensity. In
high-transmission areas, robust microsatellite markers, including Poly-a, TA1, TA109, and PfPK2, are preferred
due to their cost-effective sensitivity and ability to detect greater genetic diversity within parasite populations.
These markers can provide more accurate results and reduce the need for follow-up studies or interventions'4.
In contrast, regions with lower transmission intensities may benefit from simpler markers like msp-1, msp-2,
and glurp'®. According to the 2018-2019 malaria indicator survey, Uganda experiences perennial, high-intensity
malaria transmission, with the highest parasite prevalence rates observed in the Karamoja, West Nile, and
Busoga subregions, which have prevalence rates of 34%, 22%, 21%, and 13%, respectively, among children aged
0-59 months'®. This high transmission intensity significantly influences the selection of genotyping markers,
with complex markers such as microsatellites being more suitable for high-transmission settings, where greater
parasite genetic diversity is observed.

To our knowledge, microsatellites suitable for molecular correction in combination with msp-I1 and msp-2
have not been systematically evaluated across Uganda’s malaria-endemic regions. Additionally, limited evidence
exists regarding the performance of match-counting and Bayesian algorithms in distinguishing recrudescence
from reinfection in regions with high P. falciparum transmission intensity. Therefore, this study focused
specifically on high-transmission settings in Uganda, aiming to identify microsatellite markers that could replace
glurp and, using various alternative marker combinations, assessed the performance of three algorithms (the 3/3
match-counting, > 2/3 match-counting, and Bayesian approaches) in distinguishing P, falciparum recrudescence
from reinfection.

Results
Diversity of the genotyped markers across three malaria-endemic sites in Uganda
The genotyping results revealed that 174 (98.7%) of the 179 paired samples were successfully processed
(Supplementary Table S1). The genetic markers K1, MAD20, RO33, along with the 3D7 and FC27 allelic variants,
correspond to the msp-1 and msp-2 genes, respectively. The overall mean expected heterozygosity (H,) for
P, falciparum was 0.84+0.12 in Aduku, 0.85+0.12 in Arua, and 0.87+0.09 in Masafu. For msp-1, the K1 allelic
family exhibited the highest H, values, with 0.88 in Aduku, 0.93 in Arua, and 0.92 in Masafu. For msp-2, the
3D7 allelic family displayed the highest H, values, with 0.94 in both Aduku and Arua, and 0.95 in Masafu. The
microsatellite marker 313 showed consistent H, values of 0.95 across all sites. The Poly-a marker demonstrated
mean expected H, values of 0.92 in Aduku, 0. 91 in Arua, and 0.94 in Masafu. Additionally, the overall mean
effective number of alleles (N,) was 7.61 £ 3.66 in Aduku, 8.77+4.04 in Arua, and 9.24 +4.62 in Masafu (Table 1).
These findings indicate a relatively high level of genetic diversity across the study sites.

The mean allele richness (Ar) across the study sites was 10.6 £3.9 in Aduku, 12.5+4.4 in Arua, and 11.9£4.5
in Masafu (Supplementary Table S2). The number of genotypes for the K1 allelic family ranged from 14 to 18
in Aduku and Arua, respectively, while for I/C 3D7, it ranged from 19 to 25 in Aduku and Masafu. The most
polymorphic microsatellite, 313, exhibited 22 to 28 genotypes in Aduku and Arua. Poly-a genotypes ranged
from 15 to 24 in Aduku and Masafu. Microsatellite 383 showed 14 to 20 genotypes in Aduku and Arua. The less
polymorphic microsatellite 2490 had 5 genotypes in Aduku and 6 genotypes in Arua and Masafu. Markers such
as TA1, TA109, PfPK2, 2490, and glurp exhibited 3 genotypes with allele frequencies greater than 10%, with 2490
showing a single genotype with a frequency exceeding 50% (Supplementary Figure S1). The Kruskal-Wallis test
revealed no significant differences in the observed number of genotypes, allele richness (Ar), allele frequencies,
number of effective alleles (N), or expected heterozygosity (H,) across the sites (p>0.05). These results suggest
that there is no significant variation in genetic diversity across the three sites, despite the observed differences in
allele richness and genotype distribution.

P. falciparum multiplicity of infection (MOI) across three malaria-endemic sites in Uganda

Across all study sites, msp-1 and the microsatellites PfPK2 and Poly-a exhibited the highest average MOlIs, while
microsatellite 313, the most diverse marker, generally showed lower MOL. In Aduku, the highest average MOIs
for microsatellites were observed for PfPK2, TA1, and Poly-a, with values of 1.77, 1.68, and 1.59, respectively.
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Aduku Arua Masafu
Marker |H, |N, H, |N, H, [N,
K1 0.88 | 7.45 093 |12 0.92 | 10.84

MAD20 | 0.89 | 6.67 | 0.93 | 11.59 | 0.9 8.29
RO33 0.63 | 2.56 | 0.56 | 2.21 |0.68 | 2.99
IC/3D7 |0.94 | 12.63 | 0.94 | 14.71 | 0.95 | 16.26
FC27 087 | 692|087 |692 |0.85 | 6.23
glurp 0.86 | 6.44 {089 |828 |0.92 |1L.71
313 0.95 | 1547 | 0.95 | 15.72 | 0.95 | 17.56
383 0.9 897 |0.88 | 7.63 |0.85 | 6.49
Poly-a | 0.92 | 10.47 | 091 | 9.98 |0.94 | 14.02
TA1 0.86 | 6.59 | 0.89 |7.63 |0.89 | 8.56
PfPK2 087 | 7.18 {087 | 7.15 |0.85 | 6.42
2490 056 | 22 |06 |247 |0.68 | 3.03
TA109 |0.83 | 5.39 |0.88 | 7.7 0.88 | 7.78
Mean 084 | 7.61 | 085|877 |0.87 | 9.24
SD 0.12 | 3.66 | 0.12 | 4.04 |0.09 | 4.62

Table 1. Mean expected heterozygosity (H,) and number of effective alleles (N,) of the genotyped markers.

In Arua, PfPK2 had the highest average MOI of 1.71, followed by TA1 and 383, each with an MOI of 1.59.
In Masafu, Poly-a, TA1, and TA109 showed the highest MOIs, with average values of 1.79, 1.68, and 1.58,
respectively (Fig. 2). Across all three sites, glurp consistently exhibited one of the lowest MOIs. The Kruskal-
Wallis test revealed significant differences in MOIs: Poly-a had significantly higher MOIs in Masafu, PfPK2
exhibited significantly higher MOIs in Arua and Aduku, and msp-1 showed significantly higher MOIs in Arua
and Masafu (P<0.05).

Spearman’s rank correlation analysis showed no significant correlation between mean H, and mean MOI
(p>0.05).

Comparison of three algorithms to classify recrudescence across three malaria-endemic sites
in Uganda

To classify P. falciparum malaria recrudescences, we generated all possible genetic marker combinations by
pairing glurp and each microsatellite with msp-1 and msp-2, resulting in eight distinct marker combinations.
These datasets were then analyzed using three classification algorithms: two match-counting algorithms
(=2/3 and 3/3) and a Bayesian algorithm. The goal was to classify each infection as either a recrudescence
or a reinfection. Table 2 details the number of recrudescences classified by each marker combination across
the different treatment arms. The Wilcoxon signed-rank test revealed that the >2/3 match-counting algorithm
classified significantly more recrudescences than the 3/3 algorithm across both treatment arms (AL and DP)
(P<0.05).

The Bayesian algorithm was applied to estimate the probability of recrudescence for all samples across eight
marker combinations (Supplementary Table S3). Upon visual inspection of the probability distributions, we
observed that while there was no clear, definitive cutoff to distinguish recrudescence from reinfection, certain
marker combinations exhibited relatively distinct thresholds. Specifically, in the AL arm, combinations of msp-1
and msp-2 with glurp, msp-1 and msp-2 with microsatellite 313, msp-1 and msp-2 with microsatellite 383, and
msp-1 and msp-2 with microsatellite 2490 showed a relatively clear separation in probability distributions. For
the DP arm, combinations of msp-1 and msp-2 with glurp, msp-1 and msp-2 with microsatellite Poly-a, msp-1
and msp-2 with microsatellite TA109, msp-1 and msp-2 with microsatellite PfPK2, and msp-1 and msp-2 with
microsatellite 2490 also exhibited more discernible probability distributions.

Based on visual inspection of these distributions, we identified a threshold range between 0.7 and 0.8
as a potential cutoff for classifying recrudescence. These observations suggest that while a clear, universally
applicable cutoff was not evident across all combinations, certain marker combinations provided a relatively
good distinction, particularly in the AL and DP drug arms (Fig. 2).

A probability cutoff was applied to classify infections as either recrudescence or reinfection. Infections with
a probability above the cutoff were classified as recrudescences. The Wilcoxon signed-rank test revealed that the
number of recrudescences classified using a 0.7 cutoff was significantly higher than those classified using a 0.8
cutoff (P<0.05) (Table 3).

We compared the total number of recrudescences classified by each algorithm and marker combination.
Results varied widely (Fig. 2), with no clear pattern where a specific marker combination consistently yielded the
lowest or highest number of recrudescences.

In general, the 3/3 algorithm was the most conservative, identifying the fewest recrudescences across all
marker combinations. For the AL arm, this ranged from two recrudescences with msp-1, msp-2 paired with
microsatellites 383 and Poly-a, to seven recrudescences using microsatellite 2490 as third marker. Similarly, for
the DP arm, the 3/3 algorithm identified two recrudescences when using microsatellites TA1 or TA104 as the
third marker, compared to four recrudescences when using glurp, 383, Poly-a, or PfPK2. In contrast, the >2/3
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Fig. 1. Distribution of the P. falciparum MOI across the three study sites. Each violin plot shows, for a given
site, the distribution of the observed MOIs in the samples collected at Day 0. The diamond from each violin
plot represents the average MOI whose corresponding value is displayed above.

algorithm identified significantly more recrudescences. For the AL arm, the number ranged from minimum ten
recrudescences with microsatellite TA1 to fourteen with PfPK2 and 2490. For the DP arm, it ranged from seven
recrudescences with microsatellite 313 to ten with glurp (Fig. 3).

The number of recrudescences classified by the Bayesian algorithm varied significantly depending on the
probability cutoff used. For the AL arm, on average, nearly twice as many recrudescences were identified with a
0.7 cutoff compared to 0.8, while for the DP arm, the 0.7 cutoff resulted in over 62% more recrudescences than
with the 0.8 cutoff. The marker combinations yielding the highest and lowest numbers of recrudescences also
varied with the cutoff and drug arm. Specifically, microsatellites 313 and 2490 produced the highest number
of recrudescences for both thresholds in the AL arm, while microsatellites TA109 and 383 resulted in the
lowest number at the 0.7 and 0.8 thresholds, respectively. In the DP arm, microsatellite 383 led to the most
recrudescences at the 0.7 cutoff, while TA109 produced the highest number at 0.8 cutoff. For the same drug
arm, the fewest recrudescences were identified using Poly-a and TA1 at the 0.7 cutoff, and Poly-a again at the
0.8 cutoft (Fig. 3).

Discussion

Accurately distinguishing P. falciparum recrudescence from reinfection is critical for evaluating antimalarial
drug efficacy. The WHO recommends genotyping markers such as msp-1, msp-2, and highly polymorphic
microsatellites like Poly-a, PfPK2, and TA1 for this purpose!’. However, studies comparing these markers for
recrudescence classification, especially in high-transmission areas, are limited. Our study aimed to address
this gap by evaluating eight marker combinations and three classification algorithms in recurrent P. falciparum
malaria infections from a TES assessing AL and DP.
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Fig. 2. Distribution of the probability of recrudescence estimated with the Bayesian algorithm. Results are
presented for the infections in all three study sites in the AL drug arm (A) and the DP drug arm (B). Each sub-
panel displays, for each marker combination, the distribution of probabilities of recrudescence estimated using
the algorithm. The heights of the bars correspond to the number of samples with the respective probability.

Our study, conducted in areas with high malaria transmission, revealed considerable genetic diversity (mean
H, > 0.8) and a mean MOI ranging from 1.23 to 1.86 among P. falciparum isolates, consistent with findings from
other malaria-endemic regions'”. This high diversity, shaped by host immunity, ecological factors, and malaria
control efforts, complicates malaria control and facilitates the emergence of drug-resistant strains!®-2°,

Microsatellite markers, particularly those with high diversity and MOI, are sensitive in detecting minority
clones, making them valuable for distinguishing recrudescence from reinfection?"?2. Our results showed that
while glurp exhibited high diversity (H,=0.86-0.92), its lower MOI (1.23-1.38) resulted in fewer cases of
recrudescence being classified. This aligns with previous studies that noted glurp’s moderate diversity but lower
sensitivity for detecting minority clones?’. The low MOI of glurp suggests reduced sensitivity in identifying
minority clones compared to other markers, potentially underestimating recrudescence consequently
overestimating drug efficacy'®. However, some studies have found no significant differences when glurp was
used instead of microsatellites?!, though its reduced sensitivity remains a limitation.

Interestingly, markers like PfPK2 exhibited higher MOIs than expected, contradicting earlier reports of
low diversity for this marker'®. Conversely, markers like 313 and glurp, which are more diverse, showed lower
MOIs, indicating that high genetic diversity in microsatellites can hinder their ability to detect minority clones,
complicating recrudescence classification. While MOI often serves as a proxy for diversity, it does not fully capture
a marker’s sensitivity, highlighting the need for further studies to evaluate the utility of diverse microsatellites.

Regarding classification algorithms, the WHO recommends the 3/3 match-counting approach for classifying
recrudescence, with the alternative >2/3 approach suggested for specific settings'®. Our findings indicate that
the 3/3 approach classified significantly fewer recrudescences compared to other algorithms. While this stricter
approach increases specificity, it may misclassify true recrudescences as reinfections, particularly in high-
transmission areas where genetic diversity and multiple clones are common. In contrast, the >2/3 approach
classified significantly more recrudescences, especially when using microsatellite markers such as 383 or PfPK2
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AL DP

treatment | treatment

arm arm
Third marker | 22/3 | 3/3 | 22/3 | 3/3
Poly-a 11 2 8 4
PfPK2 14 3 9 4
TA1 10 4 9 2
TA109 12 4 9 2
2490 14 7 8 3
313 12 3 7 3
383 12 2 8 4
glurp 11 5 10 4

Table 2. Number of recrudescences classified by the match-counting algorithms. Each row represents one of
the eight possible combinations defined by the third marker indicated in the leftmost column. The columns
report the number of recrudescences classified by the >2/3 and 3/3 algorithms across all three sites for each
drug arm. AL = Artemether-Lumefantrine. DP = Dihydroartemisinin-piperaquine.

AL treatment arm DP treatment arm
Third marker | 0.8 | 0.7 0.8 0.7
Poly-a 7 |13 4 6
PfPK2 8 |13 6 10
TA1 7 |14 5 6
TA109 6 |12 7 9
2490 11 |17 5 9
313 10 |17 5 9
383 5 |13 5 12
glurp 7 |15 6 8

Table 3. Number of recrudescences identified by the Bayesian algorithm. Each row represents one of the eight
possible marker combinations defined by the third marker indicated in the leftmost column. The remaining
columns report the number of recrudescences identified per site using a 0.7 and a 0.8 cutoff for the probability
of recrudescence, as well as the total number of recrudescences across all three sites for each drug arm.

AL = Artemether-Lumefantrine. DP = Dihydroartemisinin-piperaquine.

in the AL treatment arm. This suggests that the >2/3 approach may be more suitable for low- to moderate-
transmission areas, although it risks overestimating recrudescence and inflating drug efficacy estimates in high-
transmission regions!’.

We observed variability in the number of recrudescences classified by different marker combinations and
algorithms. Combinations of msp-1, msp-2, and glurp, or msp-1, msp-2, and 2490, identified more recrudescences
with both the 3/3 and >2/3 match-counting algorithms. The low diversity and MOI of 2490 likely account for its
higher recrudescence count, while the increased count for msp-1, msp-2, and glurp may be due to the 50 bp bin
size used for genotyping, which could group similar genotypes together, leading to overestimation. Additionally,
the higher recrudescence count for glurp may result from PCR amplification bias, where shorter fragments are
preferentially amplified, limiting the detection of minority clones!>*.

The Bayesian algorithm performed poorly in our study, with a flat distribution of likelihoods for
recrudescence classification. Unlike previous studies from Angola, which reported a bimodal distribution
between recrudescences and reinfections'”, our analysis found that the Bayesian algorithm did not provide
useful thresholds for distinguishing between recrudescence and reinfection. This suggests that the genotyped
markers lacked sufficient discriminatory power in this context.

In high-transmission areas, microsatellites like Poly-a and 313 have been suggested as useful for distinguishing
recrudescence from reinfection!. Our study found that markers like PfPK2 and Poly-a, which exhibited higher
MOIs, performed better in classifying recrudescence compared to glurp. These markers may therefore offer more
reliable results in high-transmission areas, supporting their use in such settings. In contrast, markers like glurp
may still perform adequately in low-transmission regions, where a more lenient algorithm like >2/3 match-
counting could help reduce misclassification of recrudescences as reinfections.

While a standardized approach for PCR correction could improve consistency across studies!®, a more
flexible, adaptive framework that considers local transmission intensity and genetic diversity would enhance
recrudescence detection accuracy. Our study suggests that a one-size-fits-all approach is not feasible across
diverse malaria transmission environments. Future research should explore adapting PCR correction techniques
to different regional settings to improve recrudescence classification and drug efficacy assessments.
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Fig. 3. Comparison of the number of recrudescences identified by each algorithm and marker combination.
Results are presented for the >2/3, 3/3, and Bayesian algorithm using cutoffs of 0.7 and 0.8 for the probability
of recrudescence, across each marker combination (x-axis). The number of recrudescences identified by each
algorithm (y-axis) is illustrated with the colored bars

Despite these crucial findings, we acknowledge the limitations of our study, particularly regarding the lower
discriminatory power of the QIAxcel system, which may have influenced allele calling and recrudescence
classification. Higher-resolution techniques, such as deep amplicon sequencing or Applied Biosystems (ABI)
capillary electrophoresis, could improve the accuracy of our results. Additionally, the absence of a gold-standard
reference method for comparing our computational approaches may have impacted the interpretation of our
findings.

In conclusion, our study suggests that PfPK2 and Poly-a are more effective at classifying recrudescence in
high-transmission areas and could replace or complement glurp in these settings. The findings also highlight the
limitations of the Bayesian algorithm in this context. Further validation of these markers in different malaria-
endemic regions is necessary to optimize recrudescence classification methods and improve the reliability of
TES. Our study underscores the need for flexible, adaptive approaches to PCR correction, taking into account
regional transmission intensity and genetic diversity, to enhance recrudescence detection across diverse malaria
transmission settings.

Methods

Study sites and sample collection

Dried blood spot (DBS) filter paper samples were collected from children aged 6 months to 10 years with
recurrent uncomplicated P. falciparum malaria, confirmed by positive malaria microscopy. These children
were enrolled in a TES assessing the efficacy of AL and DP. The study was conducted from September 2018 to
February 2019 at three health centers in Uganda: Aduku Health Centre IV in Kwania district, Northern Uganda;
Arua Regional Referral Hospital in Arua district, northwestern Uganda; and, Masafu District Hospital in Busia
district, Eastern Uganda. All sites experience perennial malaria transmission with high transmission intensity.
A 2018- 2019 malaria indicator survey showed 13% parasite prevalence among children aged 0-59 months in
Kwania district, 22% in Arua district, and 21% in Busia district'°. A total of 179 paired samples were genotyped,
comprising 123 paired samples from the AL arm and 56 paired samples from the DP arm (Supplementary Table
S1). Further details about the drug efficacy and safety study, are publicly available and described elsewhere?.

Laboratory methods

DNA extraction

Genomic DNA was extracted from DBS filter paper samples using Chelex 100 Resin (Sigma-Aldrich, USA)
as previously described?”. Briefly, 6 mm discs were punched out from the DBS filter paper into 1.5 mL
microcentrifuge tubes containing 1 mL of 1X phosphate-buffered saline (PBS) and incubated at 4 °C overnight.
The discs were washed twice in 1 mL PBS and then boiled at 99 °C in 200 uL of 20% Chelex (Sigma-Aldrich,
USA) in DNase/RNase-free water. After a final centrifugation step (14,000 x g for 1 min), the extracted DNA
was transferred into a labeled 0.6 mL microcentrifuge tube with a 100 pL elution volume and stored at —20 °C
until further use.
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P. falciparum msp-1, msp-2 and glurp genotyping
Parasite genotyping was conducted at the Infectious Diseases Research Collaboration (IDRC) molecular biology
research laboratory in Uganda using nested PCR as previously described?® adjusting the PCR reaction mixture
to 25 uL. DNA from P. falciparum reference strains (3D7, and HB3) was used in each run as positive control®.
Genotyping was done using nested PCR (Supplementary Table S4). A 3uL sample of the PCR product was then
analysed on a 2% agarose gel to confirm the amplification.

The PCR products for the msp-1 and msp-2 allele families were analysed by capillary electrophoresis using a
Qiaxcel DNA High-Resolution Kit (Qiagen) in the Qiaxcel Advanced system (Qiagen, Hilden, Germany). The
analysis followed the AM420 protocol utilising the QX-DNA size marker 50-800 bp (Qiagen, Hilden, Germany)
and the QX alignment marker 15 bp/1 kb (Qiagen, Hilden, Germany). The nested PCR products for glurp were
analysed using the AM420 protocol with the QX DNA size marker 100 bp — 2.5 kb (Qiagen, Hilden, Germany)
and the QX alignment marker 15 bp/3 kb (Qiagen, Hilden, Germany). The band sizes were determined with the
Qiaxcel Screen Gel software (Version 1.5.0.16, Qiagen, Hilden, Germany) and the height cut off for minority
clones was set at 10% for msp-1 and msp-2 and 20% for glurp of the dominant peak'?.

Microsatellite genotyping
Samples were genotyped for the microsatellites TA1, Poly-a, PfPK2, TA109, 2490, 313, 383 at the Centers for
Disease Control and Prevention (CDC) Malaria Laboratory in Atlanta, USA. Fragment sizes were then measured
using capillary electrophoresis on Applied Biosystems (ABI) 3033 and scored using GeneMarker’ V2.6.3, as
previously described®. For samples that produced more than one peak, the highest peak was defined as the
dominant allele. Additional peaks were classified as minor alleles if their peak heights exceeded 200 relative
fluorescence units (RFU) and were >30% of the height of the dominant peak. This threshold was used to identify
minor alleles, which may represent clones present at lower frequencies but still contribute to the genetic diversity
of the infection. The identification of these additional minor alleles, including third and fourth alleles, was based
on the relative peak heights at each microsatellite locus. Peaks that met these criteria were recorded as distinct
alleles.

Genotyped samples were considered successful if they amplified on all markers (msp-1, msp-2, glurp, and
microsatellites) on both day 0 and the day of failure. Samples that did not amplify on all markers were excluded
from the final analysis.

Data analysis

To further refine the identified fragment sizes and determine the final alleles for each marker, we grouped the
fragments based on predefined bin sizes. For the msp-1 and msp-2 allelic families, we used a bin size of 10; for
glurp, a bin size of 50; for the double repeat microsatellites 313 and 383, a bin size of 1; and for the triple repeats
microsatellites TA1, Poly-a, PfPK2, TA109, and 2490, a bin size of 2. Fragments with length differences within
the specified bin sizes were grouped together. The grouping operation started with an offset identified to achieve
the highest overlap between the final (theoretical) alleles and observed fragment sizes.

Genetic diversity. For each site, we determined the genetic diversity of the genotyped markers by calculating
both the mean number of genotypes, allele richness (Ar), allele frequency and the number of effective alleles (N,)
at each locus using GENALEX 6.5 software®. Expected heterozygosity (H_) which is the probability that two
randomly selected individuals from a population will carry distinct alleles at each marker locus, was calculated
using ARLEQUIN software version 3.11%! with the following formula:

He=[n/(n =11 =Y pil,

where ‘n’ and ‘p; represent the number of isolates analysed and the frequency of the allele in a given population,
respectively. H, values range between 0 and 1 from no genetic diversity to high genetic diversity, respectively
as previously described by Anderson et al.'®. Parasite isolates with higher values of H_ and N_ are indicative of
greater genetic diversity within the population®>*.

P falciparum MOI, defined as the number of distinct parasite clones simultaneously infecting an individua
was estimated for each sample at day 0 (day of the primary infection) under the different drug arms and across
the three sites. For each site and marker, we then determined the mean MOI by identifying the highest number
of alleles observed across any of the microsatellite markers used in the analysis. This maximum allele count was
considered the MOI for that particular infection.

Recrudescence and reinfection classification. Three algorithms were applied to the identified alleles from all the
samples, namely the 3/3 match counting algorithm, > 2/3 match counting algorithm, and a Bayesian approach!®1>.
These algorithms were applied to several datasets, each combining different genotyped microsatellites as well as
glurp with msp-1 and msp-2. The 3/3 method classified an infection as recrudescence if one or more alleles
occurred at all three genotyped markers on both day 0 and the day of the recurrent malaria infection. In contrast,
a>2/3 match counting algorithm classified an infection as a recrudescence if one or more alleles were present in
atleast two of the three genotyped markers on both day 0 and the recurrence day. The Bayesian algorithm utilized
allele information from all samples to estimate the probability of recrudescence for each case. A low probability
indicated a greater likelihood of reinfection, whereas a probability closer to 1 suggested a high likelihood of
recrudescence!®. This approach highlights how different probability thresholds can influence the sensitivity (true
positive rate) and specificity (true negative rate) of the algorithm. Specifically, a lower threshold may lead to
the identification of more recrudescences, thereby enhancing sensitivity, while a higher threshold can improve
specificity by reducing false positives. To classify recrudescence versus reinfection, probability thresholds of 0.7
and 0.8 were applied sequentially.

3
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Scientific Reports |

(2025) 15:4375 | https://doi.org/10.1038/s41598-025-88892-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Statistical analysis

Genetic diversity and MOI across sites were compared using the Kruskal-Wallis test, while correlation
between mean H, and mean MOI was assessed using Spearman’s rank correlation. The results of all three
algorithms (3/3 match-counting, >2/3 match-counting, and Bayesian) were then compared using the Wilcoxon
signed-rank test to assess their effectiveness in identifying recrudescences based on the hypothesis that there
would be no difference in the number of recrudescences classified by the >2/3 and 3/3 algorithms for each
treatment arm (both AL and DP). All the analyses were conducted using STATA version 17 (Stata Corporation,
College Station, TX), with a statistical significance set at P < 0.05.

Data availability

The datasets generated and/or analysed in this study are available from the corresponding author upon reason-
able request. All the analysis code used in the study and for generating all the figures is available at: https://githu
b.com/SwissTPH/genotyping_comparison_Uganda/tree/main.

Received: 6 November 2024; Accepted: 31 January 2025
Published online: 05 February 2025

References

1. Oladipo, H. J. et al. Increasing challenges of malaria control in sub-saharan Africa: Priorities for public health research and
policymakers. Ann. Med. Surg. (Lond). 81, 104366 (2022).

2. WHO. World Malaria Report 2023 (Geneva, World Health Organisation, 2023).

3. Shibeshi, M. A,, Kifle, Z. D. & Atnafie, S. A. Antimalarial drug resistance and novel targets for antimalarial drug discovery. Infect.
Drug Resist. 13, 4047-4060 (2020).

4. Zhong, A., Zhang, H. & Li, ]. Insight into molecular diagnosis for antimalarial drug resistance of Plasmodium Falciparum parasites:
A review. Acta Trop. 241, 106870 (2023).

5. WHO. Global Report on Antimalarial drug Efficacy and drug Resistance 2000-2010.Geneva (World Health Organisation, 2010).

6. WHO. Report on Antimalarial drug Efficacy, Resistance and Response: 10 Years of Surveillance (2010-2019) (Geneva, World Health
Organization, 2020).

7. Plucinski, M. M. et al. Variation in calculating and reporting antimalarial efficacy against Plasmodium Falciparum in Sub-saharan
Africa: A systematic review of published reports. Am. J. Trop. Med. Hyg. 104 (5), 1820-1829 (2021).

8. Slater, M. Distinguishing recrudescences from new infections in antimalarial clinical trials: Major impact of interpretation of
genotyping results on estimates of drug efficacy. Am. J. Trop. Med. Hyg. 73 (2), 256-262 (2005).

9. WHO. Guidelines for the Treatment of Malaria 2015 (Geneva, World Health Organization,, 2015).

10. WHO, Informal consultation on methodology to distinguish reinfection from recrudescence in high malaria transmission areas:
Report of a virtual meeting, 17-18 May 2021. Geneva, World Health Organisation, 2021.1. (2021).

11. Gruenberg, M., Lerch, A., Beck, H. P. & Felger, I. Amplicon deep sequencing improves Plasmodium Falciparum genotyping in
clinical trials of antimalarial drugs. Sci. Rep. 9 (1), 17790 (2019).

12. WHO, Methods and techniques for clinical trials on antimalarial drug efficacy: Genotyping to identify parasite populations:
informal consultation organized by the Medicines for Malaria Venture and cosponsored by the World Health Organization, 29-31.
Amsterdam, The Netherlands. 2008: World Health Organization.May (2007).

13. Messerli, C., Hofmann, N. E., Beck, H. P. & Felger, 1. Critical evaluation of Molecular Monitoring in Malaria Drug Efficacy trials
and pitfalls of length-polymorphic markers. Antimicrob. Agents Chemother. 61 (1), e01500-e01516 (2016).

14. Ishengoma, D. S. et al. Microsatellites reveal high polymorphism and high potential for use in anti-malarial efficacy studies in areas
with different transmission intensities in mainland Tanzania. Malar. J. 23 (1), 79 (2024).

15. Plucinski, M. M., Morton, L., Bushman, M., Dimbu, P. R. & Udhayakumar, V. Robust algorithm for systematic classification of
Malaria Late treatment failures as recrudescence or reinfection using microsatellite genotyping. Antimicrob. Agents Chemother. 59
(10), 6096-6100 (2015).

16. MoH, U. (2020). https://www.dhsprogram.com/pubs/pdf/MIS34/MIS34.pdf. 2020.

17. Ralinoro, F. et al. Genetic diversity of Plasmodium falciparum populations in three malaria transmission settings in Madagascar.
Malar. J. 20 (1), 239 (2021).

18. Anderson, T. J. et al. Microsatellite markers reveal a spectrum of population structures in the malaria parasite Plasmodium
Falciparum. Mol. Biol. Evol. 17 (10), 1467-1482 (2000).

19. Amoah, L. E. et al. Population structure and diversity of Plasmodium Falciparum in children with asymptomatic malaria living in
different ecological zones of Ghana. BMC Infect. Dis. 21 (1), 439 (2021).

20. Mwesigwa, A. et al. P. Plasmodium Falciparum genetic diversity and multiplicity of infection based on msp-1, msp-2, glurp and
microsatellite genetic markers in sub-saharan Africa: A systematic review and meta-analysis. Malar. J. 23 (1), 97 (2024).

21. Nyachieo, A. PlasmFalciparumiparum genotyping by microsatellites as a method to distinguish between recrudescent and new
infections. Am. J. Trop. Med. Hyg. 73 (1), 210-213 (2005).

22. Zhong, D. Molecular approaches to determine the multiplicity of Plasmodium infections. Malar. J. 17, 1-9 (2018).

23. Mwingira, E. PlasmFalciparumiparum mspl, msp2 and glurp a llele frequency and diversisub-saharanaharan Africa. Malar. J. 10,
1-10 (2011).

24. Schnoz, A. Genotyping methods to distinguish Plasmodium Falciparum recrudescence from new infection for the assessment of
antimalarial drug efficacy: An observational, single-centre, comparison study. Lancet Microbe. 5 (11), 100914 (2024).

25. Jones, S. etal. Improving methods for analyzing antimalarial drug efficacy trials: Molecular correction based on length-polymorphic
markers msp-1, msp-2, and glurp. Antimicrob. Agents Chemother. 63 (9). https://doi.org/10.1128/aac (2019). 00590 - 19.

26. Ebong, C. Efficacy and safety of artemether-lumefantrine and dihydroartemisinin-piperaquine for the treatment of uncomplicated
Plasmodium Falciparum malaria and prevalence of molecular markers associated with artemisinin and partner drug resistance in
Uganda. Malar. J. 20 (1), 1-12 (2021).

27. Hansson, H., Saidi, Q. & Alifrangis, M. Preservation and Extraction of Malaria Parasite DNA from Dried Blood Spots, in Malaria
Immunology: Targeting the Surface of Infected Erythrocytes pp. 27-36 (Springer, 2022).

28. Congpuong, K. et al. Genetic diversity of the msp-1, msp-2, and glurp genes of Plasmodium falciparum isolates along the Thai-
Myanmar borders. Asian Pac. J. Trop. Biomed. 4 (8), 598-602. (2014).

29. Baina, M. T. et al. Comparative study of Plasmodium falciparum msp-1 and msp-2 Genetic Diversity in Isolates from Rural and
Urban Areas in the South of Brazzaville, Republic of Congo. Pathogens. 12 (5), 742. (2023).

30. Peakall, R. & Smouse, P. E. GenAlEx 6.5: Genetic analysis in Excel. Population genetic software for teaching and research-an
update. Bioinformatics 28 (19), 2537-2539 (2012).

31. Excoffier, L., Laval, G. & Schneider, S. Arlequin (version 3.0): An integrated software package for population genetics data analysis.
Evol. Bioinform Online. 1, 47-50 (2007).

Scientific Reports |

(2025) 15:4375 | https://doi.org/10.1038/s41598-025-88892-7 nature portfolio


https://www.dhsprogram.com/pubs/pdf/MIS34/MIS34.pdf
https://doi.org/10.1128/aac
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

32. Roh, M. E. High genetic diversity of Plasmodium Falciparum in the low-transmission setting of the Kingdom of Eswatini. J. Infect.
Dis. 220 (8), 1346-1354 (2019).

33. Nabet, C. et al. Genetic diversity of Plasmodium Falciparum in human malaria cases in Mali. Malar. J. 15, 1-10 (2016).

34. Touray, A. O. Diversity and multiplicity of P. falciparum infections among asymptomatic school children in Mbita, Western Kenya.
Sci. Rep. 10 (1), 5924 (2020).

Acknowledgements
The authors would like to thank Victor Asua, Leah Moriarty and Marko Bajic for the insightful discussions and
feedback on the study methods.

Author contributions

AM,SLN,JIN,JNK,CK, and PBK conceived the idea, planned, and designed the study. AM.BM performed lab-
oratory assays. AM.MP and MG performed data analysis. AM wrote the first draft of the manuscript. MG.
CN.SLC.SJ.EMB and PBK edited and provided continuous feedback on the manuscript. AM wrote the final draft
of the manuscript.All authors reviewed the manuscript.

Funding

This study was supported by Kabale University, EDCTP3, the Infectious Diseases Institute (IDI) OPTIMAL
study, and the Government of Uganda through the Makerere University Research and Innovation Fund (Mak-
RIF PhD grants).

Declarations

Ethics approval and consent to participate

The study was approved by the Makerere University School of Medicine Research and Ethics Committee (Mak-
SOMREC #2021 - 152) and the Uganda National Council for Science and Technology (UNCST #HS2744ES).
All procedures were conducted in accordance with the ethical guidelines and regulations of both Mak-
SOMREC and UNCST. The study utilized dried blood spot (DBS) filter papers collected from children aged 6
months to 10 years. Informed assent was obtained from the children, and parental consent was granted for the
reuse of their samples in future molecular parasite studies. Parents were fully informed about the study and
provided written consent for their child’s participation and the use of their samples.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-88892-7.

Correspondence and requests for materials should be addressed to A.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:4375 | https://doi.org/10.1038/s41598-025-88892-7 nature portfolio


https://doi.org/10.1038/s41598-025-88892-7
https://doi.org/10.1038/s41598-025-88892-7
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Assessment of different genotyping markers and algorithms for distinguishing ﻿Plasmodium falciparum﻿ recrudescence from reinfection in Uganda
	﻿Results
	﻿Diversity of the genotyped markers across three malaria-endemic sites in Uganda
	﻿﻿P. falciparum﻿ multiplicity of infection (MOI) across three malaria-endemic sites in Uganda
	﻿Comparison of three algorithms to classify recrudescence across three malaria-endemic sites in Uganda

	﻿Discussion
	﻿Methods
	﻿Study sites and sample collection

	﻿Laboratory methods
	﻿DNA extraction
	﻿﻿P. falciparum msp-1﻿, msp-2 and ﻿glurp﻿ genotyping
	﻿Microsatellite genotyping
	﻿Data analysis

	﻿References


