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Abstract. Genotyping of allelic variants of Plasmodium falciparum merozoite surface proteins 1 and 2 (msp-1 and
msp-2), and the glutamate-rich protein is the gold standard for distinguishing reinfections from recrudescences in
antimalarial drug trials. We compared performance of the recently developed 24-single-nucleotide polymorphism (SNP)
Barcoding Assay against msp-1 and msp-2 genotyping in a cluster-randomized effectiveness trial of artemether–
lumefantrine anddihydroartemisinin–piperaquine inMalawi. Rates of recrudescence and reinfection estimated by the two
methods did not differ significantly (Fisher’s exact test; P = 0.887 and P = 0.768, respectively). There was a strong
agreement between the two methods in predicting treatment outcomes and resolving the genetic complexity of malaria
infections in this setting. These results support the use of this SNP assay as an alternative method for correcting
antimalarial efficacy/effectiveness data.

INTRODUCTION

In areas of intense malaria transmission, drug-treated
malaria patients are at high risk of reinfection during long
follow-up post-treatment. Without genotyping pretreatment
and post-treatment parasites, it is difficult to resolve whether
parasites persisting after therapy are due to treatment failure
(recrudescence) or a new infection (reinfection) and to provide
the true risk of treatment failure in the population.1

Genotyping of allelic variants of Plasmodium falciparum
merozoite surface proteins 1 and 2 (msp-1 and msp-2), and
glutamate-rich protein is the recommended genotyping
method.1,2 However, it is labor intensive, has low discriminatory
power, and produces results that are often ambiguous to in-
terpret and reproduce between laboratories.3 Microsatellite
genotyping is an alternative approach.4–6 However, the lack of
capillary sequencers to amplify and score microsatellites has
hampered itswideuse.The24-single-nucleotidepolymorphism
(SNP) Barcoding Assay has shown great potential7 but requires
expensive reagents and real-time polymerase chain reaction
(PCR) instruments. We compared the performance of the 24-
SNP Barcoding Assay andmsp-1 andmsp-2 genotyping in an
effectiveness trial.

METHODS

This study was part of a trial exploring neuro-ototoxic
adverse effects in children repeatedly treatedwith artemisinin-
based combination therapies (NCT01038063). Ethical ap-
provals were obtained from Liverpool School of Tropical
Medicine Research Ethics Committee (Protocol 09.07), Uni-
versity of Malawi College of Medicine Research and Ethics
Committee (Protocol P.10/08/707), and Malawi’s Pharmacy,

Medicines and Poisons Board (Protocol PMPB/CTRC/III/
1211200904).
Children with uncomplicated malaria were randomized to

receive artemether–lumefantrine (AL) or dihydroartemisinin–
piperaquine (DHA-PPQ) and followed up for 42 days. A filter
paper blood sample was collected before treatment and
42 days posttreatment regardless of day 42 slide positivity.
To determine if a child had recurrent parasitemia on day 42,

parasite DNA was extracted from d0 and d42 samples using
DNA Mini Kits (Qiagen, Manchester, United Kingdom) and
genotyped using the 24-SNP Barcoding Assay, and msp-1
and msp-2 genotyping as previously described.2,7 Investiga-
tors genotyping samples were blinded to d42 slide positivity.
Infections with ³ 2 and £ 1 heterozygous SNPs were classified
asmultiple-andsingle-haplotype infections, respectively.8We
performed a loci resampling analysis in GenClone v.2.09 to
determine the minimum number of SNPs required to capture
full haplotypic diversity amongst single-haplotype infections
sampled.
Recurrent parasitemia was considered a reinfection if d0

andd42parasiteswere genetically distinguishable; otherwise,
it was deemed a recrudescence. All proportions and their bi-
nomial exact 95% confidence intervals (CIs) were computed
using Stata version 11.0 (College Station, TX).

RESULTS AND DISCUSSION

We evaluated 109 pairs of filter paper blood samples col-
lected on days 0 and 42. Of these, 65% (N = 71) showed no
detectable parasite DNA on d42, whereas 38 had recurrent
d42parasitemia. Detailed effectiveness data for the trial will be
presented elsewhere (D. J. Terlouw et al., unpublished data).
Genotype data and treatment outcomes for 38 patients with
recurrent parasitemia are shown inSupplemental Tables1and
2, whereas genotype data for 71 patients with no detectable
parasite DNA on d42 are shown in Supplemental Tables 3 and
4. A sample size of 38 recurrent infections allows us to detect
a 34% difference in rates of reinfection estimated by the
twomethodswith 80%power and 95%CI. Repeatmsp-1 and
msp-2 genotyping was performed on ∼20% of samples
because of contamination in the negative control or failure
to amplify some loci during the initial genotyping attempt.
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However, genotyping failure rate for the 24-SNP Barcoding
Assay was low with > 95% of SNP assays yielding data at the
first genotyping attempt and < 5% allele drop out per sample.
Rates of reinfection and treatment failure did not differ sig-

nificantly between methods (Fisher’s exact test; P = 0.887 and
P = 0.768, respectively) (Figure 1A). There was a strong con-
cordance between the two methods in predicting treatment
responses among all the 109 patients evaluated and in 38 pa-
tientswith recurrent d42parasitemia (Figure 1B). Therewasalso
a strong agreement between the two methods in determining
the clonality of parasite samples (whether a sample is mono-
clonal or multiclonal) (Figure 1B). The proportion of multiclonal
sampleswas similar betweenmethods (Supplemental Figure 1).
Relationships among 62 monoclonal samples identified using
the24-SNPBarcodingAssayareshown in thephylogenetic tree
(Supplemental Figure 2). We observed a modest concordance
of 56.5% (binomial exact 95% CI: 48.0–64.6) between the two
methods in estimating the multiplicity of infection for individual
samples (Figure1B). This presumably reflects subtle differences
in the resolution power of the two assays. Treatment failure rate

was 6.4%by the 24-SNPBarcoding Assay and 4.6%bymsp-1
and msp-2 genotyping (P = 0.768). The small discrepancy
between recrudescence rates estimated by the two meth-
ods resulted from classifying two recurrent infections either
as treatment failures when using SNP genotyping or as as
reinfections when using msp-1 and msp-2 genotyping
(Supplemental Tables 1 and 2). Treatment failures observed
may be explained by nonadherence, pharmacokinetic varia-
tions, parasite resistance, and/or drug loss through vomiting.
Study participants were given a full course of AL or DHA-PPQ
with only the first dose given under supervision. This may
promote noncompliance but accurately represents howdrugs
might be used in the community. In a previous study, 79%and
88% of AL- and DHA-PPQ–treated patients complied with
recommended drug dosing schedules, respectively.10

High rates of reinfection are of concern. Both genotyping
methods showed that∼30%of children treated formalaria are
reinfected within 42 days post-treatment. This finding indi-
cates that the intensity of transmission is very high. Compared
with DHA-PPQ, AL is associated with higher risk of recurrent
parasitemia11,12 attributable to shorter elimination half-life of
the partner drug, lumefantrine. However, an ACT such as DHA-
PPQ,with a long elimination half-life of thepartner drug,may still
fail to protect against reinfections if overwhelmed by intense
transmission levels.11 To help reducemalaria transmission, new
transmission reduction strategies such as mass drug adminis-
tration, focal screening and treatment, or mass screening and
treatment should be considered.13

Our findings clearly demonstrate that the 24-SNP Barcod-
ing Assay performs as well as msp-1 and msp-2 genotyping.
Themain advantage ofmsp-1 andmsp-2 genotyping is its low
cost. We estimate that genotyping costs $11.45/sample ver-
sus $3.60/sample for the 24-SNPBarcodingAssay andmsp-1
and msp-2 genotyping, respectively. Unlike the 24-SNP Bar-
coding Assay that relies on expensive real-time PCR instru-
ments,msp-1andmsp-2genotypinguses relatively inexpensive
andcommon laboratory equipment suchasgel electrophoresis

FIGURE 1. Comparison of two genotyping methods. (A) Rates of
reinfection and recrudescence estimated by the 24-single-nucleotide
polymorphism (SNP)BarcodingAssayandmerozoite surfaceproteins
1 and2 (msp-1 andmsp-2) genotyping. Thenumber on topof eachbar
represents number of patients with a defined treatment outcome out
of 109 patients evaluated. Rates of reinfection and recrudescence
estimatedby the twomethodswere similar (Fisher’sexact test;P=0.887
and P = 0.768, respectively). (B) Agreement between methods in de-
termining treatment outcomes, infection clonality, and multiplicity of in-
fection. Figures on top of each bar are percentages of concordant
samples out of all samples analyzed in square brackets. Multiplicity of
infection was determined from SNP data of each sample using com-
plexityof infection likelihood (COIL)14 and frommsp-1andmsp-2dataas
the highest number of alleles observed at themost diverse locus. In both
A and B, error bars are binomial exact 95% confidence intervals.

FIGURE 2. Resolution power of the 24-single-nucleotide poly-
morphism (SNP) Barcoding Assay inferred from SNP resampling. The
gray line shows maximum haplotype diversity captured when all 24
SNPs are used to characterize diversity, whereas the black line indi-
cates diversity identified when only SNPs with a high minor allele
frequency (³ 0.30) are used. Error bars are 95% confidence intervals
for the mean number of parasite haplotypes identified. Diversity pla-
teausafter 17 and12 loci if all 24SNPsandSNPswith highminor allele
frequency are used to genotype samples, respectively, indicating the
assay’s sufficient discriminatory power.
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equipment and ultra-violet (UV) transilluminators to genotype
samples. Nonetheless, inherent limitations of msp-1 and
msp-2 genotyping outweigh its low-cost attractiveness. This
method is extremely labor intensive, prone to contamination,
has limited resolution power, and generates data that are often
ambiguous to interpret and reproduce between different labo-
ratories because of dependency on visual interpretation of al-
lelemigrationpatternsonagarosegels. In contrast, the 24-SNP
Barcoding Assay is less labor intensive, has better resolution
power, and generates data that are easy to score and re-
produce between laboratories. The 24-SNP Barcoding Assay
has better discriminatory power because it interrogates 24
highly polymorphic SNPs rather than two msp-1 and msp-2
loci. Because of its excellent attributes, the 24-SNP Barcoding
Assay should beadoptedas an alternative genotypingmethod.
However, high cost could derail its adoption. We investigated
whether anabbreviatedSNPsetwith fewer SNPscould equally
identify all parasite haplotypes as 24 SNPs. Our results indi-
cate that 17 SNPs, irrespective of their minor allele frequen-
cies within the 62 single-haplotype infections identified, can
reliably capture all parasite haplotypes identified by 24 SNPs
(Figure 2, Supplemental Table 1). Our data also indicate that if
SNPs with a high minor allele frequency (³ 0.30) are selected,
only 12 of these are required to identify all parasite haplotypes
(Figure 2, Supplemental Table 1). It would cost $5.73 to geno-
type a single sample using the abbreviated SNP assay. Re-
duction in cost and availability of real-time instruments in most
countries make the abbreviated SNP assay attractive and fea-
sible to adopt.

CONCLUSION

Our results demonstrate that the 24-SNP Barcoding Assay
performs as well asmsp-1 andmsp-2 genotyping and should
be adopted as an alternative method for PCR adjustment of
antimalarial effectiveness/efficacy data. Resource-constrained
laboratories should consider deploying an abbreviated SNP
assay comprising 12 SNPs with high minor allele frequency to
reduce genotyping costs while maintaining high assay resolu-
tion. Each continent must identify SNPs with high minor allele
frequency to select informative SNPs.

Received January 2, 2018. Accepted for publication February 18,
2018.

Published online May 21, 2018.

Note: Supplemental reference, figures, and tables appear at www.
ajtmh.org.

Acknowledgments: We are grateful to all patients who participated in
theMalawi component of theACTia trial andwewould like to thank the
two anonymous reviewers whose constructive comments helped to
considerably improve the quality of the manuscript.

Financial support: Filter paper samples genotyped in this study were
collected as part of a randomized drug trial comparing the effective-
ness and safety of artemether–lumefantrine and dihydroartemisinin–
piperaquine as a treatment for uncomplicated Plasmodium falciparum
malaria in children (Clinical Trials RegistrationNumber: NCT01038063)
supported by the Bill & Melinda Gates Foundation (grant #ITGB5150)
and the Wellcome Trust. Genotyping was partly supported by the
Wellcome Trust Grant #099992/Z/12/Z to SCN. Genotyping was per-
formed in Malawi’s International Center for Excellence in Malaria Re-
search (ICEMR) laboratory supported by the National Institutes for
Health (grant #1U19AIO89683-01). R. L. B. and T. R. L.were supported
by the MLW internship program funded by the Wellcome Trust.

Authors’ addresses: Joseph R. M. Fulakeza, University of Malawi,
College of Medicine, Blantyre, Malawi, E-mail: joefula@gmail.com.
Rachel L. Banda and Trancizeo R. Lipenga, Malawi-Liverpool-
Wellcome Trust Clinical Research Programme, Blantyre, Malawi,
E-mails: rbanda87@gmail.com and trancizeolipenga@gmail.com.
Dianne J. Terlouw and Standwell C. Nkhoma, Liverpool School
of Tropical Medicine, Liverpool, United Kingdom, E-mails: anja.
terlouw@lstmed.ac.uk and standwell.nkhoma@lstmed.ac.uk. Eva
Maria Hodel, University of Liverpool, Department of Molecular
and Clinical Pharmacology, Liverpool, United Kingdom, E-mail:
e.m.hodel@liverpool.ac.uk.

This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the
original author and source are credited.

REFERENCES

1. World Health Organization, 2008. Methods and Techniques for
Clinical Trials on Antimalarial Drug Efficacy: Fenotyping to
Identify Parasite Populations. Informal Consultation Organized
by the Medicines for Malaria Venture and Cosponsored by the
World Health Organization. May 29–31, 2007, Amsterdam, The
Netherlands.

2. Snounou G, Zhu X, Siripoon N, Jarra W, Thaithong S, Brown KN,
Viriyakosol S, 1999. Biased distribution of msp1 and msp2 al-
lelic variants inPlasmodium falciparumpopulations in Thailand.
Trans R Soc Trop Med Hyg 93: 369–374.

3. Juliano JJ, Gadalla N, Sutherland CJ, Meshnick SR, 2010. The
perils of PCR: can we accurately ‘correct’ antimalarial trials?
Trends Parasitol 26: 119–124.

4. Greenhouse B, Myrick A, Dokomajilar C, Woo JM, Carlson EJ,
Rosenthal PJ, Dorsey G, 2006. Validation of microsatellite
markers for use in genotyping polyclonal Plasmodium falcipa-
rum infections. Am J Trop Med Hyg 75: 836–842.

5. Greenhouse B, Dokomajilar C, Hubbard A, Rosenthal PJ, Dorsey
G, 2007. Impact of transmission intensity on the accuracy of
genotyping to distinguish recrudescence from new infection in
antimalarial clinical trials. Antimicrob Agents Chemother 51:
3096–3103.

6. Mwangi JM,OmarSA,Ranford-Cartwright LC, 2006.Comparison
of microsatellite and antigen-coding loci for differentiating re-
crudescingPlasmodium falciparum infections from reinfections
in Kenya. Int J Parasitol 36: 329–336.

7. DanielsRet al., 2008.AgeneralSNP-basedmolecular barcode for
Plasmodium falciparum identification and tracking. Malar J 7:
223.

8. Sisya TJ, Kamn’gona RM, Vareta JA, Fulakeza JM, Mukaka MF,
Seydel KB, Laufer MK, Taylor TE, Nkhoma SC, 2015. Subtle
changes in Plasmodium falciparum infection complexity fol-
lowing enhanced intervention in Malawi. Acta Trop 142:
108–114.

9. Arnaud-HaondS, Belkhir K, 2007. genclone: a computer program
to analysegenotypicdata, test for clonality anddescribe spatial
clonal organization. Mol Ecol Notes 7: 15–17.

10. Ewing VL, TerlouwDJ, KapindaA, PaceC, Richards E, Tolhurst R,
Lalloo DG, 2015. Perceptions and utilization of the anti-
malarials artemether-lumefantrine and dihydroartemisinin-
piperaquine in young children in the Chikhwawa District of
Malawi: a mixed methods study.Malar J 14: 13.

11. Arinaitwe E et al., 2009. Artemether-lumefantrine versus
dihydroartemisinin-piperaquine for falciparum malaria: a lon-
gitudinal, randomized trial in young Ugandan children. Clin In-
fect Dis 49: 1629–1637.

12. Sawa P et al., 2013. Malaria transmission after artemether-
lumefantrine and dihydroartemisinin-piperaquine: a random-
ized trial. J Infect Dis 207: 1637–1645.

13. World Health Organization, 2015. Mass Drug Administration,
Mass Screening and Treatment and Focal Screening and
Treatment for Malaria. Geneva, Switzerland: WHO.

14. Galinsky K et al., 2015. COIL: a methodology for evaluating
malarial complexity of infection using likelihood from single
nucleotide polymorphism data.Malar J 14: 4.

86 FULAKEZA, BANDA, LIPENGA AND OTHERS

/content/journals/10.4269/ajtmh.17-0002#supplementary_data
/content/journals/10.4269/ajtmh.17-0002#supplementary_data
http://www.ajtmh.org
http://www.ajtmh.org
mailto:joefula@gmail.com
mailto:rbanda87@gmail.com
mailto:trancizeolipenga@gmail.com
mailto:anja.terlouw@lstmed.ac.uk
mailto:anja.terlouw@lstmed.ac.uk
mailto:standwell.nkhoma@lstmed.ac.uk
mailto:e.m.hodel@liverpool.ac.uk
http://creativecommons.org/licenses/by/4.0/

