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Abstract

Background: Current World Health Organization guidelines for conducting anti-malarial drug efficacy clinical trials
recommend genotyping Plasmodium falciparum genes msp1 and msp2 to distinguish recrudescence from reinfection.
A more recently developed potential alternative to this method is a molecular genotyping assay based on a panel of
24 single nucleotide polymorphism (SNP) markers.

Methods: Performance parameters of these two genotyping methods were compared using data from two recently
completed drug efficacy trials. Blood samples from two anti-malarial therapeutic trials were analysed by both msp
genotyping and the 24 SNP assay. Additionally, to conserve time and resources, the statistical program R was used to
select the most informative SNPs for a set of unrelated Malawian samples to develop a truncated SNP-based assay for
the region surrounding Blantyre, Malawi. The ability of this truncated assay to distinguish reinfection from recrudes-
cence when compared to the full 24 SNP assay was then analysed using data from the therapeutic trials.

Results: A total of 360 samples were analysed; 66 for concordance of msp and SNP barcoding methodologies,

and 294 for assessing the most informative of the 24 SNP markers. SNP genotyping performed comparably to msp
genotyping, with only one case of disagreement among the 50 interpretable results, where the SNP assay identified
the sample as reinfection and the msp typing as recrudescence. Furthermore, SNP typing was more robust; only 6% of
samples were uninterpretable by SNP typing, compared to 19.7% when msp genotyping was used. For discriminating
reinfection from recrudescence, a truncated 6 SNP assay was found to perform at 95.1% the accuracy of the full 24
SNP bar code.

Conclusions: The use of SNP analysis has similar sensitivity to the standard msp genotyping in determining recrudes-
cence from reinfection. Although more expensive, SNP typing is faster and less work intensive. Limiting the assay to
those SNPs most informative in the geographical region of interest may further decrease the workload and the cost,
making this technique a feasible and affordable alternative in drug efficacy trials.
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Background

In the face of continuing emergence of anti-malarial drug
resistance, therapeutic trials of novel drugs, or combina-
tions of known drugs, remain a critical part of a defensive
strategy for combating this high-morbidity disease. A
challenge with such studies arises in areas where malaria
is endemic, such as sub-Saharan Africa, where indi-
viduals experience frequent infections. For example, the
Chikhwawa district in southern Malawi has an estimated
inoculation rate of 183 infective bites per person per
year [1]. In such high transmission settings, it is impera-
tive to determine whether infections occurring during
the course of therapeutic drug trials are due to a recur-
rence of the initial infection (recrudescence) or a new
infection (reinfection). This is a critical distinction, as
recrudescence signifies resistance of the infection to the
anti-malarial regimen, while a reinfection merely reflects
a high transmission setting.

To distinguish between these two possibilities, each
infection is characterized or “fingerprinted” using molec-
ular genotyping of highly polymorphic alleles. Genotypes
of the infection at enrollment, prior to the administra-
tion of the trial drug, are then compared with the post-
treatment infection. Recrudescence is characterized by
identical molecular fingerprints at both time points. In
reinfection, on the other hand, the molecular fingerprints
at the two-time points differ.

Genotyping to distinguish between reinfection and
recrudescence is an effective approach because of the
wide range of genetic heterogeneity among individual
Plasmodium falciparum parasites, which are responsible
for the majority of human malaria morbidity and mor-
tality. Genetic diversity within this species is augmented
by recombination events during its obligate sexual stage
within the mosquito vector. Genetic diversity is particu-
larly evident in high transmission settings like Malawi
and other sub-Saharan African countries.

The current gold standard recommended by the World
Health Organization (WHO) for distinguishing geneti-
cally distinct parasites involves genotyping the merozoite
surface protein 1 and 2 (msp1 and msp2) genes to identify
length polymorphisms [2, 3]. msp genotyping is widely
used and, because of the extensive polymorphism of
mspl and msp2 [4], is highly sensitive and specific. How-
ever, it is labour-intensive and time consuming, involv-
ing nested polymerase chain reaction (PCR) reactions
and gel electrophoresis, and is therefore prone to ampli-
fication errors from contamination as well as subjective
interpretation of band size on gel imaging.

An alternative method, a Tagman-based 24 single
nucleotide polymorphism (SNP) barcode [5] has the
potential to replace the cumbersome mspl and msp2
genotyping [5]. The barcode method is less time and
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labour-intensive, as it uses only one round of DNA ampli-
fication and does not require electrophoresis. The results
are relatively easy to interpret, and reactions can be mon-
itored in real time. The particular 24 SNPs incorporated
into this assay were chosen not only for their high minor
allele frequency but also for their distribution across the
14 chromosomes of the P. falciparum genome, providing
a high-resolution platform for distinguishing two closely
related parasites [6]. Before the barcode method can be
recommended as a replacement for genotyping mspIl and
msp2, the two techniques must be compared in terms of
their capacity to accurately distinguish recrudescence
from reinfection. In an effort to compare the perfor-
mance characteristics of the two assays, results from both
assays on samples collected in the course of two recent
drug efficacy trials in Malawi were compared.

In addition to comparing msp genotyping to the origi-
nally designed 24 SNP barcode, an attempt was made to
customize the barcode for Malawi. The original 24 SNP
barcode was developed using sequences from parasites
from West Africa and Southeast Asia. For drug efficacy
studies in a smaller geographical area, a smaller number
of SNPs might be sufficient to distinguish recrudescence
from reinfection; this would increase the efficiency and
decrease the costs of the assay.

In addition to its usefulness in distinguishing recrudes-
cence from reinfection, the 24 SNP barcode is also often
used to determine whether an infection represents a sin-
gle genotypic clone or a mixture of multiple clones. Given
that the malaria parasite is haploid during the blood stage
in the human host, a single clone will reveal homozy-
gous results at all 24 SNPs, whereas a mixed infection
would reveal heterozygosity at one or more of the SNPs.
Although identifying mixed infections was not the focus
of this study, the truncated assay was also evaluated for
this application as this is a common use of the 24 SNP
assay.

Methods

Study area and population

To compare the barcode method versus msp genotyping,
this study utilized 66 paired samples from cases of recur-
rent malaria infection during two therapeutic efficacy
studies conducted among children age 6 to 59 months
in Malawi between July 2011 and November 2012 at
Machinga District Hospital and between March and July
of 2014 at Machinga, Nkhotakota, and Karonga District
Hospitals [7]. Consented, eligible children with fever or
history of fever and P. falciparum mono-infections with
1000-200,000 asexual parasites/ul were enrolled (day 0)
and followed on days 1, 2, 3, 7, 14, 21, 28, and 42 in the
earlier study, and through day 28 in the later study. In
addition, children were seen on any other day if they were
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ill. At each visit, blood was collected for thick and thin
smears and for molecular testing on filter papers (What-
man 3MM). Patients with microscopically detected
parasites on any day after day 3 were deemed to have
recurrent parasitaemia and samples were tested by both
msp and SNP genotyping methods as described below to
differentiate recrudescence from reinfection. All geno-
typing was performed blinded to patient information.

For the evaluation of a geographically relevant trun-
cated bar code, samples were obtained from patients
(n=294) admitted to the pediatric research ward at
Queen Elizabeth Central Hospital in Blantyre, Malawi
from January to June during the years 2009 and 2011.
Peripheral blood was collected on FTA cards (Whatman
3MM) at admission and SNP genotyping was performed
as described below.

DNA extraction

DNA was extracted from blood spots using QIAamp
DNA Mini and Blood Mini kit (Qiagen, Hilden, Ger-
many) as per manufacturer’s instructions.

msp1 and msp2 genotyping

A nested PCR was used to amplify the polymorphic
repetitive regions block 2 of msp1 [8] and block 3 of msp2
[9] of all day 0 and day of recurrent parasitaemia samples
[10]. Parasite DNA samples from standard laboratory
strain 3D7 were included in each genotyping run as posi-
tive controls whilst water was included in each run as a
negative control. The sequences of the primers and their
respective positions in the respective genes are presented
elsewhere [11]. In the first nested reaction, oligonucleo-
tide primer pairs corresponding to conserved sequences
spanning the polymorphic regions of the two genes were
included.

Using a template from the product generated in the
first reaction, five separate second nested reactions were
then performed, using in each case specific primer pairs
for MAD20, K1, and RO33 families of the mspI block 2,
and the FC27 and 3D7/IC families of the msp2 repeats
as listed elsewhere [12], in order to determine the pres-
ence of allelic variants for msp1 and msp2. Amplifications
were performed on a BIO-RAD T100TM thermocycler
(Hercules, CA) [12] and separated on a 2% gel for both
mspl and msp2.

Full 24 SNP and truncated SNP genotyping

Samples from all cases of recurrent parasite infec-
tion were genotyped using the molecular barcode assay
as described previously [6]. The positions of the SNPs
genotyped were as described in the original paper and
annotated in PlasmoDB version 5.0. Parasite DNA sam-
ples from 3D7 were included in each genotyping run
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as positive controls and water was used as the negative
control.

In brief, a master mix consisting of 2.95 ul of commer-
cial grade nuclease-free water, 0.05 pul of the 40x Tagman
SNP assay and 5 pl of the Tagman Universal PCR Master
Mix (Applied Biosystems, Foster City, CA) per reaction
was added to each well of the 96 well real-time PCR plate
pre-loaded with 2 ul (10 ng) of each parasite DNA sam-
ple. Parasite DNA samples were then amplified on the
Step One Plus real-time PCR instrument (Applied Bio-
systems, Foster City, CA, USA).

Analysis

Samples were classified as either recrudescence, reinfec-
tion, or uninterpretable by each method, as follows. For
mspl and msp2 genotyping, the number and size of the
electrophoresed bands on the day of recurrent parasitae-
mia and day 0 were compared. Bands less than 500 bp in
size were considered the same if they were within 10 bp
difference in size. If the number and size of bands rep-
resenting allelic types on day 0 was equal to the num-
ber and size of bands observed on the day of recurrent
parasitaemia, the recurrent episode of parasitaemia was
considered a recrudescence (treatment failure). Other-
wise, it was considered a new infection. Samples lacking
a distinct band in any of the five amplification reactions
were re-tested. Samples that twice failed to amplify were
considered uninterpretable.

For SNP analysis, PCR amplification results of both
the full 24 SNP barcode and truncated barcodes were
completed using Applied Biosystem’s Proprietary Allelic
Discrimination software version 2.2.2. Where the soft-
ware did not give genotype calls directly, allele calls were
made manually by examining both the amplification plot
and the multi-component plot. A single allelic differ-
ence between day 0 and the day of recurrent infection
was considered sufficient to call the infections different
(i.e. reinfection) due to the high-resolution power of the
allelic discrimination software used. Similarly, if a single
allele was homozygous at day 0 but heterozygous at fol-
low up, it was considered a new infection because the
addition of a new allele represents a new parasite clone.
Conversely, a heterozygous allele at day 0 changing to a
homozygous allele at follow up could be due to the per-
sistence of one strain of a mixed infection, with simulta-
neous clearance of the second strain and, therefore, in the
absence of any other allelic differences, the case was des-
ignated as recrudescence and not reinfection.

For the SNP genotyping assays, if more than 2/3 of the
SNPs (i.e. 17 of the full 24 SNP assay and 5 of the 6 SNPs
of the truncated assay) were identical and the remaining
SNPs failed to amplify, then the case was labelled recru-
descent. Sensitivity analysis showed that variation of this
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cutoff by 3 SNPs in either direction resulted in the reclas-
sification of only one case (a recrudescent sample being
reclassified as uninterpretable). If 1/3 or more SNPs (8
for the full barcode and 2 for the truncated assay) failed
to amplify for at least one of the time points of a matched
sample, and there were no other SNP differences indicat-
ing a reinfection, then testing was repeated. If no addi-
tional SNPs were amplified the sample was labelled as
uninterpretable.

Samples uninterpretable by either genotyping method
were excluded from the final analysis. For the purposes
of this study, msp genotyping was considered the gold
standard, and results obtained from the barcode method
were compared to the msp method using Stata version
10.1 (Stata, College Station, TX) to assess sensitivity and
specificity of the barcode method.

The 24 SNP barcode was optimized for Malawi using
the statistical package R (RStudio, Boston, MA). SNP
calls were formatted into a 294 x 24 matrix where the 294
rows contained SNP calls from individual samples and
the 24 columns represented SNPs 1-24. A function was
created that would analyse and compare all pairs of rows
(samples) using all possible combinations of 6, 8, 10, and
12 SNPs. The SNP combinations that yielded the maxi-
mum number of different rows (i.e. most often correctly
identified a sample as being unique from all others) were
subsequently labelled as truncated versions of the full 24
SNP assay optimized for our Malawian data set. The R
functions specifically used are outlined in Additional File
1. The optimized truncated 6 SNP assay was then used
to identify recrudescence and reinfection among the
matched samples from the two therapeutic drug trials as
described above, and results compared to both the full
barcode and to msp genotyping.

Results

Paired samples from 66 children were genotyped to dis-
tinguish between recrudescence and reinfection. Of
these, mspl and msp2 classified 5 (7.6%), 48 (72.7%), and
13 (19.7%) as recrudescence, reinfection, and uninter-
pretable, respectively (Fig. 1). Using the 24 SNP molec-
ular barcode, 4 (6.1%), 58 (87.9%), and 4 (6.1%) were
classified as recrudescence, reinfection, and uninterpret-
able, respectively, while 6 (9.1%), 55 (83.3%), and 5 (7.6%)
were classified as recrudescence, reinfection and uninter-
pretable by the truncated 6 SNP barcode (Fig. 1).

When comparing the performance of the molecular
barcode to the standard practice of mspl and msp2 as the
gold standard for detecting reinfection, sensitivity was
100% (95% CI 90.4—100%), specificity was 75.0% (95% CI
21.9-98.7%), positive predictive value was 97.9% (95%
CI 87.3-99.9%), and negative predictive value was 100%
(95% CI 31.0-100%) (Table 1).
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Fig. 1 Genotyping results by msp, full 24 SNP, and truncated 6 SNP
methods

The performance of mspl and msp2 was also tested
using the molecular barcode as the gold standard
(Table 2). Sensitivity was 97.9% (95% CI 87.3-99.9%),
specificity was 100% (95% CI 31.0-100%), positive pre-
dictive value was 100% (95% CI 90.4—100%), and nega-
tive predictive value was 75.0% (95% CI 21.9-98.7%).
The overall correlation between the two methods was
high with only one case showing a discrepancy (phi
coefficient=+0.86, p=0.0002 via two-tailed Fisher
Exact Probability Test).

Some SNPs have extremely low variability in
Malawian samples and therefore offer little in the way
of genetic information (for instance, the vast major-
ity of SNP 2 results are adenosine, whereas SNP 24 is
almost always a guanosine) (Fig. 2). Limited heteroge-
neity at specific SNPs adds little additional information
to the genetic “fingerprint” of a sample. This observa-
tion led to the effort to optimize the 24 SNP barcode
for Malawi—excluding certain SNPs from the full panel
without compromising the barcode’s ability to deter-
mine infection uniqueness.

The resulting optimized barcode of only 6 SNPs
could, within the data set from Queen Elizabeth Cen-
tral Hospital, distinguish two unique infections from
each other over 98% of the time when compared to the
full 24 SNP barcode. Similar test performances were
found with a subset of 8, 10, and 12 SNPs (Table 3).

In contrast to the ability to distinguish unique infec-
tions, the truncated bar code did not perform as
robustly at identifying mixed infections. The 12 SNP
barcode was only able to determine 89.3% of the mixed
infections called by the 24 SNP bar code, suggesting
that heterozygosity tends to occur at alleles less useful
for showing the distinction between genotypes.

To determine how well these theoretically optimized
barcodes could differentiate between two unique infec-
tions within the same individual (reinfection), they
were then used to analyse the matched sample sets
from the two therapeutic drug trials. The results were
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Table 1 Performance of the barcode using msp7 and msp2
as the gold standard

MSP Total
Reinfection Recrudescence
24 SNP barcode
Reinfection 46 1 47
Recrudescence 0 3 3
Total 46 4 50
Estimated 95% ClI
value (%)
Sensitivity 100 90.4-100
Specificity 75.0 21.9-98.7
Positive predictive value 97.9 87.3-99.9
Negative predictive value 100 31.0-100

Table 2 Performance of msp1 and msp-2 using the 24 SNP
barcode as the gold standard

24 SNP barcode Total
Reinfection Recrudescence
MSP
Reinfection 46 0 46
Recrudescence 1 3 4
Total 47 3 50
Estimated value 95% ClI
(%)
Sensitivity 97.9 82.5-984
Specificity 100 31.0-100
Positive predictive value 100 90.4-100
Negative predictive value 75.0 21.9-98.7

compared to both msp genotyping and the full 24 SNP
barcode (Table 4).

For comparison of the full 24 SNP barcode and the
truncated barcodes, a total of five uninterpretable sam-
ples from the original 66 samples were excluded. For
comparison of the truncated barcode and msp genotyp-
ing, 17 samples were excluded because they were unin-
terpretable by msp (n=13) or by the truncated barcode
(n=5), with one sample overlapping. The overall sensi-
tivity for detecting reinfection using the 6 SNP barcode
compared to the full 24 SNP assay was 94.8%, and speci-
ficity was 100%.

Discussion

Molecular genotyping is a reliable method of distinguish-
ing recrudescence from reinfection in anti-malarial drug
efficacy trials. Although the WHO recommends mspI
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and msp2 genotyping as a gold standard for distinguish-
ing recrudescence from reinfection in areas with endemic
malaria [3], this method is time consuming and labour-
intensive [6]. The novel 24 SNP barcode method, which
is considerably quicker and less labour intensive, per-
formed comparably to msp genotyping for distinguish-
ing recrudescence from reinfection (sensitivity 100% and
specificity 75%).

The barcode method designed by Daniels et al. [6] uses
24 highly polymorphic SNPs that are broadly distrib-
uted across the P. falciparum genome and not in linkage
disequilibrium, to clearly discriminate alleles in mixed
genome samples. Daniels et al. demonstrated that no
two parasites known to be of independent origin had the
same allele signature. In addition, they showed that there
was generally good agreement between the barcode and
mspl and msp2 genotyping with respect to identifying
mixed parasite samples.

This study established that the two methods are com-
parable in their ability to distinguish recrudescence from
reinfection. Both assays have advantages and disadvan-
tages. The msp genotyping method resulted in more
uninterpretable calls in our hands, with more reactions
failing to generate distinct bands. Our levels of uninter-
pretable results were similar to those in other large scale
studies [13, 14]. However, it is significantly less costly
to use, with per sample reagent estimates of $3.60 for
the msp method and $11.45 for the SNP-based assay.
Although the ease of the SNP assay allows for higher
throughput, when technician salaries as well as the cost
of repeating uninterpretable results are included in the
per assay estimate, the msp method is still cheaper with a
cost of approximately $14.36 per sample as compared to
$18.66 for the SNP based method. However, truncation of
the SNP assay from 24 to 6 locations decreases the over-
all cost to $10.25 per sample, less than the msp method.
Furthermore, the SNP assay requires more specialized
equipment, with the requirement of a real-time PCR
machine. In contrast, the msp based assay relies on the
more universally available conventional PCR machines
and standard gel electrophoresis. The SNP based assay
has the advantage of being higher throughput—requiring
only one amplification step, whereas two are required in
the msp method. The SNP method also avoids the tedi-
ous step of loading samples onto an agarose gel.

In an effort to minimize time and resources while
maintaining the equal discriminatory ability of the assay,
the possibility of truncating the barcode was explored.
Various studies have demonstrated surprisingly high lev-
els of genetic relatedness among P falciparum isolates
from the same geographic region [15-18]. This suggests
that, within a limited geographical region, the 24 SNP
barcode might be truncated to eliminate any of the 24
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Fig. 2 Heterogeneity of individual SNP's among Malawian samples.
In the key, values“A",“C", “G"and “T" indicate their respective
nucleotide. Values labeled “N"represent a heterozygous or mixed
finding at the respective SNP, while “X" represents missing values that
failed to amplify during the PCR process

SNPs which might be non-informative. The findings indi-
cate that in areas of northern Malawi the truncated 12
SNP barcode suggested above determines whether a new
infection is unique from the last cleared infection (i.e.
reinfection) 96.7% of the time when compared to the full
24 SNP barcode. This would decrease time and resources
by almost half. Further truncation to a set of the six most
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informative SNPs would still result in 95.1% accuracy in
determining recrudescence from reinfection. The trun-
cated bar code does not, however, perform as robustly
when used for determining single from mixed infections,
likely due to the increased advantage of detecting low fre-
quency heterogeneity at more sites in the full bar code
assay.

A significantly higher proportion of samples were
uninterpretable by msp genotyping than by SNP bar-
code. Uninterpretable results seen in the mspl and 2
based assays were due to poor amplification or inabil-
ity to determine amplicon size on gel electrophoresis,
while uninterpretable results in the SNP based assay
were due to poor amplification. Of the 13 samples that
were uninterpretable by msp genotyping and 4 by the
full barcode, only one sample was uninterpretable by
both methods, suggesting assay specific failures rather
than general poor quality of DNA. In the analysis of the
truncated barcode, this led to a large apparent drop in
the accuracy of the 6 SNP barcode in determining rein-
fection when using msp genotyping rather than the full
24 SNP barcode as the gold standard—from 95.1 to
91.8%. Using the full 24 SNP panel as the gold standard,
the 6 SNP barcode only missed three cases of reinfec-
tion within the total 61 samples analysed in that com-
parison. Using the msp genotyping as the gold standard,
even though there was only one additional sample disa-
greement, the drop in total sample number from 61 to
49 led to a 45/49 agreement, i.e. a 91.8% accuracy.

In comparing Tables 3 and 4, it is notable that the
truncated barcodes did not perform as well in the anal-
ysis using msp results as the gold standard. For instance,
the 6 SNP assay’s accuracy in discriminating unique
infections dropped from 98.5 to 95.1%. One possible
explanation may be that the 6 SNP optimized barcode
was proposed based on a large data set of unique geno-
types from a geographic area immediately surrounding
Blantyre. This SNP set was then used to analyse sam-
ples from Machinga, Nkhotakota, and Karonga district
hospitals, which are 120, 375, and 825 km away from
Blantyre, respectively. Geographic genotype variance
has been shown to be very focal [15-18]. While it was

Table 3 Optimized subsets of the 24 SNP barcode (N =294 samples)

6 SNP barcode 8 SNP barcode 10 SNP 12 SNP
barcode barcode
SNP 3 7 11 15 19 22 4 14 9 10 5 17
Accuracy in calling uniqueness (%) 98.5 99.5 99.8 99.9
Accuracy in determining heterozygosity (%) 78.0 79.7 836 89.3
% amplification success 98 97 95 95 97 96 94 93 96 97 93 90

Minor allele frequency 0.31 032 044

0.50 043 049 0.16 0.29 0.19 040 0.21 040
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Table 4 Comparison of the truncated barcodes to both the full 24 SNP assay and to msp genotyping
6 SNP Barcode 8 SNP Barcode 10 SNP Barcode 12 SNP Barcode 24 SNP Barcode

SNP 3 7 11 15 19 22 4 14 9 10 5 17 Remaining
Accuracy in identifying 95.1 95.1 96.7 96.7 100%

reinfection using 24 SNP

barcode as the gold

standard
Accuracy in identifying rein- ~ 91.8% 91.8% 93.9% 93.9% 93.9%

fection using msp genotyp-

ing as the gold standard
originally assumed that a barcode optimized using sam-  Additional file
ples from southern Malawi would still perform satis-
factorily in analysing samples from northern Malawi, [ Additional file 1. R code for generating truncated bar code. }

perhaps a different truncated SNP panel, optimized
using a large database generated from unique infec-
tions in northern rather than southern Malawi, would
perform more accurately for these samples collected at
some distance from Blantyre. The R algorithm could be
used to determine optimum SNPs for other geographi-
cally distinct malaria endemic regions as well.

The major limitation of this study is the small sample
size. This limitation is magnified by the fact that there
are very few recrudescent infections by either measure-
ment method. This leads to an exceedingly low number
of recrudescent infections to be compared by the two
methods. An additional limitation is the inability to
amplify all alleles in all samples—in both the msp and
the SNP based methods. Although this non-amplifica-
tion was not biased towards any specific location, the
cutoff of allowing up to seven non-amplified alleles
could result in the misclassification of reinfections
as recrudescence. Although this limitation would be
equally present with either technique, it is of increased
concern in the msp assay where there was a high per-
cent of non-amplification (19%). Finally, the choice of
samples from geographically separated regions for
design and validation of the truncated bar code may
have resulted in less than ideal performance of the
truncated barcode.

Conclusions

This study showed comparable results from mspl and
msp2 genotyping and the SNP-based barcodes. The
major downfall of the SNP-based method—increased
cost—could be effectively ameliorated with the design of
a truncated set of SNPs. In Malawi, a subset of 6 SNPs
performed almost as well as the originally designed 24
SNP method, thus substantially decreasing cost without
compromising data quality.

Authors’ contributions

JF, SM: study design, laboratory work, data analysis and writing of the manu-
script. JV: study design, laboratory work, data analysis. AS, GM: laboratory
work, data analysis. TT: patient enrollment and characterization, study design
and editing of manuscript. DM, JS: study design, editing of manuscript. DS:
study design, statistical analysis, editing of manuscript. JG: study design, data
analysis, writing and editing of manuscript. KS: study design, laboratory work,
data analysis, writing and editing of manuscript. All authors reviewed the
manuscript. All authors read and approved the final manuscript.

Author details

! Department of Biomedical Sciences, University of Malawi, College of Medi-
cine, P/Bag 360, Chichiri, Blantyre 3, Malawi. 2 Department of Cell and Molecu-
lar Biology, Michigan State University, East Lansing, MI, USA. ® Blantyre Malaria
Project, University of Malawi College of Medicine, Blantyre, Malawi. 4 Depart-
ment of Osteopathic Medical Specialties, College of Osteopathic Medicine,
Michigan State University, East Lansing, MI, USA. > Department of Statistics,
The Wharton School, University of Pennsylvania, Philadelphia, USA.  The
Permanente Medical Group, Oakland, CA, USA. ” Malaria Branch, Division

of Parasitic Diseases and Malaria, Center for Global Health, US Center for Dis-
ease Control and Prevention, Atlanta, USA.

Acknowledgements

The authors wish to thank all the staff at the Machinga, Karonga, and Nkhotak-
hota District Hospitals, as well as the community members who participated
in or otherwise contributed to these studies.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Consent for publication
Not applicable.

Disclaimer

The findings and conclusions presented in this report are those of the authors
and do not necessarily reflect the official position of the US President’s Malaria
Initiative, US Agency for International Development, or US Centers for Disease
Control and Prevention.

Ethics approval and consent to participate

This study was approved by the University of Malawi College of Medicine, the
Michigan State University, and Centers for Disease Control and Prevention
Institutional Review Boards. Guardian consent was obtained prior to collection
of samples.


https://doi.org/10.1186/s12936-019-2695-0

Fulakeza et al. Malar J (2019) 18:84

Funding

This work was supported by the National Institutes of Health (RO1AI134969

to TET) and the US President’s Malaria Initiative, US Agency for International
Development, under the terms of an Interagency Agreement with the Cent-
ers for Disease Control and Prevention (CDC) and through a Cooperative
Agreement (Number 5 U01 Cl000189) between the CDC and the Malaria Alert
Centre, College of Medicine.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 31 August 2018 Accepted: 1 March 2019
Published online: 18 March 2019

References

1. Mzilahowa T, Hastings IM, Molyneux ME, McCall PJ. Entomological indices
of malaria transmission in Chikhwawa district, Southern Malawi. Malar J.
2012;11:380.

2. Snounou G, Beck HP. The use of PCR genotyping in the assessment of
recrudescence or reinfection after antimalarial drug treatment. Parasitol
Today. 1998;14:462-7.

3. WHO. Methods and techniques for clinical trials on antimalarial drug effi-
cacy: genotyping to identify parasite populations. Geneva: World Health
Organization; 2008.

4. Winter DJ, Pacheco MA, Vallejo AF, Schwartz RS, Arevalo-Herrera M, Her-
rera S, et al. Whole genome sequencing of field isolates reveals extensive
genetic diversity in Plasmodium vivax from Colombia. PLoS Negl Trop Dis.
2015;9:e0004252.

5. Fulakeza JRM, Banda RL, Lipenga TR, Terlouw DJ, Nkhoma SC, Hodel EM.
Comparison of two genotyping methods for distinguishing recrudes-
cence from reinfection in antimalarial drug efficacy/effectiveness trials.
Am J Trop Med Hyg. 2018;99:84-6.

6. Daniels R, Volkman SK, Milner DA, Mahesh N, Neafsey DE, Park DJ, et al. A
general SNP-based molecular barcode for Plasmodium falciparum identi-
fication and tracking. Malar J. 2008;7:223.

7. Paczkowski M, Mwandama D, Marthey D, Luka M, Makuta G, Sande J,
et al. In vivo efficacy of artemether-lumefantrine and artesunate—-amo-
diaquine for uncomplicated Plasmodium falciparum malaria in Malawi,
2014. Malar J. 2016;15:236.

Page 8 of 8

Miller LH, Roberts T, Shahabuddin M, McCutchan TF. Analysis of sequence
diversity in the Plasmodium falciparum merozoite surface protein-1 (MSP-
1). Mol Biochem Parasitol. 1993;59:1-14.

Smythe JA, Peterson MG, Coppel RL, Saul AJ, Kemp DJ, Anders RF.
Structural diversity in the 45-kilodalton merozoite surface antigen of
Plasmodium falciparum. Mol Biochem Parasitol. 1990;39:227-34.

Messerli C, Hofmann NE, Beck HP, Felger I. Critical evaluation of molecular
monitoring in malaria drug efficacy trials and pitfalls of length-polymor-
phic markers. Antimicrob Agents Chemother. 2017;61:e01500-16.

. Snounou G, Zhu X, Siripoon N, Jarra W, Thaithong S, Brown KN, et al.

Biased distribution of msp1 and msp2 allelic variants in Plasmo-

dium falciparum populations in Thailand. Trans R Soc Trop Med Hyg.
1999;93:369-74.

Calderaro A, Piccolo G, Perandin F, Gorrini C, Peruzzi S, Zuelli C, et al.
Genetic polymorphisms influence Plasmodium ovale PCR detection
accuracy. J Clin Microbiol. 2007;45:1624-7.

Mugittu K, Adjuik M, Snounou G, Ntoumi F, Taylor W, Mshinda H, et al.
Molecular genotyping to distinguish between recrudescents and new
infections in treatment trials of Plasmodium falciparum malaria con-
ducted in Sub-Saharan Africa: adjustment of parasitological outcomes
and assessment of genotyping effectiveness. Trop Med Int Health.
2006;11:1350-9.

. Yavo W, Konaté A, Mawili-Mboumba DP, Kassi FK, Tshibola Mbuyi ML,

Angora EK; et al. Genetic polymorphism of msp1 and msp2 in Plasmo-
dium falciparum isolates from Cote d'lvoire versus Gabon. J Parasitol Res.
2016;2016:3074803.

. Nkhoma SC, Nair S, Cheeseman IH, Rohr-Allegrini C, Singlam S, Nosten F,

et al. Close kinship within multiple-genotype malaria parasite infections.
Proc Biol Sci. 2012;279:2589-98.

. Pumpaibool T, Arnathau C, Durand P, Kanchanakhan N, Siripoon N, Sue-

gorn A, et al. Genetic diversity and population structure of Plasmodium
falciparum in Thailand, a low transmission country. Malar J. 2009;8:155.

. Wei G, Zhang L, Yan H, Zhao Y, Hu J, Pan W. Evaluation of the population

structure and genetic diversity of Plasmodium falciparum in southern
China. Malar J. 2015;14:283.

. Al-abd NM, Mahdy MA, Al-Mekhlafi AM, Snounou G, Abdul-Majid NB,

Al-Mekhlafi HM, et al. The suitability of P falciparum merozoite surface
proteins 1 and 2 as genetic markers for in vivo drug trials in Yemen. PLoS
ONE. 2013;8:67853.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Comparison of msp genotyping and a 24 SNP molecular assay for differentiating Plasmodium falciparum recrudescence from reinfection
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study area and population
	DNA extraction
	msp1 and msp2 genotyping
	Full 24 SNP and truncated SNP genotyping
	Analysis

	Results
	Discussion
	Conclusions
	Authors’ contributions
	References




