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The global emergence and spread of malaria parasites resistant to antimalarial drugs is a major problem in
malaria control and elimination. In this study, samples from Pune district were characterized to determine
prevalence of molecular markers of resistance to chloroquine (pfcrt codons C72S, M74I, N75E, K76T and
pfmdr-1 N86Y, Y184F), pyrimethamine (pfdhfr C50R, N51I, C59R, S108N), sulfadoxine (pfdhps, S436A,
A437G, K540E, A581G), and artemisinin (pfkelch13, C580Y, R539T). The pfcrt K76T mutation was found in
78% samples as CVMNT, SVMNT and CVIET haplotype. The pfmdr-1 N86Y and Y184F mutations were
found in 54% of samples. The pfdhfr double mutation C59R ? S108N was present in 67% of samples, while
the pfdhfr triple mutation (N51I ? C59R ? S108N) was not detected. The pfdhps mutations A437G and
K540E were found in 67% of samples. Single mutants of pfdhps were rare, with K540E detected in only 6
patient samples. Similarly, pfdhps A581G was found in 13 of the isolates. The molecular markers associated
with artemisinin resistance (mutations in pfkelch13 C580Y, R539T) were not detected in any of the isolates.
These results suggest an emerging problem with multidrug-resistant P. falciparum. Though the genotype
conventionally associated with artemisinin resistance was not observed, chloroquine-resistant genotype has
reached complete ﬁxation in the population. Moreover, the prevalence of mutations in both pfdhfr and pfdhps,
with the presence of the quadruple mutant, indicates that continued monitoring is required to assess whether
sulfadoxine-pyrimethamine can be used efﬁciently as a partner drug for artemisinin for the treatment of P.
falciparum.
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Multidrug resistance protein 1; RSA, Ring-stage survival assay; SNP, Single nucleotide polymorphism; SP,
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1. Introduction
Malaria remains a major problem in many developing
countries, with Plasmodium falciparum causing most
of the mortality (WHO 2019). The biggest challenge to
malaria control is the widespread emergence of resistance against most of the conventional drugs like
http://www.ias.ac.in/jbiosci

chloroquine, sulfadoxine-pyrimethamine (SP), meﬂoquine and atovaquone (Haldar et al. 2018; Escalante
et al. 2009). Alarming reports of resistance against
artemisinin, a frontline drug against malaria, have
recently been reported from Greater Mekong Subregion (GMS), which is the epicentre for emergence of
anti-malarial drug resistance (Zuber and Takala-
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Harrison 2018). Although these occurrences are sporadic and limited to speciﬁc geographical regions, they
present similar trends of evolution as the resistance
against previous drugs like chloroquine and sulfadoxine-pyrimethamine. Therefore, a rigorous molecular
survey must be implemented to monitor the spread and
diversiﬁcation of drug-resistant strains across the world
(Nsanzabana et al. 2018).
In India, signiﬁcant decrease in malaria-related
deaths have been observed in recent years but it still
ranks fourth in malaria incidences worldwide
(NVBDPG 2012). Pune is located in Maharashtra,
India and it is in the industrial belt near the southwestern coastal region of India. The annual parasite
incidence (API) is \ 2 and the average annual blood
examination rate is 14% in Maharashtra (NVBDPG
2012). In Indian clinical cases, drug resistance has been
reported against majority of the conventional drugs by
monitoring the mutations in the candidate genes;
Plasmodium falciparum chloroquine resistance transporter (pfcrt), Plasmodium falciparum multidrug
resistance protein 1 (pfmdr-1) for chloroquine; pfmdr-1
for amodiaquine, meﬂoquine, and dihydropteroate
synthase (pfdhps) and dihydrofolate reductase (pfdhfr)
for pyrimethamine and sulfadoxine resistance, respectively (Vathsala et al. 2004; Sarmah et al. 2017;
Sharma et al. 2015). Widespread emergence of resistance against the conventional drugs led to recommendation of artemisinin based combination therapy
(ACT) for malaria treatment in the subsequent decades.
Alarmingly, a recent report suggests declining effectiveness of ACT (artesunate plus sulfadoxine-pyrimethamine) in the northeast of India, which has been a
historical gateway of introduction of drug resistance in
India (Das et al. 2018). Another study reports as much
as 14% failure of artemisinin-based combination therapy in eastern India with isolates displaying *10%
survival in the standard ring-stage survival assay
(RSA) used universally to monitor efﬁcacy of artemisinin resistance in vitro (Das et al. 2019). The novel
G625R mutation and the previously known R539T
mutation in pfkelch13 gene are found to be associated
with this artemisinin resistance phenotype (Das et al.
2019). An in-depth knowledge of these pre-existing
markers can be valuable to trace the dynamics of parasite genotype and associated drug sensitivities.
Although the genotypes of the parasites, from different
endemic parts of the country have been reported
(Mixson-Hayden et al. 2010; Lumb et al. 2012; Ahmed
et al. 2004; Biswas et al. 2000) the present study is ﬁrst
of its kind from Pune, Maharashtra, India. This study
proﬁles the pfcrt, pfmdr-1, pfdhfr, pfdhps and pfkelch13

genes, which are crucial biomarkers of the resistance
against the antimalarial drugs.
2. Methods
2.1 Study site, sample collection and ethics
In this study, polymorphisms in the key antimalarial
drug resistance marker genes were investigated in P.
falciparum samples from government and private
hospitals in Pune district, Maharashtra, India. The P.
falciparum sample size (63 patient samples) represent 95 % conﬁdence level and 12% conﬁdence
interval for a very large population size (calculated
using the online tool; https://www.surveysystem.com/
sscalc.htm). Symptomatic patients of all age groups
were enrolled, and venous blood was drawn from
each patient. Written consent was obtained from
patients. The study was approved by the institutional
review board of University of Pune, India and the
molecular analyses were approved by the University
Ethical board (reference number 2011/832-32/2).
2.2 Microscopy and rapid diagnostic
identiﬁcation
Thick and thin blood ﬁlms of patients with suspected
malaria were stained with 10% Giemsa solution and
examined at 1,0009 magniﬁcation according to WHO
guidelines. Plasmodium species (P. vivax and P. falciparum) were conﬁrmed by Rapid Diagnostic Test kit
(Falcivax, Tulip Diagnostics).

2.3 DNA extraction and speciation
DNA was extracted from the parasite isolates from
blood samples using the phenol chloroform extraction
method. PCR based genotyping was done for the
pfmsp1 gene for the isolates to rule out mixed infection.
The pfmsp1 of all Plasmodium falciparum parasites
was ampliﬁed using sequence-speciﬁc primers
according to a protocol previously described (Mohd
Abd Razak et al. 2016). The speciﬁc allelic families of
pfmsp1 (MAD20, K1 and R033) were ampliﬁed using
the primers and PCR conditions as described in table 1.
Reactions for each set of primary and nested primers
were performed separately. PCR products were
resolved by 1.5–2% agarose gel electrophoresis and
visualized using the Alpha Doc Imager system.

Drug resistance marker genes of P. falciparum
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Table 1. List of primers used for PCR ampliﬁcation

Genes

Primer sequence (50 –30 )
Forward and Reverse

Product size (bp)

PCR conditions
95°C
95°C
61°C
72°C
72°C
95°C
95°C
61°C
72°C
72°C
95°C
95°C
61°C
72°C
72°C
95°C
95°C
63°C
72°C
72°C
98°C
98°C
52°C
72°C
72°C
98°C
98°C
59°C
72°C
72°C
95°C
95°C
52°C
72°C
72°C
95°C
95°C
52°C
72°C
72°C
95°C
95°C
60°C
72°C
72°C

pfmsp1

CTAGAAGCTTTAGAAGATGCAGTATTG
CTTAAATAGTATTCTAATTCAAGTGGATCA

Variable

pfmsp1 -MAD20

AAATGAAGGAACAAGTGGAACAGCTGTTAC
ATCTGAAGGATTTGTACGTCTTGAATTACC

Variable

pfmsp1 - K1

AAATGAAGAAGAAATTACTACAAAAGGTGC
GCTTGCATCAGCTGGAGGGCTTGCACCAGA

Variable

pfmsp1 - R033

TAAAGGATGGAGCAAATACTCAAGTTGTTG
CATCTGAAGGATTTGCAGCACCTGGAGATC

Variable

pfcrt

GGCTCACGTTTAGGTGGA
TGAATTTCCCTTTTTATTTCCAAA

264

pfmdr-1

ATGGGTAAAGAGCAGAAAGA
AACGCAAGTAATACATAAAGTCA

590

pfdhfr

ATGATGGAACAAGTCTGCGAC
ACATTTTATTATTCGTTTTCT

699

Pfdhps

GGGGTATTAAATGTTAATTATGATTCT
GGGGACCTGAAAAGAAATACATAA

946

pfkelch13

GCCTTGTTGAAAGAAGCAGA
GCCAAGCTGCCATTCATTTG

850

2.4 Ampliﬁcation of drug resistance associated
genes
PCR ampliﬁcation conditions for drug resistance
associated genes and primer sequences are provided in table 1. PCRs were performed using the

5 min 1x
1 min
45 s 28x
1.5 min
5 min 1x
5 min 1x
1 min
45 s 30x
1.5 min
5 min 1x
5 min 1x
1 min
45 s 30x
1.5 min
5 min 1x
5 min 1x
1 min
45 s 30x
1.5 min
5 min 1x
30 s 1x
10 sec
30 s 30x
1 min
5 min 1x
30 s 1x
10 sec
30 s 30x
1 min
5 min 1x
3 min 1x
30 sec
30 s 30x
1 min
5 min 1x
3 min 1x
30 sec
30 s 30x
1 min
5 min 1x
3 min 1x
30 sec
30 s 30x
1.5 min
5 min 1x

Phusion High-Fidelity DNA Polymerase. The
accession IDs for the genes relevant to this study
are as follows: pfcrt (PF3D7_0709000), pfmdr-1
(PF3D7_0523000), pfmsp1 (PF3D7_0930300),
pfkelch13
(PF3D7_1343700),
pfdhfr
(PF3D7_0417200), and pfdhps (PF3D7_0810800).
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Figure 1. Genotype distributions for pfcrt, pfmdr-1, pfdhps, and pfdhfr. (A) The distributions of the drug resistanceassociated genotypes were represented as percentages. The number of samples (n) associated with each haplotype was also
presented. (B) Drug-resistant status of each sample was presented based on genotyping. The blue box indicates severe/
cerebral malaria samples.

2.5 Sequence analysis
The PCR ampliﬁed gene products were extracted using
PCR Puriﬁcation kit (Roche) and the extracted DNA
was quantiﬁed by NanoDrop 1000 (Thermo Scientiﬁc,
USA). Sequencing of genes from each isolate was
performed on an ABI Prism 377 DNA Sequencer
equipped with semi adaptive version 3.0. Nucleotide
sequences were analyzed using BLAST and Bio Edit

Sequence Alignment Editor and compared with reference sequences.

2.6 Structural modelling and SNP mapping
The crystal structures of the relevant proteins were
obtained from the Protein Data Bank (RSCB PDB).
The PDB codes for the protein chains are as follows,

Drug resistance marker genes of P. falciparum

PfCRT (6UKJ_A), PfDHPS (6JWS_A) and PfDHFR
(3QGT_A). The crystal structure for PfMDR1 was not
available. The structures were generated from the
protein sequence using Phyre2 intensive homology
modelling engine (Kelley et al. 2015). The structural
changes caused by the substitutions were predicted by
Missense3D webserver (Ittisoponpisan et al. 2019).
PyMol was used for visualization purpose and image
generation. The substitutions in the crystal structure
were implemented using the mutagenesis wizard of
Pymol and the most stable rotamers were used
(Schrödinger 2010)
3. Results
A total of 189 microscopy and rapid diagnostic tests positive samples were collected from government and
private hospitals from Pune district, Maharashtra,
India. Of these isolates, 68 samples were identiﬁed as
positive for single P. falciparum infection and the
remaining isolates were positive for P. vivax infection.
Unfortunately, ﬁve P. falciparum samples did not show
PCR ampliﬁcation may be due to degradation of DNA
while processing. A majority of the samples (93%)
were from patients with uncomplicated malaria cases
whereas 3% and 4% samples were isolated from
patients with cerebral and severe malaria, respectively.
The patients diagnosed with complicated malaria
showed individual or a combination of the following
symptoms: severe anemia, respiratory distress and
multiple organ (renal or hepatic) dysfunction/ failure.
3.1 The pfcrt and pfmdr-1 genes
Polymorphisms in the transporter genes pfcrt and
pfmdr-1 contribute to multidrug resistance in P. falciparum including reduced sensitivity to chloroquine and
meﬂoquine. The pfcrt gene was PCR ampliﬁed and
Sanger sequenced from 63 isolates positive for P. falciparum. A 264 base pair amplicon was observed as
the product of this PCR, which was sequenced for
genotyping application. Out of the isolates genotyped,
78% displayed mutations in four loci across the pfcrt
amplicon when compared with the reference chloroquine sensitive strain of P. falciparum (ﬁgure 1A, top
left). The SNPs accounting for these mutant genotypes
were observed at the 72th, 74th, and 75th codon
positions of the pfcrt gene. The remaining 22% isolates
showed a genotype that was reminiscent of the
chloroquine sensitive CVMNK haplotype. The relative
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prevalence of the mutant genotypes were found to be as
follows: CVMNT (15.9%), SVMNT (50.7%) and
CVIET (11.1%). The prevalence of the K76T mutation
(at the 76th codon position) was at a dominant 77.8%.
Highly resistant isolates (with the CVIET triple-mutant
genotype) were found in 11.1% samples (ﬁgure 1A, top
left). A 600bp amplicon of pfmdr-1 gene was PCR
ampliﬁed from 63 isolates and was Sanger sequenced.
Among these, the N86Y and Y184F mutations
(prominently associated with chloroquine resistance
phenotype) were observed in thirty-four isolates (54%
of the tested samples) (ﬁgure 1A, top right). These
samples were found to be double mutants for both the
loci of interest. Twenty-nine isolates (46% of overall)
were wild-type for the pfmdr-1 genotype tested.

3.2 The pfdhps and pfdhfr genes
Polymorphisms in the folate biosynthesis pathway
genes pfdhps and pfdhfr contribute to sulfadoxine
and pyrimethamine drug resistance respectively in P.
falciparum. PCR ampliﬁcation with the selected primer sets yielded 700bp pfdhps and 950bp pfdhfr
gene amplicons, which were then outsourced for
Sanger sequencing. Three loci were screened for the
SNPs in the pfdhfr gene amplicon. Among them, one
(at the 51st position) did not show mutation in any
of the isolates tested. Two other sites (at the 59th
and 108th position) were polymorphic with the
individual C59R and S108N SNPs at a prevalence of
41.2% and 25.3%, respectively (ﬁgure 1A, bottom
left). Polymorphisms were detected in the pfdhps
gene amplicon at the 437, 540, and 581 positions in
overall 54% of the samples. Isolates harboring the
double mutation A437G and K540E were observed
while no mutation was detected for the 436th position. Among the mutant genotypes identiﬁed across
the pfdhps amplicon the SGKAA (23.8%), SAKGA
(11.1%), SGKGA (9.5%) and SGEAA (9.5%) were
observed with their respective abundance percentage
(ﬁgure 1A, bottom right).

3.3 The pfkelch13 gene
For the artemisinin resistance, mutations in pfkelch13
(codon C580Y, R539T) were screened. On ampliﬁcation with pfkelch13, 850 bp PCR product was
sequenced. None of the samples showed mutations
(C580Y and R539T) in the pfkelch13 gene.
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2. Amino acid substitutions due to mutations
mapped on the structure of the proteins. Wild type amino
acids are coloured cyan, and the substitutions are coloured
red. (A1 and A2) PfCRT CVMNK stretch and C72S, K76T
substitutions. (B1) PfDHPS structure highlighting the substitutions (red), ligands (grey), and bivalent cations(green).
(B2) A437G, K540E and Pteroic Acid (Ligand binding the
active site). (C1) PfDHFR highlighting the substitutions
(red) and ligands. (C2) C56R, S108N and Pyrimethamine
(antifolate). (D1–D3) Predicted crystal structure of PfMDR1
highlighting substitutions, N86Y and Y184F respectively.

b Figure

3.4 Modelling of the single nucleotide
polymorphisms on the resistance marker protein
crystal structures
We modelled the mutations onto the crystal structures
of PfCRT and PfDHPS generated using the Phyre2
intensive homology modelling engine. The K76T
substitution in the PfCRT leads to the contraction of the
cavity by 1469.232 Å3 due to the size difference
between lysine and threonine. The N75E substitution
on the other hand disrupts a native hydrogen bond
formed between N75 and D329 between the two
helixes (ﬁgure 2A). The A437G substitution in
PfDHPS crystal structure replaces a glycine in a bend
region which might affect the curvature of stretch. Both
A437G and K540E substitutions are close to the active
site and the A437G single mutant is shown to increase
the catalytic activity of the enzyme by 6-fold while
reducing the binding efﬁcacy of sulpha drugs (Chitnumsub et al. 2020) (ﬁgure 2B). The side chain of
Asparagine in S108N mutant has steric clash with
pyrimethamine and NADPH (ﬁgure 2C). This steric
conﬂict is likely the cause of pyrimethamine resistance
(Vanichtanankul et al. 2011).
4. Discussion
The Indian strains of Plasmodium falciparum have
reported resistance to many of the recently introduced
drugs in the ﬁeld (Das et al. 2017). There is predominance of chloroquine resistance in India which has led
to introduction of artemisinin-based combination therapies as the ﬁrst-line antimalarial policy (Anvikar et al.
2012). Unfortunately, many of the artemisinin partner
drugs like sulfadoxine-pyrimethamine and meﬂoquine
have reported decline in efﬁcacy in some parts of the
country (Wedam et al. 2018). There is substantial lack
of genotypic data on the drug resistant P. falciparum
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strains that pervade India (Kumar et al. 2019). This is
further complicated by the possibility that there might
be multiple regional strains of P. falciparum in the
country which may differ subtly and contribute to
differential drug sensitivities observed across the
country. India is geographically and ethnically diverse,
which offers signiﬁcant pressure on the parasites to
adapt and evolve uniquely. Therefore, a comprehensive
assessment of the genetic make-up of Indian P. falciparum strains is very important for understanding of
their biology.
Genotyping of P. falciparum strains have been
performed at several hotspots of drug resistance
across the country including North-Eastern states,
Chhattisgarh, Karnataka and Orissa for pfcrt, pfmdr-1,
pfdhps and pfdhfr (Patgiri et al. 2019; Rao et al.
2016; Patel et al. 2017; Sharma et al. 2015). Our
study is the ﬁrst investigation into the genetic makeup
of P. falciparum in the malaria endemic region of
Pune district, Maharashtra, India. Our study indicates
high prevalence of the pfcrt mutations associated with
chloroquine resistance (78% isolates with K76T
mutation). The relative proportion of the single double
and triple mutants in our study may be indicative of a
gradual progression of mutational genotype in the
pfcrt gene towards a highly chloroquine resistant triple mutant. Comparatively, data from studies carried
out in the north-eastern reaches of the country (state
of Tripura) in 2015, indicates a very strong mutational
background in the pfcrt gene with 87% of the isolates
were triple mutant with the CVIET haplotype (Patgiri
et al. 2019). This represents a signiﬁcantly higher
prevalence of the highly resistant triple mutant
genotype at pfcrt. This is expected since north-eastern
states of India report rampant chloroquine resistance.
Observations made in eastern India (Rourkela, Orissa)
show 7 out of 16 Isolates (43%) collected in
2014–2015 to be triple mutants (CVIET) for the pfcrt
gene while the rest were sensitive (CVMNK) (Rao
et al. 2016). Studies from the central Indian state of
Chhattisgarh during the timeline of 2013–2015 found
the pfcrt gene to be mutant in 78% of the 143 isolates
(Patel et al. 2017). The K76T mutation was completely ﬁxed in all the mutants. Around 24% isolates
were reported to be triple mutants with the CVIET
haplotype, 53% double mutant SVMNT and 1% isolates were single mutant CVMNT. The pfcrt genotype
for isolates in this region was similar to isolates from
Pune district in our study. Overall, there is high
abundance of the mutated pfcrt genotype across the
different regions of the country which explains high
levels of chloroquine resistance.
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Table 2. List of single nucleotide polymorphisms detected for various drug resistance marker genes in Pune (India) vs South
East Asia and Africa
Region/gene

Pune, India

SE Asia

Africa

Pfcrt

C72S
M74I
N75E
K76T

C72S
M74I
N75E
K76T
A220S

C72S
M74I
N75E
K76T

Pfmdr1

N86Y
Y184F

N86Y
Y184F
F1226Y
A784L

N86Y
Y184F

Pfdhfr

C59R
S108N

C50R
N51I
C59R
S108N
I164L

C50R
N51I
C59R
S108N

Pfdhps

A437G
K540E
A581G

S436A
A437G
K540E
A581G

S436A
A437G
K540E
A581G

PfKelch13

None
None

K189T
F446I
A481V
R539T
C580Y
R561H
N672S
A675V
A676D
H719N

M476I
P553L
R561H
P574L
C580Y
A675V

Proﬁling for the pfmdr-1 marker in the Pune district isolates in our study, we found 54% isolates to be double
mutants with the N86Yand Y184F mutations which are very
high among datasets compared from other regions of India.
Comparatively, only 12.5% isolates analyzed in Tripura
(2015) were found to be mutated at the pfmdr-1 locus (single
N86Y mutant) (Patgiri et al. 2019). Studies from Orissa
report 18.75% isolates to be N86Y mutants and 25% isolates
as Y184F mutants (Rao et al. 2016). Assessment of the
pfmdr-1 locus in 162 samples collected from Chhattisgarh
revealed presence of the N86Y single mutation in 59% of
isolates and the rest were wild type (Patel et al. 2017).
Assessment of pfmdr-1 locus from isolates in Mangaluru
(south India) revealed 98.2% isolates were single mutant for
Y184F and the rest were double mutant with D1246F and
Y184F (Wedam et al. 2018). This collective assessment
bears testament to the diversity of prevalence of pfmdr-1
mutations across different regions of India.
For the pfdhfr marker in Pune district isolates, 67%
abundance was reported for the C59R and S108N

double mutants. Comparatively, only 5/16 (31%) isolates from Orissa were reported to be double mutants
with C59R and S108N genotype (Sharma et al. 2015).
Isolates from Chhattisgarh reported a 76% prevalence of
the double mutation (C59R and S108N), while only 2%
isolates each were single mutants for either loci (Wedam
et al. 2018). Mangaluru in southern India reported 66%
isolates to be double mutants while the rest were wild
type (Wedam et al. 2018). Studies from Uttar Pradesh in
northern India showed a complete ﬁxation of the S108N
mutation, with 23/31 (74%) isolates tested reporting the
double mutant (C59R and S108N) genotype (Sharma
et al. 2015). This hints at an alarming trend of the rise in
double mutant pfdhfr genotype across the country, which
could pose a challenge to ACT regime and choice of
partner drugs (pyrimethamine) in India.
The pfdhps locus was also compared for abundance
of mutations across samples from different regions of
the country in various other studies. The mutants
identiﬁed for the pfdhps locus in Pune district were as

Drug resistance marker genes of P. falciparum

follows: single mutant SGKAA at 23.8%, SAKGA at
11%, SGEAA at 9.5%, and double mutant SGKGA at
9.5% prevalence. Comparison with previous datasets
from studies conducted in Orissa reveal a 100% WT
SAKAA haplotype in the region (Rao et al. 2016).
Samples assessed in central India (Chhattisgarh)
revealed a low prevalence of the double mutant S436A,
K540E and single mutant A437G at 3% each (Patel
et al. 2017). In Mangaluru (south India), comparatively
higher presence of pfdhps mutants was found, 45%
isolates reported A437G single mutation, and 25%
isolates were double mutants with A437G and A540E
genotype (Wedam et al. 2018). Assessment of isolates
from Andhra Pradesh and Uttar Pradesh however
revealed a completely wild type haplotype among the
isolates tested (Sharma et al. 2015). Many of the
mutations recorded in the marker genes from isolates in
our study match up with those detected in isolates from
Southeast Asia and Africa (table 2). Concordance with
pfcrt, pfmdr-1, pfdhfr and pfdhps is notable in the tally
but pfkelch13 gene stands out for lack of any mutations
in Pune, India. This highlights that while multidrug
resistance genotype does exist in the region, the marker
for artemisinin resistance is yet to establish.

5. Conclusions
Though, this study is ﬁrst of its kind from Pune district, Maharashtra, it has a few important limitations.
First, the sample size (63 patient samples, 95% conﬁdence level and 12% conﬁdence interval) to effectively
represent the large population prevalent in this region.
The limitation is compounded with a combination of
biomarkers, where the number of samples per phenotype dropped further. However, our study shows that
most of the parasites exhibit markers of multi-drug
resistance and among these 10% of isolates were
associated with progression to cerebral/severe malaria
(ﬁgure 1B). Thus, this provides important clues for
associating the observed genotype with the recorded
phenotype. Our study should act as a catalyst to
analyse a large population from this area using modern
DNA sequencing methods such as next-generation
sequencing to draw conclusions on drug-resistance
status of the malarial parasites.
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