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Antimalarial drug resistance
profiling of Plasmodium
falciparum infections in India
using Ion Torrent
deep sequencing
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Nikunj Tandel4†, Ankita Patel4, Ranvir Singh4, Aaron Dank4,
Sangamithra Ravishankaran5, G. Sri Lakshmi Priya5,
Aswin Asokan5, Alex Eapen5, Om. P. Singh1, Jane M. Carlton2*†

and Prashant K. Mallick1*

1National Institute of Malaria Research, Indian Council of Medical Research, New Delhi, India, 2Center
for Genomics and Systems Biology, Department of Biology, New York University, New York,
NY, United States, 3National Institute of Malaria Research Field Unit, Sector 1 Health Center, Rourkela,
Odisha, India, 4National Institute of Malaria Research Field Unit, Civil Hospital, Nadiad, Gujarat, India,
5National Institute of Malaria Research Field Unit, Indian Council of Medical Research, National
Institute of Epidemiology, Chennai, Tamil Nadu, India
Introduction: Tracking the emergence and spread of antimalarial drug resistance

is critical for supporting progress towards the control and eventual elimination of

malaria in South Asia, especially India. Plasmodium falciparum has evolved

resistance to virtually every antimalarial drug, and significant progress has been

made to identify the molecular genetic mechanisms involved in the most

common types of resistance.

Methods: An amplicon sequencing protocol was used for molecular surveillance

of antimalarial drug resistance in a total of 158 patient isolates collected from

December 2012 to September 2015 from three sites in south, west and east India:

Tamil Nadu, Gujarat, and Odisha respectively. Five full length Plasmodium

falciparum genes whose mutant proteins are implicated in antimalarial drug

resistance were investigated: Pfcrt for chloroquine, Pfdhfr for pyrimethamine,

Pfdhps for sulfadoxine, Pfk13 for artemisinin and Pfmdr1 for resistance tomultiple

antimalarial drugs.

Results:We observed a high proportion of wild-type Pfcrt and Pfdhfr haplotypes

from the P. falciparum-dominant site Rourkela, while mutant Pfcrt and Pfdhfr

haplotypes were fixed at the P. vivax dominant sites Chennai and Nadiad. The

wild-type Pfdhps haplotype was predominant across all study sites. We identified

mutations in the propeller domain of Pfk13, although they are not associated with

resistance to artemisinin. Finally, using samples taken from the same patient on

day 2, day 7, and day 14 after artemisinin combination treatment, we were able to

observe changes in allele frequency of drug resistance genes during the course

of an infection.
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Discussion: This is the first high-throughput deep sequencing study of five full-

length P. falciparum genes in clinical isolates from three different study sites in

India with varying transmission ecologies. Amplicon sequencing based on ion-

torrent has the potential to track changes in the frequency of drug resistant

alleles as a patient is undergoing drug therapy, and to identify new resistance

mutations as they increase in frequency in the patient. This study showed

possibility of whole gene sequencing, leads to in-depth molecular surveillance

of multiple antimalarial resistant candidates and furthermore suggests

investigations on reversal of resistant genotypes due to usage of artemisinin

combination therapy in P. falciparum prevalent areas of the country.
KEYWORDS

malaria, Plasmodium falciparum , antimalarial drug resistance, genomic
surveillance, India
1 Introduction

Malaria remains a major cause of mortality and morbidity in

tropical and sub-tropical regions worldwide. Despite a decrease in

malaria cases in past two decades, many endemic nations, including

India report cases of the disease regularly. Massive efforts by a

worldwide malaria elimination program have reduced the number

of malaria cases by more than 40% in 2021 compared with 2015

(2023). However, the number of deaths has remained the same over

the past three years and India accounted for about 83% of all

malaria deaths in the WHO South-East Asia Region (2023). Over

60% of malaria cases in India are caused by Plasmodium falciparum.

India has also joined malaria elimination efforts, allocating financial

resources and infrastructure for the launch of a ‘National

Framework for Malaria Elimination in India 2016-2030’. This

effort includes all Indian states with varying levels of malaria

transmission and outlines specific strategies to achieve the

following milestones: 1) eliminate malaria throughout the entire

country by 2030; and 2) maintain a malaria-free status in areas

where transmission has been interrupted and prevent re-

introduction of malaria.

The emergence and spread of parasite resistance against

available antimalarials constitutes a major threat towards the

efforts of the elimination program, as evidenced by the reversal of

previous malaria eradication successes (Shah et al., 2011). Routine

molecular surveillance of parasite strains is an essential tool for

identifying and limiting the spread of emerging antimalarial

resistance. Sanger sequencing is the gold standard for validation

of genotypes identified in parasite clinical isolates, but length of

time and scalability remain limiting factors; these may be overcome

by deep sequencing that generates large amounts of genome

sequence data in a short time by parallelization of sequencing

reactions. The technology provides high sequencing coverage,

which enables the detection of low-frequency mutations relevant

to drug resistance, or low frequency wild-type parasites arising after
02
reversion of mutant genotypes following antimalarial drug

withdrawal from a region. Deep sequencing can also provide

insight into the genetic diversity of loci within a single subject

over the course of treatment (Mideo et al., 2013).

We previously described a novel amplicon sequencing protocol

for molecular surveillance of P. falciparum drug resistance loci in

field settings (Rao et al., 2016). This protocol enabled the

identification of polymorphisms in five important genes

implicated in P. falciparum resistance against the mainstay

antimalarial drugs; Pfcrt for chloroquine resistance, Pfdhfr for

pyrimethamine resistance, Pfdhps for sulfadoxine resistance, Pfk13

for artemisinin resistance, and Pfmdr1 for resistance to multiple

antimalarials. CQ has remained the first-line therapy for P. vivax in

India, even after its use against P. falciparum was discontinued.

Following widespread CQ resistance, a combination of the

antifolates sulfadoxine and pyrimethamine (SP) was introduced in

India as the second-line treatment for P. falciparum in 1982.

Resistance to sulfadoxine (SUL) and pyrimethamine (PYR) has

been associated with mutations in the folate biosynthesis pathway

enzymes PfDHPS and PfDHFR, respectively, that reduce binding of

the antifolates to their targets. Artemisinin and its derivatives

artesunate, artemether, and dihydroartemisinin, are the most

effective antimalarials currently available, and administered in

combination (artemisinin combination therapy, ACT) with

partner drugs e.g., lumefantrine and piperaquine, due to their

short half-lives. In India, artesunate is used in combination with

SP (AS-SP), except in the Northeast region where artemether and

lumefantrine (AL) is used due to widespread SP resistance (Anvikar

et al., 2014). Artemisinin resistance was first identified in Cambodia

and spread quickly through Southeast Asia, while also emerging

simultaneously at different foci in South Asia. Mutations in the

propeller domain of the kelch protein K13 are partially associated

with delayed clearance of parasites after ACT treatment (Ariey

et al., 2014; Straimer et al., 2015), although PfK13-independent

resistance is also reported [reviewed in (Pandit et al., 2023)].
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Evidence of artemisinin-resistant P. falciparum in West Bengal,

India, was reported in 2018 (Das et al., 2018), although the finding is

controversial (Rasmussen et al., 2019). A more recent study

purports to have identified treatment failure in patients receiving

ACT in Chhattisgarh, central India, in the absence of PfK13

polymorphisms (Das et al., 2021).

In the study presented here, we used our deep sequencing

protocol to elucidate the landscape of drug resistance at three

different field study sites in India, representing varying

transmission ecologies, as part of ongoing epidemiology studies at

the Center for the Study of Complex Malaria in India (Carlton et al.,

2022a; Carlton et al., 2022b). We identified a high proportion of

parasites from the P. falciparum-dominant site Rourkela carrying

wild-type Pfcrt and Pfdhfr haplotypes, while mutant Pfcrt and

Pfdhfr haplotypes were fixed at the P. vivax-dominant sites

Chennai and Nadiad; the wild-type Pfdhps haplotype was

predominant across all study sites. We identified mutations in the

propeller domain of PfK13, although they are not associated with

resistance to artemisinin. We were also able to track the change in

frequency of drug resistant haplotypes during the course of

infection in 14 subjects with samples collected on subsequent

days following ACT treatment.
2 Materials and methods

2.1 Study sites in India

The three study sites have been described in detail previously

(Das et al., 2012; van Eijk et al., 2019). Briefly: subjects were enrolled

at (i) Besant Nagar catchment area in the city of Chennai, Tamil
Frontiers in Malaria 03
Nadu, a hypo-endemic malaria site with P. vivax dominant; (ii)

Nadiad Civil Hospital/health center in the Vatva ward of

Ahmedabad, Gujarat, hypo-endemic for P. vivax and P.

falciparum; and (iii) a health center clinic in Rourkela and

surrounding rural villages, Odisha, with meso-to-hyperendemic

malaria, and P. falciparum dominant.
2.2 Sample collection and processing

Blood samples were collected from patients enrolled at three

study sites in India, namely Chennai, Nadiad and Rourkela after

obtaining informed consent, and treated as per India’s national

drug treatment guidelines (Anvikar et al., 2014). Approximately 3-5

ml blood were collected in EDTA vacutainers during clinic

enrollment (day 0) and follow-up visits on day 2, day 7, or day 14

post-ACT treatment represented as v1, v2 and v3 respectively in the

year 2012-2015. Thick and thin blood smear were prepared from

these blood samples for microscopy identification and DNA

extraction was performed using the QIAamp DNA Blood Mini or

Midi Kit (Qiagen Inc., catalog nos. 51106, 51185). Blood Samples

were collected from 141 patients (98 male and 43 female, age range

2-69 years old). A total of 158 P. falciparum isolates from 141

patients at the time of enrollment and follow up from December

2012 to September 2015. The erythrocytic P. falciparum parasites

were detected by microscopy in 140 isolates (mean parasitemia

14,073.16 parasites/ul; 95%CI: 3,822.15- 24,324.18); 18 isolates were

submicroscopic. The detailed description of collected samples is

provided in Table 1. A total of 149 isolates were positive for P.

falciparum by species-specific PCR, nine were PCR negative.

Subsequent analysis excluded certain follow-up samples due to
TABLE 1 Summary of samples collected during epidemiology studies at three sites in India and used in this study.

Category Chennai Nadiad Rourkela Total

Enrollment period Dec 2012 - Oct 2014 Sep 2013 - Sep 2015 Mar 2013 - Nov 2014 N/A

No. of subjects 15 41 85 141

Male 10 30 58 98

Female 5 11 27 43

Age range 13-50 13-60 2-69 2-69

Travel in
last 14 days

2 7 11 20

No. of isolates 18 55 85 158

Microscopic 16 54 70 140

Submicroscopic 2 1 15 18

Average parasitemia (parasites/ul) 2867.56 9812.8 19202.82 10627.73

Clinic 14 39 21 74

Cross sectional 3 16 61 80

Other studies 1 0 3 4
Microscopic: parasites identified by microscopy; submicroscopic: parasites identified by rapid diagnostic test and/or PCR. Clinic: patients visited clinic, cross sectional: patients enrolled at field,
and other studies: samples collected in another study, refer to the type of epidemiology study during which the samples were collected.
The geometric mean is shown for the average parasitemia.
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either the absence of P. falciparummalaria positivity post-treatment

or insufficient parasite DNA yield for PCR amplification and

sequencing. Poor-quality data were also removed to ensure

robustness of the analysis.
2.3 Library preparation and sequencing

For library preparation primers and PCR conditions were as

described (Rao et al., 2016). For each sample, 10 ul of each amplicon

was pooled, the pooled mixture purified using a QIAquick PCR

Purification Kit (Qiagen Inc., catalog no. 28106) and quantitated

using a Qubit 2.0 fluorometer (Thermo Fisher Scientific, catalog no.

Q32866). Barcoded sequencing libraries were generated from 100-

500 ng of purified pooled PCR product using ion express™ barcode

adapters (Life Technologies, catalog no. 4471250 for barcodes 1-16;

catalog no. 4474009 for barcodes 17-32) and library prep kit (New

England Biolabs, catalog no. E6285L). The size and quality of

libraries were determined using an Agilent bioanalyzer, and

quantified by quantitative PCR using Ion Torrent Library

Quantification kit (KAPA biosystems, KK4857), on a

LightCyclerR 480 (Roche). For most experiments, 16 barcoded

libraries were pooled for a single run on an Ion Torrent Personal

Genome Machine using Ion PGM™ Hi-Q™ sequencing

technology and Ion™ 314v2 type chips (one library pool was run

on an Ion™ 318v2 chip). Genomic DNA from P. falciparum strains

Dd2 (MRA-150G) and 7G8 (MRA-152G) was obtained from the

Malaria Research and Reference Reagents Resource (MR4), and

control libraries prepared with Dd2 or 7G8 DNA were included in

each run. Ten P. falciparum reference strains (NF54, TM91C235,

HB3, W2, K1, V1/S, D10, GB4, D6, FCB) were also sequenced on

different runs to ensure that the variant calling results were in

concordance with published genotypes for these isolates.
2.4 Data processing and analysis

Sequencing data were analyzed using the Torrent Suite 5.0.2

software, with raw reads de-multiplexed and filtered using standard

quality filtering parameters, and read quality assessed using the

Torrent Suite FastQC plugin v0.10.1. A multi-FASTA reference file

containing the P. falciparum 3D7 sequence and 300bp flanking

regions for each target gene was generated [PlasmoDB (Warrenfeltz

et al., 2018)], and high quality reads aligned to the reference file

using Torrent Mapping Alignment Program v5.0.

Variant calling was performed with low stringency parameters

using the Torrent Variant Caller plugin (v5.0). A list of all positions

in all genes that were variable in at least one sample was generated;

for samples where no variants were reported at these positions, the

presence of the reference allele was confirmed by obtaining raw

nucleotide counts and quality scores from corresponding BAM files

using BEDTools (Quinlan and Hall, 2010). Variant filtering criteria

were determined based on the quality of known SNPs in MR4

reference isolates sequenced in each run. Variant calls with SNP

allele depth <10 reads and base quality score <10 were discarded.
Frontiers in Malaria 04
Calls with SNP allele frequency between 20% - 80% were marked as

heterozygous, and used to classify isolates as single or multi-clonal

infections. SNP calls were processed to determine codon changes

based on the P. falciparum 3D7 sequence using custom Perl and MS

Excel VBA scripts. In the case of multiple nucleotide

polymorphisms (MNPs) affecting the same codon, if both SNP

alleles occurred at a frequency >80%, they were merged to calculate

the resulting codon change; variant calls with SNP allele frequency

<20% were discarded. For the Pfcrt gene, MNPs affecting codon

positions 72-76 were filtered using a higher SNP allele frequency

cut-off of 30%. Variants in the Pfcrt gene were manually curated

using the IGV genome browser (Thorvaldsdottir et al., 2013) due to

a high proportion of homopolymer repeats and poor alignment of

reads. Population structure was examined using a non-model-based

multivariate analysis method implemented in the adegenet 2.0.1

package using the dudi.pca function. In the case of multi-allelic

SNPs, the major allele was used to represent the dominant genotype

at that position.
3 Results

A panel of five P. falciparum genes implicated in antimalarial

drug resistance: Pfk13, Pfcrt, Pfmdr1, Pfdhfr, and Pfdhps were

amplified and sequenced. One of our previously published

amplicon sequencing protocol that sequences the complete length

of each gene (Rao et al., 2016) was used here and a summary of

observed high quality single nucleotide polymorphisms in these five

genes is described in Supplementary Table 1. Implications of

various mutations associated with resistance identified at the

three sites are described below in the context of each associated

antimalarial drug. Evaluation on of these isolates yielded baseline

genotype data on the antimalarial drug resistant candidates during

initial years of artemisinin combination therapy usage.
3.1 Resistance to chloroquine

Mutations encoding amino acid substitutions in the

chloroquine resistance transporter PfCRT (PF3D7_0709000) at

positions 72, 74, 75, 76, 97, 220, 271, 326, 356 and 371 have been

associated with increased resistance to chloroquine (CQ), with the

K76T substitution being the primary mediator of resistance (Fidock

et al., 2000; Djimdé et al., 2001; Sidhu et al., 2002). A total of 147 of

158 isolates sequenced carried only one haplotype at the PfCRT

locus; one isolate had multiple Pfcrt haplotypes, and 10 isolates had

partial or missing PfCRT haplotype data (Table 2). The CQ-

resistant Pfcrt haplotype S72V73M74N75T76, purported to be the

most prevalent Pfcrt haplotype in India (Vathsala et al., 2004), was

present in 71/147 isolates, including all isolates from Chennai and

most isolates from Nadiad, but only two isolates from Rourkela.

Contrast ingly , the CQ-sensi t ive wi ld-type haplotype

C72V73M74N75K76 was detected in 46 isolates from Rourkela but

absent from Nadiad and Chennai. The CQ-resistant haplotype

C72V73I74E75T76 was present in 30/147 isolates: 28 isolates from
frontiersin.org

https://doi.org/10.3389/fmala.2024.1363969
https://www.frontiersin.org/journals/malaria
https://www.frontiersin.org


Kale et al. 10.3389/fmala.2024.1363969
Rourkela and 2 isolates from Nadiad. Both copy number variation

and mutations encoding substitutions in the multidrug resistance

protein PfMDR1 (PF3D7_0523000) codons 86, 184, 1034, 1042 and

1246 can modulate resistance to various antimalarial drugs

(Menard and Dondorp, 2017). While our protocol does not

permit gene copy number assessment, we were able to identify

nucleotide polymorphisms associated with resistance to CQ. A total

of 129 of 158 isolates sequenced carried only one Pfmdr1 haplotype,

while 10 isolates possessed more than one Pfmdr1 haplotype, which

may be attributed to increased Pfmdr1 copy number (Table 2). A

total of 19 isolates had partial or missing haplotype data. The single-

mutant Pfmdr1 haplotype N86F184S1034N1042D1246 was

predominant (57/129) among isolates in our study, and the wild-

type Pfmdr1 haplotype N86Y184S1034N1042D1246 was also prevalent

in several (45/129) isolates. Double-mutant Pfmdr1 haplotypes

were rare, with only 5/129 isolates containing the haplotypes

Y86F184S1034N1042D1246 or N86F184S1034D1042D1246. The single

mutation-bearing haplotype Y86Y184S1034N1042D1246 was present

in 22/129 isolates, eleven each from Nadiad and Rourkela.

A total of 12 haplotype combinations between PfCRT and

PfMDR1 were observed in 122 isolates with complete sequence

information for these genes across the three sites. Rourkela had the

largest diversity of haplotypes, with ten haplotype combinations at

these two loci, and Chennai had the least diversity (Table 3), with
Frontiers in Malaria 05
only one haplotype combination. The Pfcrt and Pfmdr1 haplotype

combination of S72V73M74N75T76 + N86F184S1034N1042D1246 was

most common among isolates surveyed in our study (47/122),

but was seen primarily in Chennai and Nadiad and not in

Rourkela. The combination of wild-type haplotypes at both loci

(C72V73M74N75K76 + N86Y184S1034N1042D1246) was seen only at

Rourkela, and present in the highest proportion at that site.
3.2 Resistance to
sulfadoxine-pyrimethamine

Mutations encoding amino acid substitutions at positions 51, 59,

108, 164 in the enzyme dihydrofolate reductase PfDHFR

(PF3D7_0417200) are associated with increased resistance to

pyrimethamine (PYR), with the S108N mutation primarily

responsible for resistance (Cowman et al., 1988; Sirawaraporn et al.,

1997). 137 of 158 isolates sequenced carried only a single haplotype at

the PfDHFR locus; 12 isolates carried multiple Pfdhfr haplotypes and

9 isolates had partial or missing Pfdhps haplotype data (Table 2). The

double-mutant Pfdhfr haplotype A16N51R59N108I164 was most

common among isolates (99/137) in our study, while the single-

mutant A16N51C59 N108I164 haplotype was extremely rare (1/137);

triple (A16I51R59N108I164) or quadruple (A16I51R59N108L164) mutant
TABLE 2 Frequency of haplotypes for four drug resistance markers at the three field sites Chennai, Nadiad and Rourkela.

Molecular
Marker

Haplotype
Frequency
Chennai

Frequency Nadiad
Frequency
Rourkela

Predicted
phenotype

PfCRT C V M N K – – 0.54 S

S V M N T 1.00 0.93 0.02 RR

C V I E T – 0.04 0.33 RRR

Unresolved – 0.04 0.10 –

PfDHFR A N C S I 0.11 0.11 0.34 S

A N C N I – – 0.01 R

A N R N I 0.89 0.82 0.45 RR

Unresolved – 0.07 0.20 –

PfDHPS S A K A A 0.89 0.87 0.82 S

S G K A A 0.11 0.07 – R

S G E A A – – 0.01 RR

A G E A A – – 0.02 RRR

Unresolved – 0.05 0.14 –

PfMDR1 N Y S N D – 0.04 0.51 S

Y Y S N D – 0.20 0.13 R

N F S N D 0.94 0.53 0.13 R

N F S D D – – 0.01 RR

Y F S N D – 0.07 – RR

Unresolved 0.06 0.17 0.23 –
Mutants are described as an underline.
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haplotypes could not be detected. Several isolates (37/137) had only

the PYR-sensitive wild-type Pfdhfr haplotype A16N51C59S108I164.

Resistance to sulfadoxine (SUL) has been associated with mutations

encoding amino acid substitutions at positions 436, 437, 540, 581 and

613 in the enzyme dihydropteroate synthetase (PfDHPS), with the

A437G substitution arising first (Brooks et al., 1994; Triglia et al.,

1998). A total of 143 of 158 isolates sequenced carried only a single

haplotype at the PfDHPS locus; 15 isolates had partial or missing

Pfdhps haplotype data. The SUL-sensitive wild-type Pfdhps haplotype

S436A437K540A581A613 predominated in our study, with 134/143

isolates carrying only this haplotype. Two isolates from Rourkela

possessed the triple mutant Pfdhps haplotype A436G437E540A581A613,

while the double mutant haplotype S436G437E540A581A613 was only

detected in a single isolate. Six isolates carried the single-mutant

S436G437K540A581A613 haplotype.

A total of five haplotype combinations between the PfDHFR

and PfDHPS loci were seen in 129 isolates with complete sequence

information for these two genes across the three sites (Table 3). The

combination of double-mutant PfDHFR with wild-type PfDHPS

(A16N51R59N108I164 + S436A437K540A581A613) was predominant

among isolates in our study (87/129). Two samples from

Rourkela had the strongest predictors of treatment failure in our

dataset- the combination of double-mutant PfDHFR with triple-

mutant PfDHPS (A16N51R59N108I164 + A436G437E540A581A613).

Only 33 isolates, primarily from Rourkela, carried wild-type

haplotypes at both loci. Two other haplotype combinations

were observed in the population: (A16N51R59N108I164 +

S 4 3 6G 4 3 7 K 5 4 0A 5 8 1A 6 1 3 ) , s e e n i n s i x i s o l a t e s a n d

(A16N51C59N108I164 + S436G437E540A581A613) seen in one isolate.
Frontiers in Malaria 06
3.3 Resistance to artemisinin

Mutations in the propeller domain of the kelch protein coded by

the Pfk13 gene (PF3D7_1343700) have been shown to be associated

with resistance to artemisinin derivatives (Ariey et al., 2014;

Straimer et al., 2015), which is defined as a delayed clearance of

parasites from the blood following artemisinin administration

(Dondorp et al., 2009). The Pfk13 gene was completely conserved

among 92/158 isolates that were successfully sequenced at this

locus, and a majority of the SNPs observed in the remaining

isolates led to synonymous changes (60/92 SNPs). Only two

isolates had substitutions in the propeller domain: V555L in

N0319-V1, and A578S in R5025. We did not identify any of the

four validated SNPs (C580Y, R539T, I543T or Y493H) implicated

in artemisinin resistance in our isolates (Straimer et al., 2015). The

K189T mutation was seen in 17 isolates in our study, all from

Rourkela. Mutations encoding amino acid substitutions in PfCRT

(such as I356T) are part of the genetic background associated with

the emergence of artemisinin resistance (Miotto et al., 2015), and

were present in 20 isolates from our study (18 from Rourkela, two

from Nadiad).

Resistance to the artemisinin combination therapy (ACT)

partner drugs lumefantrine, mefloquine and piperaquine, has also

been linked to certain Pfcrt and Pfmdr1 haplotypes. The wild type

PfCRT K76 allele, associated with lumefantrine tolerance (Sisowath

et al., 2009), was present in 46/129 isolates, all from Rourkela. The

wild-type N86 allele of PfMDR1, associated with decreased

susceptibility to lumefantrine (Sisowath et al., 2005), was observed

in 103 of a total of 129 isolates in our study bearing only one Pfmdr1
TABLE 3 Frequency of haplotypes for combinations of two drug resistance markers (PfCRT-PfMDR1 and PfDHDR-PfDHPS) at the three field sites
Chennai, Nadiad and Rourkela.

Molecular Marker Haplotype Frequency Chennai Frequency Nadiad Frequency Rourkela

PfCRT - PfMDR1 C V M N K – N Y S N D – – 0.39

C V M N K – N F S N D – – 0.11

C V M N K – Y Y S N D – – 0.07

S V M N T – N Y S N D – 0.05 –

S V M N T – N F S N D 1.00 0.66 0.02

S V M N T – Y Y S N D – 0.20 0.02

S V M N T – Y F S N D – 0.07 –

C V I E T – N Y S N D – – 0.23

C V I E T – N F S N D – – 0.05

C V I E T – N F S D D – – 0.02

C V I E T – Y Y S N D – 0.02 0.10

PfDHFR - PfDHPS A N C S I – S A K A A 0.11 0.12 0.41

A N C N I – S G E A A – – 0.02

A N R N I – S A K A A 0.78 0.80 0.54

A N R N I – S G K A A 0.11 0.08 –

A N R N I – A G E A A – – 0.03
Mutants are described as an underline.
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haplotype. The N86F184D1246 haplotype, selected for after

artemether-lumefantrine (AL) treatment in Africa (Dokomajilar

et al., 2006; Humphreys et al., 2007), was observed in 58/

129 isolates.
3.4 Analysis of longitudinal samples from
ACT-treated individuals

For 14 subjects (three from Chennai and eleven from

Nadiad), drug resistance genes were sequenced from parasite

isolates collected on day 2, or day 7, or day 14 following ACT

treatment. A majority of the post-treatment follow-up samples

had drug resistance haplotypes that were identical to samples

collected from the same patient at day 0 (Supplementary

Table 2). However, subject N0319 had a mixture of wild-type

(N86Y184S1034N1042D1246) and mutant (Y86F184S1034N1042D1246)

PfMDR1 haplotypes on day 0, but only the mutant

(Y86F184S1034N1042D1246) haplotype could be detected on day 2

(Supplementary Table 2). Most subjects did not have

parasitemia detectable by microscopy or PCR day 2 onwards

following ACT treatment.
3.5 Using heterozygous variants for multi-
clonality estimation

In order to identify possible multi-clonal infections among the

clinical isolates, we ranked the isolates based on the total number of

high-quality heterozygous variants (i.e., positions containing more

than one allele) as described earlier (Rao et al., 2016) (Figure 1).

Isolates containing more than twice the median number of

heterozygous variants in the dataset were classified as potential

multi-clonal infections. This included 30 isolates in total, eight from

Nadiad and 22 from Rourkela (Supplementary Table 3). We did not

identify any multiclonal infections in Chennai.
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3.6 Clustering of isolates based on drug
resistance haplotypes

In order to identify population-specific variation in the drug

resistance genes we performed principal component analysis (PCA)

using sequence data at 230 polymorphic positions. The first two

principal components accounted for 49.1% of the variation in the

SNP data (PC1 = 30.74%, PC2 = 18.36%). The PCA showed isolates

from Chennai and Nadiad clustering together, while isolates from

Rourkela were split into two separate clusters (Figure 2A). Further

analysis revealed that the three clusters correspond to distinct Pfcrt

haplotypes (codons 72-76). The two clusters of isolates from

Rourkela were associated with haplotypes C72V73I74E75T7 and

C72V73M74N75K76, whereas the cluster containing isolates from

Chennai and Nadiad was associated with the S72V73M74N75T76

haplotype. Depending on the specific Pfcrt haplotype, MR4

reference strains were placed across all three clusters (Figure 2B).
4 Discussion

Using our NGS amplicon-sequencing protocol to genotype 158

isolates at five full length drug resistance loci, we surveyed

antimalarial drug resistance allele frequencies of P. falciparum

infections at three field sites. We observed a diverse distribution

of three PfCRT and five PfMDR1 haplotypes across the sites: the

CQ resistance-associated PfCRT S72V73M74N75T76 haplotype

(Mehlotra et al., 2001; Mixson-Hayden et al., 2010) likely

introduced to South India through Sri Lanka or the Andaman

and Nicobar Islands from Papua New Guinea (Mallick et al., 2013)

was fixed in Chennai and Nadiad, while in Rourkela either the CQ

resistance-associated PfCRT C72V73I74E75T76 haplotype or the CQ-

sensitive wild-type PfCRT C72V73M74N75K76 haplotype was found.

Since Rourkela has the highest prevalence of P. falciparum, and the

prevalence of P. vivax is higher in Chennai and Nadiad, resulting in

presumably greater CQ usage and resulting drug pressure, this may
FIGURE 1

Estimation of mixed genotypes using heterozygous variant calls. Plot showing number of high quality heterozygous variant calls (y-axis) for each
P. falciparum clinical isolate. Isolates on the left of the vertical dotted line, which represents twice the median number of heterozygous variants
observed in the entire dataset, were classified as potential mixed genotype infections.
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explain the higher PfCRT S72V73M74N75T76 haplotype frequency at

the latter two field sites. This is also borne out by PCA, where the

Rourkela parasites group into two distinct clusters, corresponding

to CQ-res is tant (C72V73I74E75T76) and CQ-sens i t ive

(C72V73M74N75K76) haplotypes. While the S72V73M74N75T76

haplotype is predominant in most of India and Odisha showed a

higher prevalence of the C72V73I74E75T76 haplotype (Mallick et al.,

2012). This haplotype may have been introduced to Rourkela

through Northeast India, following the well-established migratory

route of Southeast Asian P. falciparum strains into India. We

propose that in the absence of CQ pressure in Rourkela, there has

been reversion to the wild-type C72V73M74N75K76 haplotype from

the mutant C72V73I74E75T76 haplotype as the fitness cost associated

with the C72V73I74E75T76 haplotype may be greater than that of the

S72V73M74N75T76 haplotype (Sá et al., 2009).

CQ resistance can also be modulated by mutations in PfMDR1

when they occur in the background of resistance-conferring

mutations in PfCRT (Sá et al., 2009). The PfMDR1 substitution

N86Y contributes to CQ-resistance but has been associated with

sensitization of P. falciparum parasites to dihydroartemisinin

(DHA) and lumefantrine (LMF) (Veiga et al., 2016). We observed

a predominance of the PfMDR1 N86 allele and PfCRT

S72V73M74N75T76 haplotype in Chennai and Nadiad, which

corroborates previous observations in regions of low P. falciparum

transmission in India (Mallick et al., 2012).

In this study, the wild-type SUL-sensitive Pfdhps haplotype

S436A437K540A581A613 was predominant across all three sites,

occurring primarily in combination with the PYR-resistant,

double-mutant Pfdhfr haplotype A16N51R59N108I164 Nadiad and

Chennai. However, in Rourkela, there were comparable numbers

of isolates with the wild type A16N51C59S108I164 and double-mutant

A16N51R59N108I164 DHFR haplotypes. The double mutant

A16N51R59N108I164 Pfdhfr haplotype was predominant at each site,

corroborating previous studies from India (Ahmed et al., 2004; Kar

et al., 2016). We primarily detect wild-type Pfdhps and double-
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mutant Pfdhfr haplotypes, that confer no resistance or low-level

resistance to PYR and SUL, respectively. This observation coupled

with the absence of quadruple or quintuple mutant haplotypes at all

three sites suggest that P. falciparum resistance to SP therapy at

these three sites is low (Ahmed et al., 2004). Recent studies also

showed a similar observation of high frequency of wildtype Pfdhps

in various parts of India (Pathak et al., 2020; Jacob et al., 2021; Rana

et al., 2022) and wildtype Pfdhfr haplotype in Odisha (Rana et al.,

2022). However, double mutant Pfdhfr haplotypes prevail in central

(Pathak et al., 2020), western (Ozarkar et al., 2021) and

northeastern part of India (Jacob et al., 2021).

This study also generated sequence data for the full length pfk13

gene from isolates at our three sites Rourkela, Chennai and Nadiad.

Our study identified two mutations in the propeller region, one

from an isolate in Nadiad (V555L in sample N0319-V1) and the

other from Rourkela (A578S in sample R5025). The V555L

mutation has been detected in Senegal at a very low frequency

(Talundzic et al., 2017), while A578S has been detected in several

isolates from Africa, India and Bangladesh (Mohon et al., 2014;

Mishra et al., 2015; Menard et al., 2016; Mishra et al., 2016). Neither

has been associated with resistance among field isolates or in in vitro

assays. The K189T mutation outside the propellor domain observed

in our study in a subset of isolates from Rourkela has been reported

from Senegal, Guyana, the China-Myanmar border, and Northeast

India (Torrentino-Madamet et al., 2014; Wang et al., 2015; Mishra

et al., 2016; Rahman et al., 2016). These rare and random pfk13 gene

mutations in Indian parasites observed in various geographic areas

suggests that no selection pressure is occurring in the field to

enhance expansion of these genotypes.

Continued surveillance of pfk13 haplotypes in India is vital and

pressing. The World Health Organization has classified 13

mutations as validated molecular markers for artemisinin

resistance and nine mutations are listed as ‘candidate or

associated’ markers (WHO, 2022). Since one of the validated

mutations F446I is commonly observed in Myanmar and also
A B

FIGURE 2

Principal component analysis using high quality SNP data from all P. falciparum isolates. (A) Each isolate is colored by site; (B) Each isolate is colored
by site and shape denotes haplotype observed at PfCRT 72-76 locus. Unresolved refers to missing or partial data and mixed infection samples.
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reported from the eastern border of India (Tun et al., 2015; Kagoro

et al., 2022), there has been concern about the spread of artemisinin

resistance into India in a manner similar to that seen for the spread

of CQ and SP resistance. In addition, independent emergence of

these artemisinin resistance mutations has been observed in

various countries in Africa (Musyoka et al., 2020; Kayiba et al.,

2021; Owoloye et al., 2021), Papua New Guinea (Miotto et al.,

2020), South America (Chenet et al., 2016), and Southeast Asia

(Takala-Harrison et al., 2015), indicating that emergence could

occur in any endemic country. Currently, 13 of the mutations in

the propellor domain of pfk13 gene have been reported from areas

in India in low frequencies (Chatterjee et al., 2015; Mishra et al.,

2015; Mishra et al., 2016; Manuj et al., 2017; Mishra et al., 2017;

Das et al., 2018; Choubey et al., 2023), with only three of the

W.H.O. validated mutations having been observed, and mutations

occurring rarely and randomly across different geographic areas

(Mishra et al., 2015; Mishra et al., 2016; Das et al., 2018). Only three

of the ‘associated’ mutations were observed in more than one

geographic area (Mishra et al., 2016; Manuj et al., 2017; Mishra

et al., 2017). Only one study has reported a novel mutation, G625R,

in the pfk13 propellor domain in parasites fromWest Bengal which

showed association with artemisinin resistance (Das et al., 2018).

However, a recent analysis of 53 whole genome sequences of

parasites from West Bengal found no known mutations

associated with artemisinin resistance in the pfk13 gene

(Choubey et al., 2023).

Our parasite isolates from Rourkela showed greater diversity

than isolates from Chennai and Nadiad at all drug resistance loci.

PCA clustering revealed that parasites from Chennai and Nadiad

were more closely related, whereas the parasites in Rourkela

separated into two populations that were associated with distinct

Pfcrt haplotypes. There was a near-equal distribution of wild-type

and mutant haplotypes at the Pfcrt, Pfdhfr and Pfmdr1 loci in

Rourkela. The eight isolates that possessed wild-type haplotypes at

all the drug resistance loci were also from Rourkela. More than 70%

of the possible multi-clonal infections identified were from

Rourkela, the remainder from Nadiad, and none were from

Chennai. More infections are likely to be multi-clonal in isolates

from Rourkela because of the higher prevalence and transmission of

P. falciparum there, compared to Nadiad or Chennai, where the

prevalence of P. falciparum is much lower.

Another application of our amplicon-seq assay is to study the

variation in within-host diversity in response to chemotherapy.

This is particularly interesting for multi-clonal infections as it can

enable us to track changes in the frequency of individual alleles

before and after drug treatment (Mideo et al., 2013). Our analysis of

parasite from follow-up (collected after ACT treatment) samples

was limited to a small number of isolates from Chennai and Nadiad.

For all pairs of isolates collected from the same individual, the key

drug resistance SNPs were identical at enrollment and follow-up

isolates, except in the case of one patient isolate from Nadiad that

possessed a mixture of CQ-resistant and CQ-sensitive haplotypes at

the Pfmdr1 locus at enrollment but retained only the CQ-resistant

haplotype following drug treatment. Deep sequencing methods
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provide a means to identify changes in frequency of drug

resistance alleles as well as identify new mutations as they are

selected during drug treatment. However, performing deep

sequencing require a technical expertise on library preparation

and bioinformatic analysis, which may limit such means of

molecular surveillance to few central labs in the country. In

contrast, routine sanger sequencing is easy to perform and

analyze, but associated with higher cost when performed for full-

length multiple genes.

There are two key limitations of our study. Firstly, the relatively

small size of follow-up samples post-ACT treatment constrains the

depth of our analysis concerning alterations in drug resistance allele

frequencies after treatment. Future longitudinal investigations with

larger samples are essential for a more thorough understanding of

the dynamics of drug resistance evolution. Secondly, the study was

limited to three specific field sites in India, and findings may not be

applicable to other regions within the country. Future studies

should aim to incorporate a wider geographic scope to capture

the full diversity of drug resistance profiles in India. In addition,

study was not able to capture the copy number variation in Pfmdr1

gene, which could have inferred signature of multidrug resistance in

P. falciparum.
5 Conclusion

In conclusion, our study presents a comprehensive analysis of

antimalarial drug resistance allele frequencies in P. falciparum

isolates across three diverse field sites in India. The observed

heterogeneity in drug resistance haplotypes underscores the

complex dynamics of drug pressure and genetic selection within

parasite populations. Our findings demonstrate the fixation of the

CQ resistance-associated PfCRT S72V73M74N75T76 haplotype in

Chennai and Nadiad, contrasting with the mixed haplotype

distribution in Rourkela, suggestive of varying levels of CQ

pressure. Furthermore, we identify a predominance of the

PfMDR1 N86 allele and PfCRT S72V73M74N75T76 haplotype in

low transmission settings, indicating potential targets for focused

surveillance and intervention efforts. While variability in PfDHFR

haplotypes was observed across sites, the predominance of the

double mutant A16N51R59N108I164 haplotype underscores the

importance of continued monitoring for SP resistance. In pfk13

rare mutations were identified, suggesting limited selection pressure

for artemisinin resistance in Indian parasites. Our study highlights

the significance of considering within-host diversity and multi-

clonal infections in malaria transmission dynamics, providing

insights essential for guiding evidence-based control strategies.

India has evidenced the decline in malaria cases with the usage of

artemisinin combination therapy, which in turn may have declined

the resistant genotypes for antimalarials. The observations of high

frequency of wild type genotypes for Pfcrt gene suggest further

molecular surveillance for the evidence of reversal of chloroquine

resistance in the P. falciparum prevalent areas. Low number of

mutations observed in Pfdhfr gene may have similar implication.
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This study contributes to the ongoing efforts towards malaria

elimination by informing targeted surveillance, treatment

strategies, and the development of novel interventions aimed at

mitigating the spread of drug-resistant malaria in India.
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