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Abstract

Background Resistance against artemisinin-based combination therapy is one of the challenges to malaria control
and elimination globally. Mutations in different genes (Pfdhfr, Pfdhps, Pfk-13 and PfmdrT) confer resistance to artesu-
nate and sulfadoxine—pyrimethamine (AS+SP) were analysed from Mandla district, Madhya Pradesh, to assess

the effectiveness of the current treatment regimen against uncomplicated Plasmodium falciparum.

Methods Dried blood spots were collected during the active fever survey and mass screening and treatment activi-
ties as part of the Malaria Elimination Demonstration Project (MEDP) from 2019 to 2020. Isolated DNA samples were
used to amplify the Pfdhfr, Pfdhps, Pfk13 and Pfmdri1 genes using nested PCR and sequenced for mutation analysis
using the Sanger sequencing method.

Results A total of 393 samples were subjected to PCR amplification, sequencing and sequence analysis; 199, 215,
235,and 141 samples were successfully sequenced for Pfdhfr, Pfdhps, Pfk13, Pfmdr1, respectively. Analysis revealed
that the 53.3% double mutation (C59R, ST08N) in Pfdhfr, 89.3% single mutation (G437A) in Pfdhps, 13.5% single
mutants (N86Y), and 51.1% synonymous mutations in Pfmdr1 in the study area. Five different non-synonymous
and two synonymous point mutations found in Pfk13, which were not associated to artemisinin resistance.

Conclusion The study has found that mutations linked to SP resistance are increasing in frequency, which may
reduce the effectiveness of this drug as a future partner in artemisinin-based combinations. No evidence of mutations
linked to artemisinin resistance in Pfk13 was found, suggesting that parasites are sensitive to artemisinin derivatives

in the study area. These findings are a baseline for routine molecular surveillance to proactively identify the emer-
gence and spread of artemisinin-resistant parasites.
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Background

A global commitment and effort is underway to eliminate
malaria, which is still a significant public health problem
in several countries. In 2021, around 241 million malaria
cases and 627,000 malaria deaths were observed globally
[1]. India contributes around 83% of cases in the South
East Asia Region (SEAR), of which 61% were Plasmo-
dium falciparum and 39% Plasmodium vivax infections
[1, 2]. Universal access to malaria diagnostics and treat-
ment is part of the World Health Organization (WHO)
strategic framework for countries progressing towards
elimination. Over the last several decades, malaria
elimination strategies deployed by many national pro-
grammes include case management using robust sur-
veillance, artemisinin-based combination therapy (ACT)
and vector control strategies using long-lasting insec-
ticidal nets (LLINs) and indoor residual sprays (IRS).
These efforts are constantly challenged by the emergence
of anti-malarial drug resistance of parasites and insec-
ticide resistance of vectors. Plasmodium falciparum,
which causes severe forms of the disease, is more prone
to develop resistance against the anti-malarials, as com-
pared to other human infecting malaria parasites [3-5].

Historically, uncomplicated P. falciparum malaria was
treated with chloroquine (CQ). After the development
of resistance to CQ, sulfadoxine—pyrimethamine (SP)
was deployed as the frontline anti-malarial drug. How-
ever, parasites resistant to SP emerged rapidly, leading
to the change in drug policy to use ACT for the treat-
ment of uncomplicated malaria. Artesunate+ sulfadox-
ine—pyrimethamine (AS+SP), a combination of ACT,
has been recommended by the Indian National Drug
Policy for Malaria as frontline therapy for the treatment
of uncomplicated P falciparum, except in northeastern
states of India, where artemether-lumefantrine (AL) was
introduced [6] .

Resistance to sulfadoxine—pyrimethamine has been
associated with Single Nucleotide Polymorphisms (SNPs)
in the catalytic site of the enzymes dihydropteroate syn-
thase (Pfdhps) and dihydrofolate reductase (Pfdhfr),
respectively. Point mutations at codons 16, 51, 59, 108,
and 164 of Pfdhfr confer resistance to pyrimethamine,
whereas mutations at 436, 437, 540, 580 and 613 of
pfdhps prevent the activity of sulfadoxine [3, 7-12]. Poly-
morphism in the propeller domain of Pfkelch13 (Pfk13)
has been found to be associated with artemisinin resist-
ance [13, 14]. SNPs at codons 493, 539, 543, and 580 of
Pfki3 gene are responsible for artemisinin resistance,
whereas P553L has been associated with delayed parasite
clearance in Southeast Asia [15].

Furthermore, most anti-malarials metabolise through
ABC transporter and SNPs at codons N86Y and Y184F
of Pfindrl confer resistance against partner drugs, such
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as mefloquine and lumefantrine thus limiting the thera-
peutic activity of artemisinin-based combinations [16].
Since these mutations are linked to anti-malarial resist-
ance, tracking them in the natural parasite population is
an effective way to monitor for potential problems with
anti-malarial drug efficacy, even before there are clini-
cal reports [17]. Baseline information about polymor-
phisms in marker genes associated with anti-malarial
drug resistance will be helpful to predict the emergence
of resistance among the parasite population in a given
geographical region.

ACT was implemented starting in 2010 in Mandla dis-
trict for the treatment of uncomplicated P falciparum
malaria. Therefore, the present study was conducted
to assess the point mutations in marker genes Pfdhfr,
Pfdhps, Pfki3, and Pfmdrl associated with anti-malarial
drug resistance among P falciparum samples collected
from Mandla, Madhya Pradesh, as a part of the Malaria
Elimination Demonstration Project (MEDP).

Methods

Study area, population, and sample collection

This study was part of the Malaria Elimination Dem-
onstration Project, which was a first-of-its-kind pub-
lic-private-partnership between the Indian Council of
Medical Research (ICMR) through the National Institute
for Research in Tribal Health (NIRTH) Jabalpur, Govern-
ment of Madhya Pradesh (GoMP), and the Foundation
for Disease Elimination and Control of India (established
by Sun Pharmaceutical Industries Ltd. as a not-for-profit
entity) [18].

This study was carried out in Mandla district, Madhya
Pradesh (between geo-coordinates 22° 02" and 23° 22" N
and 80° 18" and 81° 50" E), which is mainly inhabited by
Scheduled Tribes (59%) [19]. The district has an area of
8771 km? divided into nine development blocks (Fig. 1)
and 1233 villages; the total population is 1,140,765 popu-
lation [18]. Dried blood spots were collected from finger
pricks as described previously during the active door-to-
door fever survey [20] and Mass Screening and Treat-
ment (MSaT) strategies [21] during 2019-2020. The
detailed methodology of sample collections and results
of malaria diagnosis using rapid diagnostic tests, micro-
scopic smear examinations, and Polymerase Chain Reac-
tion (PCR) findings were reported elsewhere [20-22].

Genomic DNA extraction and parasite genotyping

Molecular analysis was done from 393 P. falciparum-
positive dried blood spot samples during 2019-2020.
Genomic DNA was isolated from the dried blood spots
using the Chelex method, as described earlier [21, 22].
The presence of Plasmodium species was determined
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Fig. 1 Map of India showing Mandla district in Madhya Pradesh, the study site divided in nine different block with different level of mutation
in anti-malarial resistance markers

using species-specific nested PCR by targeting 18Sr
RNA gene, a technique reported elsewhere [21, 22].

A two-step nested PCR was performed for four
resistance-conferring genes (Pfdhfr, Pfdhps, Pfki3
and Pfmdrl). The Pfdhfr gene (542 bp, 15-170 aa)
was amplified to analyse mutations associated with
pyrimethamine resistance (in codons 16, 50, 51, 59,
108, and 164). The Pfdhps gene (735 bp, 425-650 aa)
was analysed to identify mutations associated with sulf-
adoxine resistance (codons 436, 437, 540, 581, 613). The
propeller region of the Pfki3 gene (849 bp, 427-709 aa)
was amplified to identify validated mutations (codons
446, 458, 476, 493, 539, 543, 553, 561, and 580) and can-
didate associated mutations (codons 441, 449, 469, 481,
537, 538, 568, 574, 672, 673, and 675) for artemisinin
resistance. Pfmdrl gene (856 bp, 47-332 aa) was ampli-
fied to identify mutations atcodons 86, 184 associated
with antimalarial drug resistance. The details of PCR
primers and cycling conditions are given in Table 1. In
brief, PCR was performed in a volume of 25 uL with 0.2
U of Taq polymerase enzyme (Invitrogen, life technolo-
gies), 0.2 mM each ANTP, 1 uM each primer and 1.5
mM MgCl,.

Nucleotide sequencing

The PCR amplicons were purified using exonuclease I
and shrimp alkaline phosphatase, following the manu-
facturer’s instructions. The purified product was used
with the ABI Big dye Terminator Ready Reaction Kit Ver-
sion 3.1 for DNA sequencing. The sequencing PCR was
performed in a volume of 10 pL with 0.5 pL of Termi-
nator Ready Reaction Mix (TRR), 3.2 pmol of gene spe-
cific forward and reverse primer (both directions) and
sequencing buffer. Cycling conditions for the sequenc-
ing PCR include 25 cycles of denaturation at 96 °C for
10 s, annealing at 50 °C for 5 s and extension at 60 °C for
4 min. Sequencing was performed on a 3130XL genetic
analyser (Applied Biosystems, USA). Sequencing results
were analysed by V5.4 software (Applied Biosystems,
USA), and contigs were prepared using Bioedit sequence
alignment editor version 7.2.3.

Statistical analysis

Data was entered in Microsoft Excel 2013 Worksheet.
Qualitative (Categorical) variables were coded numeri-
cally, and frequency with percentage distribution was
tabulated. Pearson’s Chi-square or Fisher’s exact test
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Table 1 Primer sequence and PCR condition used for amplification of P, falciparum drug resistance genes
Gene Primer name Primer sequence PCR product Denaturation Annealing Elongation No of cycles
length (bp)
Pfmdr1 primary  MDR1 AGAGTACCGCTGAATTATTTAG 1472 94 °C, 1 min 53°C, 1Tmin  72°C, 1 min 35
MDR2 TTCATTTGATGTCATAGAATTCG
Pfmdri nested  MDR3 ATGTTTACCTGCACAACATAGAA 856 94 °C, 1 min 52°C,Tmin  72°C, 1T min 30
MDR4 CATAAACATACTAATAAGTACACC
Pfdhfr primary ~ PF1 TTTATATTTTCTCCTTTTTA 718 94°C, 1 min 45°C, 45 72°C, 1 min 35
PR1 CATTTTATTATTCGTTTTCT
Pfdhfr nested PF1 TTTATATTTTCTCCTTTTTA 648 94°C, 1 min 45°C,45s 72°C, 1 min 30
NR2 ACAGAAATAATTTGATACTCA
Pfdhfs primary  F1 CCATTCCTCATGTGTATACAACAC 1167 94 °C, 1 min 55°C, Tmin. 72°C,1min.30s 35
R1 CTTGGTCTATTTTTGTTAAAACATCC
Pfdhfs nested F2 TGGAATATTAAATGTTAATTATGA 735 94°C, 1 min 50°C,45s 72°C, 1 min 30
R2 TTTTCATTTTGTTGTTCATCATGT
PK 13 K13_F GCCAAGCTGCCATTCATTTG 849 94°C,45s 60°C,Tmin  72°C,1Tmin30s 35
K13_R GCCTTGTTGAAAGAAGCAGA

Pfmdr1: Plasmodium falciparum multi drug resistance gene1; Pfdhfr: Plasmodium falciparum dihydrofolate reductase, Pfdhps: Plasmodium falciparum dihydropteroate
synthase; Pfk13: Plasmodium falciparum kelch13, °C: temperature in degree Celsius; min: minute; s: seconds; bp: base pair; n=number; %= percentage

was applied for appropriate statistical comparison of
independent proportions. Bivariable logistic regres-
sion analysis was performed to estimate the association
of independent factors such as endemicity, age group,
symptoms, and year with Pfdhfr, Pfdhps, Pfkl3, and
Pfimdrl gene mutations. All the statistical analysis has
been performed using R version 4.2.2 for Windows (R
Foundation for Statistical Computing, Vienna, Austria).

Results

A total of 335 out of 17,405 during the active fever sur-
vey and 221 out of 24,357 samples during the MSaT were
P, falciparum positive by PCR. A total of 393 out of 556
P falciparum positive samples were available in suffi-
cient quantity and used for molecular genotyping of Pfd-
hfr, Pfdhps, Pfk-13 and Pfmdrl genes using the Sanger
sequencing method and good read from both the direc-
tion were used for the sequence analysis. Mutations were
identified with using 3D7 as reference strain.

Analysis of pfdhfr and pfdhps mutations

A total 199 P, falciparum samples were successfully ana-
lysed for both Pfdhfr and Pfdhps genes. Out of the five
Pfdhfr mutations (A16V, N51I, C59R, S108N/T, and
11641) conferring pyrimethamine resistance, only three
mutations at codons N511I, C59R, and S108N were found
as single, double or triple mutations (Table 2). In addition
to the above five functional mutations, we have found a
novel mutation at L46S in the triple mutant combina-
tion. Overall, 58% of parasite isolates were found to har-
bour mutant genotypes, while only 42% had wild-type

(sensitive) genotypes. Majority of them were double
mutants (53.3%) at codon C59R and S108N followed by
triple mutants (3.5%) and 1.0% single mutants (Fig. 2).
Four mutant haplotypes were determined in the Pfdhfr
gene. More (62%, 84/135) samples were found with resist-
ant mutants in 2020 compared to 2019 (48%, 31/64). No
significant difference in the prevalence of mutant geno-
type was observed among the symptomatic vs. asympto-
matic cases, adult vs. children, and in different malaria
endemic areas (Table 3).

Out of the five Pfdhps mutations (S436A, A437G,
K540E, A581G, and A613T) known to be linked to sul-
phadoxine resistance, three codon S436A, A437G and
K540E were found as single or double mutants (Table 2).
In addition to the above functional mutations, one sam-
ple showed mutation at P444S, R569C and 1514M. The
wild type was present in only 16/215 (7.5%) samples. The
single mutant G437A was detected in 192/215 (89.3%)
samples, followed by the S436A mutation in 4/215 (1.8%).
The study found double mutants in each of three differ-
ent combinations (S436A, K540E; G437A, 1514M; P444S,
R569C) (Fig. 2; Table 2).

When the data of mutations of the two genes (Pfdhfr
and Pfdhps) was analysed, we found that only 1% was
wild type. A quadruple mutant of Pfdhfr (N51I, C59R,
S108N) and Pfdhps (S436A) was found in only four cases.
However, the triple mutant Pfdhfr (C59R, S108N) and
Pfdhps (G437A) were found in 78/106 (73.6%) samples
(Table 2). The study has not found any resistant associ-
ated mutations for Pfdhfr at codon 164 and for Pfdhps at
codons 581 or 613. The six samples with triple mutant



Singh et al. Malaria Journal (2023) 22:375

Page 5 of 9

Table 2 Different haplotype of Pfdhfr gene and their association with Pfdhps haplotypes (NIL: dhps gene didn't successfully analysed
and WILD TYPE: no mutations in the analysed samples)

Pfdhfr Pfdhps Total
NIL G437A G437A,1514M P444S, R569C S436A S436A, K540E Wild type
C59R, ST08N
N 16 78 0 1 0 1 10 106
% 15.10% 73.60% 0.00% 0.90% 0.00% 0.90% 9.40% 100.00%
L46S, C59R, ST08N
N 0 0 0 0 0 0 1 1
% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00% 100.00%
N511, C59R, STO8N
N 2 0 0 0 4 0 0 6
% 33.30% 0.00% 0.00% 0.00% 66.70% 0.00% 0.00% 100.00%
S108N
N 2 0 0 0 0 0 0 2
% 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%
Wild type
N I 70 0 0 0 0 3 84
% 13.10% 83.30% 0.00% 0.00% 0.00% 0.00% 3.60% 100.00%
Total
N 31 148 0 1 4 1 14 199
% 15.58% 74.37 0.00% 0.50% 2.01% 0.50% 7.04% 100.00%
P=0.0272 P<0.0001
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Fig. 2 Mutation in P, falciparum genes (Pfdhfr, Pfdhps, pfk13 and PfmdrT) that confer the resistance to anti-malarials
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Table 3 Logistic regression analysis of the various factors associated with the different anti-malarial markers from the study sites

Factors Pfdhfr Pfdhps Pfmdr1
n/d (%) OR (95% Cl) n/d (%) OR (95% ClI) n/d (%) OR (95% Cl)

Endemicity

Low 12/19 (63.16) Reference 17/17 (100) Reference 4/11 (36.36) Reference

Moderate 30/65 (46.15) 0.50(0.17-1.43) 77/77 (100) Empty 27/47 (57.45) 226 (0.61-9.18)

High 73/115 (63.48) 1.10(0.37-2.77) 105/121 (86.78) Omitted 60/83 (72.29) 456 (1.22-17.07)*
Age group

Adults 90/158 (56.96) Reference 161/170 (94.71) Reference 74/117 (63.25) Reference

Children 25/41 (60.98) 1.18 (0.58-2.38) 38/45 (84.44) 0.30 (0.11-0.87)* 17/24 (70.83) 141 (0.54-3.67)
Symptoms

Symptomatic 96/166 (57.83) Reference 162/177 (91.53) Reference 69/105 (65.71) Reference

Asymptomatic 19/33(57.58) 0.98 (046-2.11) 37/38(97.37) 343 (0.44-26.76) 22/36 (61.11) 0.82(0.37-1.79)
Year

2019 31/64 (48.44) Reference 70/74 (94.59) Reference 43/68 (63.24) Reference

2020 84/135 (62.22) 1.75 (0.96-3.20) 129/141 (91.49) 0.61(0.19-1.98) 48/73 (65.75) 1.12(0.56-2.23)
*p<0.05

Pfdhfr N51I, C59R, S108N were distributed throughout
the district (two cases from low endemic areas, three
from moderate and one from high) in 2020. Similarly,
four pfdhps mutations at codon S436A were distributed
throughout the districts (one case from low endemic
areas, two from moderate and one from high) in 2020.
Overall, there was no significant difference in the distri-
bution of Pfdhfr and Pfdhps mutants observed over the
2-year study period (Fig. 1).

Analysis of Pfk-13 mutations

The propeller region of the Pfk-13 gene was success-
fully sequenced and analysed from 235 P falciparum
samples. The study revealed that 91% of the samples
harboured wild-type mutation, while 9% of the sample
showed 2% single (F506S, 1634M, M579T, N657H), 6%
double (M579T-N657H and R597G-T677S) and 1% tri-
ple (M579T-N599H-N657H and M579T-N657H-K658E)
mutations (Fig. 2). None of these mutations have been
shown to be responsible (validated codons 446, 458, 476,
493, 539, 543, 553, 561, and 580; associated codons 441,
449, 469, 481, 537, 538, 568, 574, 672, 673, and 675) for
conferring artemisinin resistance. A total of 11 different
mutant haplotypes were found in this study in a smaller
number of samples, and no association with the Pfmndri
genotype.

Analysis of Pfmdr1 mutations

The Pfmdrl gene was analysed from 141 samples, and
mutation at N86Y was found in 13.5% samples and did
not find any mutations at codon Y184F (Fig. 2). The study
revealed that 51% of samples had synonymous mutations
at different codons (182, 183, 215, 231 and 271).

The study has also analysed various independent fac-
tors associated with antimalarial drug resistance mark-
ers, such as malaria endemicity, age group, symptoms,
and year of sample collection. The analysis revealed a sig-
nificantly higher number of mutations in Pfindr1 in high
endemic areas, PfkI3 in the asymptomatic group, and
Pfdhps in children under 14 years of age (Table 3).

Discussion

Since 2010, ACT has been used in India to treat uncom-
plicated P falciparum malaria after significant resist-
ance was found against CQ and SP [12, 23-33]. Due to
the emergence and spread of anti-malarial drug-resistant
parasites, monitoring of molecular markers has become
an essential component of malaria control strategies. The
present study investigated the mutations in the Pfdhfr,
Pfdhps, Pfk13 and Pfmdrl genes of P. falciparum samples
collected as part of MEDP.

Mutations in Pfdhfr and Pfdhps genes associated with
SP resistance have been reported in India and other
countries, and parasites harbouring quintuple mutations
of Pfdhps (437G and 540E) and Pfdhfr (511, 59R, and
108N) genes are known to be resistant to SP [34, 35]. It
has been documented that single point mutation in these
two genes signals early signs of the improper action of
the drugs, while the double mutations may indicate a
decreased parasite sensitivity to the drug, and multiple
mutations (triple or more) raise concerns for drug fail-
ures [36]. In the present study, the triple mutations in the
Pfdhfr (C59R, S108N) and Pfdhps (G437A) genes were
found in 73.6% of samples, which indicates circulation
of possible resistant forms of P. falciparum parasites in
the study area. Similar triple mutation-bearing parasites
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have been reported in central India [9, 26, 27, 37-39].
However, studies conducted in the eastern (Odisha, West
Bengal) and North Eastern states have revealed high lev-
els of (quadruple and quintuple) mutations that are asso-
ciated with drug failures [11, 24, 26, 40—43].

In the present study, only four samples out of 235
were found to have quadruple mutants of Pfdhfr (N51I,
C59R, S108N) and Pfdhps (S436A). Molecular surveil-
lance should be continued in the study area to monitor
the emergence and spread of SP resistance as low level of
quadruple mutants have already been observed.

With India’s proximity to Cambodia and the Greater
Mekong Subregion (GMS), where artemisinin (ART)
resistant forms for parasites have emerged, studies of
molecular surveillance to document mutations in the
k13 propeller genes are essential [13, 15, 44]. Although
108 non-synonymous mutations from the different geo-
graphic regions of the world have been identified [45, 46]
only nine-point mutations i.e., codons 446, 458, 476, 493,
539, 543, 553, 561, and 580) are known to confer ART
resistance [47]. Other 11 different point mutations at
codons 441, 449, 469, 481, 537, 538, 568, 574, 672, 673,
and 675 have been associated with late parasite clear-
ance. A limited number of validated mutations (F446I,
R539T, R561H) and resistance-associated mutations
(A481V, N672S, A675V) have been previously reported
from West Bengal and the Northeastern States of India
[48-51]. However, eight other mutations have been
found in India (K189T, G533A, S549Y, A578S, M579T,
G625R, N657H, D702N), which are not associated with
ART resistance [48—52]. In the present study, out of eight
documented mutations (F506S, M579T, R597G, N599H,
1634M, N657H, K658E, T677S), mutations M579T and
N657H have been identified for the first time in India.
These observations indicate that, unlike SP, ART is not
under selection pressure at this time.

Mutation in Pfmdrl N86Y is known to contribute to
multi-drug resistance. In this study, 13.5% of samples
were found to bear N86Y mutation, and 51% had syn-
onymous mutations. The study has also revealed that
synonymous mutations were neither at codon 86 nor
at 184, which are crucial for conferring drug resistance.
Studies have shown that the prevalence of N86Y muta-
tion varies across the country and the South East Asia
region depending upon the drug pressure and trans-
mission intensity [16, 28, 32, 33, 39, 53]. It has been
shown that N86Y mutation has a positive modulation
effect when present in combination with other drug-
resistant mutations. These observations indicate that
the dynamic nature of evolving parasite populations
exposed to different antimalarial drugs may influence
the emergence of drug resistance. The triple mutant
Pfdhfr N511, C59R, S108N were distributed throughout
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the district in 2020. This could be due to several rea-
sons for the higher number of mutations in the year
2020 as compared to 2019. MEDP started the active
fever cases screening and treatment in the month of
September 2017 and continued till 2021 to eliminate
the indigenous malaria cases from the study area. The
project also carried out MSaT strategies to resolve the
malaria hotspots and asymptomatic cases during 2018
and 2019, which could have put drug pressure on the
parasite resulting in the emergence of mutationsThe
present study provides the status of molecular markers
associated with the P. falciparum drug resistance. How-
ever, the therapeutic efficacy and in-vitro assessment
were not part of the study. Such studies should be car-
ried out in future if there are reports of delays/failures
of ACT.

Conclusion

The study found no mutations linked to ART resistance
in the Pfk13. However, the finding of triple mutations in
Pfdhfr and Pfdhps could present a problem for the use
of AS+SP for the treatment of uncomplicated P. falci-
parum malaria in the study areas. Therefore, there is a
need for continued molecular surveillance to quantify
the presence of mutation-bearing parasites. Molecular
surveillance, together with in-vivo efficacy and thera-
peutic efficacy studies using appropriate epidemiologic
designs, would guide policymakers to make appropri-
ate decisions for making any changes in the treatment
regimen.
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