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Abstract

Background Drug resistance is a serious impediment to efficient control and elimination of malaria in endemic
areas.

Methods This study aimed at analysing the genetic profile of molecular drug resistance in Plasmodium falciparum
and Plasmodium vivax parasites from India over a ~ 30-year period (1993-2019). Blood samples of P, falciparum and/
or P.vivax-infected patients were collected from 14 regions across India. Plasmodial genome was extracted and used
for PCR amplification and sequencing of drug resistance genes in P, falciparum (crt, dhps, dhfr, mdri, k13) and P, vivax
(crt-o, dhps, dhfr, mdr1, k12) field isolates.

Results The double mutant pfcrt SYMNT was highly predominant across the country over three decades,

with restricted presence of triple mutant CVIET from Maharashtra in 2012. High rates of pfdhfr-pfdhps quadruple
mutants were observed with marginal presence of “fully resistant” quintuple mutant ACIRNI-ISGEAA. Also, resist-

ant pfdhfr and pfdhps haplotype has significantly increased in Delhi between 1994 and 2010. For pfmdrl, only 86Y
and 184F mutations were present while no pfk13 mutations associated with artemisinin resistance were observed.
Regarding P vivax isolates, the pvcrt-o K10 "AAG" insertion was absent in all samples collected from Delhiin 2017.
Pvdhps double mutant SGNAV was found only in Goa samples of year 2008 for the first time. The pvmdrT 908L, 958M
and 1076L mutations were highly prevalent in Delhi and Haryana between 2015 and 2019 at complete fixation. One
nonsynonymous novel pvki2 polymorphism was identified (K264R) in Goa.

Conclusions These findings support continuous surveillance and characterization of P, falciparum and P, vivax popu-
lations as proxy for effectiveness of anti-malarial drugs in India, especially for independent emergence of artemisinin
drug resistance as recently seen in Africa.
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species is P, falciparum with high risk of severe complica-
tions if not treated promptly [3]. Plasmodium vivax is the
most geographically distributed species, mainly encoun-
tered in South East Asia (SEA), Latin Americas, and the
horn of Africa. India accounted for ~79% of cases and
~83% of deaths reported in SEA in 2021 [1, 4]. Recently,
there are increasing reports on the ability of P vivax
parasites to induce severe malaria and deaths in some
patients [5-7].

Plasmodium falciparum parasites have developed resist-
ance phenotypes to all major anti-malarial drugs, such as
chloroquine (CQ), mefloquine (MQ), sulfamides, arte-
misinin (ART) and its derivatives (Fig. 1) [8, 9]. In contrast,
some studies evidenced the emergence of P. vivax parasites
resistant to fewer drugs, such as CQ and MQ [10, 11]. The
current first-line uncomplicated P falciparum malaria
treatment policies rely on artemisinin-based combina-
tion therapy (ACT) which consist of a combination drugs
(i.e., ART derivatives) with slow-acting drug referred to as
partner drug [12]. Currently, six artemisinin-based com-
binations are recommended by the World Health Organi-
zation (WHO) for treating uncomplicated P falciparum
malaria viz. artesunate+ sulfadoxine—pyrimethamine
(AS+SP), artesunate+amodiaquine (AS+AQ), artesu-
nate+pyronaridine (AS+PY), artemether+lumefantrine
(AL), dihydroartemisinin+ piperaquine (DHA+PPQ),
and artesunate + mefloquine (AS+MQ) [1, 8]. CQ is com-
monly used for treating clinical P vivax infections. The
WHO recommended to associate CQ with primaquine
(PQ), a hypnozoiticidal drug, given the ability of P vivax
parasites to induce relapses due to reactivation of dormant
liver stages (i.e., hypnozoites). The association CQ+PQ,
also known as radical cure, guarantees treatment of
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current infection and prevent recurrent infection due to
relapses by killing blood and liver parasite stages [13, 14].

The emergence and spread of ACT-resistant P. fal-
ciparum parasites in SEA has profoundly thwarted
malaria control and elimination objectives in the
region [15, 16]. More recently, independent appear-
ance of ACT-resistant P falciparum parasites from
two African countries Rwanda and Uganda [17-19];
has given basis to fear the spread of ACT-resistance
in Africa in future. In this context, anti-malarial drug
resistance surveillance is a key component to success-
ful malaria control and elimination. Several tools have
been developed for Plasmodium drug resistance and
these consist of (i) in vivo drug efficacy studies, (ii)
in vitro assessment of drug susceptibility in parasites,
and (iii) tracking of molecular markers associated with
drug resistance [20]. The latter tools are largely used
for drug resistance surveillance given the high cost of
in vivo studies and lack of standardization of in vitro
studies [20]. Also, molecular tools are much easier to
implement and/or scale-up, and give prevalence esti-
mates of drug resistant Plasmodium parasites over
time and space with possibility for within and between
study comparisons [20].

In India, P falciparum and P. vivax are the two pre-
dominant Plasmodium species with prevalence ratio
varying between states, but overall ratio close to one
[21-23]. Clinical spectrum of malaria infections with P
falciparum and P. vivax ranges from asymptomatic to
severe malaria [3, 5]. India has continuously modified
and adapted national drug policies since 1982 to effi-
ciently and timely control anti-malarial drug resistance
(Fig. 1). The current treatment policy endorses treatment
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of (i) uncomplicated P. falciparum malaria with either
artesunate + lumefantrine (AL) in North Eastern states
or artesunate+ sulfadoxine + pyrimethamine (AS+ SP)
in rest of states, accompanied by single dose PQ, (ii)
uncomplicated P vivax malaria with CQ+PQ, and (iii)
severe malaria with quinine, artemether, artesunate, or
artemether for 48 h, followed by quinine or above men-
tioned a state-specific artemisinin-based combination
[24]. In contrast, data on anti-malarial drug resistance
in P falciparum and P. vivax parasites are still insuf-
ficient and fragmented in India [8, 25, 26]. The present
study describes the spatial and temporal distribution of
main putative molecular markers associated with drug
resistance in P, falciparum and P. vivax isolates collected
between 1993 and 2019 among malarious patients from
different areas of India.

Methods

Sample and diagnosis

This study has been approved by the institutional review
board of ICMR-National Institute of Malaria Research
(NIMR), India. Malaria samples were collected between
1993 and 2019 from different field sites and health facili-
ties (hospitals and primary health centres) of different
states and union territories (Additional file 1). On field
sites, malaria infection was first detected using rapid diag-
nostic tests (RDT), and confirmed microscopically and by
PCR assay. Two RDTs namely SD Bioline Pf/Pv® (Stand-
ard Diagnostics, Inc., South Korea) and FalciVax" (Pf/Pv)
(Zephyr Biomedical, Verna, Goa, India) were used in this
study. SD Bioline Pf/Pv® is a P. falciparum and P. vivax
detecting RDT which targets PALDH+PvLDH antigens.
It has a panel detection score of 99.0% and 97.1% at 200
parasites/uL for P falciparum and P vivax, respectively.
FalciVax"" (Pf/Pv) is a P. falciparum and Pv/Pvom detect-
ing RDT which targets PAHRP2+ PvLDH antigens, with a
panel detection score of 95.0% and 100% at 200 parasites/
uL for P, falciparum and P. vivax, respectively [33].

The study samples comprised of both; clinically asymp-
tomatic and symptomatic individuals of all age living in
rural, semi-urban and urban areas of India. A total of 16
areas belonging to 14 states and union territories were
study sites in the present study (Fig. 2). Details on urbani-
zation level and malaria endemicity of study areas are
presented in Additional file 2. The plasmodial DNA was
extracted using QIAamp® DNA Mini Kit (Qiagen, Valen-
cia, California, USA) as per manufacturer’s instructions
in a final elution volume of 70 pL buffer (10 mM Tris—
HCL 0.5 mM EDTA; pH 9.0), and then stored at —20 °C
until needed. Plasmodial speciation was performed using
polymerase chain reaction (PCR) protocols targeting the
18S subunit ribosomal unit gene of P falciparum and
P vivax (Table 1) [34]. DNA sample was mixed in 25 uL
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PCR reaction containing 12.5 puL of 2X Go Taq green
master mix (Promega Corporation, USA), 1 pL of each
primer (10 uM), 1-2 puL DNA template, and free-nuclease
water Q.S. PCR amplicons were loaded on 2% agarose gel
pre-stained with ethidium bromide at 72 V for 1 h, and
then visualized using an ultraviolet trans-illuminator. P
falciparum and P vivax infections were confirmed by
the presence of PCR bands of 205 bp and 120 bp, respec-
tively [34].

Amplification of P. falciparum and P. vivax drug resistance
genes

Single-step and nested PCR protocols were used to
amplify five genes associated with drug resistance in P
falciparum parasites viz. chloroquine resistance trans-
porter (pfcrt), dihydrofolate reductase (pfdhfr), dihydrop-
teroate synthase (pfhdps), multidrug resistance protein
1 (pfimdrl), and Kelch protein (pfk13) [8]. Also, ortho-
logues of these genes in P vivax isolates were analysed
viz pvcrt-o, pvdhfr, pvdhps, pvmdrl and pvkl2, using
published and developed singe-step and nested PCR pro-
tocols (Additional file 3).

Sequencing and SNP analysis
The amplicons were purified using GeneJet purification
kit (Thermofisher) and sequenced in both directions
based on Sanger dideoxy method. Sequencing were per-
formed on in-house ABI 3730XL DNA analyzer (Applied
Biosystem) with BigDye Terminator v3.1 sequencing kit
(Applied Biosystem). Nucleotide and deduced amino acid
of gene sequences were aligned and compared with refer-
ences by using CLUSTALW program of MEGA X [35].
Plasmodium falciparum and P vivax sequences of
drug resistance genes were analysed in comparison with
those of reference strains. The reference P falciparum
strains accession numbers were PF3D7_0709000 for
pfert, PE3D7_0417200 for pfdhfr, PF3D7_0810800 for
pfdhps, PE3D7_0523000 for pfindrl, and PF3D7_1343700
for pfki3. The reference P vivax strains used were
PVX_087980 for Pvcrt-o, PVX_089950 for pvdhfr,
PVX_123230 for pvdhps, PVX_080100 for pvmdr-1,
and PVX 083080 for pvkelchi2. The phylogenetic relat-
edness of P falciparum and P. vivax isolates was done
through BLAST of drug resistance sequences. After
sequence alignment nucleotide positions which dis-
played two peaks at one locus in chromatogram were
noted as “mixed” and excluded from further analysis.
Known point mutations in P, falciparum genes associated
with anti-malarial drug resistance (CQ, SP, ART and its
derivatives), and novel mutations were identified using
their corresponding amino acids and haplotypes [8, 36].
Regarding P, vivax isolates, putative drug resistance-asso-
ciated mutations were also investigated [37—-40] (Table 1).
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Fig. 2 Map of India showing study areas where Plasmodium isolates were collected. Each pie chart represents the total number of isolates analysed.
P falciparum (blue) and P, vivax (red). The size of pie chart is proportional to sample size. The map depicted here is taken from official website
of Ministry of External Affairs, Government of India (https://mea.gov.in/india-at-glance.htm, accessed 15/11/2021)

Table 1 Main mutations in Pfand Pv drug resistance genes analyzed in the study

Genes Chromosome Validated/candidate Main mutations investigated Antimalarial drugs/classes
or putative markers

pfert 7 Validated 72S, 73K, 741, 75E, 76T CQ, AQ
pfdhfr 4 Validated 16V, 50R, 511, 59R, 108N, 164L Pyrimethamine, cycloguanil
pfdhps 8 Validated 431V, 436A/F, 437G, 540E, 581G, 613S/T Sulfonamide, sulfadoxine,
sulfone, dapsone
pfmdrl 5 Validated 86Y, 124F, 1034C, 1042D, 1246Y CQ AQ, L, MEF
pfki3 13 Validated F446l, N458Y, C469Y, M476l, Y493H, R539T, 1543T, P553L, R561H, P574L,  ART and its derivatives
C580Y, R6221 and A675V
Candidate P441L, G449A, C469F, A481V, R515K, P527H, N5371/D, G538V
and V568G
pvcrt-o 1 Putative K10 (AAG insertion) -
pvdhfr 5 Putative 57W/1,58R, 61M, 117T/N, 173F -
pvdhps 14 Putative 382F/A/C, 383G, 3991, 512M, 525G, 553G, 555R, 585G, 661V -
pvmdrl 10 Putative 845F, 861E, 898E, 908L, 958M, 976F/V, 1076L/I/T -
pvk12 12 Putative 88S, 1241, 5521, 581R, 6975 -

ART: artemisinin; AQ: amodiaquine; CQ: chloroquine; L: lumefantrine; MEF: mefloquine; Pf. P. falciparum; Pv: P. vivax; crt: chloroquine resistant transporter gene; crt-o:
chloroquine resistant transporter orthologue gene; dhfr: dihydrofolate reductase gene; dhps: dihydropteroate synthase gene; mdr1: multidrug resistance protein 1
gene; k12: Kelch12 gene; k13: Kelch13 gene
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The proportions of each validated mutation and puta-
tively associated with anti-malarial drug resistance in P
falciparum and P. vivax isolates were calculated by areas
and year of collection. Similar analysis was made for drug
resistance genotypes and haplotypes.

Statistical analysis

Data were keyed, coded and verified for consistency in
an Excel spreadsheet (Microsoft Office, USA), and then
exported to GraphPad v8.0.2 for Windows (GraphPad
PRISM, Inc., San Diego, CA, USA) and StatView v5.0 for
Windows (SAS Institute, Inc., Chicago, USA) for statis-
tical analysis. Data were summarized as percentages in
tables and graphics. Changes in the prevalence of alleles
and haplotypes over time were evaluated for statistical
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significance using Pearson’s independence x” statistics for
trend. Statistical significance was set at p <0.05.

Results

Plasmodium samples

A total of 593 samples were positive for 18S genes, and
infections with P falciparum and P. vivax were found
as either mono-infection or mixed infection (Fig. 3a
and Additional file 4). The highest proportion of mixed
infections were seen in Karnataka (64.7%) and Madhya
Pradesh (44.4%) (Fig. 3b). Only mono-infections with P
falciparum or P. vivax were included in the study. The
final number of samples included for each drug resist-
ance gene varied from 30 to 318 based exclusion criteria

(b) 1P 3 Pvr B Pf+Pv

bl BeEEE REEEEEEE ol Lin

—~ 801 |

S

(] -

g 60

©

T

840a

S

5 L

o 20
O'TTTTTTTTTTTT?TTTTTn T T T T 1 T T T T
T O O — T O N M WOWONMNOWOD®LIW ©O© O MO TN ONILW - OO
0 O 0O 0O O OO0 «—“ « « W O &« v &« O v OO0 0 O o0 o O
DO ODOO OO OO O OO0 O OO0 OO0 0 OO0 OO O O 6 O 6 6 O
‘—Irl\—lNlrlNlNlNlNlNlNlNININlNNNNNC\ININ]le—Ile—lx—lNl

(2 ONO] —'—'—'—'—'—|—|—|<IIO:III<&I—INED:_>D_D_

2<OOSDDDDDDDD(DIII->><§§§§OOCK::3

Areas and year of sample collection

Fig. 3 Electrophoresis gel depicting P falciparum mono-infection, P vivax mono-infection and mixed infection (a), and proportion of types

of infections with P, falciparum and/or P vivax (b). In a, the gel image is showing the 185 RNA PCR amplification of Plasmodium species. Lane 1:
Plasmodium falciparum (205 bp). Lane 2: Plasmodium vivax (120 bp). Lane 3: mixed infection (Both R, falciparum and P vivax). Lane L: 100 bp Ladder.
In b, the international codes of areas were used. AS Assam, CG Chhattisgarh, DL Delhi, GA Goa, HR Haryana, JH Jharkhand, KA Karnataka, MH
Maharashtra, ML Meghalaya, MP Madhya Pradesh, MZ Mizoram, OR Orissa, RJ Rajasthan, UP Uttar Pradesh
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(positive PCRs, good PCR bands, successful purification,
successful sequencing, good quality sequencing) (Addi-
tional file 4). Additional file 5 depicts gel electrophoresis
of P. falciparum and P. vivax drug resistance gene PCR
results.

Profiling of P. falciparum anti-malarial drug resistance
genes

Pfcrt

A total of 47 samples from Delhi, Haryana, Madhya
Pradesh, Maharashtra, Goa, and Uttar Pradesh regions
were analysed for the pfcrt gene. The analysis revealed
high proportions of 72S and 76T mutations and absence
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of 73K mutation in samples from different parts of
the country. All parasites from Delhi, Uttar Pradesh,
and Goa were carrying these two mutations. The
pfert 741 and 75E mutations were only reported from
Maharashtra in equal proportion (50% each) (Fig. 4a).
Three types of pfcrt genotypes viz. C,,V,3sM,,N..T ¢
(single mutant), S,,V,sM,,N,.T,. (double), and
C, V3L, E 5T (triple mutant) linked to anti-malarial
resistance were reported (Fig. 3b). The double mutant
SVMNT was predominant in most of the areas with
proportions ranging from 75 to 100% between 1994 and
2019, with the exception of Maharashtra where 50%
of isolates collected in 2012 had triple mutations (i.e.,
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Fig. 4 Pfcrt genotypes by year and area. a Proportion of 725, 73K, 741, 75E and 76T mutations in pfcrt gene, b proportion of pfcrt haplotypes. Pf. P
falciparum; crt: chloroquine resistant transporter gene. The international codes of areas were used. DL Delhi, GA Goa, HR Haryana, MH Maharashtra,
MP Madhya Pradesh, UP Uttar Pradesh. In a, sample size was different for each area. DL (n=3), GA (n=4), HR (n=18), MH (n=10), MP (n=4),

UP (n=8). In b the wild type is depicted in green while mutants are depicted in red and pink. The map depicted here is taken from official website
of Ministry of External Affairs, Government of India (https://mea.gov.in/india-at-glance.htm, accessed 15/11/2021)
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CVIET) (Fig. 4b). No novel mutation and synonymous
mutations were found in pfcrt analysed sequences.

Pfdhfr and pfdhps

In total, 239 and 318 samples were successfully sequenced
for pfdhfr and pfdhps genes (Additional file 5). Samples
were collected from different regions of the country viz:
Assam, Chhattisgarh, Delhi, Goa, Haryana, Jharkhand,
Karnataka, Maharashtra, Meghalaya, Mizoram, Orissa,
Rajasthan, and Uttar Pradesh.

On analysis of the pfdhfr gene, four of the six validated
SNPs (i.e., 511, 59R, 108N and 164L) were found in most
areas. The mutations 59R and 108N were more frequently
found at high proportions as compared to 511 and 164L.
The proportions of these mutations ranged from 0 to 65.4%
for 59R, 8.3-72.7% for 108N, 0-23.1% for 511, and 0-21.1%
for 164L (Fig. 5a). A total of 15 pfdhfr resistance geno-
types were found across the areas as single (16.3%), double
(25.5%), and triple mutants (7.9%). Genotype richness was
seen in Delhi (10 genotypes) and Haryana (12 genotypes)
even though a high proportion of P, falciparum isolates were
wild type (Fig. 5b). The single mutant A;4C5)N5;CsoN;psl;64
was mainly found in Uttar Pradesh at a proportion of 55.6%,
while the double mutant A;¢Cs,Ng;RsoN; 6164, Was mostly
reported seen Raipur (57.8%) and Goa (60%). The triple
mutant A;oCgol5Re6S,0sL6s Was reported only in Hary-
ana (1.9%) while the double mutant A;cCs)Ng;CsN;eL6s
was seen only in Jharkhand (4.5%) (Fig. 4b). Interestingly,
the richness in resistance genotypes increased over years
in Delhi with two, seven and eight genotypes in 1994,
2000 and 2008-2010, respectively. A specific distribu-
tion of pfdhfr haplotypes between two areas of Orissa
(i.e., Rourkela and Bissam Cuttack—BCK) was noted. The
mutants  A;Csols) CsoS108l160  A16C50N51CsoNigglies and
A CsoNg RioN 5114, Were found only in Rourkela while
A16Cs0l51CsoNigglieq and A;Csols; C5oNgg Ly Were found
only in BCK (Fig. 5b). No novel mutation and synonymous
mutations were found in pfdhfr and pfdhps sequences
analysed.

For pfdhps, the mutations 436A/F, 437G and 540E were
most frequently seen across areas as compared to 431V,
581G and 613S. The proportion of 436A/F mutation var-
ied from 0% (in Goa, Madhya Pradesh, Rajasthan, Uttar
Pradesh, and Mizoram) to 81.8% (in Chhattisgarh). All P
falciparum isolates from Goa, Karnataka, and Mizoram
were carrying the 437G mutation while highest rates of

(See figure on next page.)
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540E mutation were seen in Jharkhand (81.8%), Chhattis-
garh (65.4%) and Meghalaya (50%) (Fig. 6a). Wild type-like
haplotype accounted for 59.1% of all isolates, while the rest
consisted of single mutants (11.9%), double mutants (22%)
and triple mutants (6.9%). A higher genotype richness was
found on analysis of pfdhps gene compared to pfhdfr gene,
with 17 resistance genotypes. The highest number of gen-
otypes were found in Delhi in 2000 (7 genotypes), Delhi in
2008/10 (10 genotypes), and Haryana in 2015/16 (11 geno-
types) (Fig. 6b). The double mutant L5 A,3¢A 457Es10A551A613
was most spread as found in five areas at proportion of
14.2-21.6% (Delhi), 9.4% (Haryana), 72.8% (Jharkhand),
61.5% (Chhattisgarh), and 7.4—15.4% (Orissa). The wild type
haplotype was found in 100% of P, falciparum isolates from
Rajasthan, Madhya Pradesh, and Uttar Pradesh, while the
double mutant I,3;S,36G45Ks40Gsg,A613 Was found in 100%
of isolates from Goa, Karnataka, and Mizoram (Fig. 5b). The
double mutant I;4;S,36A457E540Gsg1A¢13 Was found only in
Delhi (4.8%) while triple mutants I,3;As6A37Ez10Gsg1A613
and I;3;A436G45Nz0Asg Ag 3 Were found only in Chhattis-
garh (3.9%) and Assam (8.3%), respectively. Five of the nine
isolates with triple mutant I3 A;36Gy37Es50A551A613 Were
found in Meghalaya.

By combining SP resistance related pfhdfr and pfdhps
mutations, we found 56 pfhdfr-pfhdps haplotypes repre-
sented by single mutants (six types), double mutants (15
types), triple mutants (12 types), quadruple mutants (14
types), quintuple mutants (6 types), and sextuple mutants
(3 types) (Additional file 6). The quadruple mutant ACN-
RNI-IAAEAA accounted for 62.8% (27/43) of all quadru-
ple mutants reported in the study, and was mainly seen in
Chbhattisgarh (Raipur). Two types of quintuple mutants viz.
ACNRNL-TIAAEAA and ACNRNI-IAAEAS accounted for
42.9% (6/14) and 28.6% (4/14) of all quintuple mutants, and
were reported in Delhi, Orissa, and Jharkhand. To be noted,
one isolate with quintuple mutant genotype (ACIRNI-
ISGEAA) was found in Delhi. The sextuple mutants
consisted of ACNRNL-IAAEAS (two isolates), ACICNL—
TAAEAS (one isolate) and ACIRNI-TAAEAS (one isolate);
and were found in Delhi, Orissa, and Haryana (Additional
file 6).

Pfmdr1

Two of the five resistance pfindrl mutations (i.e., 86Y
and 184F) were found in 135 samples from seven
regions (Chhattisgarh, Delhi, Goa, Haryana, Jharkhand,

Fig. 5 Pfdhfr genotypes by year and area. a Proportion of pfdhfr 16 V, 50R, 511, 59R, 108N and 164L mutations, b proportion of pfdhfr haplotypes.
Pf. P falciparum; dhfr. dihydrofolate reductase gene; wt: wild type. The international codes of areas were used. CG Chhattisgarh, DL Delhi, GA Goa,
HR Haryana, JH Jharkhand, MH Maharashtra, MP Madhya Pradesh, OR Orissa, UP Uttar Pradesh. In a, sample size was different for each area. CG
(n=13and 26), DL (n=12,17,and 37), GA (n=5), HR (n=53), JH (n=22), MH (n=9), OR (=17 and 19), UP (n=9). In b wild alleles are in lower case
and mutant alleles are in upper case. The map depicted here is taken from official website of Ministry of External Affairs, Government of India

(https://mea.gov.in/india-at-glance.htm, accessed 15/11/2021)
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Maharashtra, and Uttar Pradesh). The proportion of
86Y and 184F mutations ranged from 0 to 90.9% and 0
to 100%, respectively (Fig. 7a). Three types of mutants
were found in this study, and were represented by Yg.Y
18451034N1042P 1246 Ns6F1845103aN1042D 12460 and YgeF 145,
03aN1042D1246- The double mutant YgeF)4,S,034N1049D1246
was found only in Delhi (18.2%) and Uttar Pradesh (40%).
Wild type-like pfimdr1 isolates were found only in Maha-
rashtra (50%) (Fig. 7b). One synonymous pfmdrl muta-
tion (G182G) was found in 25 isolates from Goa (n=4),
Maharashtra (n=2), Uttar Pradesh (#=5), and Delhi
(n=14).

Pfk13

In this study, pfk13 sequences of 90 samples from Hary-
ana (n=>53), Orissa (n=38), Uttar Pradesh (»=3), Karna-
taka (n=4), Madhya Pradesh (n=4) and Delhi (#=18)
were analysed. All isolates analysed for mutations in
pfkl3 gene were wild type, and no synonymous or non-
synonymous mutations for validated point mutations
were observed. No novel mutation and synonymous
mutations were found in pfk13 sequences analysed.

Profile of P. vivax drug resistance genes

Pvcrt-o

Thirty-two samples from Delhi were analysed in this sec-
tion. Genetic profiling of Pvcrt sequences was available
only for samples collected from Delhi in 2017. On analysis,
the K10 “AAG” insertion was not detected in any sample.

Pvdhfr and pvdhps

In total, 117 and 126 samples from Delhi, Mewat, and
Goa regions were analysed for drug resistance muta-
tions in pvdhfr and pvdhps, respectively. Of the six pvd-
hfr point mutations analysed in sequences, amino acid
changes were detected only in codons 58 and 117, with
proportions ranging from 0 to 50% and 0 to 45%, respec-
tively. The proportions of these two mutations were
lower in Haryana compared to Delhi, and Goa (Fig. 8a).
Similarly, amino changes were detected only in two of the
nine pvdhps codons analysed namely 383 and 512. Also,
all pvdhps mutations were found in P, vivax isolates from

(See figure on next page.)

Page 9 of 19

Goa, and were represented by 383G (59.1%) and 512N
(13.6%) (Fig. 8b).

The genotype analysis revealed three and two
mutated  genotypes for  pvdhfr  (F5;RseT¢:S1171173
F57S55 TeiN117L173 and Fs7Rsg TNy 171173) and
pvdhps (S330G383M399K519R595A553K555V 5858661 and
S382G383M399N515R505A553K555V 535 A661), respectively
(Fig. 8c). Wild type isolates accounted for 89.6% of all pvdhps
genotypes.

The combination of pvdhfr—pvdhps genotypes revealed
nine haplotypes where most were represented by wild
type. No mutant pvdhfr—pvdhps haplotypes were found
in P, vivax isolates from Delhi collected in 2017, but single
mutant FSTNI-SAMKRAKVA (28.6%) and double mutant
FRTNI-SAMKRAKVA (21.4%) were found in P vivax
isolates collected in 2018. In Goa, mutants were mainly
represented by FSTSI-SGMKRAKVA (16.7%), FSTNI-
SAMKRAKVA (13.3%) and FRTSI-SAMKRAKVA (10%)
(Fig. 7c). No novel mutation and synonymous mutations
were found in pvdhfr and pvdhps sequences analysed.

Pvmdr1

On analysis of 90 nucleotide sequences for pvmdrl gene,
amino acid changes were detected at all codons analysed
with the exception of codon 976. The 845F, 861E and
898E were least frequently found mutations in P vivax
isolates with proportions of 0-13.3%, 0-3%, and 0-3%,
respectively. The 908L mutation were at proportion of
39.4-100% in Delhi and 100% in Haryana. All P vivax
isolates carried 958M and 1076L mutations (Fig. 9a). No
novel mutation and synonymous mutations were found
in pvmdrl1 sequences analysed.

The genotype analysis pointed out the absence of wild
type LgasAge TgosMoosTossYoz6F 1076 in all areas. Five
pvmdrl genotypes were reported in this study, and were
predominantly represented by triple mutant LATLMYL
in isolates from Haryana (86.7%) and isolates from Delhi
collected in 2018 (88.9%) and 2019 (100%). In contrast,
double mutant LATMMYL accounted for 54.5% of all
mutants found in isolates from Delhi collected in 2017.
One quadruple mutant FATLMYL was found in Delhi—
2018 (11.1%) and Haryana (13.3%) (Fig. 9b).

Fig. 6 Pfdhps genotypes by year and area. Pf. P. falciparum; dhps: dihydropteroate synthase gene; wt: wild type. The international codes of areas
were used. AS Assam, CG Chhattisgarh, DL Delhi, GA Goa, HR Haryana, JH Jharkhand, KA Karnataka, MH Maharashtra, ML Meghalaya, MP Madhya
Pradesh, MZ Mizoram, OR Orissa, RJ Rajasthan, UP Uttar Pradesh. In a, sample size was different for each area. AS (n=12), CG (=13 and 26), DL
(n=27,21,and 37), GA (n=8), HR (n=53), JH (n=22), KA (n=5), MH (n=10), ML (h=12), MP (n=6), MZ (n=3), OR (h=27 and 19), RJ (n=10),

UP (n=6). a Proportion of pfdhps 431V, 436A/F, 437G, 540E/N, 581G and 613S mutations, b proportion of pfdhps haplotypes. In b wild alleles

are in lower case and mutant alleles are in upper case. Samples from Gautaum Budh Nagar (UP) was excluded from percentage calculation
because of low sample size (n=1). The map depicted here is taken from official website of Ministry of External Affairs, Government of India (https://

mea.gov.in/india-at-glance.htm, accessed 15/11/2021)
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Fig. 6 continued

Pvk12

The analysis of 30 pvk12 sequences from Delhi and Goa
regions revealed no mutations at codons 88, 124, 552, 581
and 697. Two novel mutations K264R (nonsynonymous)
and L617L (synonymous) were found in Goa samples at
proportions of in 27.3% (6/22) and 4.5% (1/22), respectively.

Discussion

The present study aimed at delineating genetic profile of
main genes associated with drug resistance in P. falcipa-
rum and P, vivax malaria over 30 years in India.

Profile of anti-malarial drug resistance P. falciparum genes
Pfcrt

Most of pfcrt genotypes in study areas were dou-
ble mutant SVMNT due to high rates of single muta-
tions 72S and 76T, and this finding corroborates with
previous reports [41-43]. In contrast, other studies
reported lower rates of this double mutant in Odisha,
and Arunachal Pradesh [44, 45]. A detailed analysis
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of the nucleotide codon at position 72 revealed that
all SVMNT mutants from this study were of type
SagyVMNT reported to have originated from Papua
New Guinea [46]. The triple mutant CVIET was pre-
dominantly observed only in Maharashtra, which is not
in line with previous reports from the same state [41].
The triple mutant was also reported from other states
such as Odisha, Arunachal Pradesh, Chhattisgarh, and
Assam [41, 43-45]. Area and time related drug policy
changes could explain these between-study differences
of SVMNT and CVIET proportions. The epidemio-
logical profile of pfcrt genotypes hugely varies outside
India, where triple mutant CVIET is predominant in
countries, such as Cameroon and Saudi Arabia [47, 48],
while wild type CVMNK is predominant in Ethiopia,
Malawi, and Tanzania [49-51].

Pfdhfr and pfdhps

SP has been adopted and implemented in India for
treating malaria cases in 1995. The frequent pfd-
hfr and pfdhps mutants were reported in Delhi in
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Fig. 7 Pfmdr1 genotypes by year and area. a Proportion of pfmdr1 86Y, 184F, 1034C, 1042D and 1246Y mutations, b proportion of pfmdri1
haplotypes. Pf. P falciparum; mdr1: multidrug resistance protein 1 gene; wt: wild type. The international codes of areas were used. CG Chhattisgarh,
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GA (n=4),HR (n=53), JH (h=22), MH (n=9), UP (n=5). In b wild alleles are in lower case and mutant alleles are in upper case. The map depicted
here is taken from official website of Ministry of External Affairs, Government of India (https://mea.gov.in/india-at-glance.htm, accessed 15/11/2021)

1994 (e.g. A(Cs0l5;CsoNgeliss) and Odisha in 1995
(Li31As36A037E500A 5818613 14315436Ga37Es00A 5814613 and
431843628437 K540A581A613). These findings indicate that
these current validated mutations associated with SP
resistance were already present before 1995. This result
could be likely due to drug pressure exerted by SLP drug
which was prescribed in country till 1995 (Fig. 1).

Double mutations in pfdhfr were predominant in this
study, and this finding is consistent with that of previous
systematic review that double pfdhfr mutations are domi-
nant in India with overall proportion of 57% [25]. Also, we
found that R;oN; 5 double mutation was most frequently
seen in all pfdhfr double and triple mutants reported in
present study. Only RggNjpslies and I;;RggN; g triple
mutants were reported in India so far [52]. Two new
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in/india-at-glance.htm, accessed 15/11/2021)

triple mutants (i.e., I5;N;ggL164 and Ig;Rogl;6,) were found
in P, falciparum isolates from Mewat (Haryana).
Regarding pfdhps, double mutations were most fre-
quently seen in contrast to other reports that found a
predominance of triple mutations in India [25]. Due to
high circulation of SP-resistant P. falciparum populations
in NE states (Assam, Mizoram, Meghalaya, Manipur,
Nagaland, Tripura, Arunachal Pradesh), AS+SP has
been replaced by AL as current malaria treatment [53—
55]. The pfdhps A,36G437Es40 triple mutations are highly

prevalent in these states, and the findings from the study
support this fact as 55.6% of isolates carrying these three
mutations were seen in Meghalaya samples. It is note-
worthy that another triple mutation (A,;3,G43,Nz40) Was
found in P. falciparum isolates collected from Assam in
the year 1999. The first description of this triple mutant
in India was documented in 2005 in isolates from The
Nicobar Islands [56]. Thus, the present study confirms
that this A,3,G,37Ns,, triple mutant was circulating in
India before 2005.
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Finally, this study reports high rates (34.7%) of pfdhfr-
pfdhps quadruple mutants but quintuple and sextuple
mutants at fewer rates (11.3% and 3.2%). One isolate
from Delhi showed quintuple mutations, I;;RgoN;oe—
Gys7Es.0 associated with fully resistance to SP, and
strong predictor of clinical SP treatment failure [57, 58].
Imported malaria and SLP/SP drug pressure could likely
explain such high rates of drug resistance mutants in
pfdhfripfdhps. SLP, a sulfamide analogue is used 1982 in
India for treatment of CQ-resistant P. falciparum malaria
based on satisfactory evidence from clinical studies [59],
while SP was implemented 13 years later. Also, most
pfahfripfdhps samples (70.3%) analysed were collected
in 1994 and 1995, and drug pressure exerted by SLP
through cross-resistance mechanism could explain drug
resistance mutations found in these samples collected
before official implementation of SP. Finally, SP pressure
and human migration are also additional determinants of
drug resistance in pfdhfr/pfdhps samples by exerting drug
pressure and bringing mutant alleles from other coun-
tries, respectively.
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Pfmdr1

The pfindrl SNPs at 86Y and 184F were found in the
isolates at varying proportions in study sites consistent
with previous studies that reported high proportions of
pfmdrl 86Y mutation in West Bengal, Chhattisgarh, and
Odisha [42-44], but contradicting findings were reported
from Mizoram, Meghalaya, and Tripura [60]. In general,
the 86Y and 184F mutations are more commonly seen in
Asian and African settings, while the 1034C, 1042D and
1246Y mutations are more frequent in South America
settings [61]. There is strong link between pfimdri 86Y
mutation and acquisition of resistance phenotype to CQ
and AQ, while sensitivity phenotype to DHA, MEF and
L [61]. Evidence for involvement of 184F mutation is still
limited [61, 62].

Pfk13

No mutations associated with ART-resistance were found
in this study. This is in line with previous studies, even
though four ART-resistance validated mutations (i.e., 446],
539T, 561H, 625R) have been reported at very marginal
proportions in two areas of India (Arunanchal Pradesh,
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case and mutant alleles are in upper case. The map depicted here is taken from official website of Ministry of External Affairs, Government of India

(https://mea.gov.in/india-at-glance.htm, accessed 15/11/2021)

West Bengal) [63-65]. Other pfkI3 polymorphisms
(189T, 481V, 533A, 549Y, 578S, 579T, 657H, 672S, 675V,
and 702N) have been also reported in these two regions
and elsewhere (Mizoram, Tripura, Madhya Pradesh, and
Assam) [63, 64, 66—68]. This implies that ART-resistance
has not yet emerged, but molecular surveillance should be
continuously carried out in malarious regions in India.

Profile of anti-malarial drug resistance P. vivax genes
Pvcrt-o

Previous in vitro studies reported link between the pvcrt-
o K10 insertion and decreased susceptibility of P vivax
parasites to CQ [38], thereby suggesting possible role of
this mutation in modulating P, vivax susceptibility. In the
present study, all isolates were wild type consistent with
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previous reports from Thai—-Cambodian border, Thailand
and China—Myanmar border [69-71]. However, this find-
ing is not consistent with that of other studies conducted
in India which reported K10 proportion of ~9.5-17.5%
and 5.6% in Chandigarh (North India) and Mangalore
(South India), respectively [72, 73]. Likewise, higher pro-
portions were reported in other endemic regions such as
Myanmar (~28.2-72.7%) and China—Myanmar border
(33.2%) [74-76]. All these findings indicate a spatiotem-
poral variation of K10 proportion in P. vivax areas.

Pvdhfr and pvdhps

Double and triple/single mutants in pvdhps accounted
for ~33% and ~60% of all mutants across India [25]. In
this study, double and single mutants were found at over-
all proportion of 11.9% and 17%, respectively. Double
mutants RggN;;, were predominant in this study, espe-
cially in Delhi, as also previously reported from southern
and western parts of India (i.e., Tamil Nadu, Karnataka,
and West Bengal) [77-79]. This finding is also con-
sistent with other P vivax endemic countries such as
China—Myanmar border, Ethiopia, and Sudan [75, 80,
81]. Imwong and colleagues showed the pvdhfr Ryg and
N;;; mutations are the first to appear when drug pres-
sure is applied [82], and this could likely explain high
rates of these mutations in India where SP pressure is
high due to utilization of the ACT AS+ SP as nationwide
first-line treatment of uncomplicated malaria with the
exception of NE states. No triple and quadruple mutants
were found in this study, which is consistent with previ-
ous studies in India that indicates probably a focused
geographical distribution of these mutants in NE states
of the country [25]. On analysis of the pvdhps gene, the
wild type S33A355M3090K515R55A553K555 V554661 Was pre-
dominantly seen in P. vivax isolates, and this is line with
the current situation on pvdhps genetic profile in India
[25]. Only two types of pvdhps mutants were reported in
the present study (SGKAV and SGNAYV), and these were
also reported in earlier reports from Delhi, West Bengal,
Karnataka, Rajasthan, and Tamil Nadu [25]. For the first
time this study reports the presence of double mutant
SGNAYV in Goa samples from India.

Pvmdr1

The pvmdrl 908L, 958M and 1076L mutations were
highly prevalent in P vivax samples with proportion
of 100% in most study areas. Such findings were also
reported previously in India, Ethiopia, Pakistan, and
China—Myanmar border, but much lower proportions
were reported from Thailand [69, 70, 72, 73, 76, 83, 84].
The 976F mutation, found associated with CQ resist-
ance in vitro [38], was not found among P. vivax isolates
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and this supports earlier findings of low prevalence
of this mutation from settings, such as India (7%) and
China—Myanmar border (~0-2.7%) [70, 72, 73, 75], but
contrasting with those from Thailand (~1.7-26.7%) and
Indonesia (~ 66.7-96.1%) [69, 74, 85].

Pvki2

To the best knowledge of authors, this is first study
on pvki2 polymorphism from India. A limited poly-
morphism was found in pvki2, the P. vivax orthologue
gene of pfkl3, with one novel nonsynonymous poly-
morphism (K264R) in isolates from Goa. Other non-
synonymous mutations have been reported from SEA
and Oceania areas namely N571, M124I, S452R, R501K,
V541A, E553K, C566G (China—Myanmar border), 1537V
(Vanuatu), V5521 (Cambodia, Malaysia), M5481 (Thai—
Cambodian border), G581R (China), K596R and P641L
(Thai—Cambodian border), and V652L (Solomon Islands)
[71, 86-91]. In contrast, other studies from SEA (China—
Myanmar border) and Africa (Mauritania) reported no
pvkI2 polymorphism in P vivax isolates collected from
local and imported malaria patients [76, 92, 93]. It is still
elusive if these mutations within and outside the pvki2
propeller domain can modulate P. vivax susceptibility to
ACT, thereby requiring further research.

Limitations

This study should be interpreted in light of its limitations.
First, samples were not from all Indian regions and this
limits the representativeness of results at national level.
Second, not all samples could be sequenced analysed in
this study. Finally, due to low number of good quality
sequences for some study sites and year of sample collec-
tion, it was impossible to apply sophisticated statistical
methods such as generalized equation models to analyse
the evolution of resistance mutation over time.

Conclusions

The profiling of genetic markers associated with P. falci-
parum and P, vivax drug resistance was determined over a
30-year timeframe in India. The analysis revealed substan-
tial spatiotemporal changes with increase in SNPs related
to genetic profile of anti-malarial drug molecular markers
in P, falciparum and P. vivax populations over 30 years.
These findings support continuous surveillance and char-
acterization of P, falciparum and P. vivax populations as
proxy of the effectiveness of anti-malarial drugs in India.

Abbreviations

ACT Artemisinin based combination therapy
AL Artemether-lumefantrine

AQ Amodiaquine



Kojom Foko et al. Malaria Journal (2023) 22:236

ART Artemisinin

AS Artesunate

crt Chloroquine resistant transporter gene
cQ Chloroquine

dhfr Dihydrofolate reductase gene
dhps Dihydropteroate synthase gene
mdri Multidrug resistance protein 1
MQ Mefloguine

N/A Not applicable

NCBI National Center for Biotechnology Information
NE North east states

PCR Polymerase chain reaction

PG Proguanil

PPQ Piperaquine

PQ Primaquine

ON Quinine

Qs Quamtum satis

SEA Southeast Asia

SLP Sulfalene-pyrimethamine

SP Sulfadoxine—pyrimethamine
WHO World Health Organization

wt Wild type

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512936-023-04651-x.

Additional file 1. Source of P falciparum and P, vivax samples analysed in
the study.

Additional file 2. Details of urbanization and malaria endemicity level in
study areas.

Additional file 3. Primers and PCR conditions of the P, falciparum and P,
vivax 18sRNA and anti-malarial drug resistance genes.

Additional file 4. Flow diagram showing number of samples analysed in
the study for P, falciparum and P, vivax drug resistance genes.

Additional file 5. Electrophoresis gels of different P falciparum and P, vivax
drug resistance gene amplicons.

Additional file 6. Resistance haplotypes by combining pfdhfr (codons 16,
50,51, 59, 108, 164) and pfdhps (codons 431, 436, 437, 540, 581, 613).

Acknowledgements

The authors are grateful to patients who took part in the study and to NIMR
staff for technical help in sample collection and processing. Special thanks to
anonymous reviewers whose pertinent comments improved quality of this
paper.

Author contributions

VS designed the study. LPKF, JJ, GN, ST, AM conducted literature review,
extracted and analysed data from papers. LPKF supervised the literature
review stage, data extraction and analysing, and finalized the first version of
the final manuscript with the help of JJ, GN, ST and AM. VS critically revised
the paper for important intellectual content, and supervised the work at all
stages. All authors read and approved the final version of the paper before
submission.

Funding
The author(s) received no financial support for the research, authorship, and/
or publication of this article.

Availability of data and materials

All the data supporting the study findings are within the manuscript.
Additional detailed information and raw data will be shared upon request
addressed to the corresponding author.

Page 17 of 19

Declarations

Ethics approval and consent to participate
Approval were sought from ethical committee of each health facility and
Institutional ethics committee of ICMR-NIMR (N°PHB/NIMR/EC/2020/55).

Consent for publication
Not applicable.

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

Received: 9 March 2023 Accepted: 18 July 2023
Published online: 15 August 2023

References

1.

2.

WHO. World malaria report 2022. WHO/HTM/GM. Geneva: World Health
Organization; 2022.

Kojom Foko LP, Kumar A, Hawadak J, Singh V. Plasmodium cynomolgi

in humans: current knowledge and future directions of an emerging
zoonotic malaria parasite. Infection. 2023;51:623-40.

Kojom Foko LP, Narang G, Tamang S, Hawadak J, Jakhan J, Sharma A, et al.
The spectrum of clinical biomarkers in severe malaria and new avenues
for exploration. Virulence. 2022;13:634-54.

Twohig KA, Pfeffer DA, Baird JK, Price RN, Zimmerman PA, Hay S|, et al.
Growing evidence of Plasmodium vivax across malaria-endemic Africa.
PLoS Negl Trop Dis. 2019;13: e007140.

Kojom Foko LP, Arya A, Sharma A, Singh V. Epidemiology and clini-

cal outcomes of severe Plasmodium vivax malaria in India. J Infect.
2021,82:231-46.

Matlani M, Kojom LP, Mishra N, Dogra V, Singh V. Severe vivax malaria
trends in the last two years: a study from a tertiary care centre, Delhi,
India. Ann Clin Microbiol Antimicrob. 2020;19:49.

WHO. Guidelines for the treatment of malaria, 3rd edition. Geneva:
World Health Organization; 2015. https://www.ncbi.nlm.nih.gov/
books/NBK294440/pdf/Bookshelf_NBK294440.pdf.

Arya A, Kojom Foko LP, Chaudhry S, Sharma A, Singh V. Artemisinin-
based combination therapy (ACT) and drug resistance molecular
markers: a systematic review of clinical studies from two malaria
endemic regions—India and sub-Saharan Africa. Int J Parasitol Drugs
Drug Resist. 2021;15:43-56.

Menard D, Dondorp A. Antimalarial drug resistance: a threat to malaria
elimination. Cold Spring Harb Perspect Med. 2017,7: a025619.

Amor D, Richards M. Mefloquine resistant P. vivax malaria in PNG. Med J
Aust. 1992;156:883.

. Baird JK, Wiady |, Fryauff DJ, Sutanihardja MA, Leksana B, Widjaya H,

et al. In vivo resistance to chloroquine by Plasmodium vivax and Plas-
modium falciparum at Nabire, Irian Jaya, Indonesia. Am J Trop Med Hyg.
1997,56:627-31.

Nsanzabana C. Resistance to artemisinin combination therapies (ACTs):
do not forget the partner drug! Trop Med Infect Dis. 2019;4:26.

Chu CS, White NJ. The prevention and treatment of Plasmodium vivax
malaria. PLoS Med. 2021;18: €1003561.

White NJ. Determinants of relapse periodicity in Plasmodium vivax
malaria. Malar J. 2011;10:297.

Noedl H, Se Y, Schaecher K, Smith BL, Socheat D, Fukuda MM. Evidence
of artemisinin-resistant malaria in Western Cambodia. N Engl J Med.
2008;359:2619-20.

Dondorp AM, Nosten F, Yi P, Das D, Phyo AP, Tarning J, et al. Arte-
misinin resistance in Plasmodium falciparum malaria. N Engl J Med.
2009;361:455-67.

Uwimana A, Legrand E, Stokes BH, Ndikumana JLM, Warsame

M, Umulisa N, et al. Emergence and clonal expansion of in vitro
artemisinin-resistant Plasmodium falciparum kelch13 R56TH mutant
parasites in Rwanda. Nat Med. 2020;26:1602-8.

Uwimana A, Umulisa N, Venkatesan M, Svigel SS, Zhou Z, Munyan-
ezaT, et al. Association of Plasmodium falciparum kelch13 R561H


https://doi.org/10.1186/s12936-023-04651-x
https://doi.org/10.1186/s12936-023-04651-x
https://www.ncbi.nlm.nih.gov/books/NBK294440/pdf/Bookshelf_NBK294440.pdf
https://www.ncbi.nlm.nih.gov/books/NBK294440/pdf/Bookshelf_NBK294440.pdf

Kojom Foko et al. Malaria Journal

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34

35.

36.

37.

38.

39.

(2023) 22:236

genotypes with delayed parasite clearance in Rwanda: an open-label,
single-arm, multicentre, therapeutic efficacy study. Lancet Infect Dis.
2021;21:P1120-1128.

. Balikagala B, Fukuda N, Ikeda M, Katuro OT, Tachibana SI, Yamauchi M,

et al. Evidence of artemisinin-resistant malaria in Africa. N Engl J Med.
2021;385:1163-71.

Nsanzabana C, Ariey F, Beck HP, Ding XC, Kamau E, Krishna S, et al.
Molecular assays for antimalarial drug resistance surveillance: a target
product profile. PLoS ONE. 2018;13: e0204347.

. Anvikar AR, Shah N, Dhariwal AC, Sonal GS, Pradhan MM, Ghosh SK,

et al. Epidemiology of Plasmodium vivax malaria in India. Am J Trop
Med Hyg. 2016;95(Suppl 6):108-20.

SinghV, Mishra N, Awasthi G, Dash AP, Das A. Why is it important to
study malaria epidemiology in India? Trends Parasitol. 2009;25:452-7.
Das A, Anvikar AR, Cator LJ, Dhiman RC, Eapen A, Mishra N, et al.
Malaria in India: the center for the study of complex malaria in India.
Acta Trop. 2013;121:267-73.

Ministry of Health & Family Welfare. National framework for malaria
elimination, 2016-2030. New Delhi, India; 2016. http://nvbdcp.gov.in/
Doc/National-framework-for-malaria-elimination-in-India-2016-030.
pdf.

Chaturvedi R, Chhibber-Goel J, Verma |, Gopinathan S, Parvez S, Sharma
A. Geographical spread and structural basis of sulfadoxine—pyrimeth-
amine drug-resistant malaria parasites. Int J Parasitol. 2021;51:505-25.
Chhibber-Goel J, Sharma A. Profiles of Kelch mutations in Plasmodium
falciparum across South Asia and their implications for tracking drug
resistance. Int J Parasitol Drugs Drug Resist. 2019;11:49-58.

Anvikar AR, Arora U, Sonal GS, Mishra N, Shahi B, Savargaonkar D, et al.
Antimalarial drug policy in India: past, present & future. Indian J Med
Res. 2014;139:205-15.

Blasco B, Leroy D, Fidock DA, Diseases I. Antimalarial drug resistance:
linking Plasmodium falciparum parasite biology to the clinic. Nat Med.
2017;23:917-28.

Kumar Sarma D, Mohapatra PK, Bhattacharyya DR, Chellappan S, Karup-
pusamy B, Barman K, et al. Malaria in North-East India: importance and
implications in the era of elimination. Microorganisms. 2019;7:673.

Moss S, Maniko E, Krishna S, Campino S, Clark TG, Last A. How has mass
drug administration with dihydroartemisinin-piperaquine impacted
molecular markers of drug resistance? A systematic review. Malar J.
2022;21:186.

WHO. World malaria report. WHO/HTM/GM, World Health Organization.
Geneva; 2020. https://www.who.int/publications/i/item/9789240015791.
Looareesuwan S, Viravan C, Webster HK, Kyle DE, Hutchinson DB, Canfield
CJ. Clinical studies of atovaquone, alone or in combination with other
antimalarial drugs, for treatment of acute uncomplicated malaria in
Thailand. Am J Trop Med Hyg. 1996;54:62-6.

WHO. Malaria rapid diagnostic test performance: results of WHO product
testing of malaria RDTs: round 8 (2016-2018). Geneva: World Health
Organization; 2018. https://eprints.qut.edu.au/123331/%0A?c.

Snounou G, Viriyakosol S, Jarra W, Thaithong S, Brown KN. Identifica-

tion of the four human malaria parasite species in field samples by the
polymerase chain reaction and detection of a high prevalence of mixed
infections. Mol Biochem Parasitol. 1993;58:283-92.

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evo-
lutionary genetics analysis across computing platforms. Mol Biol Evol.
2018;35:1547-9.

Dongang Nana RR, Hawadak J, Kojom Foko LP, Kumar A, Chaudhry S, Arya
A, et al. Intermittent preventive treatment with sulfadoxine pyrimeth-
amine for malaria: a global overview and challenges affecting optimal
drug uptake in pregnant women. Pathog Glob Health. 2023;117:462-75.
Ferreira MU, Nobrega de Sousa T, Rangel GW, Johansen IC, Corder RM,
Ladeia-Andrade S, et al. Monitoring Plasmodium vivax resistance to anti-
malarials: persisting challenges and future directions. Int J Parasitol Drugs
Drug Resist. 2021;15:9-24.

Suwanarusk R, Russell B, Chavchich M, Chalfein F, Kenangalem E, Kosa-
isavee V, et al. Chloroquine resistant Plasmodium vivax: in vitro characteri-
sation and association with molecular polymorphisms. PLoS ONE. 2007;2:
e1089.

Alam MT, Bora H, Bharti PK, Saifi MA, Das MK, Dev'V, et al. Similar trends of
pyrimethamine resistance-associated mutations in Plasmodium vivax and
P falciparum. Antimicrob Agents Chemother. 2007;51:857-63.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Page 18 of 19

Eldin De Pécoulas P, Basco LK, Tahar R, Ouatas T, Mazabraud A. Analysis
of the Plasmodium vivax dihydrofolate reductase-thymidylate synthase
gene sequence. Gene. 1998;211:177-85.

Mallick PK, Joshi H, Valecha N, Sharma SK, Eapen A, Bhatt RM, et al.
Mutant pfcrt"SYMNT" haplotype and wild type pfmdr1“N86" are endemic
in Plasmodium vivax dominated areas of India under high chloroquine
exposure. Malar J. 2012;11:16.

Chatterjee M, Ganguly S, Saha P, Guha SK, Basu N, Bera DK, et al. Poly-
morphisms in Pfcrt and Pfmdr-1 genes after five years withdrawal of
chloroquine for the treatment of Plasmodium falciparum malaria in West
Bengal, India. Infect Genet Evol. 2016;44:281-5.

Patel P, Bharti PK, Bansal D, Ali NA, Raman RK, Mohapatra PK, et al.
Prevalence of mutations linked to antimalarial resistance in Plasmodium
falciparum from Chhattisgarh, Central India: a malaria elimination point of
view. Sci Rep. 2017;7:16690.

Prasad Kar N, Chauhan K, Nanda N, Kumar A, Carlton JM, Das A. Com-
parative assessment on the prevalence of mutation in the Plasmodium
falciparum drug-resistant genes in two different ecotypes of Odisha state,
India. Infect Genet Evol. 2016;41:47-55.

Sharma J, Soni M, Dutta P, Khan SA, Mahanta J. Mutational prevalence of
chloroquine resistance transporter gene among Plasmodium falciparum
field isolates in Assam and Arunachal Pradesh, India. Indian J Med Micro-
biol. 2016;34:193-7.

Awasthi G, Prasad GBKS, Das A. Population genetic analyses of Plasmo-
dium falciparum chloroquine receptor transporter gene haplotypes
reveal the evolutionary history of chloroquine-resistant malaria in India.
Int J Parasitol. 2011;41:705-9.

Niba PTN, Nji AM, Evehe MS, Ali IM, Netongo PM, Ngwafor R, et al. Drug
resistance markers within an evolving efficacy of anti-malarial drugs in
Cameroon: a systematic review and meta-analysis (1998-2020). Malar J.
2021;20:32.

Madkhali AM, Abdulhag AA, Atroosh WM, Ghzwani AH, Zain KA, Ghailan
KY, et al. The return of chloroquine-sensitive Plasmodium falciparum para-
sites in Jazan region, southwestern Saudi Arabia over a decade after the
adoption of artemisinin-based combination therapy: analysis of genetic
mutations in the pfcrt gene. Parasitol Res. 2021;120:3771-81.

Frosch AEP, Laufer MK, Mathanga DP, Takala-Harrison S, Skarbinski J, Claas-
sen CW, et al. Return of widespread chloroquine-sensitive Plasmodium
falciparum to Malawi. J Infect Dis. 2014;210:1110-4.

Mekonnen SK, Aseffa A, Berhe N, Teklehaymanot T, Clouse RM, Gebru T,
et al. Return of chloroquine-sensitive Plasmodium falciparum parasites
and emergence of chloroquine-resistant Plasmodium vivax in Ethiopia.
Malar J. 2014;13:244.

Bwire GM, Ngasala B, Mikomangwa WP, Kilonzi M, Kamuhabwa AAR.
Detection of mutations associated with artemisinin resistance at
k13-propeller gene and a near complete return of chloroquine suscepti-
ble falciparum malaria in Southeast of Tanzania. Sci Rep. 2020;10:3500.
Srivastava P, Ratha J, Shah NK, Mishra N, Anvikar AR, Sharma SK, et al. A
clinical and molecular study of artesunate + sulphadoxine—pyrimeth-
amine in three districts of central and eastern India. Malar J. 2013;12:247.
Mishra N, Kaitholia K, Srivastava B, Shah NK, Narayan JP, Dev V, et al.
Declining efficacy of artesunate plus sulphadoxine—pyrimethamine in
northeastern India. Malar J. 2014;13:284.

Sharma J, Dutta P, Khan SA, Soni M, Dey D, Mahanta J. Genetic polymor-
phisms associated with sulphadoxine—pyrimethamine drug resistance
among Plasmodium falciparum field isolates in malaria endemic areas of
Assam. J Postgrad Med. 2015;61:9-14.

Sarmah NP, Sarma K, Bhattacharyya DR, Sultan AA, Bansal D, Singh N, et al.
Antifolate drug resistance: novel mutations and haplotype distribution in
dhps and dhfr from Northeast India. J Biosci. 2017;42:531-5.

LumbV, Das MK, Mittra P, Ahmed A, Kumar M, Kaur P, et al. Emergence of
an unusual sulfadoxine—pyrimethamine resistance pattern and a novel
K540N mutation in dihydropteroate synthetase in Plasmodium falciparum
isolates obtained from Car Nicobar Island, India, after the 2004 Tsunami. J
Infect Dis. 2009;199:1064-73.

Kublin JG, Dzinjalamala FK, Kamwendo DD, Malkin EM, Cortese JF,
Martino LM, et al. Molecular markers for failure of sulfadoxine-pyrimeth-
amine and chlorproguanil-dapsone treatment of Plasmodium falciparum
malaria. J Infect Dis. 2002;185:380-8.

Staedke SG, Sendagire H, Lamola S, Kamya MR, Dorsey G, Rosenthal

PJ. Relationship between age, molecular markers, and response to


http://nvbdcp.gov.in/Doc/National-framework-for-malaria-elimination-in-India-2016-030.pdf
http://nvbdcp.gov.in/Doc/National-framework-for-malaria-elimination-in-India-2016-030.pdf
http://nvbdcp.gov.in/Doc/National-framework-for-malaria-elimination-in-India-2016-030.pdf
https://www.who.int/publications/i/item/9789240015791
https://eprints.qut.edu.au/123331/%0A?c

Kojom Foko et al. Malaria Journal (2023) 22:236

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

sulphadoxine—pyrimethamine treatment in Kampala, Uganda. Trop Med
Int Health. 2004;9:624-9.

Das S, Barkakaty B, Roy J, Guha A, Rastogi K, Dwivedi S, et al. Pyrimeth-
amine in combination with sulfadoxine or sulfalene in P, falciparum
infected cases in India. Indian J Malariol. 1981;18:109-16.

Goomber S, Mishra N, Anvikar A, Yadav CP, Valecha N. Spatio-temporal
distribution of PAMDRT polymorphism among uncomplicated Plasmo-
dium falciparum malaria cases along international border of North East
India. Infect Genet Evol. 2018;63:285-90.

Veiga MI, Dhingra SK, Henrich PP, Straimer J, Gnadig N, Uhlemann AC,

et al. Globally prevalent PAMDR1 mutations modulate Plasmodium falci-
parum susceptibility to artemisinin-based combination therapies. Nature
Commun. 2016;7:11553.

Duraisingh MT, Jones P, Sambou |, Von SL. The tyrosine-86 allele of the
pfmdr1 gene of Plasmodium falciparum is associated with increased
sensitivity to the anti-malarials mefloquine and artemisinin. Mol Biochem
Parasitol. 2000;108:13-23.

Mishra N, Prajapati K, Kaitholia K, Bharti S, Srivastava B, Phookan S.
Surveillance of artemisinin resistance in Plasmodium falciparum in India
using the kelch13 molecular marker. Antimicrob Agents Chemother.
2015;59:2548-53.

Das S, Saha B, Hati AK, Roy S. Evidence of artemisinin-resistant Plasmo-
dium falciparum malaria in eastern India. N Engl J Med. 2018;379:1962-4.
Das S, Manna S, Saha B, Hati AK, Roy S. Novel pfkelch13 Gene polymor-
phism associates with artemisinin resistance in eastern India. Clin Infect
Dis. 2019;69:1144-52.

Mishra N, Bharti RS, Mallick P, Singh OP, Srivastava B, Rana R, et al. Emerg-
ing polymorphisms in falciparum kelch 13 gene in Northeastern region of
India. Malar J. 2016;15:583.

Mishra S, Bharti PK, Shukla MM, Ali NA, Kashyotia SS, Kumar A, et al.
Clinical and molecular monitoring of Plasmodium falciparum resist-

ance to antimalarial drug (artesunate+sulphadoxine-pyrimethamine)

in two highly malarious district of Madhya Pradesh, Central India from
2012-2014. Pathog Glob Health. 2017;111:186-94.

Das M, Kalita MC, Chetry S, Dutta P. K13 Kelch propeller domain and mdr1
sequence polymorphism in field isolates From Northeast region, India.
Hum Parasitic Dis. 2017;9:1-9.

Rungsihirunrat K, Muhamad P, Chaijaroenkul W, Kuesap J, Na-Bangchang
K. Plasmodium vivax drug resistance genes; Pvmdr1 and Pvcrt-o polymor-
phisms in relation to chloroquine sensitivity from a malaria endemic area
of Thailand. Korean J Parasitol. 2015;53:43-9.

Huang F, Li S, Tian P, Pu LJS, CuiY, Liu H, et al. Genetic polymorphisms in
genes associated with drug resistance in Plasmodium vivax parasites from
northeastern Myanmar. Malar J. 2022;21:66.

Tantiamornkul K, Pumpaibool T, Piriyapongsa J, Culleton R, Lek-Uthai U.
The prevalence of molecular markers of drug resistance in Plasmodium
vivax from the border regions of Thailand in 2008 and 2014. Int J Parasitol
Drugs Drug Resist. 2018;8:229-37.

Kaur H, Sehgal R, Kumar A, Bharti PK, Bansal D, Mohapatra PK, et al. Dis-
tribution pattern of amino acid mutations in chloroquine and antifolate
drug resistance associated genes in complicated and uncomplicated
Plasmodium vivax isolates from Chandigarh, North India. BMC Infect Dis.
2020;20:671.

Joy S, Benudhar M, Ghosh SK, Achur RN, Gowda DC, Surolia N. Drug resist-
ance genes: Pvcrt-o and pvmdr-1 polymorphism in patients from malaria
endemic South Western Coastal Region of India. Malar J. 2018;17:40.
Nyunt MH, Han JH, Wang B, Aye KM, Aye KH, Lee SK; et al. Clinical and
molecular surveillance of drug resistant vivax malaria in Myanmar
(2009-2016). Malar J. 2017;16:117.

ZhaoY,Wang L, Soe MT, Aung PL, Wei H, Liu Z, et al. Molecular surveil-
lance for drug resistance markers in Plasmodium vivax isolates from
symptomatic and asymptomatic infections at the China—Myanmar
border. Malar J. 2020;19:281.

Wang Z, Wei C, PanY, Wang Z, Ji X, Chen Q, et al. Polymorphisms of
potential drug resistant molecular markers in Plasmodium vivax from
China-Myanmar border during 2008-2017. Infect Dis Poverty. 2022;11:43.
Prajapati SK, Joshi H, Dev V, Dua VK. Molecular epidemiology of Plasmo-
dium vivax anti-folate resistance in India. Malar J. 2011;10:102.

Ganguly S, Saha P, Chatterjee M, Maji AK. Prevalence of polymorphisms
in antifolate drug resistance molecular marker genes pvdhfr and pvdhps

Page 19 of 19

in clinical isolates of Plasmodium vivax from Kolkata, India. Antimicrob
Agents Chemother. 2014;58:196-200.

79. Joy S, Ghosh SK, Achur RN, Gowda DC, Surolia N. Presence of novel triple
mutations in the pvdhfr from Plasmodium vivax in Mangaluru city area in
the southwestern coastal region of India. Malar J. 2018;17:167.

80. Mula P, Ferndndez-Martinez A, De Lucio A, Ramos J, Reyes F, Gonzalez
V, et al. Detection of high levels of mutations involved in anti-malarial
drug resistance in Plasmodium falciparum and Plasmodium vivax at a rural
hospital in southern Ethiopia. Malar J. 2011;10:214.

81. Pirahmadi S, Talha BA, Nour BYM, Zakeri S. Prevalence of mutations in
the antifolates resistance-associated genes (dhfr and dhps) in Plasmo-
dium vivax parasites from Eastern and Central Sudan. Infect Genet Evol.
2014,26:153-9.

82. Imwong M, Pukrittayakamee S, Rénia L, Letourneur F, Charlieu JP, Leart-
sakulpanich U, et al. Novel point mutations in the dihydrofolate reductase
gene of Plasmodium vivax: evidence for sequential selection by drug
pressure. Antimicrob Agents Chemother. 2003;47:1514-21.

83. Khattak AA, Venkatesan M, Khatoon L, Quattara A, Kenefic LJ, Nadeem MF,
et al. Prevalence and patterns of antifolate and chloroquine drug resist-
ance markers in Plasmodium vivax across Pakistan. Malar J. 2013;12:310.

84. Heuchert A, Abduselam N, Zeynudin A, Eshetu T, Loscher T, Wieser A, et al.
Molecular markers of anti-malarial drug resistance in southwest Ethiopia
over time: regional surveillance from 2006 to 2013. Malar J. 2015;14:208.

85. Rahmasari FV, Asih PBS, Dewayanti FK, Rotejanaprasert C. Drug resistance
of Plasmodium falciparum and Plasmodium vivax isolates in Indonesia.
Malar J. 2022;21:354.

86. PopoviciJ,Kao S, Eal L, Bin S, Kim S, Ménard D. Reduced polymorphism in
the Kelch propeller domain in Plasmodium vivax isolates from Cambodia.
Antimicrob Agents Chemother. 2015;59:730-3.

87. Deng S, Ruan, BaiY,HuY, Deng Z, He Y, et al. Genetic diversity of the
Pvk12 gene in Plasmodium vivax from the China-Myanmar border area.
Malar J. 2016;15:528.

88. Gresty K, Anderson K, Pasay C, Waters NC, Cheng Q. Polymorphisms in
Plasmodium falciparum kelch 13 and P, vivax kelch 12 genes in parasites
collected from three South Pacific Countries prior to extensive exposure
to artemisinin combination therapies. Antimicrob Agents Chemother.
2019;63:200536-19.

89. Wang M, Siddiqui FA, Fan Q, Luo E, Cao Y, Cui L. Limited genetic diversity
in the PvK12 Kelch protein in Plasmodium vivax isolates from Southeast
Asia. Malar J. 2016;15:537.

90. Shairah D, Fong MY, Amirah A, Ponnampalavanar S, Cheong FW, Lau YL.
Detection of mutated Plasmodium vivax Kelch propeller domain (PvK12) in
Malaysian isolates. Trop Biomed. 2018;35:135-9.

91. TangT, XuY, Cao L, Tian P, Shao J, Deng Y, et al. Ten-year molecular surveil-
lance of drug-resistant Plasmodium spp. isolated from the China-Myan-
mar border. Front Cell Infect Microbiol. 2021;11: 733788.

92. Mint Deida J, OuldKhalef Y, Mint Semane E, OuldAhmedou Salem MS,
Bogreau H, Basco L, et al. Assessment of drug resistance associated
genetic diversity in Mauritanian isolates of Plasmodium vivax reveals
limited polymorphism. Malar J. 2018;17:416.

93. Jin X, Zhu S, Xu W, Chen J, Ruan W, Wang X. Limited polymorphism in
k13 gene of Plasmodium falciparum and k12 of Plasmodium vivax isolates
imported from African and Asian countries between 2014 and 2019 in
Hangzhou city, China. BMC Infect Dis. 2021;21:853.

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



	Nationwide spatiotemporal drug resistance genetic profiling from over three decades in Indian Plasmodium falciparum and Plasmodium vivax isolates
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Sample and diagnosis
	Amplification of P. falciparum and P. vivax drug resistance genes
	Sequencing and SNP analysis
	Statistical analysis

	Results
	Plasmodium samples
	Profiling of P. falciparum anti-malarial drug resistance genes
	Pfcrt
	Pfdhfr and pfdhps
	Pfmdr1
	Pfk13

	Profile of P. vivax drug resistance genes
	Pvcrt-o
	Pvdhfr and pvdhps
	Pvmdr1
	Pvk12


	Discussion
	Profile of anti-malarial drug resistance P. falciparum genes
	Pfcrt
	Pfdhfr and pfdhps
	Pfmdr1
	Pfk13

	Profile of anti-malarial drug resistance P. vivax genes
	Pvcrt-o
	Pvdhfr and pvdhps
	Pvmdr1
	Pvk12


	Limitations
	Conclusions
	Anchor 38
	Acknowledgements
	References


