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Abstract

Malaria is a vector-borne infectious disease, caused by five different species of the genus

Plasmodium, and is endemic to many tropical and sub-tropical countries of the globe. At

present, malaria diagnosis at the primary health care level in India is conducted by either

microscopy or rapid diagnostic test (RDT). In recent years, molecular diagnosis (by PCR

assay), has emerged as the most sensitive method for malaria diagnosis. India is highly

endemic to malaria and shoulders the burden of two major malaria parasites, Plasmodium

falciparum and P. vivax. Previous studies using PCR diagnostic assay had unraveled sev-

eral interesting facts on distribution of malaria parasites in India. However, these studies

had several limitations from small sample size to limited geographical areas of sampling. In

order to mitigate these limitations, we have collected finger-prick blood samples from 2,333

malaria symptomatic individuals in nine states from 11 geographic locations, covering

almost the entire malaria endemic regions of India and performed all the three diagnostic

tests (microscopy, RDT and PCR assay) and also have conducted comparative assessment

on the performance of the three diagnostic tests. Since PCR assay turned out to be highly

sensitive (827 malaria positive cases) among the three types of tests, we have utilized data

from PCR diagnostic assay for analyses and inferences. The results indicate varied distribu-

tional prevalence of P. vivax and P. falciparum according to locations in India, and also the

mixed species infection due to these two species. The proportion of P. falciparum to P. vivax

was found to be 49:51, and percentage of mixed species infections due to these two para-

sites was found to be 13% of total infections. Considering India is set for malaria elimination

by 2030, the present malaria epidemiological information is of high importance.
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Introduction

Vector borne infectious diseases constitute major human health problem, especially in the

tropical, sub-tropical and mildly temperate countries of the globe [1]. Among other vector

borne diseases, malaria being an age-old disease, is associated with human kind since time

immemorial and contributes the most to the global mortality and morbidity [2]. Global

malaria incidences have increased by five million in 2016 and mortality remains almost simi-

lar, as reported by the World Health Organization (WHO) in 2015 [3]. Moreover, India ranks

third with respect to total malaria burden in the world and ranks first (51%) when it comes to

global P. vivax incidences [3]. One of the major reasons for endemicity of malaria is complex

interactions among the pathogen, vector and host, influenced by local environmental determi-

nants. Malaria therefore is considered to be a strictly local and focal disease [4]. Furthermore,

malaria is unique among other vector borne diseases with respect to pathogens; wherein five

different species of Plasmodium have been identified to cause malaria in humans. Therefore,

to understand malaria epidemiology in a particular endemic location, there is a need to

unravel the actual incidences of infection by different species of Plasmodium using a more sen-

sitive diagnostic method (e.g. PCR assay, see below). This is especially useful in a country

where more than one species of Plasmodium is responsible for malaria havoc (e.g. India).

The various diagnostic tools currently available for identification of Plasmodium species in

human blood samples include (i) light and fluorescence microscopy, (ii) immuno-chro-

matographic lateral flow assays (commonly known as rapid diagnostic tests, RDTs), (iii) serol-

ogy and (iv) nucleic acid amplification techniques (NATs) that include PCR and isothermal

amplification [5]. Other known techniques for identification of Plasmodium species are (v)

Loop mediated isothermal AMPlification (LAMP) [6], (vi) flow cytometry [7] etc. Out of these

tests, the most commonly performed diagnosis of malaria at the primary health care levels is

limited to either microscopy or RDT. Whereas the gold-standard microscopic detection of

malaria parasites have several limitation in proper diagnosis of malaria [8], in case of RDT, the

dye-labelled antibody binds to a parasite antigen, and thereafter the resultant complex is cap-

tured on the strip by a band of bound antibody that forms a visible line. Like microscopy, RDT

has limitations [9], especially in term of differential sensitivity in different products [10]. How-

ever, in comparison to microscopy, RDT is more sensitive in diagnosing malaria parasites in

clinical settings [11]. In recent years, the Polymerase Chain Reaction (PCR) technique in

amplifying the Plasmodium spp. 18S rRNA genes [12] was found to be superior to the tradi-

tional microscopy [13] and RDT [14] in detecting malaria parasites. Since molecular biological

setup in clinical settings is not always feasible, thereby PCR diagnosis is currently limited to

laboratory-based diagnosis [15] and serves as a useful tool for epidemiological understanding

of malaria infections.

To this respect, according to the World Health Organisation (WHO), 80% of P. falciparum
incidences and 60% of death due to P. falciparum infections outside Africa was contributed by

India, making the country rank third in the global mortality due to malaria in 2016 [3]. The

inimitable climatic condition, topography and malaria vector diversity in India offer a hospi-

table environment for growth and proliferation of malaria parasites [16]. Malaria is majorly

contributed by P. falciparum and P. vivax, distributed roughly in equal proportion but not uni-

form across Indian localities [17]. This situation provides an opportunity for the occurrence of

mixed species infection due to these two species [4]. In fact, occurrence of mixed species infec-

tions due to these two species is very common and has been reported from different parts of

India [17–21]. Since field diagnosis of malaria at the primary health care level in India is

majorly performed by microscopy and RDT, and due to low sensitivity/accuracy in diagnosing

multiple species with these two methods, cases of mixed species infection are usually missed.
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Such discrepancy has been recently reported [21], where approximately 17% of mixed infec-

tions were initially identified as mono infections due to P. falciparum. This indicates that mis-

diagnosis is widely prevalent, which puts a great challenge in proper treatment of malaria in

India.

In order to have a larger picture on the distributional prevalence of both mono and mixed

infections by the two major malaria parasites (P. falciparum and P. vivax) across Indian locali-

ties than before, we have sampled 2,333 malaria symptomatic individuals from 11 different

locations in nine different states covering almost the entire malaria endemic regions in India.

Although we have adapted three different common procedures of malaria diagnosis (micros-

copy, RDT and PCR assays), we have utilized the most sensitive method (PCR diagnostic

assay) to infer the distributional prevalence of both mono and mixed infections due to two

most common malaria parasites, P. falciparum and P. vivax across different Indian locations.

Materials and methods

A total of 2,333 finger-pricked blood samples were collected from 11 different collection sites

from a period of 2012 to 2015 (Table 1). The sample collection sites were selected based on pre-

vious report on the malaria endemicity in that particular Indian state and locations, such as;

Delhi [22], Diphu and Guwahati from Assam [23], Shankargarh from Uttar Pradesh [24],

Table 1. Details of locations (with population coordinates) of 11 malaria sample collection sites from nine different states in India with results on three different

diagnostic tests (microscopy, RDT and PCR assay). To be noted that data from different time points of collection from a single collection site have been collated and

considered as total number of sample from that particular population.

State Location of Sample

Collection

Abbreviated sample

location

Population

Coordinates

Time of Sample

Collection

Total

Sample

Microscopy RDT PCR Assay

Pf Pv Mixed Pf Pv Mixed Pf Pv Mixed

Delhi Delhi DEL 28˚N August, 2014 16 0 10 0 0 14 0 0 11 0

77˚E

Assam Diphu DIP 26˚ N June-July 2013 79 4 2 0 5 5 0 5 4 0

93˚ E

Guwahati GUW 26˚N July, 2013 155 9 15 0 10 20 0 9 16 0

91˚ E

Uttar Pradesh Shankargarh SHA 25˚ N September, 2015 344 24 83 2 17 96 4 28 91 9

82˚ E October, 2015 570 42 77 2 43 73 2 58 75 6

Gujarat Nadiad NAD 23˚ N June, 2015 28 3 19 0 4 24 1 2 21 1

73˚ E

Madhya

Pradesh

Betul BET 22˚ N September 2012 64 5 30 1 8 23 0 2 26 7

77˚ E July, 2013 355 41 26 6 52 14 9 45 18 12

Odisha Kendujhar KEO 22˚ N Feburary 2013 100 3 15 0 4 16 0 3 17 1

86˚ E

Rourkela ROU 22˚ N July- August 2012 140 62 18 7 72 14 9 69 13 12

85˚ E

Maharashtra Gadchiroli GAD 19˚ N Feburary 2012 118 66 32 17 73 9 22 64 12 40

72˚ E December, 2012 34 29 0 0 28 0 0 27 0 1

Tamil Nadu Chennai CHE 13˚5’N June, 2014 41 0 18 0 0 19 0 0 21 0

80˚ E

Karnataka Mangaluru MAN 13˚ N March, 2014 289 36 53 7 39 53 11 38 47 16

74˚ E

Total 2333 324 398 42 355 380 58 350 372 105

764 793 827

https://doi.org/10.1371/journal.pone.0193046.t001
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Nadiad from Gujarat [17], Betul from Madhya Pradesh [25], Kendujhar [26] and Rourkela

[27] from Odisha, Gadchiroli from Maharashtra [28], Chennai from Tamil Nadu [29] and

Mangaluru from Karnataka [30]. In particular, due care has been taken to sample from areas

reportedly dominated by either P. falciparum or P. vivax, and places from where no reports on

the incidences of mixed parasitic infections due to these two species of malaria parasites is

available previously. Adopting such an approach, we propose to cover all the differential

endemic areas in India due to these two species of malaria parasites (e.g., low, middle and high

endemic), so that a comprehensive information on the occurrence of different species of

malaria parasites in Indian context could be presented. From each malaria-suspected patient,

finger-prick blood sample was collected only once (2–3 drops) and was utilized for all the

three diagnostic assays. In the field, bivalent RDT kit, Falci-Vax (Zephyr, Biomedical) was

used for identification of either single or mixed infections due to P. falciparum and P. vivax.

Simultaneously, a single blood drop was used for preparation of thick and thin smears on a

glass slide for microscopical examinations for the presence of different species of malaria para-

sites in the laboratory. The Giemsa-stained thick and thin blood smears were visualized under

light microscope following the standard protocol by the expert technicians of the National

Institute of Malaria Research (NIMR), New Delhi for the identification of various stages of

these two species of malaria parasite. Using the rest of the blood drops, 3–4 spots were placed

on the Whatman filter paper for subsequent molecular analyses by PCR (see below) at the Evo-

lutionary Genomics and Bioinformatics laboratory of the ICMR- National Institute of Malaria

Research (NIMR), New Delhi. All the necessary clearances have been obtained from the

human ethics committee of NIMR and written informed consents were taken from all the

patients at the time of sample collection. The NIMR human ethics committee has specifically

approved this study. Blood spots on Whatman filter paper (3–4 spots) were dried and utilized

for molecular diagnostic assay in the laboratory. For this, genomic DNA was extracted from

these spots collected on the Whatman filter paper using QIAamp mini DNA kit (Qiagen, Ger-

many) and eluted in 100 μl elution buffer. Nested PCR amplification [13] was performed as

follows; in the first step of nested PCR, a pair of Plasmodium genus-specific primers [rPLU5

(5’CCTGTTGTTGCCTTAAACTTC3’) and rPLU6 (5’TTAAAATTGTTGCAGTTAAAACG3’)]

were used, which amplified a 1100-bp PCR product from the rRNA small subunit gene (18S

rRNA). Following this, the second step uses two species specific primers; P. falciparum [rFAL1

(5’TTAAACTGGTTTGGGAAAACCAAATATATT3’) and rFAL2 (5’ACACAATGAACTCAAT
CATGACTACCCGTC3’) and P. vivax primer pairs [rVIV1 (5’CGCTTCTAGCTTAATCCACA
TAACTGATAC3’) and rVIV2 (5’ACTTCCAAGCCGAAGCAAAGAAAGTCCTTA3’)] for

amplifying specific gene products for these species. Whereas a 120-bp PCR product of Plas-

modium 18S rRNA indicates P. vivax infection, a 205-bp amplified product indicates P. falcip-
arum infection (Fig 1). The samples harboring mixed infection display bands at both the

positions (Fig 1). Detection of P. malarie and P. ovale infection by PCR assay following

described protocols [20] initially for samples from Betul (Madhya Pradesh), Shankargarh

(Uttar Pradesh), Rourkela and Kendujhar (Odisha) (659 samples in total) turned out to be neg-

ative for these two parasites, therefore, PCR diagnostic assays for these two parasites were not

conducted in the rest of the samples from other seven locations.

For each sample, PCR amplifications were carried out in a final volume of 25 μl, which

included 10 pmol of each primer, 0.2 mM of dNTPs, 1 unit of Taq DNA polymerase (Banglore

Genei), 1X Taq DNA polymerase buffer and 1μl of DNA. Cycling conditions for the first step

included an initial denaturation at 95˚C for 5 min followed by 30 cycles of 1 min denaturation

at 94˚C, 2 min annealing at 60˚C and 2 min of extension at 72˚C followed by 10 min final

extension at 72˚C. The cycling conditions for second step included an initial denaturation at

95˚C for 5 min followed by 30 cycles of 1 min denaturation at 94˚C, 2 min annealing at 55˚C
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and 2 min of extension at 72˚C followed by 10 min final extension at 72˚C. After PCR amplifi-

cation, 5 μl of PCR amplified product was electrophoresed on a 2% agarose gel and compared

with a 100-bp ladder (Merck) to confirm the amplicon size. To identify false positive results

and to check the primer specificity, two negative controls were used, one lacking DNA and the

other one containing the genomic DNA of a healthy individual from Delhi. For further confir-

mation, PCR amplified products (10 each showing single bands for P. falciparum and P. vivax;

and 10 displaying both the bands) were purified using the ExoSap (Fermentas,), and finally uti-

lized for performing DNA sequencing using Big Dye Terminator Chemistry in a 96-capillary

DNA analyzer (ABI 3730XL) under the facility of ICMR-NIMR, New Delhi.

Results

In the present study, 2333 blood samples from malaria symptomatic individuals were collected

at different time period (February 2012 to October 2015) adopting both active and passive sur-

veillance methods. Malaria symptomatic individuals from as many as 11 different geographical

locations (encompassing nine states) spanned vertically from Delhi in North and Tamil Nadu

in the South and horizontally from Gujarat in the west and Asom in the east were collected,

thus covering almost all the malaria endemic regions in India (Table 1) in the present study.

Malaria diagnosis of all these samples was performed by three different methods (Microscopy,

bivalent RDT kits and PCR,) to characterize the samples based on the type of infection caused

by either single (mono) infection of either P. falciparum or P. vivax, or mixed species infections

by these two species. Out of the 2,333 samples, microscopic examination resulted in 764

malaria positive cases (32.74%), of which 324 (42%) as P. falciparum mono infections, 398

(52%) as P. vivax mono infection and 42 (6%) as mixed infection (Fig 2). At the same time,

bivalent RDT kit reported 733 positive malaria cases (31.41%); 355 (45%) P. falciparum mono

infection, 380 (48%) P. vivax mono infection and 58 (7%) as mixed infection (Fig 2). However,

PCR assay could detect 827 positive cases for malaria parasite infection (35.44%); of which 350

(42%) as P. falciparum mono-infection, 372 (45%) as P. vivax mono infection and 105 (13%) as

mixed species infection (Fig 2). As a confirmation measure of the PCR diagnostic assay in

term of mixed infections, the gel bands were cut for the two species and sequenced and suc-

cessfully aligned with the respective reference sequences of each species (P. falciparum and P.

vivax). The newly generated DNA sequences have been submitted to the GenBank with acces-

sion number MG708202 –MG708221. The detail number of mono infections by the two para-

sites and also mixed infections by both these parasites in a single sample and the comparative

Fig 1. Agarose gel electrophoresis pictures showing bands of 15 representative PCR products. The first lane (lane

L) contains ladder (100 bp marker) for comparison of PCR products and for determination of product size. The

second lane (Lane 1) contains PCR products from negative control, lane 2 contains product of negative control with

human DNA. Lanes 3–6 display 120 bp PCR product signifying P. vivax mono infection and lanes 7–11 show 205 bp

PCR product testifying mono infection of P. falciparum. Lanes 12–13 and 15 present both the bands of 120 bp (P.

vivax) and 205 bp (P. falciparum) size in a single sample, indicating mixed species infections due these two species of

malaria parasites.

https://doi.org/10.1371/journal.pone.0193046.g001
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assessment among all the 11 population samples have been provided in Table 1. If all the three

diagnostic methods were to be graded based on sensitivity, PCR diagnostic method was found

to be the most efficient (35.44%), followed by RDT (34.0%) and microscopy (32.74%) (Fig 2).

Therefore, we utilized the data on PCR diagnostic assay for further analyses to comprehend

distributional prevalence of different types of infections (mono and mixed species) in different

geographical locations due to P. falciparum and P. vivax in India (see below). Considering

both the mono and mixed infection detected with PCR diagnostic assay, 455 individuals were

found to be infected with P. falciparum and 477 with P. vivax. Therefore, the proportion of P.

falciparum to P. vivax infection from this study amounts to 49:51.

Fig 2. Visual representation on the comparative assessment (in number and percentage) of efficacy of three different malaria diagnostic methods

(microscopy, RDT and PCR assay). To be noted that out of the total 2333 collected malaria-symptomatic individuals (outer-most circle of the middle circles, in

grey), PCR assay could identify 827 (35.44%) as positive for malaria parasite infection out of which 42% was P. vivax, 45% P. falciparum and 12.69% mixed

infection due to these two species. In comparison, the RDT (third circle from out) and microscopy (4th circle from out) could identify less number of infections.

https://doi.org/10.1371/journal.pone.0193046.g002
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Since the present study is based on a large sample size covering almost all the malaria

endemic locations in India, geographic structure on the distribution of different types of infec-

tions due to P. falciparum and P. vivax (mono or mixed) could be apprehended. Both the

northern and southern Indian samples (DEL and CHE) were found to be under the sole domi-

nance of P. vivax—not a single case of either P. falciparum mono or mixed infection could be

detected (Table 1; Fig 3). Very similarly, majorities of infections in western (NAD) and eastern

population samples (KEN) were found to be subjugated by P. vivax. Similar dominancy of P.

vivax was also seen in malaria samples from MAN (south west), GUW (northeast) and SHA

(north). However, like P. vivax, absolute mono infection of P. falciparum could not be detected

from any population sample, but in three locations (BET, ROU and GAD), dominancy of P.

falciparum mono infection over the two other types of infections (P. vivax mono and mixed

infections) could be noticed, confirming wide prevalence of P. falciparum mono infections in

the central regions of India (Fig 3). Incidentally, in all samples from two locations (DIP and

GUW) from Asom (north-eastern India), mono infections of either P. falciparum or P. vivax
could only be observed. The results thus indicate regional biasness on the prevalence of mono

infections due to P. falciparum and P. vivax in India (Fig 3).

Fig 3. Map of India showing malaria sample collection site. Each site is represented by a pie-chart three different

kinds of infection (two types of mono infections and a mixed species infection due to P. falciparum and P. vivax). To

be noted here that locations in all the four directions (peripheral populations) (north, east, west and south) are majorly

dominated by P. vivax, but in northeast, south-west and middle Indian locations P. falciparum was found to be in

higher abundance than P. vivax. Mixed parasitic infections majorly are restricted to middle of India.

https://doi.org/10.1371/journal.pone.0193046.g003
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Interestingly, wide prevalence of mixed infections was found in Indian locations, and with

considerably high proportions (13%). With close observation on the distributional prevalence

of mixed species infections, it was noted that mixed species infections are common in the cen-

tral Indian locations (where P. falciparum is dominant over P. vivax). For example, the highest

proportion of mixed infection due to P. vivax and P. falciparum was found in a central Indian

population, sampled from GAD (29%), followed by BET (17%). Incidences of mixed species

infections were also found to be high in a south-west coastal city (MAN, 16%). Surprisingly,

not a single case of mixed infection could be detected in the north eastern state of Asom, even

though mono infections due to both P. falciparum and P. vivax are widely prevalent (Fig 3).

The results therefore indicate that like the distribution of mono infections due to P. falciparum
and P. vivax (see above), regional biasness well exists on the prevalence of mixed malaria para-

site infections due to these two species.

Discussion

The present study is by far the largest epidemiological investigation covering almost all the

entire malaria endemic areas of India (nine states, 11 locations, covering north to south, east to

west) in unravelling differential prevalence of mono infections by P. falciparum and P. vivax
and also mixed infections by these two species of malaria parasite in a single study. Other pre-

vious studies have either covered some restricted areas of India [20] or have considered low

number of samples [18]. For diagnosis of malaria parasites, we have followed traditional

(microscopy), antigen-based (RDT) as well as molecular (PCR assay followed by DNA

sequencing) methods. Among all the methods, PCR assay turns out to be the most sensitive

method to detect either mono or mixed parasite infections; as both microscopy and RDT has

failed to diagnose the presence of malaria parasites that otherwise PCR could. This is evi-

denced by the fact that microscopy failed to detect 63 positive cases and RDT failed to detect

34 positive cases as compared to PCR assay.

There might be several factors by which microscopy might have failed to detect some of the

infections. For example, in the present study, microscopy has misdiagnosed several mono P.

falciparum and mixed cases as mono P. vivax case. This can be ascribed to certain facts like (i)

time of collection of blood sample, (ii) availability of all the life-cycle stages of P. vivax in

peripheral blood samples in comparison to only ring and gametocyte stages of P. falciparum
[18] (iii) similar morphology of ring stages of both P. falciparum and P. vivax [31] and (iv)

abundance of P. vivax gametocytes in comparison to P. falciparum [32]. Furthermore, it is

known that (v) P. vivax can increase deformability of infected RBCs more effectively than P.

falciparum [33], making it more prominent to detect under microscope. Very similarly, RDT

has misdiagnosed many mixed infection cases, as P. vivax mono infections and has also failed

to detect few mono P. falciparum cases. Since the RDT kit (Falci-vax by Zephyr) that we used

here is based on histidine rich protein (hrp2) for diagnosis of P. falciparum and Lactate dehy-

drogenase (ldh) protein for diagnosis of P. vivax, and deletion and mutations are commonly

reported in the Pfhrp-2 gene [34], misdiagnosis is inevitable. Taking all these aspects into con-

sideration, PCR assay is considered to be the most ideal method for identifying mixed infec-

tions [35] as well as mono infection by P. falciparum and P. vivax [18, 20] that otherwise would

be overlooked using classical diagnostic methods.

Differential distributional prevalence of mono infections of P. falciparum and P. vivax in

India is quite interesting, as it provides a unique epidemiological understanding on malaria in

India. Out of the 827 malaria positive samples, 455 were found to be infected with P. falcipa-
rum and 477 with infection by P. vivax with a proportion of 49:51. Traditionally, with regard

to malaria burden caused by the two-different species of malaria parasites (P. falciparum and
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P. vivax), India is known to be majorly burdened with P. vivax malaria (3), but over time there

has been a dramatic shift from P. vivax to P. falciparum malaria. The ratio of P. falciparum vs. P.

vivax malaria was 0.41 in 1985 which had drastically shifted to 1.01 (in the ratio of 50:50) in 2007

[36]. The results obtained here therefore, are in corroboration of the previous reports on the

shifting paradigm of overall dominance of P. falciparum over P. vivax in India [4, 16]. However,

there is regional biasness on the overall dominance of these two species in India. As reported

before, P. vivax continues to be largely prevalent in specific Indian regions (e.g. northern and

southern parts of India) where it is highly dominant [23, 37]. In addition, to our surprise, not a

single case of either mono or mixed infection involving P. falciparum could be detected in either

the northern or the southern Indian locations. Whether this observation will hold true with a

much larger sample size is not known, as the present study is restricted to only Delhi (northern

India) and Chennai (southern India) and that too with a limited sample size with non-unifor-

mity of time of sample collection in all the locations. Furthermore, P. vivax is also appreciably

prevalent in the north-eastern and western Indian locations (Fig 3), However, P. falciparum was

found to be dominant over P. vivax in the eastern, northeastern and central parts of India. This

information is not new, as the eastern and north-eastern belts are known to be under the clouds

of P. falciparum [38, 39]. To add to this, according to WHO [3] and as reported in several epide-

miological studies [4, 16], the highest malaria endemic state of India is Odisha. This state being

the epicenter of malaria infection in India, also possess high diversities in species of malaria para-

sites [40, 41], high diversity of different antigenic [42] and drug-resistant [43] genes, with highest

malaria incidence and deaths in comparison to other states of India [44, 45]. Similar was the case

here; samples from two locations from Odisha (ROU and KEN) possess the highest diversity of

both mono and mixed parasite infections, corroborating the earlier observation. The high inci-

dences of P. falciparum malaria contributed by the eastern and middle part of India therefore

overshadow the P. vivax malaria found in high prevalence in the northern and southern India to

bring the ratio of P. falciparum to P. vivax malaria to 49:51 at Indian level.

Out of the 827 malaria positive samples diagnosed by PCR, about 13% were found as mixed

infection due to P. falciparum and P. vivax. Mixed species infections due to P. falciparum and

P. vivax are majorly prevalent in the middle and southwest coast of India, with mild prevalence

in other locations (Fig 3). Interestingly, no case of mixed infection could be found in the

north-eastern regions of India. It is considered that the number of mixed infection cases is

usually under-reported in clinical and epidemiological studies by less than 2% of the actual

prevalence [31]. Also, cases of mixed malaria infection have regularly been reported in many

tropical malaria endemic countries like Thailand, Cambodia, Papua New Guinea, India and

many more [21, 46–48]. In a global comparison on the distributional prevalence of mixed

malaria species infection, Southeast Asia alone was found to contribute to about one-third

cases of mixed malaria infections found in the global scale, whereas, Africa contributed com-

paratively lesser number [49]. Since malaria in Europe is majorly known as imported malaria,

number of mixed parasite infections was reported to be very similar to the incidence found in

West Africa [50]. However, in Australian continent, incidences of mixed malaria infections

are regularly reported from Papua New Guinea [51]. Such wide-spread global prevalence of

mixed malaria parasite infection might cause serious implications on malaria public health, as

treatment and control of one parasite have an effect on the clinical epidemiology of the sym-

patric species [52]. For example, cases of recurrence of P. vivax malaria after P. falciparum
treatment have been reported in Southeast Asian countries [53], [54]. Moreover, since mixed

parasite infections are often associated with severe malaria [55, 56] and India reports cases of

severe malaria due to both P. falciparum and P. vivax [4], the importance of mixed malaria

infections in public health should be taken seriously and appropriate treatment/control mea-

sures are to be kept in place in India.
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The present study involving large number of malaria samples covering nine different

Indian states could unravel epidemiological information on the distributional prevalence of

mono as well as mixed parasite infections in India. The results highlight wide distribution of

mono infections of P. falciparum as well as P. vivax along with a high proportion (13%) of

mixed infection due to these two species. It was interesting to note that P. vivax is majorly dis-

tributed at the peripheral populations in each direction (north, south, west and to some extent,

east), whereas, P. falciparum is restricted to north-east, east, central and southwestern regions

of India. Incidentally, major incidences of mixed infections take place in the central regions of

India (Fig 3). However, our study is limited to only nine states of India, and no information on

the distributional prevalence of either mono or mixed parasite infections following PCR assay

in other states reporting malaria (e.g. Punjab, Haryana, Kerala etc.) is available yet. Since

mixed infection cases put huge malaria burden, many more studies (with large sample size)

are to be carried out in other parts of India that are known to be endemic to both P. falciparum
and P. vivax. Furthermore, P. malariae is emerging as a potential threat and P. ovale cases are

emerging in recent years across the malaria endemic regions of the globe [57, 58]. In India

also, these two species of malaria parasites are reportedly in the process of expanding their

range [59].

Historically, India has experienced the burden of malaria since time immemorial. Although

malaria incidences were very high before coordinated interventions by the government, the

launch of the National Malaria Control Program (NMCP) resulted in a drastic drop of malaria

cases to less than 50,000 with no reported malaria mortality in 1961. However, malaria staged

a dramatic comeback, with 6.45 million estimated malaria cases in 1976 [60]. Nevertheless,

renewed governmental efforts did control malaria to a greater extent that was evidenced by a

downward trend of reported cases, which is continuing till date. India has recently launched

National Framework for Malaria Elimination (NFME) to achieve malaria elimination by 2030

[61]. To this extent, a recent meta-analyses of reported incidences of different infections by all

the five malaria parasites in India by PCR diagnostic assay has unraveled several interesting

facts that might hinder the targeted malaria elimination program in India [60]. Moreover, con-

sidering the complexity of malaria that India possess [17] together with several distinctive fea-

tures of Indian malaria parasites [4], malaria control/elimination program could only be

successful if data on the variable incidences of infections by different malaria parasites (as pre-

sented here) are generated and considered in the malaria elimination program. Such under-

standing will also aid in developing novel early warning system for malaria outbreak

prediction [62, 63] and eventually to the malaria elimination program.

Acknowledgments

The study was carried out at the Evolutionary Genomics and Bioinformatics (EGB) laboratory

of the ICMR-National Institute of Malaria Research (NIMR), New Delhi, where AD was a sci-

entist and head of the laboratory. NS, MD, SK, SR and CR were Ph. D. students at the EGB lab-

oratory while the empirical work was conducted. We thank all the blood donors in the study

and Sunil Tyagi, Satyabir Singh, Satveer Sharma and Kamla Negi for their help in field collec-

tion of malaria samples and microscopic examinations of thick and thin-smeared slides. This

manuscript has been approved by the publication screening committee of ICMR-NIMR, New

Delhi.

Author Contributions

Conceptualization: Aparup Das.

Molecular epidemiology of malaria in India

PLOS ONE | https://doi.org/10.1371/journal.pone.0193046 March 22, 2018 10 / 14

https://doi.org/10.1371/journal.pone.0193046


Data curation: Nisha Siwal, Upasana Shyamsunder Singh, Manoswini Dash, Sonalika Kar,

Swati Rani, Charu Rawal, Veena Pande, Aparup Das.

Formal analysis: Nisha Siwal, Upasana Shyamsunder Singh, Aparup Das.

Funding acquisition: Anupkumar R. Anvikar, Aparup Das.

Investigation: Veena Pande, Aparup Das.

Methodology: Nisha Siwal, Upasana Shyamsunder Singh, Manoswini Dash, Sonalika Kar,

Swati Rani.

Project administration: Aparup Das.

Resources: Rajkumar Singh, Aparup Das.

Software: Upasana Shyamsunder Singh, Manoswini Dash, Aparup Das.

Supervision: Aparup Das.

Validation: Upasana Shyamsunder Singh, Aparup Das.

Visualization: Aparup Das.

Writing – original draft: Upasana Shyamsunder Singh, Manoswini Dash, Aparup Das.

Writing – review & editing: Upasana Shyamsunder Singh, Aparup Das.

References
1. Githeko AK, Lindsay SW, Confalonieri UE, Patz JA. Climate change and vector-borne diseases: a

regional analysis. Bull World Health Organ. 2000; 78: 1136–1147. PMID: 11019462

2. World Health Organization Malaria factsheet 2016. http://www.who.int/mediacentre/factsheets/fs094/

en/ 12/12/2016

3. World Health Organisation (WHO) World Malaria Report. 2017. http://www.who.int/malaria/

publications/world-malaria-report-2017/en/

4. Das A. The distinctive features of Indian malaria parasites. Trends Parasitol. 2015; 31: 83–86. https://

doi.org/10.1016/j.pt.2015.01.006 PMID: 25748059

5. Britton S, Cheng Q, McCarthy JS. Novel molecular diagnostic tools for malaria elimination: a review of

options from the point of view of high-throughput and applicability in resource limited settings. Mal J.

2016; 15: 88.

6. Lau YL, Fong MY, Mahmud R, Chang PY, Palaeya V, Cheong FW, et al. Specific, sensitive and rapid

detection of human Plasmodium knowlesi infection by loop-mediated isothermal amplification (LAMP)

in blood samples. Mal J. 2011; 10: 197.

7. Wongchotigul V, Suwanna N, Krudsood S, Chindanond D, Kano S, Hanaoka N, et al. The use of flow

cytometry as a diagnostic test for malaria parasites. Southeast Asian J Trop Med Public Health. 2004;

35: 552–559 PMID: 15689065

8. Payne D. Use and limitations of light microscopy for diagnosing malaria at the primary health care level.

Bull World Health Organ. 1988; 66: 621–626. PMID: 2463112

9. Hawkes M, Katsuva JP, Masumbuko CK. Use and limitations of malaria rapid diagnostic testing by com-

munity health workers in war-torn Democratic Republic of Congo. Mal J. 2009; 8: 308

10. World Health Organisation (WHO) Malaria rapid diagnostic test performance: results of WHO product

testing of malaria RDTs: round 5. 2014. http://apps.who.int/iris/bitstream/10665/128678/1/

9789241507554_eng.pdf

11. Azikiwe CCA, Ifezulike CC, Siminialayi IM, Amazu LU, Enye JC, Nwakwunite OE. A comparative labo-

ratory diagnosis of malaria: microscopy versus rapid diagnostic test kits. Asian Pac J Trop Biomed.

2012; 2: 307–310. https://doi.org/10.1016/S2221-1691(12)60029-X PMID: 23569920

12. Snounou G, Viriyakosol S, Zhu XP, Jarra W, Pinheiro L, do Rosario VE, et al. High sensitivity of detec-

tion of human malaria parasites by the use of nested polymerase chain reaction. Mol Biochem Parasitol.

1993; 61: 315–320. PMID: 8264734

Molecular epidemiology of malaria in India

PLOS ONE | https://doi.org/10.1371/journal.pone.0193046 March 22, 2018 11 / 14

http://www.ncbi.nlm.nih.gov/pubmed/11019462
http://www.who.int/mediacentre/factsheets/fs094/en/
http://www.who.int/mediacentre/factsheets/fs094/en/
http://www.who.int/malaria/publications/world-malaria-report-2017/en/
http://www.who.int/malaria/publications/world-malaria-report-2017/en/
https://doi.org/10.1016/j.pt.2015.01.006
https://doi.org/10.1016/j.pt.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25748059
http://www.ncbi.nlm.nih.gov/pubmed/15689065
http://www.ncbi.nlm.nih.gov/pubmed/2463112
http://apps.who.int/iris/bitstream/10665/128678/1/9789241507554_eng.pdf
http://apps.who.int/iris/bitstream/10665/128678/1/9789241507554_eng.pdf
https://doi.org/10.1016/S2221-1691(12)60029-X
http://www.ncbi.nlm.nih.gov/pubmed/23569920
http://www.ncbi.nlm.nih.gov/pubmed/8264734
https://doi.org/10.1371/journal.pone.0193046


13. Johnston SP, Pieniazek NJ, Xayavong MV, Slemenda SB, Wilkins PP, da Silva AJ. PCR as a confirma-

tory technique for laboratory diagnosis of malaria. J Clin Microbiol. 2006; 44: 1087–1089. https://doi.

org/10.1128/JCM.44.3.1087-1089.2006 PMID: 16517900

14. Mahende C, Ngasala B, Lusingu J, Yong T-S, Lushino P, Lemnge M, et al. Performance of rapid diag-

nostic test, blood-film microscopy and PCR for the diagnosis of malaria infection among febrile children

from Korogwe District, Tanzania. Mal J. 2016; 15: 391.

15. Tangpukdee N, Duangdee C, Wilairatana P, Krudsood S. Malaria diagnosis: A brief review. Korean J

Parasitol. 2009; 47: 93–102. https://doi.org/10.3347/kjp.2009.47.2.93 PMID: 19488414

16. Singh V, Mishra N, Awasthi G, Dash AP, Das A. Why is it important to study malaria epidemiology in

India? Trends Parasitol. 2009; 25: 452–457. https://doi.org/10.1016/j.pt.2009.06.004 PMID: 19734097

17. 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 Tropica. 2012; 121: 267–273. https://doi.org/10.1016/j.

actatropica.2011.11.008 PMID: 22142788

18. Gupta B, Gupta P, Sharma A, Singh V, Dash AP, Das A. High proportion of mixed-species Plasmodium

infections in India revealed by PCR diagnostic assay. Trop Med Int Health. 2010; 15: 819–824. https://

doi.org/10.1111/j.1365-3156.2010.02549.x PMID: 20487427

19. Mohapatra MK, Dash LK, Bariha PK, Karua PC. Profile of mixed species (Plasmodium vivax and falcip-

arum) malaria in adults. J Assoc Physicians India. 2012; 60: 20–24.

20. Krishna S, Bharti PK, Chandel HS, Ahmad A, Kumar R, Singh PP, et al. Detection of mixed infections

with Plasmodium spp. by PCR, India, 2014. Emerg Infect Dis. 2015; 21:1853. https://doi.org/10.3201/

eid2110.150678 PMID: 26401635

21. Haanshuus CG, Chandy S, Manoharan A, Vivek R, Mathai D, Xena D, et al. A high malaria prevalence

identified by PCR among patients with acute undifferentiated fever in India. PLoS One. 2016; 11: 1–13.

22. Nandwani S, Mathur M, and Rawat S. Evaluation of the polymerase chain reaction analysis for diagno-

sis of falciparum malaria in Delhi, India. Ind J. Med. Micro. 2005; 23: 176–178.

23. Sharma VP, Dev V, Phookan S. Neglected Plasmodium vivax malaria in northeastern States of India.

Ind J Med Res. 2015; 141: 546.

24. Biswas S, Escalante A, Chaiyaroj S, Angkasekwinai P, Lal AA. Prevalence of point mutations in the

dihydrofolate reductase and dihydropteroate synthetase genes of Plasmodium falciparum isolates from

India and Thailand: a molecular epidemiologic study. Trop Med Int Health. 2000; 5: 737–743. PMID:

11044269

25. Singh N, Shukla MM, Mishra AK, Singh MP, Paliwal JC, Dash AP. Malaria control using indoor residual

spraying and larvivorous fish: a case study in Betul, central India. Trop Med Int Health. 2006; 11: 1512–

1520. https://doi.org/10.1111/j.1365-3156.2006.01703.x PMID: 17002725

26. Mahapatra N, Marai NS, Ranjit MR, Parida SK, Hansdah DP, Hazra RK, et al. Detection of Plasmodium

falciparum infection in anopheles mosquitoes from Keonjhar district, Orissa, India. J Vector Borne Dis.

2006; 43: 191–194. PMID: 17175705

27. Mishra SK, Mahanta KC, Mohanty S. Malaria associated acute renal failure—experience from Rour-

kela, eastern India. J Ind Med Assoc. 2008; 106: 640–642.

28. Singh RK, Mittal PK, Gourshettiwar MP, Pande SJ, Dhiman RC. Susceptibility of malaria vectors to

insecticides in Gadchiroli district (Maharashtra), India. J Vector Borne Dis. 2012; 49: 42–44. PMID:

22585244

29. Sivasangeetha K, Sushi KM, Thatchinamoorthy G, Jacob SM. Health awareness on malaria and its

recent developments in college students, Chennai, South India. Int J Cur Res Rev. 2015; 7: 15.

30. Mohan VR, Naumova EN. Temporal changes in land cover types and the incidence of malaria in Man-

galore, India. Int J Biomed Res. 2014; 5: 494. PMID: 25267875

31. Mayxay M, Pukrittayakamee S, Newton PN, White NJ. Mixed-species malaria infections in humans.

Trends Parasitol. 2004; 20: 233–240. https://doi.org/10.1016/j.pt.2004.03.006 PMID: 15105024

32. Bousema T, Drakeley C, Gesase S, Hashim R, Magesa S, Mosha F, et al. Identification of hot spots of

malaria transmission for targeted malaria control. J Infect Dis. 2010; 201: 1764–1774. https://doi.org/

10.1086/652456 PMID: 20415536

33. Suwanarusk R, Cooke BM, Dondorp AM, Silamut K, Sattabongkot J, White NJ, et al. The deformability

of red blood cells parasitized by Plasmodium falciparum and P. vivax. J Infect Dis. 2004; 189: 190–194.

https://doi.org/10.1086/380468 PMID: 14722882

34. Maltha J, Gillet P, Jacobs J. Malaria rapid diagnostic tests in endemic settings. Clinical Microbiol Infect.

2013; 19: 399–407.

35. Dajem SM. Molecular investigation of mixed malaria infections in Southwest Saudi Arabia. Saudi Med

J. 2015; 36: 248. https://doi.org/10.15537/smj.2015.2.10874 PMID: 25719595

Molecular epidemiology of malaria in India

PLOS ONE | https://doi.org/10.1371/journal.pone.0193046 March 22, 2018 12 / 14

https://doi.org/10.1128/JCM.44.3.1087-1089.2006
https://doi.org/10.1128/JCM.44.3.1087-1089.2006
http://www.ncbi.nlm.nih.gov/pubmed/16517900
https://doi.org/10.3347/kjp.2009.47.2.93
http://www.ncbi.nlm.nih.gov/pubmed/19488414
https://doi.org/10.1016/j.pt.2009.06.004
http://www.ncbi.nlm.nih.gov/pubmed/19734097
https://doi.org/10.1016/j.actatropica.2011.11.008
https://doi.org/10.1016/j.actatropica.2011.11.008
http://www.ncbi.nlm.nih.gov/pubmed/22142788
https://doi.org/10.1111/j.1365-3156.2010.02549.x
https://doi.org/10.1111/j.1365-3156.2010.02549.x
http://www.ncbi.nlm.nih.gov/pubmed/20487427
https://doi.org/10.3201/eid2110.150678
https://doi.org/10.3201/eid2110.150678
http://www.ncbi.nlm.nih.gov/pubmed/26401635
http://www.ncbi.nlm.nih.gov/pubmed/11044269
https://doi.org/10.1111/j.1365-3156.2006.01703.x
http://www.ncbi.nlm.nih.gov/pubmed/17002725
http://www.ncbi.nlm.nih.gov/pubmed/17175705
http://www.ncbi.nlm.nih.gov/pubmed/22585244
http://www.ncbi.nlm.nih.gov/pubmed/25267875
https://doi.org/10.1016/j.pt.2004.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15105024
https://doi.org/10.1086/652456
https://doi.org/10.1086/652456
http://www.ncbi.nlm.nih.gov/pubmed/20415536
https://doi.org/10.1086/380468
http://www.ncbi.nlm.nih.gov/pubmed/14722882
https://doi.org/10.15537/smj.2015.2.10874
http://www.ncbi.nlm.nih.gov/pubmed/25719595
https://doi.org/10.1371/journal.pone.0193046


36. Sharma VP. Re-emergence of malaria in India. Indian J Med Res.1996; 103: 26–45. PMID: 8926025

37. Sharma VP, Dev V, Phookan S. Neglected Plasmodium vivax malaria in northeastern States of India.

Ind J Med Res. 2015; 141: 546.

38. Akhtar R, Learmonth A, Keynes M. The resurgence of malaria in India 1965–76. Geo J. 1977; 1: 69–

80.

39. Dev V, Bhattacharyya PC, Talukdar R. Transmission of malaria and its control in the North-eastern

Region of India. J Assoc Phys Ind. 2003; 51: 1073–1076.

40. Jambulingam P, Mohapatra SS, Das LK, Das PK, Rajagopalan PK. Detection of Plasmodium ovale in

Koraput district, Orissa state. Ind J Med Res. 1989; 89: 115–116.

41. Dhangadamajhi G, Kar SK, Ranjit MR. High prevalence and gender bias in distribution of Plasmodium

malariae infection in central east-coast India. Trop Biomed. 2009; 26: 326–333. PMID: 20237447

42. Ranjit MR, Das A, Das BP, Das BN, Dash BP, Chhotray GP. Distribution of Plasmodium falciparum

genotypes in clinically mild and severe malaria cases in Orissa, India. Trans Royal Soc Trop Med Hyg.

2005; 99: 389–395.

43. Nandy A, Addy M, Maji AK, Bandyopadhyay AK. Monitoring the chloroquine sensitivity of Plasmodium

vivax from Calcutta and Orissa, India. Annals Trop Med Parasitol. 2003; 97: 215–220.

44. Lal S, Sonal GS, Phukan PK. Status of malaria in India. J Indian Acad Clin Med. 2000; 5: 19–23.

45. Mohanty S, Mishra SK, Pati SS, Pattnaik J, Das BS. Complications and mortality patterns due to Plas-

modium falciparum malaria in hospitalized adults and children, Rourkela, Orissa, India. Trans R Soc

Trop Med Hyg. 2003; 97: 69–70. PMID: 12886808

46. Laoboonchai A, Kawamoto F, Thanoosingha N, Kojima S, Scott Miller RR, Kain KC, Wongsrichanalai

C. PCR-based ELISA technique for malaria diagnosis of specimens from Thailand. Trop Med Int Health.

2001; 6: 458–462. PMID: 11422960

47. Steenkeste N, Incardona S, Chy S, Duval L, Ekala MT, Lim P, et al. Towards high-throughput molecular

detection of Plasmodium: new approaches and molecular markers. Mal. J. 2009; 8: 86.

48. Mehlotra RK, Lorry K, Kastens W, Miller SM, Alpers MP, Bockarie M, et al. Random distribution of

mixed species malaria infections in Papua New Guinea. Am J Trop Med Hyg. 2000; 62: 225–231.

PMID: 10813477

49. Imwong M, Nakeesathit S, Day NP, White NJ. A review of mixed malaria species infections in anophe-

line mosquitoes. Mal J. 2011; 10: 253.

50. Driessen GJ, Pereira RR, Brabin BJ, Hartwig NG. Imported malaria in children: a national surveillance

in the Netherlands and a review of European studies. Eur J Pub Health. 2007; 18: 184–188.

51. Kasehagen LJ, Mueller I, McNamara DT, Bockarie MJ, Kiniboro B, Lorry K, Kastens W, Reeder JC,

Kazura JW, Zimmerman PA. Changing patterns of Plasmodium blood-stage infections in the Wosera

region of Papua New Guinea monitored by light microscopy and high throughput PCR diagnosis. Am J

Trop Med Hyg. 2006; 75: 588–596. PMID: 17038678

52. Snounou G, White NJ. The co-existence of Plasmodium: sidelights from falciparum and vivax malaria in

Thailand. Trends Parasitol. 2004; 20: 333–339. https://doi.org/10.1016/j.pt.2004.05.004 PMID:

15193565

53. Looareesuwan S, White N, Bunnag D, Chittamas S, Harinasuta T. High rate of Plasmodium vivax

relapse following treatment of falciparum malaria in Thailand. Lancet. 1987; 330: 1052–1055.

54. Ratcliff A, Siswantoro H, Kenangalem E, Maristela R, Wuwung RM, Laihad F, et al. Two fixed-dose arte-

misinin combinations for drug-resistant falciparum and vivax malaria in Papua, Indonesia: an open-

label randomised comparison. Lancet. 2007; 369: 757–765. https://doi.org/10.1016/S0140-6736(07)

60160-3 PMID: 17336652

55. Genton B, D’Acremont V, Rare L, Baea K, Reeder JC, Alpers MP, Müller I. Plasmodium vivax and

mixed infections are associated with severe malaria in children: a prospective cohort study from Papua

New Guinea. PLoS Med. 2008; 5: e127. https://doi.org/10.1371/journal.pmed.0050127 PMID:

18563961

56. Kochar DK, Das A, Kochar A, Middha S, Acharya J, Tanwar GS, et al. A prospective study on adult

patients of severe malaria caused by Plasmodium falciparum, Plasmodium vivax and mixed infection

from Bikaner, northwest India. J Vector Borne Dis. 2014; 51: 200–210. PMID: 25253213

57. Calvo N, Morera J, Solorzano-Morales A, Herrero MV, Dolz G. Re-emergence of Plasmodium malariae

in Costa Rica. Science Postprint. 2015; 1: e00049.

58. Sutherland CJ. Persistent parasitism: the adaptive biology of malariae and ovale malaria. Trends Para-

sitol. 2016; 32: 808–819. https://doi.org/10.1016/j.pt.2016.07.001 PMID: 27480365

59. Singh US, Siwal N, Pande V, Das A. Can mixed parasite infections thwart targeted malaria elimination

program in India? BioMed Res Int. 2017; https://doi.org/10.1155/2017/2847548 PMID: 28900620

Molecular epidemiology of malaria in India

PLOS ONE | https://doi.org/10.1371/journal.pone.0193046 March 22, 2018 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/8926025
http://www.ncbi.nlm.nih.gov/pubmed/20237447
http://www.ncbi.nlm.nih.gov/pubmed/12886808
http://www.ncbi.nlm.nih.gov/pubmed/11422960
http://www.ncbi.nlm.nih.gov/pubmed/10813477
http://www.ncbi.nlm.nih.gov/pubmed/17038678
https://doi.org/10.1016/j.pt.2004.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15193565
https://doi.org/10.1016/S0140-6736(07)60160-3
https://doi.org/10.1016/S0140-6736(07)60160-3
http://www.ncbi.nlm.nih.gov/pubmed/17336652
https://doi.org/10.1371/journal.pmed.0050127
http://www.ncbi.nlm.nih.gov/pubmed/18563961
http://www.ncbi.nlm.nih.gov/pubmed/25253213
https://doi.org/10.1016/j.pt.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27480365
https://doi.org/10.1155/2017/2847548
http://www.ncbi.nlm.nih.gov/pubmed/28900620
https://doi.org/10.1371/journal.pone.0193046


60. Panda M. and Mohapatra A. Malaria control- an overview in India. J. Hum. Ecol. 2004; 15: 101–104.

61. National Framework for Malaria Elimination (NFME). http://nvbdcp.gov.in/Doc/National-framework-for-

malaria-elimination-in-India-2016%E2%80%932030.pdf.

62. Altizer S, Dobson A, Hosseini P, Hudson P, Pascual M, Rohani P. Seasonality and the dynamics of

infectious diseases. Ecol Lett. 2006; 9: 467–484. https://doi.org/10.1111/j.1461-0248.2005.00879.x

PMID: 16623732

63. Kilpatrick AM, Meola MA, Moudy RM, Kramer LD. Temperature, viral genetics, and the transmission of

West Nile virus by Culex pipiens mosquitoes. PLoS Pathog. 2008; 4: 1–7.

Molecular epidemiology of malaria in India

PLOS ONE | https://doi.org/10.1371/journal.pone.0193046 March 22, 2018 14 / 14

http://nvbdcp.gov.in/Doc/National-framework-for-malaria-elimination-in-India-2016%E2%80%932030.pdf
http://nvbdcp.gov.in/Doc/National-framework-for-malaria-elimination-in-India-2016%E2%80%932030.pdf
https://doi.org/10.1111/j.1461-0248.2005.00879.x
http://www.ncbi.nlm.nih.gov/pubmed/16623732
https://doi.org/10.1371/journal.pone.0193046

