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Abstract 
Plasmodium falciparum is a protozoan parasite that causes the deadliest form of human 
malaria. Although, malaria burdens worldwide have decreased substantially over the last 
decade (WHO, 2014), genetic variation and adaptation by parasite strains against drugs and 
vaccines present significant challenges for the elimination of malaria (Ariey et al., 2014; 
Neafsey et al., 2015). India has formally launched a malaria elimination campaign (NVBDCP, 
2016).  Therefore, early in-country detection of drug resistance and/or immune evasion will be 
important for the program. Presently, the majority of surveillance methods in India detect a 
limited number of known polymorphisms (Campino et al., 2011; Chatterjee et al., 2016; 
Daniels et al., 2008; Mishra et al., 2015; Neafsey et al., 2012; Neafsey et al., 2008).  A recently 
reported amplicon sequencing method enables targeted re-sequencing of a panel of genes (Rao 
et al., 2016).  However, the capacity to identify new genes of resistance/immune evasion by 
whole genome sequencing (WGS) through next generation sequencing (NGS) in India, has 
remained elusive. Here we report the first WGS of P. falciparum strain performed by Eurofins 
Genomics India Pvt. Ltd at its Bengaluru division within 40 days of sample submission. Our 
data establish that timely, commercial WGS through NGS in India can be applied to P. 
falciparum to greatly empower the malaria elimination agenda in India.  
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The malaria burden has reduced significantly in India in last 15 years, giving impetus to the 
development of the National Framework for Malaria Elimination in India 2016–2030 (NFME, 
2016). However, it is recognized that many of the achievements are fragile and need vigilant 
support. In the face of parasite resistance to all known antimalarials at a global level (WHO, 
2015), emergence of drug resistant parasites needs to be closely monitored to systematically 
evaluate efficacy of therapies in India. Further, as vaccination strategies mature, their 
administration may trigger different adaptive responses in areas with vastly different levels of 
host immunity associated with a wide range of parasite transmission densities prevalent in India 
(see Figure. 1). 
Therefore, understanding parasite genetic backgrounds and genetic diversity is key to the 
elimination agenda.  It is critical to monitor parasite strain dynamics and virulence, residual 
pools of parasites, transmission profiles emergence of resistance to therapeutic strategies 
employed in continued reduction and elimination.  Genomic technologies are powerful in 
elucidating genetic backgrounds. Methodologies adapted for malaria-endemic countries 
increasingly provide sequencing support for identification of known single nucleotide 
polymorphisms (SNPs) or new polymorphisms in one or more genes to monitor drug or 
immune selection (Bailey et al., 2012; Chang et al., 2012; Galinsky et al., 2015; Gandhi et al., 
2012; Manske et al., 2012).  Recently a P. falciparum mitochondrial genome was sequenced 
through Sanger sequencing (Tyagi et al., 2014).  However, WGS needed to completely map 
the genetic template is not yet widely accessible in India. 
WGS is particularly important in monitoring hitherto unknown resistance markers and immune 
adaptation that cannot be comprehensively deciphered from analyses of a defined set of parasite 
genes.  In context of drugs, resistance to artemisinins, frontline antimalarials to which we still 
have no replacements, is thought to likely involve multiple genetic loci, in addition to the major 
determinant pfkelch13 (Ariey et al., 2014; Miotto et al., 2015).  Further pfkelch13 mutations 
confer different levels of resistance in different strain backgrounds (Straimer et al., 2015) 
emphasizing the need for whole genome sequencing to rapidly understand and distinguish 
strains in efforts to track and contain resistance before it proceeds to relapsed, difficult-to-treat 
infections.  
WGS of Indian isolates has lagged behind in analyses of parasite strains from other endemic 
regions of the globe including Africa, China, SE Asia, South and-Central America (Bailey et 
al., 2012; Borrmann et al., 2013; Chang et al., 2012; Cheeseman et al., 2012; Daniels et al., 
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2015; Obaldia et al., 2015; Tan et al., 2012). This could be greatly overcome by in-country 
capacity for WGS in India.  To overcome this bottle-neck we undertook WGS and associated 
bioinformatics analyses of P. falciparum strain 3D7 with a commercial vendor Eurofins India 
Pvt. Ltd in Bengaluru.  We present this as a first report of WGS of P. falciparum in India. 
Materials and Methods 
Maintenance of P. falciparum culture 
P. falciparum 3D7 parasites were propagated in A+ human erythrocytes in RPMI 
supplemented with 0.5% Albumax II, 0.2 mM Hypoxanthine, 11 mM Glucose, 0.17% 
NaHCO3, 10 µg/ml gentamycin and maintained at 37C in 5% CO2 in a humidified incubator, 
as described earlier (Bhattacharjee et al., 2012). Cultures were monitored daily by Giemsa 
staining of methanol-fixed smears and fed as necessary. Parasitemia were usually maintained 
below 10% for healthy culture growth. 
Preparation of P. falciparum 3D7 genomic DNA (gDNA) 
Total genomic DNA was isolated from P. falciparum 3D7 infected red blood cells using Quick-
gDNA miniprep kit from Zymo Research (Cat # D3024) following manufacturer instructions. 
The gDNA was eluted from column using DNase, RNase-free water and stored at -20C until 
shipment to Eurofins Genomics India Pvt. Ltd. 
Shipment of gDNA from the laboratory to the WGS sequencing facility at Whitefield, 
Bengaluru, India 
The P. falciparum 3D7 genomic DNA sample was shipped to Eurofins Genomics India Pvt. 
Ltd. in dry ice by courier. 
Qualitative and quantitative analysis of gDNA 
The quality of the gDNA was assessed by resolving in 0.8% (w/v) agarose gel at 120 V for 30 
min. For quantitative estimation, 1 µl of gDNA sample was used to determine the A260/280 
ratio using Nano-drop One (Thermo Fisher Scientific) and concentration was measured using 
Qubit® 3.0 Fluorometer (Thermo Fisher Scientific). 
Preparation of 2 x 150NextSeq 500 library 
The paired-end sequencing library was prepared using NEBNext Ultra DNA Library Prep Kit 
(NEB). Briefly, approximately 1µg of gDNA was fragmented by Covaris M220 ultrasonicator 
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to generate a mean fragment distribution of 400 bp. Covaris shearing generates dsDNA 
fragments with 3' or 5' overhangs. The fragments were then converted to blunt ends using End 
Repair Mix. The 3'5' exonuclease activity of this mix removes the 3' overhangs and the 5'3' 
polymerase activity fills in the 5' overhangs. This was followed by adapter ligation to the 
fragments. This strategy ensures a low rate of chimera (concatenated template) formation. The 
ligated products were size selected using AMPure XP beads (Beckman Coulter). The size-
selected products were PCR amplified with the index primers according to manufacturer 
instructions. 
Quantity and quality check (QC) of library on Tape Station 
The PCR amplified libraries were analyzed in TapeStation 4200 (Agilent Technologies) using 
High Sensitivity (HS) D5000 Screen Tape assay kit as per manufacturer instructions. 
Cluster Generation and Sequencing 
After obtaining the Qubit concentration for the libraries and the mean peak size from Agilent 
TapeStation profile, the PE Illumina library was loaded onto NextSeq 500 for cluster 
generation and sequencing. Paired-End sequencing allowed the template fragments to be 
sequenced in both the forward and reverse directions on NextSeq 500. The reagents provided 
in the kit were used in binding of samples to complementary adapter oligos on paired-end flow 
cell. The adapters were designed to allow selective cleavage of the forward strands after re-
synthesis of the reverse strand during sequencing. The copied reverse strand was then used to 
sequence from the opposite end of the fragment. 
Sequencing data analysis  
NGS of P. falciparum 3D7 PE library was performed by Eurofins Genomics India Pvt. Ltd. on 
an on NextSeq 500 using 2  150 bp chemistry. This generated a total number of 34,399,710 
raw reads with 10,331,446,863 bp and 10.3 GB of raw data. These raw reads were filtered 
using Trimmomatic v0.35 with the following stringent parameters: (i) adapter trimming; (ii) 
SLIDING WINDOW- trimming of 20 bp, cutting once if the average quality fell below a 
threshold of 20; (iii) LEADING- cutting bases at the start of a read if below a threshold quality 
of 30; (iv) TRAILING- cutting bases at the end of a read if below a threshold quality of 25; 
and (v) MINLENGTH- dropping a read if >100 bp. After filtration, the total number of reads 
and bases were 23,951,749 and 7,050,844,590, respectively. The final data size at the end of 
this step was 7 GB. The cumulative data were aligned against reference P. falciparum 3D7 
genome sequence, downloaded from NCBI 
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(ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF_000002765.3_ASM276v1/GCF_000002765.3_A
SM276v1_genomic.fna.gz). For confirmation, we assessed the sequencing coverage of two 
drug-resistance genes: pfkelch13 (PlasmoDB id PF3D7_1343700), pfmdr1 (PlasmoDB id 
PF3D7_0523000) associated with artemisinin resistance. 
 
Results and Discussion 
Quality control on agarose gel 
The P. falciparum 3D7 genomic DNA was quantitated using Qubit 3.0 Fluorometer (Thermo 
Fisher Scientific). The estimated concentration and amount was 93.5 ng/µl and 1.87 µg, 
respectively. The quality check of the genomic DNA in 0.8% agarose gel revealed high 
molecular weight band characteristic of intact genomic DNA. DNA smearing, representing 
genomic DNA fragmentation during purification was minimally seen (Figure 2). 
Library profile in Agilent Tape station 
Following quality check, the paired-end (PE) libraries were prepared using NEB Next Ultra 
DNA Library Prep Kit for Illumina using manufacturer instructions. The libraries were 
sequenced on NextSeq 500 using 2  150bp chemistry. The library profile is shown in Figure 
3. 
Raw and filtered data statistics 
The total number of reads and bases from the 3D7 sample was 34,399,710 and 10,331,446,863 
bp, respectively. This generated 10.3 GB of raw data. After filtration, the total number of reads 
and bases were 23,951,749 and 7,050,844,590 bp. The final data size was 7 GB. 
Mapping reads to the reference genome 
The P. falciparum 3D7 genome, downloaded from 
ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF_000002765.3_ASM276v1/GCF_000002765.3_AS
M276v1_genomic.fna.gz, was used as a reference genome. High quality reads were mapped 
against this reference genome with size of 23.27 Mb using BWA mem (version 0.7.12-r1039) 
with default parameters including minimum seed length of 19 and penalty of mismatch at 4. 
Mapping was performed by indexing of the reference genome and aligning filtered reads to the 
reference index. The alignment was obtained in BAM file format, which was further used to 
generate consensus genome for 3D7 sample. Overall, the mapping revealed 22,255,033 reads 
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with a mapping percentage of 93%. The total number of unmapped reads was 1,696,716 and 
the genome coverage was 99.99%.  The bioinformatics analysis workflow is shown in Figure 
4. 
Concluding Comments. 
Our work adds WGS to the genomic tool kit for studies of P. falciparum strains in India.  Its 
immediate application to recently isolated Indian strains that have been cultured in the 
laboratory will yield unbiased genetic information of P. falciparum strains in India (John White 
III, 2016).   Since these represent ~ 50% of collected isolates, they are expected to yield 
comprehensive regional strain analyses which are currently missing to fully understand 
emergence of artemisinin resistance and potentially future vaccine trials.  As other aspects of 
laboratory and field capacities are further strengthened in-country, WGS will allow definitive 
strain analysis at the national level needed for malaria elimination in India.     
References 
Ariey, F., Witkowski, B., Amaratunga, C., Beghain, J., Langlois, A.C., Khim, N., Kim, S., 
Duru, V., Bouchier, C., Ma, L., et al. (2014). A molecular marker of artemisinin-resistant 
Plasmodium falciparum malaria. Nature 505, 50-55. 
Bailey, J.A., Mvalo, T., Aragam, N., Weiser, M., Congdon, S., Kamwendo, D., Martinson, F., 
Hoffman, I., Meshnick, S.R., and Juliano, J.J. (2012). Use of massively parallel pyrosequencing 
to evaluate the diversity of and selection on Plasmodium falciparum csp T-cell epitopes in 
Lilongwe, Malawi. J Infect Dis 206, 580-587. 
Bhattacharjee, S., Stahelin, R.V., Speicher, K.D., Speicher, D.W., and Haldar, K. (2012). 
Endoplasmic reticulum PI(3)P lipid binding targets malaria proteins to the host cell. Cell 148, 
201-212. 
Borrmann, S., Straimer, J., Mwai, L., Abdi, A., Rippert, A., Okombo, J., Muriithi, S., Sasi, P., 
Kortok, M.M., Lowe, B., et al. (2013). Genome-wide screen identifies new candidate genes 
associated with artemisinin susceptibility in Plasmodium falciparum in Kenya. Scientific 
reports 3, 3318. 
Campino, S., Auburn, S., Kivinen, K., Zongo, I., Ouedraogo, J.B., Mangano, V., Djimde, A., 
Doumbo, O.K., Kiara, S.M., Nzila, A., et al. (2011). Population genetic analysis of 
Plasmodium falciparum parasites using a customized Illumina GoldenGate genotyping assay. 
PLoS One 6, e20251. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted August 16, 2016. ; https://doi.org/10.1101/068676doi: bioRxiv preprint 

https://doi.org/10.1101/068676


Chang, H.H., Park, D.J., Galinsky, K.J., Schaffner, S.F., Ndiaye, D., Ndir, O., Mboup, S., 
Wiegand, R.C., Volkman, S.K., Sabeti, P.C., et al. (2012). Genomic sequencing of Plasmodium 
falciparum malaria parasites from Senegal reveals the demographic history of the population. 
Mol Biol Evol 29, 3427-3439. 
Chatterjee, M., Ganguly, S., Saha, P., Guha, S.K., Basu, N., Bera, D.K., and Maji, A.K. (2016). 
Polymorphisms 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 44, 281-
285. 
Cheeseman, I.H., Miller, B.A., Nair, S., Nkhoma, S., Tan, A., Tan, J.C., Al Saai, S., Phyo, A.P., 
Moo, C.L., Lwin, K.M., et al. (2012). A major genome region underlying artemisinin resistance 
in malaria. Science 336, 79-82. 
Daniels, R., Volkman, S.K., Milner, D.A., Mahesh, N., Neafsey, D.E., Park, D.J., Rosen, D., 
Angelino, E., Sabeti, P.C., Wirth, D.F., et al. (2008). A general SNP-based molecular barcode 
for Plasmodium falciparum identification and tracking. Malar J 7, 223. 
Daniels, R.F., Schaffner, S.F., Wenger, E.A., Proctor, J.L., Chang, H.H., Wong, W., Baro, N., 
Ndiaye, D., Fall, F.B., Ndiop, M., et al. (2015). Modeling malaria genomics reveals 
transmission decline and rebound in Senegal. Proc Natl Acad Sci U S A 112, 7067-7072. 
Galinsky, K., Valim, C., Salmier, A., de Thoisy, B., Musset, L., Legrand, E., Faust, A., 
Baniecki, M.L., Ndiaye, D., Daniels, R.F., et al. (2015). COIL: a methodology for evaluating 
malarial complexity of infection using likelihood from single nucleotide polymorphism data. 
Malar J 14, 4. 
Gandhi, K., Thera, M.A., Coulibaly, D., Traore, K., Guindo, A.B., Doumbo, O.K., Takala-
Harrison, S., and Plowe, C.V. (2012). Next generation sequencing to detect variation in the 
Plasmodium falciparum circumsporozoite protein. Am J Trop Med Hyg 86, 775-781. 
John White III, A.M., Ligia Pereira, Rashmi Dash, Jayashri T. Walker, Pooja Gawas, Ambika 
Sharma, Suresh Kumar Manoharan, Jennifer L. Guler, Jennifer N. Maki, Ashwani Kumar, 
Jagadish Mahanta, Neena Valecha, Nagesh Dubhashi, Marina Vaz, Edwin Gomes, Laura 
Chery and Pradipsinh K. Rathod (2016). In vitro adaptation of Plasmodium falciparum reveal 
variations in cultivability. Malar J 15, 1-13. 
Manske, M., Miotto, O., Campino, S., Auburn, S., Almagro-Garcia, J., Maslen, G., O'Brien, J., 
Djimde, A., Doumbo, O., Zongo, I., et al. (2012). Analysis of Plasmodium falciparum diversity 
in natural infections by deep sequencing. Nature 487, 375-379. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted August 16, 2016. ; https://doi.org/10.1101/068676doi: bioRxiv preprint 

https://doi.org/10.1101/068676


Miotto, O., Amato, R., Ashley, E.A., MacInnis, B., Almagro-Garcia, J., Amaratunga, C., Lim, 
P., Mead, D., Oyola, S.O., Dhorda, M., et al. (2015). Genetic architecture of artemisinin-
resistant Plasmodium falciparum. Nature genetics 47, 226-234. 
Mishra, N., Prajapati, S.K., Kaitholia, K., Bharti, R.S., Srivastava, B., Phookan, S., Anvikar, 
A.R., Dev, V., Sonal, G.S., Dhariwal, A.C., et al. (2015). Surveillance of artemisinin resistance 
in Plasmodium falciparum in India using the kelch13 molecular marker. Antimicrob Agents 
Chemother 59, 2548-2553. 
Neafsey, D.E., Galinsky, K., Jiang, R.H., Young, L., Sykes, S.M., Saif, S., Gujja, S., Goldberg, 
J.M., Young, S., Zeng, Q., et al. (2012). The malaria parasite Plasmodium vivax exhibits 
greater genetic diversity than Plasmodium falciparum. Nature genetics 44, 1046-1050. 
Neafsey, D.E., Juraska, M., Bedford, T., Benkeser, D., Valim, C., Griggs, A., Lievens, M., 
Abdulla, S., Adjei, S., Agbenyega, T., et al. (2015). Genetic Diversity and Protective Efficacy 
of the RTS,S/AS01 Malaria Vaccine. N Engl J Med 373, 2025-2037. 
Neafsey, D.E., Schaffner, S.F., Volkman, S.K., Park, D., Montgomery, P., Milner, D.A., Jr., 
Lukens, A., Rosen, D., Daniels, R., Houde, N., et al. (2008). Genome-wide SNP genotyping 
highlights the role of natural selection in Plasmodium falciparum population divergence. 
Genome Biol 9, R171. 
NFME (2016). National framework for malaria elimination in India 2016–2030. 
http://wwwnvbdcpgovin/. 
NVBDCP (2016). National Malaria Control Programme (NMCP). 
Obaldia, N., 3rd, Baro, N.K., Calzada, J.E., Santamaria, A.M., Daniels, R., Wong, W., Chang, 
H.H., Hamilton, E.J., Arevalo-Herrera, M., Herrera, S., et al. (2015). Clonal outbreak of 
Plasmodium falciparum infection in eastern Panama. J Infect Dis 211, 1087-1096. 
Rao, P.N., Uplekar, S., Kayal, S., Mallick, P.K., Bandyopadhyay, N., Kale, S., Singh, O.P., 
Mohanty, A., Mohanty, S., Wassmer, S.C., et al. (2016). A Method for Amplicon Deep 
Sequencing of Drug Resistance Genes in Plasmodium falciparum Clinical Isolates from India. 
J Clin Microbiol 54, 1500-1511. 
Straimer, J., Gnadig, N.F., Witkowski, B., Amaratunga, C., Duru, V., Ramadani, A.P., 
Dacheux, M., Khim, N., Zhang, L., Lam, S., et al. (2015). Drug resistance. K13-propeller 
mutations confer artemisinin resistance in Plasmodium falciparum clinical isolates. Science 
347, 428-431. 
Tan, J.C., Miller, B.A., Tan, A., Patel, J.J., Cheeseman, I.H., Anderson, T.J., Manske, M., 
Maslen, G., Kwiatkowski, D.P., and Ferdig, M.T. (2012). An optimized microarray platform 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted August 16, 2016. ; https://doi.org/10.1101/068676doi: bioRxiv preprint 

https://doi.org/10.1101/068676


for assaying genomic variation in Plasmodium falciparum field populations. Genome Biol 12, 
R35. 
Tyagi, S., Pande, V., and Das, A. (2014). Whole mitochondrial genome sequence of an Indian 
Plasmodium falciparum field isolate. Korean J Parasitol 52, 99-103. 
WHO (2014). World Malaria Report, 2014. 
WHO (2015). WHO World Malaria Report 2015. 
 
Figure legends 
Figure 1.  Distribution of malaria in India. Schematic representation showing malaria 
distribution in India during 2015, based on annual parasite index (API). Adapted from 
http://www.nvbdcp.gov.in/maps.htm. 
Figure 2.  Quality check of P. falciparum 3D7 genomic DNA. Total genomic DNA from the 
laboratory-adapted P. falciparum 3D7 culture was resolved using 0.8% agarose gel. Standard 
DNA 25 kb ladder is shown at the left. 
Figure 3. Library profile of sample 3D7 on Agilent Tape Station HS D5000 screen tape. 
Highlighted between green perpendicular line shows the profile from 319-1080 bp with an 
average size of 598 bp. This represents 89.9% of the total library at a concentration of 780 
pg/l (2170 pmol/l).  
Figure 4. Bioinformatics analysis workflow. Raw data reads from the sequenced library were 
filtered and mapped against the reference P. falciparum 3D7 genome from NCBI 
(ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF_000002765.3_ASM276v1/GCF_000002765.3_A
SM276v1_genomic.fna.gz) with set default parameters, as described in Materials and Methods.  
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