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Abstract

Previous whole genome comparisons of Plasmodium falciparum populations have not included
collections from the Indian subcontinent, even though two million Indians contract malaria and
about 50,000 die from the disease every year. Stratification of global parasites has revealed spatial
relatedness of parasite genotypes on different continents. Here, genomic analysis was further
improved to obtain country-level resolution by removing vargenes and intergenic regions from
distance calculations. 2. falciparum genomes from India were found to be most closely related to
each other. Their nearest neighbors were from Bangladesh and Myanmar, followed by Thailand.
Samples from the rest of Southeast Asia, Africa and South America were increasingly more
distant, demonstrating a high-resolution genomic-geographic continuum. Such genome
stratification approaches will help monitor variations of malaria parasites within South Asia and
future changes in parasite populations that may arise from in-country and cross-border migrations.
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The first genome-wide sequencing of pathogenic organisms, including the human malaria
parasite P, falciparum, proved to be an unprecedented asset for malaria scientists [1].
Investigators, who previously studied individual phenotypes or individual genes and their
products, could now study parasites on a genome scale [2-7]. Today, as the world considers
global policies to control and eliminate malaria parasites, representative populations of
parasites from distinct regions of the world are essential [8-10]. Collective genomes have
the potential to capture variations in interactions of malaria parasites with diverse human
hosts and mosquito vectors as well as susceptibilities of and resistance to therapeutics.

P, falciparum jumped from gorillas to humans in Central Africa in the distant past, but some
of the most interesting differences among human P, falciparum parasites probably reflect
evolutionary selection pressures resulting from more recent host history [11]. Human
settlement into specific geographic regions and ecosystems, with unique climates, available
plants and animals for food, and insect vectors, not only affected evolution of protective
traits in humans, but also triggered new specialized traits within pathogens. The highly-
intertwined genetic relationship between present-day humans, mosquitoes, and malaria
parasites is captured in the varying architecture of parasite genomes from different parts of
the world. Raw mapping of sequence reads between parasite populations has previously
revealed distinct segregation of P, falcjparum parasites from Africa, Southeast Asia and
South America [12, 13]. While some continental separation could have been anticipated
based on select markers from parasite genomes [14-16], the extent to which these principles
held across the whole genome is remarkable [12, 13]. In the present study we demonstrate
that it is possible to achieve country-level resolution of parasite relationships from whole
genome sequences with judicious use of bioinformatics tools.

The global collection of more than 500 different assembled whole genome sequences of 2
falciparum with known geographic history has gaps, particularly related to South Asia. This
is a significant deficiency. There are more than 500 million people at risk for malaria in
India and the country reports up to two million cases per year [17, 18]. Current estimates of
deaths due to malaria in India reach approximately 50,000 per year [17, 18]. It is of great
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biological interest and public health importance to know if present-day P falciparum
parasites from India are closely related to parasites from Southeast Asia, especially since
India shares borders and has growing ties with many countries in Southeast Asia. Thailand,
Vietnam, Laos and Cambodia have been under continual antimalarial drug pressure for
decades and most drug resistance was first detected in these countries, including the current
threat of artemisinin-resistance [19]. To understand future intermingling of parasite
genomes, current similarities and differences in the genetic makeup of Indian and Southeast
Asian parasites are of particular significance. It is also conceivable that Indian parasites
could be closely related to parasites from Africa, given the history of travels over the last
eight centuries as well as more recent trade and population exchanges [20].

The Malaria Evolution in South Asia (MESA) program seeks to understand how parasites in
the field evolve not just against drugs, but also to gain other evolutionary advantages related
to overcoming host immunity and improving transmission. The program runs under the
broader US NIH International Centers of Excellence for Malaria Research (ICEMR)
initiative [9] and so is a part of a formal government-sanctioned collaboration between India
and the US [8, 21].

The clinical protocol guiding sample collections was approved by the institutional review
boards of Goa Medical College and Hospital, University of Washington, US NIAID Division
of Microbiology and Infectious Diseases, and Government of India Health Ministry
Screening Committee. From April 2012 to December 2015 patients at the Goa Medical
College (GMC) who were diagnosed with Plasmodium falciparum infection (by either rapid
diagnostic test or by thin-smear microscopy) were referred to the MESA-ICEMR study
team. Non-pregnant individuals between 12 months and 65 years old were given a written
and oral description of the study and asked to provide written informed consent. Children
between 8 and 18 years old were asked to provide assent in addition to the written consent of
a parent or guardian required for all under 18. Study participants provided 4 — 6 mL of
venous blood and parasite species was confirmed by RDT (FalciVax, Zephyr Biomedicals,
India) and Giemsa-stained slide microscopy. Through December 2015, a total of 1088
Plasmodium-positive individuals, 228 of whom had Plasmodium falciparum mono-infection,
were enrolled by the MESA-ICEMR at GMC. Of the malaria-positive patients enrolled at
Goa Medical College and Hospital between 2012 and 2015, 88% were born in 31 Indian
states other than Goa. Most of the enrolled patients were male (91%) and many were
construction workers (51%) (29).

The present study provides a first glimpse of 2 falciparum genomes from India though
analysis of five Indian P, falciparum whole genome sequences collected between 2012 and
2015 by the MESA-ICEMR. Though the parasites samples included in the present study
were collected in Goa, the parasites likely had diverse origins, including the states of Goa,
Uttar Pradesh, Bihar, and Assam, based on study participant’s reported place of birth and
travel history one month prior to sample collection (Table 1). For comparison of relatedness
to parasites around the world, whole genome sequencing (WGS) of malarial parasites from
global field isolates delivers a comprehensive set of variations present in parasite
populations. This, in turn, can provide an accurate approximation of associations between
various genome samples [12,13]. In such population studies, with more than 5,000 genes in
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each malaria parasite, the relationships between samples are complex. This complexity
makes it useful to compare global variation and relatedness between parasites
mathematically by imagining the distinct samples as occupying locations in an abstract
space (usually in n-1 dimensions, where n is the number of samples under consideration).
Principal Component Analysis (PCA) plots identify components, linear combinations of
these dimensions, that describe the variation between the samples. In this case and typically,
a few principal components capture most of the variation, thus describing the separation of
samples using just a few important dimensions. This approach provides a parsimonious view
of the stratification present in a set of samples. Technical details of the sequences of the
parasites from India, the gathering of non-Indian genome sequences, and the final genomic
comparisons are presented in the legend to Figure 1.

Together with genomes from around the world, the relative position of the Indian parasites in
the world-map of genetic interconnectedness was identified (Figure 1). The layers of
stratification of Indian samples in relation to parasites from other parts of the world was also
estimated. Figure 1 shows that, as expected, global isolates fall into different groups based
on their geographical origins [12, 13]. In this stratification, Indian isolates (red) clearly
segregate into a distinct cluster, different from isolates of Southeast Asia (blue and purple)
and even Bangladesh and Myanmar (dark and light pink). A neighbor joining tree, obtained
using 'nj' from 'ape' package in R and made from the same distance matrix as that used for
PCA, shows that the common ancestor for isolates from Africa and Asia are well-separated
(Figure 2). Indian samples (red), lie between those from Bangladesh and Myanmar (pink),
slightly removed from samples from Thailand (dark blue) and more removed from those of
far Southeast Asian countries of Cambodia, Laos, and Vietnam (lighter blue).

Investigators in South Asia and beyond should benefit from access to the present whole
genome sequences of £ falciparum from India. The Indian subcontinent has very diverse
human genetics, ecosystems, and mosquito populations [21], so future parasite genome
collections by the MESA-ICEMR will help capture an even more complete geographic
representation of Indian P, falciparum parasites. Parasites captured directly from the states of
origin of the construction workers in Goa will be of particular interest and will help
determine if there is even greater diversity of parasites in India than what we capture from
Southwest India. The present collection will also serve as a reference point in time. As the
social and economic interactions between the countries of South Asia and Southeast Asia
increase, it will be important to track the extent to which parasite genetic structures change,
or even merge, over time. Genome-wide analysis of A2 falciparum SNPs may also help track
newly arrived ‘interlopers’ across borders with migrant workers, and possible stable
recombinants emerging after mating with local parasite populations in India. Beyond Asia,
the parasite genome sequences from India should provide valuable context to interpret
population differences amongst global collections of fully-assembled whole genome
sequences of A falciparum, especially those from Africa. Such large data should help predict
cross-continental efficacy of newly emerging drugs, vaccines, and vector-control measures
as well as to track the spread of potential resistance traits across continents.
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Highlights

. Plasmodium falciparum genomes from India are
underrepresented in global collections

. Five distinct Plasmodium falciparum genomes from
India have been sequenced

. Compared to global parasites, Plasmodium falciparum
from India are distinct

. Indian parasites are most closely related to those from
Bangladesh and Thailand

Mol Biochem Parasitol. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kumar et al. Page 8

Region

India
Bangladesh
Myanmar
Thailand
Cambodia
Laos
Vietnam
Mozambique
D.R.Congo
Gambia
Ghana

Mali

Nigeria
Brazil

French Guiana

South East Asia

[ Africa ‘(’0 ®
825 ' X

»
R

P South America

Bangladesh

PC2

India

0.025 0.000 0.025 0.050

PC1

Figure 1.
Positioning of £ falciparum genomes from India amongst global isolates of the human

malaria parasites using Principal Component Analysis (PCA). Whole-genome sequences of
non-Indian isolates from different parts of the world were downloaded from European
Nucleotide Archive (ENA; accession numbers given below). Reads from each WGS sample
were filtered for quality using Trim Galore [24]. Cutoffs of 70bp for minimal read length
and quality score of 28 were used to obtain high quality reads. Reads were then prepared
according to 'pre-processing’ step of best-practices guidelines from Broad Institute.
Specifically, BWA mem algorithm was used to align reads to reference sequence obtained
from PlasmoDB (Pf v9) [25]. Reads were then sorted and duplicates were marked using
Picard tools 'SortSam' and 'MarkDuplicates', respectively. Indels were then realigned and
base quality scores recalibrated using GATK tools [26]. Variants were called using 'Mpileup
from Samtools for all the samples taken together [27]. All analysis was done on an SGE
cluster of EC2 instances from Amazon web services (AWS) using starcluster (http://
star.mit.edu/cluster/). A single vcf (variant call format) file of all variants was used to
calculate pair-wise nucleotide distance. Distances between sample i and sample j were
calculated as (((DVi/DP;) - (DV;j/DP}))?)Y/2, where DV; and DVj are number of variant reads
at a given position in the genome of sample i and j, respectively. DP; and DP; are the depth
of coverage at the corresponding position in sample i and j, respectively. The values were
summed for all positions and normalized for varying depths in samples. This was achieved
by dividing the raw distance score by the number of positions that passed the criterion for a
distance calculation. Criterion for distance calculation was given as a position where depth
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was 5 or greater in both samples i and j. Pairwise distance matrix obtained in this manner
was used for classical multi-dimensional scaling (MDS) in R using '‘cmdscale’. MDS was
applied to distances (a quantitative measure of dissimilarity, often arising from our
biological understanding) between pairs of samples and is equivalent to PCA under the
condition that these distances are Euclidian. Spatial matrix obtained from cmdscale was used
to make plots using 'ggplot2' [28]. Regions and countries represented in this plot (and
reference numbers for the genomes) are as follows: South America: Brazil (ERR012881,
ERR012888, ERR023690, SRR530164 and SRR629057) and French Guiana (SRR834923,
SRR834924, SRR834925 and SRR834926). Africa: Gambia (ERR015439, ERR018904,
ERR019543, ERR019548 and ERR020108), Mali (SRR1011071, SRR1011167,
SRR1011205, SRR1011289 and SRR1210129), Ghana (ERR015396), Nigeria (ERR426048
and ERR426142), D.R. Congo (ERR404207, ERR404242, ERR426005, ERR426127 and
ERR426136) and Mozambique (SRR1029755). India (2NRN, 5TBX, JZT6, TCFT and
XGK2). South East Asia: Bangladesh (ERR404184, ERR404203, ERR404229,
ERR404257, ERR426068 and ERR426133), Central Myanmar (ERR175486, ERR175510,
ERR175521, ERR404208 and ERR426076), Thailand (ERR164693, ERR164704,
ERR164710, ERR216522, ERR221495, ERR337557, ERR337564, ERR404221,
ERR404248 and ERR426140), Cambodia (ERR039180, ERR042214, ERR063632,
ERR067573, ERR171601, ERR171634 and ERR216553), Laos (ERR216499, ERR221479
and ERR388787) and Vietnam (ERR180075, ERR180092 and ERR426013). The raw
sequence reads for the five parasites from five South Asian patients are now in the NCBI-
SRA database. SRA accession for the study is: SRP075579 and the run accession humbers
for the 5 samples are 1) xgk2: SRR3575059, 2) hxjy: SRR3575060, 3) durf; SRR3575061,
4) 5thx: SRR3575062, and 5) gabv: SRR3575063. SNP variants emerging from the present
parasite genome sequences will be available on the PlasmoDB web-site (http://
plasmodb.org/plasmo/).
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Figure 2.
Positioning of £ falciparum genomes from India amongst global isolates of the human

malaria parasites using un-rooted neighbor joining tree, excluding var genes and non-coding
sequences. Non-coding sequences and variable surface protein genes were removed and the
distance analysis was based on coding sequences where basic cellular metabolism and
physiology functions must reside. This grouping reflected true geographic origins of the
parasite samples. African samples showed preferential joining of parasites from Congo and
from Gambia. Parasites from West and Central Africa were well-separated from the
Mozambique parasite. In Southeast Asia, there was a continual separation of parasites from
Bangladesh to Myanmar/Thailand, to Cambodia, and to Laos and Vietnam. Parasites in
Thailand were less tightly concentrated, but may reflect the movement of patients and
parasites in and out of this country. In this context, the Indian P, falciparum isolates
remained cleanly segregated from Southeast Asian, African, South American and
Bangladesh lines. The continental clusters were well-defined with minimum ambiguity.

In an earlier effort, we performed distance analysis using whole genomes (including var
genes and intergenic regions) superimposed on the £ falciparum 3D7 cell line. This
generated some uncertain relationships between isolates and their geographic origins (data
not shown). We hypothesize that the ancestral genomic relationships of the parasites may be
influenced by subsets of highly-variable parasite genes formed based on interactions with
patient immune responses. Genes coding for surface proteins on infected erythrocytes are
under heavy selective pressure and reshuffle amongst themselves at very high rates and
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acquire point mutations [22, 23]. In addition, non-coding DNA spread across the
chromosome forms a substantial part of the parasite genome and could also drift more
compared to internal protein coding genes. As shown above, removal of var genes and
intergenic regions provided a reliable picture of relationships between genomes and origin of
samples.
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