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Abstract

Parasites, defined as eukaryotic microbes and parasitic worms that cause global diseases of human 

and veterinary importance, span many lineages in the eukaryotic Tree of Life. Historically 

challenging to study due to their complicated life-cycles and association with impoverished 

settings, their inherent complexities are now being elucidated by genome sequencing. Over the 

course of the last decade, projects in large sequencing centers, and increasingly frequently in 

individual research labs, have sequenced dozens of parasite reference genomes and field isolates 

from patient populations. This “tsunami” of genomic data is answering questions about parasite 

genetic diversity, signatures of evolution orchestrated through anti-parasitic drug and host immune 

pressure, and the characteristics of populations. This brief review focuses on the state of the art of 

parasitic protist genomics, how the peculiar genomes of parasites are driving creative methods for 

their sequencing, and the impact that next-generation sequencing is having on our understanding 

of parasite population genomics and control of the diseases they cause.

The State of Parasite Whole Genome Sequencing

As of August 2014, sixty-five reference genomes of parasitic protists and their close 

relatives have been deposited in GenBank (Figure 1). The majority of these genomes fall 

within two phyla: (1) the Kinetoplastidae, which contains parasites responsible for diseases 

ranging from African sleeping sickness (Trypanosoma brucei) and Chagas disease 

(Trypanosoma cruzi) to visceral leishmaniasis (Leishmania spp.); and (2) the Apicomplexa, 

including the genus Plasmodium, whose transmission by the Anopheles mosquito causes 

malaria in more than 100 countries. Accordingly, research utilizing “comparative genomics” 

of parasite genomes has been focused within the Plasmodium [1], Leishmania [2] and 

Trypanosoma [3] clades. The majority of these genomes were sequenced using first-

generation Sanger technology, and some have taken many years to complete assembly, gene 

finding and annotation [4]. More recently, the advent of cheaper, faster and more accurate 
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next-generation sequencing platforms such as those provided by Illumina (e.g., HiSeq 

series), Roche 454 (e.g., GS Junior) and Life Technologies (e.g., Ion Torrent Personal 

Genome Machine), has enabled whole genome sequencing of multiple field isolates from 

patients. These unassembled genomes are deposited in GenBank's Sequence Read Archive 

or the European Bioinformatics Institute European Nucleotide Archive (http://

www.ncbi.nlm.nih.gov/sra and http://www.ebi.ac.uk/ena, respectively) as well as in 

organism-specific databases such as those hosted by EuPathDB [5]. This new wave of 

parasite genome sequence data is revolutionizing the study of population genetics of 

parasites in two major ways: (1) by generating preliminary descriptions of the population 

genetics of commonly used lab strains, and (2) by enabling “real-time” population genetics 

of patient field isolates. Examples of these are given below.

The Challenges to Genomics Posed by Parasite Biology

Parasite genomes have highly diverse architectures. They vary in properties such as 

nucleotide bias, for example the extremely AT-rich Plasmodium falciparum genome [6], or 

the “isochore” structure of Plasmodium vivax chromosomes that have GC-rich cores but 

AT-rich subtelomeric regions [7]. Many genomes are highly repetitive or replete with 

transposable elements, for example the amoebic dysentery-causing parasite Entamoeba 

histolytica [8]. Genome sizes of parasites also vary widely. The first eukaryotic parasite 

genome to be published, from the microsporidian Encephalitozoon cuniculi, was found to be 

2.3 Mb [9], whereas the sexually transmitted parasite Trichomonas vaginalis has a ~160 Mb 

genome that has undergone recent genome expansion [10].

Such diversity poses unique challenges to whole genome sequencing, including attaining 

adequate genome coverage, identifying polymorphisms, and obtaining reliable estimates of 

population genetic parameters. These challenges have fostered new sequencing strategies for 

sampling patient isolates, such as the “reduced representation” methods [11] that are being 

used to develop genetic markers for population genomic surveys. One such method, 

“restriction-site associated DNA sequencing” uses either one (RAD) or a pair (ddRAD) of 

restriction enzymes in combination with partial sequencing [12,13], and has been employed 

to resequence ~180 T. vaginalis genomes ([14]; M. Bradic, New York University, 

unpublished). A second new technology adopted by the parasite genomics community is 

“hybrid selection”, which uses biotinylated RNA baits designed from a parasite reference 

genome sequence to capture parasite DNA from a host-parasite DNA mixture [15]. Starting 

from exceedingly small quantities of patient material, Plasmodium DNA has been purified 

and enriched up to 40-fold [16,17] -- – a key achievement in our ability to undertake 

population genetic surveys of parasites that cannot be grown in culture or are grossly 

contaminated with host genetic material.

Using Genome Sequence Data to Investigate Parasite Population Genetics

Prior to the era of fast and cheap next-generation sequencing (NGS), population studies of 

parasites were limited to a few genetic loci because of the lack of parasite genome sequence 

data. These initial studies using small numbers of microsatellite (MS) markers across 

chromosomes and single nucleotide polymorphisms (SNPs) in single-copy genes provided a 
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preliminary glimpse of the genetic diversity, local and global population structure, and gene 

flow within and between populations of several different parasite species (see for example 

[18–20]), and identified loci suitable for classifying patient isolates [21,22]. Such 

genotyping has also been invaluable in epidemiology studies and disease classification 

[23,24]. Single-locus studies have also been used to identify mutations associated with 

parasite phenotypes such as virulence and drug resistance (reviewed for species of the 

malaria parasite in [25]). More recently, whole genome sequence data have enabled a 

genome-wide approach to population studies of commonly used parasite lab-adapted strains, 

and also of natural isolates taken directly from patients. In many instances, this has 

improved initial estimates of important population genetic parameters (see Glossary). We 

concentrate here on those parasites for which NGS data are now available that illustrate 

some of the impact that NGS data are having on population genetic studies of these 

parasites.

Recombination is an important population genetic parameter to consider in parasites, since 

the ability of a species to undergo sexual recombination directly impacts the spread of 

important genes through populations, such as those involved in virulence or drug resistance. 

Population genetic studies of several parasite species have indicated that genetic exchange is 

likely to occur or has taken place evolutionarily recently in the species (see for example in T. 

vaginalis [18], Giardia [26] and other parasite species reviewed in [27]). In the enteric 

pathogen E. histolytica, analysis of the first reference genome revealed a complement of 

genes necessary for meiosis, pointing to the possibility of sex in natural populations [28]. 

However, more substantial evidence was not available until the generation of a large NGS 

dataset of ten lab-cultured lines from Mexico, Bangladesh, Italy, United Kingdom, Korea 

and Venezuela [29]. By random sampling of pairs of polymorphic sites on the same 

reference genome scaffold, the authors found strong evidence that sexual reassortment of 

chromosomes and meiotic recombination had occurred, suggesting that E. histolytica may 

reproduce sexually and that a reevaluation of the life-cycle of this species may be warranted. 

These findings were extended by Gilchrist et al. [30] who used 16 marker loci identified 

from next generation sequencing datasets of 12 E. histolytica strains to genotype 84 samples. 

The study noted the extreme diversity present in the species indicative of regular and recent 

recombination, and was able to link specific loci to clinical phenotypes, supporting the 

existence of a relationship between the genotype of an E. histolytica strain and its virulence.

In two back-to-back papers, sequencing of four P. vivax isolates adapted to growth in 

monkeys [31], and three strains of the closely related monkey malaria Plasmodium 

cynomolgi isolated from macaques in Cambodia and Malaysia [32], showed how NGS data 

is impacting population genetic studies of species of the monkey malaria clade. P. 

cynomolgi shares many of the biological and phenotypic traits of its sister taxon P. vivax and 

has been assumed to be a model system for the study of P. vivax, which cannot be cultured 

in vitro. Tachibana et al. [32] for the first time identified ~60 genes with dN (the number of 

nonsynonymous changes per nonsynonymous site) greater than dS (the number of 

synonymous changes per synonymous site), and ~3,200 genes with dS > dN, over ~4,000 

pairs of orthologs within two P. cynomolgi strains, providing clues as to the types of genes 

subject to different selective pressures in the species. Similarly, whether P. cynomolgi is a 
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good model system for P. vivax was investigated by exploring the degree to which evolution 

of orthologs between the two species had been constrained over evolutionary time. Of 

~4,600 pairs of orthologs analyzed between the two species, less than 2% were found to be 

under positive selection and at least 81% to be under strong selective constraint, indicating 

that the genome of P. cynomolgi is highly conserved in single-locus genes compared to P. 

vivax and emphasizing the value of the monkey malaria species as a biomedical and 

evolutionary model for studying P. vivax.

Next generation sequencing has improved the ability to detect loci undergoing lineage-

specific changes that previously would have been overlooked. In the trypanosomatid 

Leishmania for example, the generation and refinement of four reference genomes for 

species within that genus has helped identify chromosomal and gene copy number variation 

[33]. Large-scale variation in chromosome copy number between species found up to nine 

supernumerary chromosomes (small accessory chromosomes with high heterochromatic 

content) within individuals. In contrast, comparisons between species found little difference 

at the gene level, with only a limited number (2–67) lineage-specific genes identified. At a 

population level, a recent study compared the genome sequences of 16 clinical isolates of 

Leishmania donovani that display a gradient in drug susceptibility [34]. The increased 

resolution of next generation sequencing highlighted nine loci that differ in copy number 

between drug resistant and susceptible populations of L. donovani. More recent genomic 

studies in Kinetoplastidiae have explored recombination within the Trypanosoma genus by 

sequencing subspecies of Trypanosoma brucei [35]. Two isolates, sourced from different 

geographic regions of Africa, were whole-genome sequenced, revealing a heterozygous ~2.5 

Mb region that may underlie the differences in virulence observed between the two 

subspecies. These explorations have shown that structural changes, such as altering copy 

number, are an important mechanism for modifying virulence in parasite populations.

While Plasmodium and Leishmania are clear focal points for next generation sequencing, 

another parasitic protist, Toxoplasmsa gondii, has also undergone a recent wave of NGS data 

generation. The population structure of T. gondii is unique, with the majority of strains 

isolated in Europe and North America belong to three distinct clonal haplotypes (types I, II, 

and III) with very little genetic variation between (1–3%) and within (<0.01%) them, and a 

fourth clonal lineage prevalent in North American wild animals. Sequencing of the first 

single isolate quickly revealed ~1,250 novel SNPs divergent between the reference genome 

and an isolate from Uganda [36]. These SNPs had the potential to impact coding sequences, 

highlighting the need for population level NGS efforts of the species. Towards this goal, 

sequencing ten T. gondii strains from Europe and the Americas generated data that was used 

to improve the inferred ancestry of the species by creating a haplotype map for the genome 

[37], thereby further defining the origin and spread of the species. Most recently, whole-

genome sequencing of isolates from the Type I clonal lineage of T. gondii identified a cohort 

of ~1,400 SNPs that differ between Type I strains, and which may explain observed 

phenotypic differences between isolates [38]. Thus these last three studies exemplify how a 

stepwise increase in resolution of population level genomic information through the use of 

NGS data has resolved not only the T. gondii demographic history but also identified 

disease-relevant loci in the parasite.
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By far the most extensively sequenced parasite species is the malaria pathogen Plasmodium 

falciparum. Whole genome Sanger sequencing of several lab clones [39,40] and the first 

patient isolate [41] provided initial estimates for a range of population genetic values, 

including nucleotide diversity (π), a key parameter that describes recent mutations within a 

genome. Understanding the scope of genetic diversity within parasite genomes provides 

insight into both natural and anthropogenic influences on parasite populations. The 

discrepancy in the average π estimated by these three papers most likely reflects the 

different types of data collected and the differences in SNP calling [42], illustrating the 

importance of generating high-quality, standardized data sets. More recently, NGS has 

enabled population genomic analyses of deeply sampled local populations of P. falciparum 

field isolates. For example, analysis of NGS data from 25 culture-adapted P. falciparum 

isolates from three sites in Senegal showed little population structure among the sites 

(located less than 250 miles from each other), and estimated a 60-fold expansion of this 

population ~20,000–40,000 years ago [43]. Linkage disequilibrium (LD) was found to decay 

rapidly to a baseline of ~ 1kb, indicative of high levels of recombination in the Senagalese 

parasite population, and using Tajima’s D, 29 genes were identified with skewed neutrality 

scores including several not identified in previous studies. A subsequent study by the same 

group analyzing 45 Senagalese genomes used a test for natural selection that identifies areas 

in the genome where resistant parasites show much longer haplotypes than sensitive 

parasites (indicative of recent positive selection on the resistant population) to identify loci 

associated with drug resistance [44]. This approach was possible because drug treatment 

provides a strong selective pressure on the P. falciparum genome. Loci identified included 

several genes not previously implicated in drug resistance, including those in the 

ubiquitination pathway. On a more global scale, NGS data of 227 patient isolates of P. 

falciparum from Africa, Asia and Oceania have provided genome-wide estimates of allele 

frequency distribution, population structure and LD [45]. For example, FST values in this 

study confirmed that P. falciparum shows a clear division by continent, and that the 

parasite’s population structure is increased in regions of low transmission.

However, the most noteworthy recent impact that genomics has had on population genetic 

studies has been to reveal a locus involved in resistance to artemisinin. P. falciparum has 

developed resistance to every antimalarial drug manufactured, and the recent findings of 

clinical resistance to artemisinin and its derivatives in patients in Cambodia, Vietnam and 

Thailand has sent shockwaves through the malaria community. Initial genotyping studies of 

91 clones from Laos, Cambodia and Thailand by Cheeseman et al., showed significant 

population differentiation and a region on chromosome 13 under strong selection [46]. 

Using additional genetic markers and screening 715 isolates, a 35 kb region within a 

selective sweep was identified as containing multiple candidate resistance genes. 

Concurrently, Takala-Harison et al. [47] also used population genetic analysis of SNP array 

data from ~330 patient isolates from clinical trials of artesunate monotherapy in Southeast 

Asia to identify several genomic regions containing SNPs associated with artemisinin 

resistance phenotypes, among them a region of chromosome 13. Subsequently, Miotto et al. 

[48] used a population genomics approach through analysis of 414 West African and 411 

Southeast Asian P. falciparum genomes to provide a “population-level genetic framework” 

that could assist in investigating the biological origins of the resistance and to define 
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molecular markers. They found a high level of genetic differentiation of Cambodian 

parasites in their whole genome data, with multiple distinct but sympatric parasite 

subpopulations identified, indicating founder effects and recent population expansion. No 

correlation between admixture proportions and parasite artemisinin resistance assays was 

found, suggesting that the acquisition of artemisinin resistance depends upon inheriting a 

small number of genetic loci from resistant ancestors. Ultimately, a strong candidate 

artemisinin resistance marker was identified through NGS sequencing of P. falciparum lab 

clones made resistant to artemisinin in vitro and analysis of sequence polymorphisms in 

Cambodian isolates [49]. Together, these papers exemplify how population genetic studies 

of NGS data is being used by the malaria community to study new life-threatening parasite 

traits such as drug resistance.

Summary and conclusions

Understanding the genetic structure of parasite populations and the process of genome 

evolution and adaptation within parasites is essential for crafting effective control strategies 

against the diseases that they cause. Population genomic data have revealed the patterns of 

evolution within human pathogens, most noticeably in the Plasmodium genus, and form a 

solid framework that other neglected and understudied parasites can aspire to in the coming 

years. As sequencing costs continue to fall and bioinformatic tools improve, addressing 

population genetic questions of parasitic diseases will become accessible to laboratories 

large and small.
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Glossary

Admixture interbreeding of individuals issued from two or more distinct 

populations or species

Coalescent theory a theory describing the genealogy of chromosomes or genes. The 

genealogy is constructed backwards-in-time, starting with the 

present-day sample. Lineages coalesce until the most recent 

common ancestor (MRCA) of the sample is reached.

FST the mean fixation index is a measure of population differentiation 

due to genetic structure

Linkage 
disequilibrium

when a genotype present at one locus is dependent on the genotype 

at a second locus. LD decays each generation at a rate determined by 

the degree of recombination
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Population 
genetics

the study of the interrelated patterns of phenotypic, genotypic and 

allelic frequencies within populations, and how these frequencies 

change due to influences like selection and chance

Selective sweep the fixation of an advantageous mutation that reduces levels of 

linked silent polymorphism. The size of the chromosomal region 

impacted by a selective sweep is determined by the level of local 

recombination

Tajima’s D a test that distinguishes between an allele evolving neutrally i.e 

randomly, and one evolving under a non-random process such as 

positive selection, balancing selection, or selective sweep
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Highlights

• We summarize the influence of genomics on parasite population genetics

• The explosion of genomic data has enabled new types of investigations

• Population genomic data has refined estimates of LD and heterozygosity in 

parasites

• Plasmodium population genomics is a foundation for studies of neglected 

parasites
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Figure 1. 
A cartoon phylogenetic tree of parasite genera (and some closely-related free-living 

relatives) with reference genomes, with branch widths weighted according to the number of 

genomes (indicated in parentheses) in GenBank as of August 2014. Monophyletic 

supergroup and phylum name are labeled above their branches.
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