
1 

 

 

Population genomics and 

epidemiology of 

Schistosoma mansoni 
 

 

 

 

Thomas Joseph Crellen 

Department of Infectious Disease Epidemiology 

School of Public Health 

Imperial College London 

 

PhD Thesis 

 

 

 

 

 

 

 



2 

Declaration of Originality 
 

All work presented in this thesis is the candidate’s own, under the supervision of Prof. Joanne 

Webster, Dr. James Cotton and Dr. David Aanensen. Any work by others has been appropriately 

referenced. 

 

 

Copyright Declaration 
 

The copyright of this thesis rests with the author and is made available under a Creative Commons 

Attribution Non-Commercial No Derivatives licence. Researchers are free to copy, distribute or 

transmit the thesis on the condition that they attribute it, that they do not use it for commercial 

purposes and that they do not alter, transform or build upon it. For any reuse or redistribution, 

researchers must make clear to others the licence terms of this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 

Abstract 
 

Schistosoma mansoni is a metazoan parasite that infects millions of people across the developing 

world. I applied coalescence models to genome-wide single nucleotide polymorphisms (SNPs) 

from ten global isolates of S. mansoni and an isolate of the closely related Schistosoma rodhaini to 

infer the dates of:  i) the speciation between S. mansoni and S. rodhaini; ii) the spread of S. mansoni 

across sub-Saharan Africa; and iii) the migration to the New World. Further, I used this sequence 

data to document signatures of directional selection between S. mansoni and S. rodhaini to 

uncover genes involved in host adaptation and under balancing selection in S. mansoni.  

 

I conducted a field study in Uganda to collect epidemiological data from primary schools that had 

been subject to contrasting intensities and durations of Mass Drug Administration (MDA). 

Children in endemic areas were examined for S. mansoni up to three days before and after 

treatment with praziquantel. I fitted a mixed-effects model to the egg count data and found that 

individuals from schools that were treated most intensively had a lower estimated mean egg 

reduction rate compared with individuals from less intensively treated schools, suggesting that 

more rounds of MDA may be resulting in S. mansoni parasites that are better tolerating 

anthelmintic treatment. 

 

Finally, I collected S. mansoni miracidia from patients in Uganda and developed a novel method for 

generating whole-genome sequences. In total, 213 miracidia from 35 patients were sequenced. 

Using a dataset of 5.4 million SNPs, I documented the population structure, characterised regions 

of the genome under selection and associated SNPs against the clearance phenotype. I uncovered 

the strongest signal of selection and the highest association with host clearance phenotype in a 

region at the beginning of chromosome 2 that contains two calcium channels; variants in this 

region may therefore be underlying the observed reduction in praziquantel efficacy. 
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Chapter 1  

 

Introduction  
 

Historical Background 
 

When schistosomes were first described by Theodor Bilharz in 1851, the field of biology was still a 

largely descriptive science. The century and a half that followed is littered with milestones in 

evolutionary theory [1], molecular biology [2], population genetics [3] and statistical modelling [4] 

that have made the present thesis possible. While this thesis can be considered in the field of 

‘biological’ or ‘biomedical’ science, the majority of the analysis has been performed 

computationally. The fields of biology and computation would have seemed strange bedfellows in 

1851, though during the second half of the Twentieth Century radical improvements to biological 

knowledge and the emergence of computer science have led to their present intertwining. In 1953, 

the same year that Crick and Watson elucidated the structure of DNA, scientists under John von 

Neumann in the Los Alamos Laboratory built the first random access memory computer to 

calculate the power of hydrogen bombs. The parallels between biochemical structures that 

encoded life as discrete bases and circuitry that encoded computation as binary bits were not lost 

on the researchers of the Manhattan Project [5]. Decoding the discrete information of life was 

made possible by the technological developments of Fred Sanger in the 1970s [6], though given 

the cost and low-throughput of early sequencing it took further technological advances before 

these methods could be applied to sequencing populations of organisms. Over the last ten years, 

sequencing technology has fallen in cost and increased in throughput at a rate greater than 

Moore’s Law [7]; the abundance of sequencing that has followed is transforming the landscape of 

biology and epidemiology into sciences driven by ‘big data’.  

 

As the size of datasets has increased, improvements to computation have been necessary: both in 

hardware to process and store information and in methods, to improve the algorithms and 

statistical methods that make sense of it. Work early in the twentieth century by Ronald Fisher 

established much of the battery of statistical tests that are routinely applied to biological data 

(ANOVA, maximum likelihood, p-values) and crucially merged his statistical ideas with those on 

evolutionary theory in 1930 [8]. Subsequent developments of Fisher’s methods, such as the 
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generalised linear model, have been crucial tools in quantitative sciences such as epidemiology, in 

which studies often aim to infer associations in the context of multiple covariates [4]. Bayesian 

statistics also became more widely used in biology in order to incorporate prior information on 

the likelihood of outcomes [9]. In the late 1940s, physicists working with John von Neumann 

developed an algorithm that employed stochastic perturbations to explore the fates of a branching 

process [5]. Although the algorithm was first used to understand the collisions of neutrons in an 

atomic bomb, it was subsequently applied to Markov models and the algorithm (Markov Chain 

Monte Carlo; MCMC) underlies parameter estimation in many present-day Bayesian statistical 

methods, including those employed in this thesis. While these statistical methods were developed 

over fifty years ago, it is only recently that they have become computationally tractable for large 

datasets [10]. As researchers in the life sciences, we are currently situated at a point where 

statistical methods, computational power and massive data have converged to give us 

unprecedented resources to understand the natural world. 

 

This thesis is focussed on the application of whole-genome sequencing to the human parasite 

Schistosoma mansoni, a causative agent of schistosomiasis, combined with statistical modelling of 

epidemiological data of the disease gathered from endemic settings; therefore a general discussion 

of the parasite’s biology will be the starting point for the introduction. This will lead onto a 

discussion on epidemiology and disease control in endemic countries, past work on the population 

genetics of S. mansoni, the sequencing of the S. mansoni genome and prospective applications of 

parasite genomics in general.  

 

Taxonomic background 
 

The genus Schistosoma falls within the class Trematoda consisting of flukes; parasitic flatworms 

that are dorsoventrally flattened, bilaterally symmetrical and lack a body cavity. Flukes typically 

have a complex lifecycle that includes an invertebrate intermediate host and a vertebrate 

definitive host. Molluscs are the most common intermediate host for trematodes and the two 

phyla have shared a history of coevolution stretching back over millions of years [11]. Fish or 

birds are the most common definitive hosts of trematodes. As these vertebrates predate snails this 

suggests that trematodes may have adapted to survive in vertebrate hosts; predominantly in the 

intestines as this is where snails are ingested [12].  
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The family schistosomatidae are unique within Trematoda as all species are dioecious. While this 

development may have made it more challenging for schistosomes to complete their lifecycle, in 

that both male and female flukes are required to enter the definitive host and meet at the same 

site, it may have been driven by the need for physiological specialization as males are broader and 

more ‘muscular’ and thus are able to hold egg-laying females in place within blood vessels against 

the flow of circulation [13]. Of the twenty identified species within the genus Schistosoma [14], five 

are known to be human-infective (S. mansoni, S. haematobium, S. intercalatum, S. japonicum, S. 

mekongi) and their distributions span the tropical regions of Africa, Asia and South America [15]. 

Recently the geographic range of schistosomes has expanded to southern Europe as an outbreak 

led to Schistosoma haematobium and hybrid strains infecting at least 120 people in Corsica during 

the summer of 2013 [16]. Estimates of the number of people infected by the three main human-

infective species (S. mansoni, S. haematobium, S. japonicum) carry large uncertainties, although 

conservative estimates suggest at least 230 million people have schistosomiasis worldwide, of 

which S. mansoni contributes an estimated 54 million infections in sub-Saharan Africa [15, 17]. 

With regards to S. mansoni specifically, the majority of cases are found in sub-Saharan Africa with 

a smaller number of infections present in Yemen, though this country is now close to elimination 

[18], and the New World; predominantly Brazil [19]. This global distribution that spans both the 

Old and New World is hypothesised to be due to the Atlantic Slave Trade, in which Africans 

transported to the New World carried S. mansoni parasites and established transmission of 

intestinal schistosomiasis in regions with compatible snails [20]. Genomic evidence to support this 

theory is presented in Chapter 2 of this thesis and the publication is presented in Appendix 3. 

Within endemic countries, areas of high prevalence and intensity are focussed around water 

bodies such as Lakes Victoria and Albert in East Africa [21] or water development projects such as 

irrigation schemes and dams [22].  

 

Schistosome lifecycle  
 

While the lifecycle of schistosomes varies by species, the developmental stages of adult worms, 

eggs, miracidia, sporocysts, cercariae, schistosomulae are common to all human-infective species. 

Pairs of adult male and female worms reside in the mesenteric veins draining the intestine in the 

case of intestinal schistosomiasis (S. mansoni, S. intercalatum, S. japonicum, S. mekongi), or 
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colonise the circulatory system surrounding the urogenital tract in the case of urogenital 

schistosomiasis (S. haematobium). The location of the adult worms indicates the mode of 

transmission by which eggs are released into the environment, which is through urine in S. 

haematobium and stool for other species. The diagnostic implications of this are that stool samples 

are required for the Kato-Katz thick smear that diagnoses intestinal schistosomiasis compared 

with urine filtration that diagnoses S. haematobium. The adult worms’ location also impacts on 

pathology, whereby the majority of damage caused by S. haematobium eggs is to the urogenital 

tract whereas in other species chronic pathology principally affects the liver and spleen.  

 

As this thesis focuses on S. mansoni, a more detailed discussion of the lifecycle and pathology will 

be restricted to this species. Laterally spined eggs are released in stool from infected individuals, 

and after only a few minutes of contact with fresh water hatch into free-swimming miracidia that 

live for 4-16 hours depending on conditions [23]. Upon reaching a compatible snail of the genus 

Biomphalaria spp., the miracidium attaches to the snail skin and, through the use of penetration 

glands and muscular squirming, penetrates the snail. Once inside, the ciliated surface of the 

miracidium used for motility is shed within two hours and a new tegument, a protective layer at 

the host-parasite interface, is formed [24]. The parasite thus develops into a primary sporocyst, 

which in turn develops germ-cell derived daughter sporocysts that produce thousands of single-

sex cercariae around a month after the initial infection and are shed over a period of several 

weeks in field conditions [25].  Exposing the snail to light and heat triggers cercarial shedding. 

Once shed, cercariae swim towards light, follow a thermal gradient and respond to fatty acids on 

the surface of human skin to increase their likelihood of coming into contact with humans [26]. 

Once attached to their host, the cercariae lose their tails, thus transforming into schistosomulae. 

Proteases are required to penetrate the dermis, which is achieved by glands secreting an enzyme 

(cercarial elastase) that degrades insoluble elastin in skin [27]. The transformed schistosomula 

must then undergo migration to the final resting site of the portal veins. The details of this epic 

journey have largely been illuminated through the use of mouse models with the assumption that 

schistosomulae migration in humans follows a similar time course and trajectory. Briefly, 

schistosomulae take up to five days to migrate through the skin after penetration, whereby they 

enter into the capillaries. The parasites migrate into the lungs via the venous circulation. 

Schistosomes break out from the lungs through the pulmonary capillaries and are carried through 

the heart into systemic circulation and reach the portal system of the liver where they begin to 
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feed on blood cells and grow [28, 29]. By 25-30 days from first infection in the mammalian host 

the worms reach the mesenteric veins where they pair up, attain full maturity and the first 

fertilised eggs are laid. Indeed, pairing is required for the female schistosome to attain full 

maturity and if the male is decoupled she will regress in her development showing suboptimal 

growth and a reduced egg output [30].  

 

Pathology 
 

The pathology attributed to infection with S. mansoni can be considered as: a) acute pathology, 

known as Katayama syndrome, which is principally observed in travellers; and b) chronic 

pathology, also known as bilharzia or schistosomiasis, which is mainly experienced by individuals 

living in endemic areas as the pathology results from prolonged exposure to a high egg burden 

caused by multiple co-infecting worms.   

 

Katayama syndrome is a systemic hypersensitivity reaction to migrating schistosomulae and egg 

deposition and occurs typically 14-84 days after the initial exposure to schistosomes in individuals 

with no acquired immunity [31]. An urticarial rash can appear several hours after cercariae have 

migrated through the skin and persist as lesions for several days, though dermatitis may also have 

a delayed onset of 1-12 weeks following heavy cercarial exposure. Other symptoms attributable to 

acute schistosomiasis are non-specific such as fever, fatigue, non-productive cough and 

eosinophilia [31]. The symptoms of Katayama fever are similar to ‘Swimmer’s Itch’, which is a 

hypersensitivity reaction resulting in skin eruptions caused by the cercariae of animal-infective 

(often avian) schistosomes penetrating human skin. Cases of Swimmer’s Itch have been reported 

in temperate latitudes as far north as the United Kingdom and Iceland. [32] 

 

Pathology from chronic intestinal schistosomiasis occurs principally in the liver and spleen as a 

result of eggs swept into these organs by the portal system, rather than traversing the 

endothelium of the vein, and subsequently the epithelium of the intestine before being deposited 

in stool. The first description of this pathology came in 1904 from the English pathologist William 

St Clair Symmers who worked in the same Egyptian hospital as Theodore Bilharz. Commenting on 

a deceased patient, he wrote that  
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“To the naked eye the liver is somewhat enlarged, and the surface shows a peculiar shagreened 

appearance owing to a pronounced increase of the perivascular connective tissue. A small blood 

vessel may often be seen running up to such a mass of concentrically arranged young fibrous tissue, 

and lying in the centre is an ovum, as if it had become impacted in the vessel and had by its presence 

produced the proliferation of tissue which resulted in cirrhosis. This cirrhosis is, I believe, due to the 

presence of the Bilharzia ovum” [33, 34].  

 

When schistosome eggs become lodged in tissue the granulomas that form around them develop 

through stages, characterised initially by a recruitment of mononuclear cells, neutrophils and 

eosinophils around the parasite egg; these are gradually replaced by histiocytes and epitheloid 

cells. The schistosome egg becomes degraded as a result of prolonged immune cell activity and 

collagen fibres become more prominent. Finally, fibrocytes and collagen fibres become the 

predominant feature of the granuloma and it decreases in size. The egg disintegrates and may 

become calcified [35]. It is the progressive damage caused to tissue through granulomas that lead 

to periportal fibrosis, portal hypertension and the risk of haematemesis (vomiting blood). 

Hardening and enlargement of the liver or spleen, which are consequences of the chronic damage 

of granulomas around S. mansoni eggs, are estimated to affect 8.5 and 6.3 million people 

respectively in sub-Saharan Africa [36].  

 

Global Distribution and Epidemiology  
 

The epidemiology of S. mansoni is characterised by: i) stability of prevalence, both spatially and 

temporally, owing to the long duration of worms inside hosts; ii) a spatial distribution that is 

predictable at the macro-scale though heterogeneous at the micro-scale; iii) an overdispered 

distribution of parasites within a community, in which a small number of hosts harbouring the 

majority of worms; and iv) an age- dependent distribution in hosts. 

 

Stable endemicity 

Infectious diseases can be considered to fall on a continuum between those from which cases 

predominantly arise during epidemics or outbreaks and those that are predominantly endemic in 

the human population. The former often arise from pathogens that are harboured in 

environmental or animal reservoirs before ‘spilling over’ and infecting humans, and may spread 

from person to person until the outbreak ends or is contained; Ebola and Lassa virus are examples 

[37]. Endemic disease, by contrast, is caused by pathogens that often have intermediate hosts, long 
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latency or durations of infectiousness such as Guinea worm, falciparum malaria and HIV. Epidemic 

diseases fluctuate in prevalence through time and space by orders of magnitude and their 

transmission is largely unpredictable [38, 39]. By contrast, the prevalence of endemic diseases 

within a population is essentially stable, therefore point prevalence surveys at any moment in 

time should provide a reliable estimate (assuming accurate diagnosis and random sampling). For 

this reason, endemic diseases such as soil transmitted helminths, lymphatic filariasis, malaria, and 

schistosomiasis have been subject to large-scale mapping projects that have been used to inform 

public health control programs [40-43]. In the case of schistosomiasis, this stability is provided by 

the long lifespan of the adult worms (on average 6-10 years [23]), greater than that of the snail 

(weeks) or free-swimming larval stages (hours), meaning that any fluctuations in seasonal 

transmission are minor in accounting for changes to prevalence and infection intensity [23, 44].  

 

Spatial distribution 

Covariates such as mean rainfall, altitude, poor sanitation, distance from water bodies and past 

treatment history with mass drug administration (MDA) explain much of the variance in the 

spatial distribution of schistosomiasis and can be used to estimate prevalence in areas where 

point prevalence survey data is absent [45]. Despite these spatially predictive variables, 

prevalence and infection intensity can be heterogeneous at small spatial scales; a study on the 

spatial variance of S. mansoni in East Africa found strong evidence for spatial clustering that was 

more pronounced than for hookworm infections in the same area [46].  

 

Parasite aggregation within hosts 

The infection intensity of adult S. mansoni worms is approximated by measuring parasite eggs in 

stool (see below), though the relationship between egg burden and adult worms is non-linear and 

can be affected by ‘density dependence’, as adult worm fecundity, for example, declines with the 

density of the infection within a host [47]. Within communities infected with S. mansoni the 

distribution of adult worms is highly variable among hosts and can be modelling through the 

negative binomial distribution, where the high variance can be accounted for with a dispersion 

parameter. This epidemiological pattern is also true for other helminths; as the distributions of 

parasites within hosts are highly aggregated the majority of worms are therefore harboured 

within a small number of “wormy people” [23, 48].  
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Age dependent infection intensity 

Mean intensity of infection with S. mansoni in endemic areas shows an age-dependent profile, 

whereby infection intensity rises through the infant years to peak at around ten or eleven years of 

age and subsequently drops during adulthood. This finding has been replicated across study sites 

in Africa and the New World [49]. During the 1990s there was debate as to whether these age-

dependent changes in infection intensity were due to a shifting immune response or differences in 

water contact time between children and adults [50]. The case was largely put to rest by studies in 

communities of fishermen where adults have a greater amount of water contact time than 

children, but which still showed the same fall in the number of eggs in stool following puberty 

[51].  

 

Diagnostics 
 

Parasitological measures were the first diagnostic measures to be employed in the diagnosis of 

schistosomiasis through detecting eggs in stool or urine and still remain the ‘gold standard’ for 

large-scale epidemiological surveys. The Kato-Katz thick smear developed in 1972 is a 

quantitative concentration technique widely recommended for the diagnosis of intestinal 

schistosomiasis and helminthiasis [52]. Stool is pressed through a sieve and a measured quantity 

transferred to a slide. A piece of cellophane soaked in glycerine-malachite green is pressed on the 

stool; the glycerine clears the faecal debris and the malachite green stains the eggs enabling 

examination of the slide 45 minutes or more after preparation. A key advantage of Kato-Katz is 

that, due to its extensive use in parasitology, technicians are confident in its practise. It also 

requires minimal equipment and can diagnose both intestinal schistosomiasis and soil-

transmitted helminths (STH). However, the technique is messy and exposes the technician to an 

unnecessary risk of infection. The method is also affected by the weight and consistency of the 

stool collected. To increase the sensitivity of the method, stool samples may be used to produce 

duplicate or triplicate slides or repeated over numerous days, though this increases the cost of any 

diagnostic survey [53-55].  

 

Other parasitological procedures have been proposed that involve formal-ether concentrate or 

salt flotation. These methods have been shown to improve sensitivity: for instance the FLOTAC 

method, which uses a zinc-sulphate flotation solution and a centrifuge to bring eggs to the surface 
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before reading under a light microscope, was found in field trials to have a greater sensitivity than 

triplicate Kato-Katz or formal-ether concentrate [56]. However the cost, equipment requirements 

and complexity of laboratory procedures prohibit the extension of these methods beyond small-

scale studies into large-scale epidemiological surveys [57]. In the case of FLOTAC the use of a 

centrifuge (and hence electricity) means that samples cannot be read at the point of collection, but 

rather must be fixed in sodium acetate-acetic acid-formalin and transported to a larger laboratory, 

which is impractical when diagnosing thousands of patients in rural areas.  

 

Immunological tests may target anti-schistosomal antibodies or schistosomal antigens in plasma, 

serum, urine or sputum. A general problem with immunological diagnostics is that they cannot 

readily discriminate between active infection, past infection and re-infection [57]. The urine-based 

circulating cathodic antigen (CCA) test for S. mansoni has proven useful for rapid baseline surveys 

of countries due to its high sensitivity and ease of use [58], however once treatment programs get 

underway antigen based tests currently do not have the specificity to determine whether an 

individual has been cleared of parasites or not [59]. The CCA test is only able to diagnose intestinal 

schistosomiasis, therefore separate point of care antigen diagnostic tests are required to detect S. 

haematobium. Another circulating antigen test (circulating anodic antigen; CAA) has also been 

developed as an ELISA and shows comparable sensitivity and specificity to CCA, though a rapid 

point of care test for CAA remains in development [60]. While there are concerns about the 

inadequacy of current diagnostics and the need for new or better tools [61], Kato-Katz remains the 

dominant method for determining the prevalence and infection intensity of communities, despite 

the limitations noted above, due to its simplicity and low cost. Moreover, it is the only method 

currently used to evaluate the effectiveness of anthelmintic treatment [62]. 

 

Treatment and Control 
 

Interventions to control schistosomiasis have varied over time. Early national control programs, 

such as the Sudanese Blue Nile Health Project (started 1979) and the Egyptian program (started 

1988) used a combination of chemotherapy, snail control, provision of clean water and sanitation 

and infrastructural development [63, 64].  However, these multi-approach control programs are 

now the exception rather than the rule [65].  Due to the low cost, safety and generally high efficacy 

of praziquantel, MDA has become the mainstay of national control programs.  
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The Schistosomiasis Control Initiative (SCI), founded in 2002 with funding from the Bill and 

Melinda Gates Foundation, was the first organization to implement a multinational MDA control 

program against schistosomiasis. The initial premises of the SCI were that delivery of MDA to 

infected children “two or three times during their school life” would prevent the severe morbidity 

caused by conditions such as ascites (the accumulation of fluid in the abdominal cavity) and 

hepatosplenomegaly [66]. In addition deworming would improve the growth and nutritional 

status of children [67]. Uganda was chosen as the first country where the SCI would operate, due 

to political will within the country and the severe morbidity known to exist in certain regions; 

hospital records from the West Nile District from 1951 to 1978 showed schistosomiasis to be the 

fifth most common cause of admission and a major cause of death [68]. Following the start of 

MDA, longitudinal studies examining the impact of treatment with praziquantel in Uganda on 

1871 children from 37 schools found that after two years S. mansoni infection intensity had 

dropped by 70% and the children had shown significant improvement across a range of health 

outcomes such as haemoglobin concentration and a reduction of clinical morbidity in the liver and 

spleen [69].  

 

In the strategic plan for 2012-2020, the World Health Organisation (WHO) outlined its intention to 

control morbidity due to schistosomiasis by 2020, eliminate schistosomiasis as a public health 

problem by 2025 in all endemic countries and interrupt transmission in all regions outside of 

Africa and certain countries within Africa by 2025 [70]. This ambitious plan is solely reliant on the 

use of praziquantel in MDA programs. While reduction of transmission was not one of the initial 

goals of SCI, there is evidence from Uganda that MDA with praziquantel alone can reduce 

transmission. From 2003-6 the ‘force of infection’, a transmission parameter equivalent to the per 

capita rate of infection, was significantly reduced after three rounds of praziquantel when 

compared to baseline as inferred from egg counts before and after three years of annual MDA [71]. 

A sustained reduction to the prevalence and intensity of infection with S. mansoni and S. 

haematobium has also been observed in Burkina Faso following a decade of MDA. In the 1980s the 

prevalence of S. mansoni in western districts of Burkina Faso was as high as 79%; following an 

MDA program started in 2004, the prevalence in these areas had dropped to 1% by 2013 [72, 

73]. The prevalence of S. haematobium has also significant declined in most districts, suggesting 

that schistosomiasis can be controlled in this country through MDA with praziquantel alone. 
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Praziquantel 
 

Praziquantel is an anthelmintic based on the anti-parasitic pyrazino isoquinoline ring system. The 

drug was originally synthesised in the laboratories of E. Merck in Darmstadt, Germany in the 

1970s [74]. It is a white crystalline powder consisting of an equal mix of optical isomers, of which 

only the ‘laevo’ (anticlockwise) form has schistosomicidal activity [75]. Orally administered 

praziquantel is rapidly absorbed into the blood and peak levels occur after 1-2 hours in normal 

volunteers. The toxicity of praziquantel is low, however side-effects are reported in field 

treatment studies [76]. Generally side-effects are correlated with the intensity of infection and are 

likely to be an immune response to products released from the death of adult worms. Side-effects 

are usually minor, such as headaches, nausea, vomiting and abdominal pain and are transitory 

with most disappearing after 1-2 hours [76, 77].  

 

Despite many years of study, praziquantel’s precise mode of action remains unknown. The 

immediate effect of the drug on schistosomes is spastic paralysis of worm musculature, which is 

accompanied, and possibly caused by, a rapid Ca2+ influx into the schistosome muscle cells [78]. 

When the action of Ca2+ channels was blocked by two inhibiting compounds (nicardipidine and 

nifedipine), S. mansoni was found to have a 50% greater chance of survival in a concentration of 

praziquantel that is usually fatal [79]. Furthermore, there is an immune dependent component to 

the action of praziquantel. Brindley and Sher found that B-cell depleted mice were only 20% as 

effective in clearing S. mansoni after administering praziquantel compared with normal mice [80].  

 

Drug resistance in praziquantel? 
 

The first study to document the potential for S. mansoni to develop resistance to praziquantel was 

carried out by Fallon and Doenhoff, who exposed S. mansoni infected mice to increasing 

concentrations of praziquantel and oxamniquine; the latter is an S. mansoni-specific drug used 

predominantly in Brazil. The authors’ found that after 6 and 7 rounds of exposure to praziquantel 

80% and 93% of adult worms survived three doses of 300mg/kg of praziquantel, and after 6 

rounds of exposure to oxamniquine the S. mansoni worms were completely tolerant. It was also 

found that resistance to either praziquantel or oxamniquine did not confer resistance to the other 

molecule, supporting separate modes of actions for both compounds [81].  
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In the field, drug efficacy cannot be observed directly as the adult worms are within the host. 

Therefore, efficacy must be estimated from diagnostic tests before and after treatment, usually, as 

discussed above, in the form of egg counts. Sample estimates are typically then used to quantify 

drug efficacy; the cure rate (CR) and the egg reduction rate (ERR). Egg reduction rates are more 

informative than CRs as morbidity is linked to infection intensity and, in the case of 

schistosomiasis, praziquantel is not truly curative as the drug is unable to target juveniles. The 

World Health Organisation (WHO) has set a “tentative” ERR threshold of 90% as a target efficacy 

for studies investigating anthelmintic efficacy [82]. 

 

The use of sample estimates, whereby CRs and ERRs are calculated directly from the observed 

data using simple arithmetic operations, while being simple to calculate and easy to interpret, 

present a number of limitations [62]. Firstly, multiple readings of egg counts must be averaged out 

in order to obtain a single count per individual per time-point, this loses any information on the 

variance of egg counts or the differences in variation between individuals as patients may be 

present for different number of days during testing. Secondly, the approach is unable to formally 

test the importance of explanatory variables that may affect drug efficacy. Thirdly, sample 

estimates, as a ratio between two means, lack simple methods for calculating uncertainty around 

the mean [83]. Finally, sample statistics are unable to capture the effects of correlated 

observations (such as measures taken from a particular time point or within a school). A more 

powerful inferential approach makes use of mixed effects regression techniques that are suitable 

for analysing longitudinal data, though studies have only recently begun to implement these 

methods [84].  

 

Despite the tendency of authors to speculate on the potential for drug resistance to develop during 

treatment programs [75, 85, 86], the evidence for reduced efficacy of praziquantel against 

schistosomes in field reports remains patchy. For instance, in Northern Senegal following the 

development of the Diama Dam in the 1980’s the prevalence of S. haematobium and S. mansoni 

increased [87] and reports emerged of extremely low cure rates in S. mansoni, suggesting the 

potential for resistance against praziquantel [76]. However, cure rates are strongly influenced by 

the starting intensity of infection, along with the sensitivity of diagnostics [88] and subsequent 

investigation in the Senegal River Basin found high ERRs of 97-99% [89]. Reduced efficacy of 
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praziquantel against S. mansoni has also been reported in Egypt [90] with ERR’s as low as 71%, 

though it is unclear whether these represent high rates of reinfection or anthelmintic resistance 

[91]. This thesis presents a contribution to understanding the reduced efficacy of praziquantel 

against S. mansoni in Uganda, which forms the basis of Chapter 3 and the publication is presented 

in Appendix 4 [92]. 

 

Past population genetic studies of S. mansoni 
 

Darwin established that natural selection acts upon traits that are variable and heritable within 

populations [93]. While variation within a species can be observed phenotypically this is 

underpinned by genetic or molecular variation that can take myriad forms within a genome, from 

large structural variations spanning kilobases (kb) or rearranging chromosomes, down to single 

nucleotide base changes or polymorphisms (SNPs).  

 

The extent to which the genetic variability in populations of organisms can be observed has been 

restricted by the technologies available to researchers. Initially, genetic variation was 

characterised by electrophoresis studies of proteins or DNA [94], then with the advent of Sanger 

sequencing and the polymerase chain reaction (PCR) this improved genetic analysis to the 

resolution of several hundred base-pairs (bp), typically applied to highly variable regions of the 

genome [20, 95]. Similarities between these sequences were then used to infer relationships 

between individuals within a population or between populations along with events in the history 

of a species such as speciation or changes to effective population size such as through a bottleneck.  

 

In 2003 Paul Hebert and colleagues published a paper stating that the Cytochrome Oxidase 1 

(cox1) mitochondrial gene could be used as a universal barcode for life, a “silver bullet” to aid 

taxonomists in species recognition across the animal kingdom [96]. This locus was chosen due to 

its relatively high rates of molecular evolution, the availability of robust universal primers and a 

lack of insertions or deletions (indels). The stated aim of the barcoding project was that, in the 

event of an organism’s species being unclear, it could be compared with the DNA barcode of a 

‘type specimen’, which had been verified by taxonomists. It was not designed for the discovery of 

new species, to reorganise taxonomies, or for within-species analysis. Furthermore tree-building 
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analysis were discouraged this went beyond the technology’s scope and has been described as 

among the “deadly sins” of DNA barcoding [97, 98].  

 

Despite the stated aims of the barcoding project, the sequencing of cox1 genes in schistosomes has 

been used widely for population genetics, starting with a ‘global population’ overview carried out 

by Morgan et al. in 2005 [20]. Concerns were voiced in 2007 that the cox1 gene was unsuitable for 

population genetics in S. mansoni and fared poorly in recreating phylogenies inferred from full 

mitochondrial genomes. Zarowiecki and colleagues argued that “Considering the information 

content of entire mt genome sequences, partial cox1 would not be the ideal marker for either 

species identification (barcoding) or population studies with Schistosoma species” [99]. Given 

these warnings, it is therefore surprising that numerous studies of within species variation of S. 

mansoni (and other schistosomes) have been undertaken in subsequent years on the basis of cox1 

gene (or partial fragment of the gene). While the problems of inferring population structure from 

a single gene are well known [100], this has not prevented Stothard and colleagues, for example, 

from speculating that the variability of cox1 demonstrates a “significant population partition” 

between populations of S. mansoni from Lakes Victoria and Albert in Uganda [101], despite the 

phylogeny of this particular paper failing to show the two groups separating into distinct clades, 

nor from a study claiming that this locus is able to differentiate global S. mansoni into 5 clades 

despite weak bootstrap support [102].  

 

Warnings on the use of single markers come from another genus of helminthes, Ascaris spp., 

where there has been confusion over whether A. lumbricoides and A. suum, which infect humans 

and pigs respectively, are in fact the same species [103]. Looking at two regions of ~300bp in the 

nuclear ribosomal DNA (rDNA) region, Zhu and colleagues inferred that the nucleotide differences 

between A. lumbricoides and A. suum were comparable to within species diversity and so 

questioned their separate taxonomic status [104]. Full sequencing of the mitochondrial genomes 

of both species revealed them to be highly similar, differing by only 1.9%, whereas the diversity 

found within A. suum was 1.5%, leading Liu et al. (2012) to concluded that the data “provide some 

support that A. lumbricoide [sic] and A. suum represent a single species” [105]. To help resolve the 

issue, Betson et al. (2014) sequenced both the cox1 gene and a panel of 8 microsatellite markers 

from > 500 Ascaris spp. isolates from humans and pigs in 10 countries around the world, including 

the UK, Uganda and Guatemala [106]. The authors found that cox1 was unable to differentiate 
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between human and pig populations, with certain ‘haplotypes’ being equally represented among 

worms from either host. However, a supervised clustering algorithm of microsatellite sequences 

showed that the data fell into 2 clusters that clearly separated human and pig Ascaris into separate 

populations. Further, the fixation index of microsatellite regions showed that worms from humans 

were more closely related across countries than were human and pig Ascaris from within the same 

country. This study demonstrates the danger of inferring taxonomic relationships from single 

markers compared with multiple markers, and that even the complete mitochondrial genome may 

not be representative of nuclear regions.  

 

The multipurpose cox1 gene has also been used in conjunction with a nuclear rRNA sequence to 

investigate hybridization between different species of schistosomes, including the human-

infective S. haematobium and the ruminant-infective S. bovis and S. curassoni [107] and also 

between S. mansoni and the rodent-infective S. rodhaini [108]. While the capacity of schistosomes 

to hybridize has been known since the 1950s [109], for authors to claim on the basis of modest 

molecular evidence that “hybrids are not 1st generation and are a result of parental and/or hybrid 

backcrosses, indicating a stable hybrid zone” [107] seems premature given the complexity of the 

patterns of hybridization that can be seen across whole genomes. For instance, the fungal species 

Zymoseptoria pseudotritici was found to be the product of hybridization between two other 

species that resulted in a mosaic of 100 kb regions along the Z. pseudotritici genome that alternate 

between being highly variability and monomorphic, explained by a bottleneck proceeding the 

hybridization event [110]. Such a pattern could only be understood through whole genome 

sequencing and likewise higher resolution genetic and genomic data are likely to be required to 

infer the true nature of hybridization between schistosome species.  

 

Genetic population structure of S. mansoni populations 
 

Parasite populations are inherently structured into subpopulations (for instance, within hosts, 

known as ‘infrapopulations’) and the hosts may themselves show different levels of structure 

(ecological areas, villages, schools etc). Therefore, the impact of this population structure on 

parasite population genetics is an important consideration. A study by Criscione and Blouin 

(2006) on different species of trematodes that infect salmon aimed to compare species with an 

autogenic lifecycle, where the parasites’ hosts live exclusively in freshwater, with an allogenic 
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lifecycle, in which the trematode species has terrestrial hosts [111]. Based on results from a single 

mitochondrial gene, the allogenic trematode species Nanophyetus salmincola showed significantly 

higher rates of migration between subpopulations and only limited structuring compared with 

autogenic species (Deropegus aspina and Plagioporus shawi), which showed lower rates of 

migration between subpopulations and greater population structuring. This suggests that parasite 

species’ have greater rates of migration and gene flow where definitive hosts are able to disperse 

parasites between different subpopulations. This has implications for the population genetics of S. 

mansoni, which would be expected to show low levels of population genetic structure as it has a 

human definitive host. In a meta-analysis of microsatellite diversity in S. mansoni populations 

from five countries across East and West Africa, Gower et al. (2013) again found low levels of FST 

at different spatial scales (FST  0.113), with the majority of variance in the population structure 

shown within schools or between miracidia within individuals, rather than over much larger 

spatial scales, such as between countries [95]. A separate study on adult S. mansoni which, 

unusually, have rats as their major definitive host in Guadeloupe also found low FST (≤0.07) on the 

basis of microsatellite markers [112]. 

 

Effect of praziquantel on S. mansoni populations 
 

Along with “barcoding regions”, microsatellites have also been widely used in recent Schistosoma 

evolutionary analysis, including population genetic studies examining potential changes to 

microsatellite diversity of S. mansoni before and after treatment with praziquantel. A study in 

Tanzania from 2005-6 [113] based on 7 microsatellite markers sampled 80 praziquantel naïve 

children before and 47 children one year following treatment (total miracidia = 1706). The results 

revealed a significant reduction in the allelic richness and expected heterozygosity of S. mansoni 

following treatment within individuals. Further, the authors found the same reduction in diversity 

among untreated individuals at follow up. This suggested that after a single round of treatment 

with praziquantel some degree of selection may be acting on the parasites and that only a subset 

of the initial S. mansoni population were able to survive treatment or reinvade. The authors noted 

“this result tends to indicate that not only did one round of MDA affect parasite diversity within 

each child treated and across all children treated; it may also have affected parasite diversity 

within untreated children and therefore the broader S. mansoni population as a whole” [113].  
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However, these findings have failed to be replicated in a number of subsequent studies. In a study 

conducted in northern Senegal from 2007-8, Huyse et al. (2013) analysed microsatellite markers 

from miracidia collected from 12 children at baseline, 6 months follow up (after 2 rounds of MDA) 

and 2 years follow up (after 5 rounds of MDA) [114]. Over this period there were no significant 

changes to allelic richness or expected heterozygosity in S. mansoni. This study may have lacked 

sufficient power to detect any changes to genetic diversity as modelling work has shown that 

increasing the number of hosts, rather than the number of miracidia per host, improves the 

resolution to detect population changes before and after treatment [115]. Therefore, sampling 

from more than 12 hosts may be necessary to detect subtle changes to genetic structure. Some 

studies with greater statistical power have, nevertheless, also been unable to detect changes to S. 

mansoni variability following treatment. A four year cohort study in western Kenya that followed 

67 individuals and genotyped a total of 4938 miracidia with 12 microsatellite loci also found no 

changes, or a slight increase, in allelic richness or expected heterozygosity each year following 

treatment [116].  

 

It is important to consider that these studies are looking to demonstrate an effect of large-scale 

praziquantel treatment on the parasite population as a whole. In all cases follow up sampling was 

performed long after the initial treatment with praziquantel (≥1 year) and so such studies would 

be unlikely to detect differences between parasites that survive clearance and those that are 

sensitive to treatment. Even in the event that a fraction of S. mansoni parasites do resist or tolerate 

treatment with praziquantel, after a year or more of continued re-infections such genotypes may 

be indistinguishable against the background of population diversity. However, a microsatellite 

study in Brazil [117] where the similarity of S. mansoni populations that survived praziquantel 

only four weeks after treatment were compared with susceptible worms also found no significant 

difference between the groups, though a different measure of population structure, the “D index” 

[118], was used in the analysis, meaning the results are not necessarily comparable with other 

studies.  

 

In addition, the absence of differentiation or change at neutral markers is not necessarily 

indicative of whole genome processes [119]. A study on Atlantic cod, for instance, showed that 

very little genetic differentiation was observed over nine microsatellite loci, but that substantial 

variation was taking place at the PanI locus, which was known to be under natural selection [120].  
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Next Generation Sequencing and Parasite Genomics  
 

The field of genomics has been revolutionised by the advent of high-throughput sequencing, also 

known as next-generation sequencing (NGS), technology. After the sequencing of the human 

genome at enormous cost and over a period of ten years through Sanger sequencing, subsequent 

technological improvement, starting with the SOLiD technology in in the early 2000s, decreased 

the cost of sequencing by a factor of 50,000 [7].  

 

While a number of competing technologies exist, the dominant sequencing technology at present 

is manufactured by Illumina [121]. If one were to imagine an idealised sequencing process this 

would involve: i) long reads that spanned the largest repeats; ii) retention of the haplotypes of 

variants; and iii) a low error rate. If we compare the current Illumina technology against our 

expectations it is characterised by sequencing extremely short reads (70-150bp), an absence of 

haplotype information due to the short read lengths (hence variants often require statistical 

phasing) and a relatively high error rate (~0.1%). While emerging technologies (so called “third 

generation sequencing”) hold promise in overcoming some of these shortcomings, such as long 

read technologies pioneered by Pacific Biosciences and Oxford Nanopore, due to affordability and 

a wide-range of platforms, the Illumina ‘suite’ of instruments remain the dominant mode of 

sequencing in most labs worldwide and subsequently a great deal of bioinformatics research 

focuses on overcoming the problems inherent in this technology.  

 

The process of Illumina sequencing can be briefly outlined as follows. First, purified DNA is 

sheared into fragments of a known length, typically several hundred base pairs. This can be 

achieved through sonication and the DNA fragment sizes (or ‘insert sizes’) form a normal 

distribution around the desired length. Adapters are then ligated onto the ends of the DNA 

fragments, and depending on the concentration of the DNA, a number of PCR cycles then follow to 

increase the amount of DNA prior to sequencing. DNA is then loaded into the sequencing machines 

on glass flow cells. Adapter-bound DNA fragments are immobilised on the flow cell surface, which 

contains oligonucleotides that bind to the adaptors on the DNA template. Then a process known as 

‘solid phase amplification’ leads to the initial DNA template bridging onto adjacent 

oligonucleotides and a polymerase binding to the template and building a complementary strand 

by incorporating dNTPs in solution. The double stranded DNA is denatured and so the forward 

and reverse strands are left attached separately to oligonucleotides anchored to the nano-well. 
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This process is repeated so that around 1000 identical DNA fragments are formed within a single 

well, this step ends with the reverse strands being cleaved and washed off, leaving only the 

forward strands. Across the flow cell this process takes place within each well simultaneously so 

that billions of wells with monoclonal DNA clusters are formed.   

 

The sequencing that follows is known as ‘sequencing by synthesis’. Nucleotides that are tagged 

with fluorophores bind to the DNA fragments within each cluster. As the correct base is 

incorporated a characteristic fluorescence is emitted and lasers capture the signal. Within each 

cluster each clonal DNA template is read simultaneously.  The sequencing continues in a number 

of pre-defined cycles corresponding to the read-length. Information on every paired read is 

typically output as a ‘fastq’ file, though the file is unordered. To make sense of the reads, they must 

be assembled de novo or aligned to a reference genome [121, 122]. Due to the relatively high error 

rate and short read length of NGS technology, to reliably call a SNP or indel in sequence data 

requires any variable position in the genome to be covered by multiple independent reads. If 

many independent reads suggest that a variant is present in the sample compared to the reference 

genome then it can be called reliably [123]. For this reason, it is important to have high coverage 

(also referred to as depth) when calling variants across a population.  

 

The S. mansoni genome consists of seven autosomal chromosomes and a ZW sex determination 

system, in which males are homogametic with ZZ sex chromosomes and females are 

heterogametic with ZW sex chromosomes. The W chromosome is smaller than the Z chromosome, 

though to-date the genome assembly of S. mansoni has yet to fully resolve this region as the W 

chromosome is highly repetitive [124]. A draft 380 megabase (mb) genome of S. mansoni was first 

presented in 2009 [125]. The genome was found to contain unusual features such a large 

proportion (20%) of long terminal repeats and other transposable elements along with 45 

unusually small micro-exon genes (MEGs) with exons of 6-36 basepairs flanked by conventional 

exons at the 5’ and 3’ end of the gene. While the MEGs did not appear to have a common function, 

it was proposed that their structure allowed for splice variants due to exon skipping, thus 

increasing the possible protein variation. Micro-exon genes were also found in the genomes of 

four tapeworm species, suggesting the feature is common to Platyhelminthes [126]. The reference 

genome was systematically improved by the addition of high coverage Illumina reads and 

capillary sequencing along with manual inspection, leading to a second publication in 2012 which 
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described a draft assembly decreasing in size from 374.9 to 364.5 mb, with 81% of the content 

assigned to chromosomes (increased from 55%) and the total number of contiguous sequences 

(contigs) decreased from over 50,000 to 9,200 [124]. Improvements to gene models were also 

made through sequencing the transcriptome at different life stages, this resulted in the number of 

predicted genes dropping from 11,807 to 10,852. Draft genomes of S. japonicum and S. 

haematobium were published in 2009 and 2012 respectively, though no subsequent efforts to 

improve the assemblies for these species have yet been published [127, 128]. 

 

Despite the availability of these genomic resources for schistosomes, there has been only modest 

progress in utilizing them for population studies. In one of the first examples using NGS to explore 

larger genomic regions, seven pools of S. japonicum from China were sequenced.  Phylogenetic 

reconstruction using genes shared between S. japonicum and S. mansoni found that the population 

structure reflected geographic proximity, and was broadly similar to that found in the original 

1999 electrophoretic study from which the samples originated [129, 130]. The authors performed 

an enrichment study on the most variable genes, though poor functional annotation limited the 

extent to which they could infer biological meaning from these genes. Another research group has 

developed a method for capturing the 15 mb exome (exons of genes) of S. mansoni for NGS 

sequencing [131], though their work applying this method to the population structure of S. 

mansoni is yet to be published. This thesis presents the first population genomic study of S. 

mansoni, which is the subject of Chapter 2 and the publication is presented in Appendix 3 [132]. 

 

Exploring drug resistance with genomics 
 

One of the most important prospective uses for parasite genomic resources is the potential to 

explore resistance to drugs. In a recent example that harnessed the power of quantitative genetics, 

parental S. mansoni parasites that differed 500 fold in their susceptibility to the drug oxamniquine 

were ‘intercrossed’ to produce F1 and F2 progeny [133]. The proportion of susceptible F2 progeny 

(~25%) confirmed a recessive Mendelian inheritance of the trait; 144 F2s were genotyped with 

62 microsatellite markers distributed in 20 centimorgan (cM) intervals across the genome, which 

subsequently identified a region at the end of chromosome 6 as having a high LOD (logarithm of 

odds) score. Whole genome sequencing of the parent worms and F1 progeny identified >500,000 

SNPs, including >6,000 SNPs in the region of interest. Of these variants 48 SNPs were chosen along 
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the genome, including 17 in the region of interest to improve the resolution; this increased the 

LOD score and narrowed the QTL support region to 439 kb. The 16 genes within this region were 

then narrowed down using additional evidence, such as RNA-seq expression data and the 

presence of a non-synonymous SNP, to a candidate list of 6 genes. Finally, a sulfotransferase gene 

was implicated through biochemical assays and RNAi knockdown. 

 

The possibility of extending this approach to mapping genes conferring resistance to other anti-

parasitic drugs, however, is restricted by the nature of the trait. Laboratory induced resistance to 

praziquantel for instance, seems to confer a 5-fold difference in susceptibility to the drug [86], 

much lower than the 500-fold difference induced in oxamniqine resistant worms, and so the 

power to detect such a trait in an experimental cross would be reduced, hence requiring more 

progeny or more markers to be sequenced. Furthermore, a single Mendelian gene confers 

oxamniquine resistance meaning that it was more straightforward to infer the genetic architecture 

than in the case of a complex genetic trait that is underpinned by numerous SNPs.  

 

The evolution of resistance genes under field conditions has been the subject of theoretical 

consideration, though until recently little data has been available to study the epidemiological and 

genomic changes to a natural population under drug selection. With recent developments in 

genomics along with enhanced epidemiological surveillance, we can now compare real world 

scenarios against our expectations. A useful case study is provided by the protozoan parasite 

Plasmodium falciparum; as the development of resistance to artemisinin in South East Asia has 

been of great concern and prompted genomic scans to determine the genetic basis for resistance.  

 

If we consider a situation whereby a susceptible allele S and a resistant allele R exist at 

frequencies pt and qt respectively at generation t, then pt + qt = 1. Genotype RR is taken to be 

resistant and SS to be susceptible and heterozygotes RS of intermediate fitness. In the presence of 

drug pressure, the fitness of the three genotypes are denoted by wRR, wRS, wSS, whereby wRR >wRS > 

wSS. Gene frequencies in a successive generation are given by:  

 

𝑝𝑡+1 =  
𝑤𝑅𝑅𝑝𝑡

2+𝑤𝑅𝑆𝑝𝑡𝑞𝑡

𝑤𝑅𝑅𝑝𝑡
2+2𝑤𝑅𝑆𝑝𝑡𝑞𝑡+ 𝑤𝑠𝑠𝑞𝑡

2        (1) 
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The initial proportion of qt is assumed to be low in the population, though tends to fixation as t 

increases to infinity in the absence of heterozygote advantage; plotting q against time results in a 

sigmoidal S-shaped curve. The implications of this are that the resistance phenotype may only be 

detected after many years of control during which the resistant allele is at a low frequency [23].  

While the equation pertains to a diploid organism, P. falciparum can be considered diploid at the 

level of individual human hosts as multiple, genetically variable infections exist within a single 

patient and so genomic sequencing is able to capture within-host parasite diversity [134]. 

 

These theoretical predications have been borne out by longitudinal data on P. falciparum 

clearance half-lives in north-western Thailand. Over the period from 2001 to 2010 parasite 

clearance times rose from a mean of 2.6 hours in 2001 to 3.7 hours in 2010, and the proportion of 

slow clearing infections increased from 0.6% to 20% over the same period [135]. The alarm over 

artemisinin resistance in Thailand was only raised in 2009 [136], though the retrospective 

analysis showed that the ‘creep’ of resistant isolates was evident before this time [135].  

 

Once the phenotypic nature of artemisinin resistance had been established, the race was then on 

to determine its genetic basis. Cheeseman et al. (2012) exploited differences in parasite clearance 

rate between populations to infer the extent to which selective sweeps had acted in these 

populations [137]. As polymorphisms under selection increase in frequency, the long-range 

haplotype, that is the contiguous portion of a chromosome inherited during meiosis, will not have 

time to be broken up through recombination. Originally developed to compare human populations 

under the HapMap project, the cross population extended haplotype homozygosity (XP-EHH) test 

uses differences between populations to detect alleles that have reached fixation in the population 

under selection, but remain polymorphic in other populations [138]. By 2012, resistance to 

artemisinin had been established in western Cambodia and had recently emerged in Thailand. 

However, artemisinin resistance was absent from other Asian foci such as Laos. Ninety-one 

parasites were genotyped with 6,969 SNP markers from Cambodia, Thailand and Laos and XP-

EHH analysis identified thirty-three SNPs under selection covering 2.4% of the genome. These 

regions were subsequently fine-mapped with an increased density of SNP and microsatellite 

markers in parasites from Thailand of which 4 markers spanning 35 kb showed a strong 

association with clearance rate. The causative mutations, SNPs within the C-terminal K13- 

propeller domain, were later detected in this region through an experiment in which the genomes 
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of P. falciparum isolates that had been exposed to gradually increasing doses of artemisinin over 

125 cycles of drug pressure were compared with a control strain [139].  

 

This example demonstrates how genomic detective work can isolate causative variants 

underpinning phenotypic parasite traits. Through whole-genome sequencing of schistosomes 

linked with epidemiological datasets, it may be able to uncover the genetic basis of important 

traits of S. mansoni [140].  However, unlike in genetic crosses where the background of the 

parasite population is controlled within the experiment, association mapping in natural 

populations must content with background variation and population structure that has the 

potential to confound results. Therefore enough statistical power much be generated to find 

regions of the genome with signatures of selection above the noise of background variability 

[141].  

 

Thesis outline 
 

The aim of this thesis is to combine epidemiological and genomic datasets on Schistosoma 

mansoni, therefore the chapters that follow from this introduction detail a population genomic 

study of S. mansoni using global isolates (Chapter 2), an epidemiological study of S. mansoni from 

data collected in Uganda on egg reduction rates following treatment with praziquantel (Chapter 3) 

and finally a study combining epidemiological and genomic datasets by whole-genome sequencing 

miracidia from patients in Uganda and using epidemiological metadata to understand the 

influence of MDA on the population structure of S. mansoni and locate regions of the genome 

under selection that are associated with praziquantel response (Chapter 4). 

 

Chapter 2 presents the first whole-genome sequence data analysis of S. mansoni, using 10 global 

isolates and an isolate of Schistosoma rodhaini was also included in the analysis for comparative 

purposes. I developed the pipelines for taking raw reads and mapping to the reference followed by 

SNP calling along the genome and filtering.  The SNP data were applied to construct a phylogeny 

and principal component analysis to infer the population structure. To understand the 

evolutionary history of the populations, I applied coalescence models to whole-genome data to 

infer the dates of: i) the time to most recent common ancestor (TMRCA) between S. mansoni and S. 

rodhaini; ii) the spread of S. mansoni across sub-Saharan Africa; and iii) the migration to the New 
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World. Finally, I documented signatures of directional selection between S. mansoni and S. 

rodhaini to uncover genes involved in host adaptation and also under balancing selection in S. 

mansoni through the use of population genetic tests that compare within species polymorphism to 

between species polymorphism.  

 

Chapter 3 presents epidemiological data from fieldwork I conducted in primary schools in eastern 

Uganda that had been subject to different levels of drug pressure from MDA with praziquantel. 

Children were examined for S. mansoni with parasitological diagnostic tests up to 3 days before 

and after treatment with praziquantel. I fitted a mixed-effects model to the egg count data to 

account for both fixed effects (MDA treatment intensity, sex, weight, co-infection with STH) and 

random effects (individual host, school). After marginalising over the coefficients, individuals from 

schools that were treated most intensively were found to have a lower estimated mean egg 

reduction rate compared with individuals from less intensively treated schools, suggesting that 

more rounds of MDA may be resulting in S. mansoni parasites that are better tolerating 

anthelmintic treatment. 

 

Chapter 4 presents the results of collecting miracidia from patients in Uganda and developing a 

method for extracting and amplifying S. mansoni DNA from Whatman FTA® cards prior to 

sequencing. Whole-genome sequence data was generated for 213 miracidia from 35 patients. The 

paired-end reads were aligned to the V6 S. mansoni reference genome and SNPs called across the 

cohort prior to filtering. Using a dataset of 5.4 million SNPs, I documented the population 

structure, characterised regions of the genome under selection and associated SNPs against the 

clearance phenotype. I uncovered the strongest signal of selection and the highest association with 

the host clearance phenotype in a 256 kb region at the beginning of chromosome 2 that contains 

two calcium channels, suggesting that this region may contain variants underlying the observed 

differences in the anthelmintic efficacy of praziquantel. 

 

Finally, the general discussion of Chapter 5 aims to place my findings and results from all chapters 

in a broader context and suggest areas for future work. Published papers from my thesis to date 

are provided in Appendixes 2-4. 
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Chapter 2 

 

Whole genome resequencing of global Schistosoma mansoni isolates reveals 

population history and evidence of selection since divergence with S. rodhaini 

 

Abstract 
 

This chapter presents the first application of population genomics to Schistosoma mansoni based 

on high-coverage resequencing data from ten global isolates and an isolate of the closely-related 

species Schistosoma rodhaini, which infects rodents. Since the sequencing of the S. mansoni 

reference genome there has been an absence of population genomic studies investigating selection 

and the population history of the species at the resolution of genome-wide variation. 

Isolates of S. mansoni were selected based on existing phylogenetic data to represent the extant 

diversity of the species. The ten samples were sequenced to a median depth of 46x and mapped to 

the S. mansoni v5.2 reference genome before calling between 0.5 and 2.0 million high-confidence 

SNPs for each isolate. A principal components analysis shows the isolates from Uganda (Lake 

Victoria and Lake Albert) to be the most differentiated and a maximum-likelihood phylogeny 

indicated that these samples were the first to branch off from S. rodhaini, supporting the theory 

that S. mansoni originated in this region. Using the McDonald-Kreitman and Hudson-Kreitman-

Aguade tests, I documented genes under directional and balancing selection in S. mansoni since 

the divergence with S. rodhaini that may have facilitated adaptation to the human host. Genes 

involved in human invasion (cercarial elastase) were found among the 13 (of 9514) coding 

sequences that showed significant evidence of positive selection. Coalescence modeling revealed 

the speciation of S. mansoni and S. rodhaini as 107.5-147.6KYA, a period which overlaps with the 

earliest archaeological evidence for fishing in Africa. The effective population size of S. mansoni 

was estimated to decline between 20-90KYA, at a time when climatic changes caused lakes in East 

Africa to dry up, before rising as S. mansoni dispersed across the African continent during the 

Holocene. In addition, evidence from coalescence models found strong evidence to support the 

hypothesis that S. mansoni migrated to the New World with the 16-19th Century Atlantic Slave 

Trade. 
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This Chapter therefore presents a detailed understanding of the evolutionary history of S. mansoni 

since its emergence approximately 120KYA and how the parasite has been driven by climatic and 

human factors to adapt successfully to a changing world.  

Introduction 
 

Since the sequencing of the 380 megabase (mb) Schistosoma mansoni reference genome in 2009 

[125], genomic resources have contributed to comparative [126] and functional studies [142], 

including the discovery of the molecular basis for oxamniquine resistance [133], but little is 

known about genome-wide variation between parasites in the field.  While large populations of S. 

mansoni have been investigated [101, 102, 113], all previous studies in this field have been 

restricted to analysing a small number of markers, typically using the mitochondrial cox1 gene, 

nuclear ITS region or <10 microsatellite loci. In this study I present the first population genomic 

study of S. mansoni based on whole genome re-sequencing data for nine isolates collected from 

field sites across Africa and the New World.  African individuals were selected from distinct clades 

based on previous phylogenetic data to represent the diversity of extant S. mansoni [102]. The 

NMRI (Puerto Rican) laboratory strain that was used to build the reference genome is also 

included in the analysis [125] along with the whole-genome sequence of Schistosoma rodhaini; a 

rodent schistosome species that is firmly established as the closest outgroup to S. mansoni [143, 

144].  

 

Whole-genome resequencing of populations allows us to explore how patterns of genetic variation 

change across the genome and thus detect the effects of selection. This can be of particular 

importance in pathogens where genomics can identify targets of balancing selection that interact 

with host immune-systems, for instance genes involved in host cell invasion in Plasmodium spp. 

[145-147]. Testing for coding sequences under strong positive selection may identify genes 

involved in longer-term selection in a coevolving host-parasite system, for instance mutations 

under selection on toll-like receptor proteins in rodents provides protection from bacteria such as 

Yersinia pestis [148]. To shed light on the divergence between S. mansoni and S. rodhaini, I 

catalogued the extensive genome-wide variation between a global collection of isolates and 

analysed this variation to better understand the emergence of the human-infective S. mansoni and 

its subsequent demographic and evolutionary history.  Using a set of population genetic 

approaches, I looked at how signatures of natural selection vary between different coding regions 
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of these genomes, aiming to identify genes that may be involved in host-pathogen interaction or 

may have facilitated the adaptation of S. mansoni to human hosts.  

 

Understanding the evolutionary origins of pathogens such as S. mansoni and their subsequent 

demographic history has implications, not only for a better understanding of the parasite itself, 

but also of human evolutionary history as infectious diseases have consistently been shown as a 

major force driving selection in human populations [138, 149]. Despite its importance, little is 

known about either the origin or subsequent history of S. mansoni. Previous work based on 

interspecies divergence at two short loci estimated that the split between S. mansoni and S. 

rodhaini occurred somewhere between 1.2 and 10 million years ago (MYA), around the time that 

the hominin clade split from other great apes and that the human infective species emerged in 

West Africa [150]. This has been contested by the view that East Africa is the most likely origin of 

S. mansoni due to the “conspicuous amount of diversity” observed in sequence data from this 

region [20, 95, 102]. A subsequent study using a mitochondrial molecular clock suggested that the 

most recent common ancestor of extant East African S. mansoni occurred 0.3-0.43MYA and that 

the divergence between S. mansoni and S. rodhaini was around 2.8MYA [20]. 

 

Two main hypotheses have been proposed to explain the divergence between African and South 

American S. mansoni.  One suggestion is that New and Old World S. mansoni diverged along with 

their intermediate snail hosts Biomphalaria pfeiffeiri and B. glabrata, the split between which is 

approximately dated to the separation of the continents 80-120 millions years ago [151, 152]. A 

second proposal is that the divergence between these two S. mansoni populations is much more 

recent as African populations entered the New World through the Atlantic Slave Trade of 16th-19th 

Centuries [102]. This hypothesis has been supported by studies using DNA barcoding and 

microsatellite techniques, which have observed less genetic diversity among West African and 

New World S. mansoni suggestive of a more recent introduction of the parasite into these areas 

[20, 95].  

 

Coalescence theory seeks to explain population genetic parameters among samples such as time 

to most recent common ancestor (TMRCA) and effective population sizes (Ne) in order to infer 

demographic history from sequence data [153]. In contrast to data from a small set of loci, whole 

genome sequence data offers a more powerful and unbiased approach to reconstruct the history 
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of a species as recombination gradually breaks up the genome into blocks that have independent 

ancestry. Genome-wide data thus provides many independent estimates of the coalescent process 

of ancestry and far greater precision in estimates of population genetic parameters [154].  

 

Two different coalescent models were employed in this chapter that both make simplifications in 

order to calculate the coalescence under recombination from whole-genome sequences [155]. 

Pairwise Sequentially Markovian Coalescent (PSMC) uses the pattern of heterozygosity along a 

single diploid genome to estimate Ne through time [156] and Generalised Phylogenetic Coalescent 

Samples (G-PhoCS) uses data from 1kb non-recombining windows across the genome so that the 

history of population divisions and migration between populations can be modeled [157]. These 

complementary methods have already been shown to infer the complex demographic history of 

species such as humans and great apes using a small number of individual genomes [158], though 

this is the first study to apply these methods to sequence data from a human-infective parasite. 

 

Methods & Materials 
 

Samples 

Samples (Table 1), with the exception of NMRI, came from the schistosomiasis collection (SCAN) 

at the Natural History Museum (NHM), London [159]. All schistosomes provided by SCAN were 

collected by NHM staff in collaboration with in-country partners, except for the Guadeloupe 

specimens, which were originally provided by Dr André Thèron, Université de Perpignan, France. 

SCAN isolates were collected from field sites within infected Biomphalaria snails, which were shed 

in the laboratory and the cercariae used to infect mice. SCAN and Guadeloupe isolates were 

passaged between 2 and 15 times. The NMRI sample is a Puerto Rican isolate from the early 1940s 

that has subsequently been maintained in the laboratory for hundreds of generations[94] and was 

used to build the reference genome for S. mansoni. Adult worms were extracted from mice and 

kept in liquid nitrogen storage prior to DNA extraction. For each isolate a single adult worm was 

used for DNA extraction and sequencing.  

 

Sequencing 
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The libraries were sequenced on the Illumina Genome Analyser IIX for 76 cycles in each direction 

(paired-end reads) using V4 SBS sequencing kit and proprietary reagents according to 

manufacturer's recommended protocol (https://icom.illumina.com/).  

 

Variant Calling Pipeline 

Reads were mapped against v5.2 of the S. mansoni reference genome [124] using smalt 

(http://www.sanger.ac.uk/resources/software/smalt/) using options (-a -o "-i 2000 -r 1 -x -y 0.85 

" -k 13 -s 2).  This resulted in reads mapping to the region of highest similarity in the reference 

genome above an 85% similarity threshold. When reads could be mapped to multiple locations 

with equal similarity one position was randomly chosen, though these repetitively mapped reads 

are excluded by variant calling. Processing of the resulting bam files, prior to variant calling, was 

performed using GATK version 2.6 to remove duplicate reads and perform local realignment 

around indels [160]. Single nucleotide polymorphisms (SNPs) were called using three algorithms; 

HaplotypeCaller and UnifiedGenotyper (implemented in GATK) and samtools v0.1.19 mpileup 

[161]. Filtering was applied to each set of variants; SNPs with genotype quality (GQ) scores (a 

measure of the confidence of the SNP call) < 10 and read depth (DP) < 10 were removed. Lastly, 

the intersection of the three calling algorithms was found using bedtools version 2.17.0. 

 

dN/dS ratio 

The 11,727 coding sequences in the S. mansoni genome were filtered by removing alternative 

transcripts (1005 sequences removed), genes with low coverage in the S. rodhaini alignment 

(<75% of bases covered at 10x, 719 sequences removed), genes with excessive coverage (>1.75 x 

mean depth, 475 sequences removed) and gene models with an incorrect number of nucleotides 

(not divisible by three, 14 sequences removed) leaving a filtered subset of 9514 coding sequences 

for downstream analysis. Maximum-likelihood estimates of dN/dS for each protein-coding gene 

were calculated by running codeml from the PAML package [162] in branch mode, where the 

phylogenetic tree for African S. mansoni and S. rodhaini was specified and partitioned into two 

clades, separating the branch leading to the S. rodhaini sequence (the ‘foreground’ branch) from 

all other branches between different S. mansoni samples. I ran two scenarios for each coding 

sequence, in which the value for dN/dS on the foreground branch was fixed at 1 (null hypothesis) 

or unfixed (alternative hypothesis) and the log likelihood (lnL) in both scenarios compared using 

the likelihood ratio test. The test statistic D is calculated as D= -2*(lnLfix - lnLunfixed). The test 

https://icom.illumina.com/
http://www.sanger.ac.uk/resources/software/smalt/
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statistic is then compared against a Chi-Square distribution, where degrees of freedom (df) are 

equal to the difference in the number of parameters in the two models df = paramsunfixed - 

paramsfixed, for all coding sequences in the dataset df = 1. The significance threshold for the Chi-

Square distribution was set at p < 0.05. Statistical overrepresentation analysis was conducted 

using PantherDB (v10.0) [163]. 

 

Hudson-Kreitman-Aguade (HKA) Ratio 

The HKA ratio is the difference in the ratio of polymorphic (π) and fixed differences (K) within a 

gene. Where π/K is high, therefore, this indicates balancing selection (i.e. diversity within African 

S. mansoni) and when low and enrichment of interspecific nucleotide divergence between African 

S. mansoni and S. rodhaini. The HKA test was implemented through the use of previously 

developed software [164]. 

 

McDonald-Kreitman Test 

Polymorphic differences within populations (African S. mansoni) and fixed substitutions between 

populations (African S. mansoni vs S. rodhaini) were identified using previously developed 

software [165]. The MK skew, or neutrality index, is defined as log2 ((Nspoly/Spoly)/(Nsfix/Sfix)), 

where Ns and S are the number of non-synonymous and synonymous sites within a coding 

sequence, and subscripts fix and poly refer to fixed differences between populations and 

polymorphisms within a population respectively. To avoid divide by zero errors, 1 was added to 

all scores. GO term enrichment was conducted in PantherDB [163] and enrichment of pfam 

domains was performed using a one sided Fisher’s exact test in R v3.2.2. 

 

Consensus fasta files 

The phylogenetics software package RaxML and coalescence models PSMC and G-PhoCS require 

fasta sequences; thus a consensus sequence of the diploid genotypes was generated from the 

filtered vcf files using a modified perl script. Heterozygotes are represented by IUPAC ambiguity 

codes. These files were filtered to remove mitochondrial sequences, scaffolds not aligned to 

chromosomes and the scaffold representing shared sequence between the Z and W chromosomes 

[124]: this left the scaffolds aligned to the 7 autosomal chromosomes. To ensure loci included in G-

PhoCS were unlinked and sufficiently small that little recombination occurs within loci, I examined 

the decay in linkage disequilibrium (LD) with distance between pairs of SNPs in the data using 
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SNP data in vcf files, which were phased using SHAPEIT2 (v 2.790)[166], and analysed using 

VCFtools (v0.1.11) --hap-r2 and found that LD decays to background levels for distances great 

than around 400 kb (Figure 7). To be conservative, the consensus calls were divided into 1 kb 

blocks separated by 500 kb. These same input regions were concatenated and used as input for 

RAxML. 

 

Phylogenetic Tree 

A Maximum likelihood (ML) tree was constructed using RAxML version 8.0.24 [167] under a GTR 

model of nucleotide substitution with a gamma distribution of rate variation across sites [167]. 

For each run, twenty randomly generated starting trees were used, and support for partitions are 

estimated as proportions of 100 bootstrap-replicates displaying the partition. The final ML tree 

with bootstrap values were visualised in FigTree v1.4.0 [168]. 

 

Principal Component Analysis 

A matrix was constructed where every bi-allelic site in the genome is classified as homozygous 

reference (0), homozygous alternative (1) or heterozygote (0.5). This matrix was transposed in R 

version 3.1.3 and the PCA was performed with the prcomp function with all default settings 

retained.  

 

Estimates of parameters for coalescent models 

Mutation rate was calculated through a linear regression of the relationship between log-genome 

size and log-mutation rate [169]. The best fitting model for mutation rate (mu; μ) in bp was mu = 

2.585324x10-10 x g0.584 for genome size g in mb, giving an estimate of 8.1x10-9 per bp per 

generation (Figure 6).  Generation time was estimated by adding the time taken for the parasite to 

start producing eggs after infection with human host (~42 days) [170] with the latency period in 

snails (~28 days) + time for transition between the two hosts (1 day) = ~71 days (0.2 years). 

There is a wide variation around the generation time estimates, as latency period in snails is 

temperature and species dependent within the Biomphalaria genus. To obtain effective population 

sizes (Ne) in numbers of individuals, I used the relationship Ne = θ/(4μ) where θ is the 

uncalibrated population size. To obtain the divergence time in years (D), I used the relationship, D 

= (0.2τ)/μ where τ is the uncalibrated divergence time. 
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Generalised phylogenetic coalescence sampler (G-PhoCS) 

G-PhoCS is used to estimate several key population parameters; ancestral population size, 

divergence times and gene flow between species [157]. I ran a number of different G-PhoCS 

analyses to test how sensitive estimates of these parameters are to different assumptions about 

population structure and migration (Figure 8). Each simulation was run for a minimum of 10 

million iterations, with at least 20 parallel chains and until convergence was reached (effective 

sample size (ESS) for all parameters >200). Samples from the MCMC chains were also manually 

inspected in Tracer (v1.5) to ensure chains had reached convergence.  

 

PSMC 

The Pairwise Sequentially Markovian Coalescent (PSMC) model uses the local density of 

heterozygous sites to infer the time to most recent common ancestor (TMRCA) for blocks of the 

genome, effective population sizes for discrete historical time windows and the positions of 

transitions between TMRCAs (i.e. boundaries of blocks) are also inferred from data. Modelling 

only a single diploid genome and using a computationally convenient approximation to the full 

coalescent makes treating the coalescent with recombination tractable for genome-scale data 

[156]. Because data from only a single diploid genome is used, the method loses accuracy more 

recently in time, eg for humans it is not informative about demographic events more recently than 

20KYA. PSMC was used with data from each field isolate of S. mansoni, each time using parameters 

-N50 -t30 -r4 -p "26*2+4+6", with the distribution of TMRCA segments chosen to ensure at least 

10 recombination events occur in each segment, as suggested in the PSMC manual, on a 

preliminary set of variant calls from mpileup for these data. Bootstrapping was performed 100 

times for each sample (Figure 11). 

 

Results 
 

Genome-wide intra- and inter-species diversity  

The genomes of 10 Schistosoma mansoni and one S. rodhaini isolate were sequenced to a median of 

46x coverage.  Sequence data were mapped against the S. mansoni reference genome (v5.2) [124]; 

coverage varied between 23x and 58x between samples (Table 1).  The proportion of total reads 

mapped and of ‘proper pairs’ (reads mapped in the correct orientation and distance) did not vary 

significantly between S. mansoni isolates (from 75 - 97% for total mapping, 70 - 91% for proper 
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pairs) with the exception of isolate Guadeloupe 1 where fewer reads map against the reference 

(58% total mapped and 54% for proper pairs) due to contamination in the sample, whereby 

24.8% of sequenced reads mapped against Mus musculus. Reads from S. rodhaini mapped well 

against the S. mansoni reference suggesting that SNPs between species did not affect placement of 

reads, but the proportion of proper pairs was lower, presumably due to structural differences 

altering the orientation and distance between read pairs between the two species (84% of S. 

rodhaini reads map and 56% as proper pairs). These results confirm that the reference assembly 

is suitable for studying variation between all isolates. Additional evidence that the S. mansoni 

assembly captures most of the S. rodhaini gene complement comes from examining the depth of 

reads mapping to coding sequences: of 10,722 coding sequences in S. mansoni, 10,003 were 

covered by a minimum of 10x across at least 75% of the coding sequence in the S. rodhaini 

alignment.  

 

The numbers of SNPs for each sample, based on the intersection of three SNP calling and filtering 

algorithms (see Table 1; Methods), show a general geographical gradient, with the number of 

SNPs increasing with distance from Puerto Rico, which is the origin of the isolate used to construct 

the reference genome (Figure 1). The total number of SNPs per sample (including both 

homozygous and heterozygous sites) ranged from <1x106 across the New World and Senegal 

sequences, to ~1.5x106 SNPs in Cameroon and ~2x106 SNPs in Uganda. The outgroup species S. 

rodhaini has ~7x106 fixed differences when called against the reference, representing an average 

of about one variant every 50 bp. A notable exception to this geographical trend was the Coastal 

Kenya sample, which showed a reduced number of SNPs (~8x105), more comparable to West 

African and New World strains than the more divergent Uganda sequences.  
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Table 1. Global isolates of S. mansoni sequenced and number of variants.  

Number of reads mapped to the S. mansoni reference genome v5.2, median coverage attained and SNPs called by mpileup (MP), 

UnifiedGenotyper (UG), HaplotypeCaller (HC) and the consensus result (Overlap). The numbers of heterozygous SNPs from the 

consensus results are shown. The year column indicates the date of first passage. 

ID Country Year 

Reads 

(x109) 

Median 

Coverage MP UG HC Overlap 

Heterozygotes 

(%) 

NMRI Puerto Rico 1940 16.68 43 547791 585813 532965 459938 265341 (57.7) 

Senegal Senegal 1998 22.44 57 807680 843282 764845 661528 118616 (17.9) 

Cameroon Cameroon 1997 16.51 42 1555732 1599021 1491934 1332792 879648 (66.0) 

Coastal Kenya Kenya 1996 22.97 58 931195 971723 891959 793274 373547 (47.1) 

Lake Albert Uganda 2004 21.76 55 2236138 2292720 2142399 1951022 1216415 (62.3) 

Lake Victoria Uganda 2005 20.09 50 2384792 2438722 2281572 2043541 1241072 (60.7) 

Guadeloupe 1 Guadeloupe 1983 8.20 23 966028 987299 933593 772668 508996 (65.9) 

Guadeloupe 2 Guadeloupe 1983 10.90 30 983954 1012647 951671 830275 541482 (65.2) 

Guadeloupe 3 Guadeloupe 1983 12.62 35 1046797 1083754 1009148 872007 557070 (63.9) 

Guadeloupe 4 Guadeloupe 1983 8.56 24 961926 986457 927716 750295 470137 (62.7) 

S. rodhaini Burundi 2002 11.51 28 11246613 11772768 10948674 8102216 404373 (5.0) 
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Figure 1. Number of SNPs when samples called against S. mansoni reference V5.2 by calling 

algorithm.  

Consensus result (overlap) obtained by taking only those SNP sites called by all 3 callers A) shows 

results for all samples (S. mansoni & S. rodhaini) B) shows results only for S. mansoni samples 
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Population structure of S. mansoni 

The dataset of filtered SNPs were used to understand the broad population genetic structure of S. 

mansoni and their relationship to S. rodhaini. A maximum likelihood phylogeny (Figure 2) 

confirmed that S. rodhaini was highly divergent from the ten S. mansoni samples. Rooting the 

phylogeny with the S. rodhaini sample as the out-group showed that the deepest split within S. 

mansoni separated Uganda (Lake Victoria and Lake Albert, bootstrap support (BS)=100) from the 

other populations, followed by Cameroon (BS=100). The rest of the sequences fell within a 

broader clade that included the Senegal, Coastal Kenya and all of the New World samples, 

suggesting a more recent divergence.  

 

The phylogenetic pattern is supported by the principal component analysis (PCA) of SNPs (Figure 

3). Within the S. mansoni sequences, Uganda and, to a lesser extent, Cameroon samples are 

separated from the others by the first principal component (PC), which accounts for 36.0% of the 

variance. Isolates within the more recently formed clade are separated along the second principal 

component axis (13.7% of variance), which distinguishes the two African samples in this group 

(Senegal and Coastal Kenya) from the Guadeloupe and NMRI (Puerto Rico-derived) samples. As 

expected, incorporating S. rodhaini in a PCA separates this sample from all of the S. mansoni 

isolates by the first PC, which accounts for > 70% of the variance and collapses the structure in the 

Senegal/Coastal Kenya/Guadeloupe group as a second PC only separates the Uganda and 

Cameroon S. mansoni from all other samples (Figure 3). 
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Figure 2. Maximum likelihood phylogeny of Schistosoma isolates based on whole-genome SNP 

data.  

Values on nodes are the number of bootstrap replicates supporting the split induced by that node. 

Schistosoma rodhaini has been set as the out-group. 
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Figure 3. Principal component analyses of global isolate SNP data.  

Panel A includes both S. mansoni and S. rodhaini samples (variance represented by PC1: 72.5 %, 

PC2 9.9%) and panel B includes S. mansoni samples only, showing more details of the relatedness 

of isolates within this species (variance represented by PC1: 36.0%, PC2: 13.7%) 
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Non-synonymous and synonymous changes 

Tests for selection have identified interesting genes likely to be involved in host interaction in 

other parasites such as erythrocyte binding proteins in P. falciparum and P. vivax [146, 171], 

therefore this whole-genome dataset provides a unique opportunity to identify genes that are 

potentially host interacting in S. mansoni.  I examined positive and negative selection between 

African S. mansoni and S. rodhaini by comparing dN/dS using a branch model and balancing 

selection within S. mansoni using the Hudson-Kreitman-Aguade and McDonald-Kreitman tests 

(see below). The ratio of dN/dS values across the filtered set of 9514 coding sequences was 

calculated with codeml using a branch model (see Methods), where the branch groups were set as 

African S. mansoni and S. rodhaini using the phylogenetic relationship in Figure 2.  

 

The branch dN/dS values were centered around 1 (interquartile range: 0.44-1.1), examining the 

tails of the distribution I found 767 coding sequences showing evidence of positive selection 

(dN/dS  > 2) and 2167 genes under strong purifying selection (dN/dS  < 0.1), the distribution of these 

values is shown in Figure 4. Detailed functional annotation is lacking for most genes in S. mansoni, 

nonetheless I explored whether it was possible to detect any functionally enriched groups. 

Statistical overrepresentation analysis of the genes under positive selection showed an 

enrichment of gene ontology (GO) terms relating to the extracellular matrix (ECM) structural 

protein (GO:0005201, fold enrichment > 5, p = 2.42x10-3). These five genes (Smp_197370, 

Smp_159600, Smp_170340, Smp_196840, Smp_033250) each contain multiple pfam domains of 

collagen triple helix repeats. All five genes have corresponding RNA-seq evidence of a significant 

increase in expression during the 24-hour schistosomula stage of the life cycle in pairwise 

comparisons with both the 3-hour schistosomula and the adult worms [124], implicating these 

genes in the adaptation of the adult worm stage to the definitive human host. I formally tested 

whether dN/dS values differed from 1, where coding sequences are assumed to be under drift 

rather than positive or negative selection (see Methods). Across all coding sequences, 52 were 

found to be significant (p < 0.05) of which 13 were under positive selection and 39 under 

purifying selection. Again, poor functional annotation limits to extent to which I could interpret 

these results, as 46 out of 52 significant coding sequences were unclassified. Despite this, I find 

evidence of significant positive selection on a number of genes involved in host-parasite 

interactions such as venom allergen-like (VAL) 21 gene (Smp_159290) and cercarial elastase gene 
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(Smp_119130). Both of these genes are expressed in the cercarial (mammalian infective) stage of 

the lifecycle and are known to be host-interacting [172, 173].  

 

The dS values on the S. rodhaini branch ranges from 0 to 0.82 with a median value of zero and only 

two coding sequences with tree length for ds > 0.5, suggesting that saturation of synonymous 

mutations has not affected the results. Furthermore, methods based on modeling the codon 

substitution process have been shown to be more robust to saturation than alternative 

methods[174, 175].  

 

Intra-species selection: Hudson-Kreitman-Aguade and McDonald-Kreitman tests 

The Hudson-Kreitman-Aguade (HKA) test measures the ratio of polymorphisms (π) to fixed 

differences (K) across genes, whereby a higher HKA ratio (HKAr) reflects an enrichment of intra-

specific variation that may be indicative of balancing selection or weak purifying selection. The 

mean value of K is 17.12 (pairwise nucleotide differences per kb) and the mean HKAr across genes 

is 0.132. The distribution of HKAr values is positively skewed with the majority of genes showing 

low values indicative of higher levels of fixed differences to polymorphisms (upper quartile = 

0.15), as would be expected as the S. rodhaini outgroup is highly diverged. Therefore analysis of 

the few genes with high HKAr (> 0.25) may be indicative of balancing selection (see Figure 5 and 

below). 

 

The McDonald-Kreitman skew (MKS) tests for an enrichment of non-synonymous mutations in 

either fixed difference indicative of directional (positive) selection (MKS < -1) or polymorphisms, 

indicative of balancing selection (MKS > 1) as measured by a 2x2 contingency table (see Methods). 

The genes were filtered to retain sequences where the absolute numbers of polymorphic or fixed 

differences were ≥ 5 and where the mean depth did not exceed 1.75 times the mean depth across 

all genes, so as to exclude possible duplicates (n = 4174). Under Fisher’s exact test, 271 of the 

filtered genes had a p value < 0.05. Of these sequences, 31 showed evidence of directional 

selection and 237 genes showed evidence of balancing selection. Gene ontology analysis among 

the 31 genes under directional selection showed that no terms were significantly over-

represented among these genes when a Bonferroni correction was applied; similarly no pfam 

domains were significantly enriched among these genes. Of the 237 genes showing evidence of 

balancing selection, 3 GO terms were significantly over-represented; cell junction protein (fold 
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enrichment > 5, p = 1.13x10-2), cell adhesion molecule (fold enrichment = 4.51, p = 1.59x10-3) and 

G-protein modulator (fold enrichment = 3.69, p = 1.24x10-2). Pfam enrichment of the positive MKT 

genes revealed immunoglobulin I-set domains to be enriched (PF07679, OR = 3, p = 0.02) and four 

dynein protein domains (PF03028, OR= 9, p =0.009; PF08393, OR= 8, p = 0.01; PF12777, OR = 9, p 

= 0.009; PF12780, OR = 9, p = 0.009). When the HKAr and MKS distributions are overlapped, four 

genes are shown to have extreme scores in both tests (Figure 5), included in these are heat shock 

40 protein (hsp40), a homeobox protein, Elongator Complex Protein and an uncharacterised 

protein. 
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Figure 4. Histogram showing dN/dS values for 9514 coding regions in S. mansoni when compared against S. rodhaini using a branch 

model in codeml.  

The majority of coding regions show dN/dS ≈ 1, indicating neutral evolution. Values < 1 indicate coding regions under purifying 

selection and values >1 indicate coding regions with variants under positive selection
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Figure 5. Population genetic evidence for balancing and directional selection on S. mansoni genes.  

McDonald-Kreitman Skew (MKS) and Hudson-Kreitman-Aguade ratio (HKAr) performed on 4147 coding sequences. Genes with a 

significant MKS (Fisher’s exact test, p < 0.05) are shown in red. Cutoffs of HKAr > 0.25 and MKS > 1 are used to identify genes under 

balancing selection (hashed lines). Significant genes with a high HKAr and positive MKS are A) Smp_035200- hsp40 protein B) 

Smp_157450- uncharacterised protein C) Smp_145220- Homeobox protein D) Smp_160080- Elongator Complex Protein 6  
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Historical demography of S. mansoni 

Based on evidence of population structure from the phylogenetic analysis and PCA, along with an 

inference of the mutation rate, generation time and size of linkage blocks (Figures 2, 3, 6, 7 and 

Methods) and I constructed a putative population history for the samples using a number of 

coalescence models implemented in G-PhoCS (Figure 8, Methods). African S. mansoni and S. 

rodhaini were specified as two populations (Figure 8) to estimate the divergence date between 

species, and effective population size (Ne) before and after speciation. These posterior values are 

derived from coalescent models and scaled by two independently estimated parameters; mutation 

rate and generation time. The estimates of these parameters are discussed in the Methods and the 

Discussion. 

 

Analysis of the results from this model shows that the split between African S. mansoni sequences 

and S. rodhaini occurred 126.5 thousand years ago (KYA) (95% CI 107.5-147.6KYA), see Figure 9 

for the posterior distribution of the estimate of the time to MRCA when migration is permitted 

from S. mansoni into S. rodhaini populations. This introgression is unidirectional and appears to 

have taken place soon after the initial divergence between S. mansoni and S. rodhaini, though at a 

low frequency (proportion of S. rodhaini population arising via migration from S. mansoni per 

generation =5.53x10-7). Ancestral Ne before speciation (Ne = 4.25x105) is shown to be more than 

four times greater than present Ne values for the extant African S. mansoni population as a whole 

(Ne =1.02 x 105) and more than 10 times greater than the Ne of extant S. rodhaini (Ne = 1.50 x 104). 

No migration can be seen between S. rodhaini and any extant populations of S. mansoni in the 

models, which contrasts with recent evidence of hybridisation between natural populations of the 

two species in East Africa [108, 176], and suggests that these events have not occurred at a high 

enough frequency over the past 126.5KYA to be detected by the models.  

 

The split between New World (Guadeloupe) and West African (Senegal and Cameroon) samples 

was estimated as 543 years ago. Given that the Guadeloupe samples were isolated from the field in 

1983, this is dated to 1440 AD (95% CI 1118-1743 AD). The historical date of the arrival of slaves 

to Guadeloupe, 1669 AD [177], is therefore spanned by the 95% confidence interval. Different 

permutations of this model (for instance modeling the split between New World and only the 

Senegal strain and the inclusion of migration bands) produced near-identical results. 
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Additional models were used to calculate the divergence between East (Lake Victoria and Lake 

Albert) and West (Senegal and Cameroon) African samples into different populations. On the basis 

of the phylogenetic tree (Figure 2) and G-PhoCS evidence, I model the process with the Ugandan 

isolates as the basal clade and Cameroon and Senegal splitting off (Figure 8). The split between 

Uganda and Cameroon is dated to 5.92KYA (95% CI 4.71-7.16KYA). The Ne of the ancestral 

population shows no significant difference with Uganda (Ne = 1.11x105 for both populations), 

whereas the Cameroon Ne showed a fourfold reduction since the split (Ne = 2.44x104). Senegal 

split at a later date from the Ugandan isolates, 1.52KYA (95% CI 0.439-2.59KYA) and the effective 

population declines nearly tenfold (Ne = 1.44 x 103). In both scenarios there is no evidence of 

migration in either direction following the population split. The Ne estimates of the G-PhoCS 

models are summarised in Table 2.  

 

Effective population size estimates from this coalescent model assume a steady-state population 

existing along each branch of the population tree, and so cannot capture fine-grained demographic 

changes. Much finer temporal resolution of Ne is obtained by the PSMC model, in which each 

sample gives an independent estimate of how Ne has varied between discrete time periods. Results 

of this model largely corroborate those from G-PhoCS, with a large population size before 120KYA, 

when S. mansoni and S. rodhaini alleles were present in the same ancestral population (Figure 10; 

bootstrapping shown in Figure 11). The additional resolution of PSMC output reveals that a fall in 

Ne is then experienced by all sequences between 20-100KYA suggestive of a population 

bottleneck. A limitation of PSMC is that it estimates constant Ne within a time window, and so 

cannot differentiate between sudden and gradual reductions in population size and so the exact 

timing and rate of change in Ne is not possible to estimate exactly. In the last 7KYA Ne continues to 

decline in West African and New World populations, though Ne increases in the Lake Victoria and 

Lake Albert populations.  

 

The PSMC results also corroborate some of the dates estimated by other methods. The 

demographic history of all isolates in the PSMC model follow the same trajectory until 7KYA ago 

(Figure 10), suggesting that S. mansoni existed as a single population until this point, 

approximately matching the estimate for the split between Uganda and Cameroon populations in 

G-PhoCS (95% CI 4.71-7.16KYA). The only deviation from this pattern is seen in the Senegal 

sample, which shows an increase in Ne  20-40KYA not present in the other isolates, though the 
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cause of this difference is not clear. The PSMC model cannot help understand contemporary 

changes in population size, while it has good resolution from 2-300KYA for the majority of 

sequences, more recently than 2KYA uncertainty increases as the number of coalescent events 

decreases, this is shown by the wide bootstrap values around the central tendency (Figure 11). 
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Figure 6. Estimate of the mutation rate (per basepair per generation) of S. mansoni.  

Solid line indicates the slope of a linear regression between genome size in megabases (hashed 

line indicates the S. mansoni size) and mutation rate for known values for other organisms [169]; 

95% and 99% confidence intervals are shown as dark and light grey bands respectively. 
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Figure 7. A measure of linkage disequilibrium (r2) across the S. mansoni genome, calculated from 

phased SNP calls.  

A loess line (red) is plotted to the data. The r2 remains constant after a distance of approximately 

400,000 base pairs, thus loci more than this distance apart are assumed to be in linkage 

equilibrium and evolve neutrally. 
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Figure 8. Models used for G-PhoCS coalescence simulations.  

Parameters set as: Migration Rate Alpha = 0.02, Migration Rate Beta = 0.0001, Tau Initial = 0.005, 

Tau Beta = 20000 
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Table 2. Effective population size estimates obtained from G-PhoCS. 

Values shown are mean of the posterior probability distribution and upper and lower bounds of 

the 95% highest posterior density confidence intervals obtained by the model. Note that ‘present’ 

values are average of Ne along branches. All values are given to 3 significant figures. 

 

 

 

 

 

 

 

Population Mean Ne (x 104) 95% CI (x 104) 

LCA S. mansoni/ S. rodhaini 42.8 38.7-46.7 

Ancestral S. mansoni 10.2 9.77-10.7 

Present S. rodhaini 1.47 1.26-170 

Present East Africa  

(S. mansoni) 

6.50 3.67-9.35 

Present West Africa  

(S. mansoni) 

0.700 0.330-1.09 

Present Guadeloupe  

(S. mansoni) 

0.307 0.147-0.473 
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Figure 9. Date of S. mansoni – S. rodhaini divergence and archaeological evidence for fishing in 

Africa.  

The posterior probability distribution for the date of the last common ancestor of S. mansoni and S. 

rodhaini from G-PHoCS (in grey), with the 95% highest posterior density confidence interval in 

darker shading. Coloured lines show central estimates for the dates of three early fishing sites in 

Africa, at (A) Upper Semliki Valley, Democratic Republic of Congo (dated to between 74 and 

111KYA) [178], (B) Red Sea Basin, Eritrea (dated to between 118 and 132KYA) [179], (C) Mossel 

Bay, South Africa (dated to between 152-176KYA) [180]  
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Figure 10. PSMC estimates of effective population size variation through time.  

PSMC estimates of Ne are shown for all African S. mansoni isolates for dates between 1,000,000 – 

1,000 years before present. Bootstrap confidence intervals for these lines are show in Figure 11.  
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Figure 11. Bootstrap confidence intervals (100 replicates) around PSMC estimates.  

Panels show isolates A) Senegal B) Cameroon C) Coastal Kenya D) Lake Albert E) Lake Victoria F) 

Guadeloupe 1 G) Guadeloupe 2 H) Guadeloupe 3 I) Guadeloupe 4 J) Schistosoma rodhaini  
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Discussion 
 

The split between the New World (Guadeloupe) and West African populations (Senegal and 

Cameroon) is estimated to be between 1117-1742 AD. The two proposed possible timings of the 

Africa –New World migration are when the continents split 80-120 million years ago or during the 

Slave Trade of the 16-19th Centuries. The confidence interval calculated from the coalescence 

model spans the historical date of the earliest slaves to the New World (95% CI 1118-1743 AD). 

Slaves from French Colonies in West Africa were exported to islands in the French Caribbean, 

including Guadeloupe, from 1669 until 1864 and the total number of Africans taken from West 

Africa by French ships to Guadeloupe during this period numbered over 22,000 [177]. This result 

shows the data from whole-genome sequences to be consistent with both historical dating and the 

results found from previous studies on S. mansoni using smaller loci.  

 

Genomic and archaeological evidence from other pathogens suggests that many human infectious 

diseases originated in the Old World and migrated to the New World [166], though the role of 

humans in transmitting diseases between continents is contested. For instance, Mycobacterium 

tuberculosis, which originated in Africa, was found in Peruvian remains dated to Pre-Columbian 

times. Based on genomic data, seals were implicated as the most likely reservoir that transmitted 

M. tuberculosis from Old to New World [181].  Diseases such as syphilis, caused by the spirochete 

Treponema pallidum, are assumed to have been transmitted to the New World with the 

Conquistadors of the 16th Century and this is supported by archaeological findings [182], though 

molecular data is lacking. The protozoan parasite Leishmania chagasi, which causes visceral 

leishmaniasis in the New World, is also thought to have been brought during the time of the 

Conquistadores though dogs imported into the Americas ~500 years ago, a migration event which 

caused a genetic bottleneck that has been observed in microsatellite loci [183]. The evidence 

presented here builds on theory that many human infectious diseases originated in the Old World 

and future population genomic studies of other pathogens have a valuable role to play in 

understanding the historical patterns of transmission that have shaped the current distributions 

of infectious diseases. 

 

The evidence from coalescent models suggests that the emergence of S. mansoni as a distinct 

species occurred around 126.5KYA. This estimate is an order of magnitude later than previous 

estimates that placed the split at 2.8MYA and 1.2-10MYA respectively [20, 150]. I propose that this 
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most likely occurred in East Africa as the Ugandan isolates are the earliest diverging S. mansoni 

samples on the maximum likelihood tree. This supports the conclusions drawn from previous 

mtDNA barcoding studies [20]. A priori one might expect the origin of S. mansoni to be in East 

Africa as S. rodhaini, which shares a common ancestor with S. mansoni, has its present range in 

this part of the world. Furthermore, East Africa is where the earliest paleontological evidence for 

anatomically modern humans is found. A series of subsequent paleontological sites in this region 

indicate that early human populations inhabited this region throughout the late Pleistocene [184, 

185].  

 

I hypothesise that the adoption of fishing by human communities may have triggered the 

speciation of S. mansoni and S. rodhaini as this led to hunter-gatherer groups residing for longer 

periods by water bodies, leading to the establishment of S. mansoni transmission. Archaeological 

evidence from across Africa indicates a gradual accumulation in technology during the Middle 

Stone Age with the earliest evidence for exploiting aquatic resources from sites in South Africa, 

Eritrea and the Democratic Republic of Congo (DRC) [179, 180, 186, 187]. The earliest evidence is 

from Mossel Bay, South Africa where stone artifacts and substantial shellfish deposits are dated to 

152-176KYA[180]. Similarly, at the Red Sea Basin in Eritrea deposits of stone tools and shells from 

marine organisms have been dated to 118-132KYA [179]. Early exploitation of freshwater 

resources is also seen in the Upper Semliki Valley, DRC where bone assemblages suggest that a 

well developed industry to process fish in Central Africa was established 74-111KYA [178, 187]. 

The posterior distribution for the speciation of the last common ancestor of S. mansoni and S. 

rodhaini overlaps with these archaeological dates (Figure 9), suggesting that changes to 

subsistence patterns in Africa around this time may have led to increased water contact and 

subsequently human infection with schistosomes.  

 

The PSMC models show that the ancestors of all extant S. mansoni populations underwent a 

bottleneck between 20-100KYA. These changes may be driven by changes to human populations, 

the effect of climate on the freshwater habitats of the intermediate snail host, or a combination. 

Coalescence modeling of human populations in Africa support a decline in Ne from 50-100KYA, 

though this bottleneck is milder than in Non-Africans [153].  The East African climate was 

generally arid from 60KYA until the beginning of the Holocene [188] and fluctuations in 

temperature and precipitation throughout this period impacted on the size and depth of East 
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African Lakes, where the ancestral population of S. mansoni existed prior to 7KYA. Geological 

evidence suggests that Lake Tanganyika went through three phases of low lake levels at the end of 

the Pleistocene (35-40KYA, 23KYA and 18KYA) and Lake Victoria was almost completely dry 

between 12-17KYA. The lake levels all began to rise rapidly about 11KYA, reaching levels close to 

those observed in the present [189]. As PSMC is unable to specify exactly when in the 20-100KYA 

window the bottleneck in S. mansoni occurred, it is not possible to associate the fall in parasite Ne 

with any specific event. Therefore, climatic fluctuations, a fall in human Ne and changes to lake 

levels are all plausible explanations for the reduction in S. mansoni population size at the end of 

the Pleistocene.  

 

By combining evidence from the phylogenetic tree with coalescence modeling I argue that S. 

mansoni originated in East Africa and that the ancestors of all extant populations remained there 

as a single population until 7KYA as PSMC output shows all populations follow the same 

demographic trajectory from 7-120KYA. More recently than this, the populations follow different 

paths as Ne rises in Lake Albert and Lake Victoria isolates and falls for New World and West 

African isolates. I hypothesise, therefore, this was around the time that populations of S. mansoni 

began to migrate across the continent and colonise areas of West Africa. This view is supported by 

evidence from G-PhoCS, which shows that Cameroon split away from the East African population 

6KYA years ago, followed by the Senegal population 1.5KYA. Movement of human populations in 

Africa may explain the migration of parasites to new regions. The Bantu expansion was the most 

significant movement of peoples around Africa following the start of the Holocene followed by the 

Yoruba and Luhya populations expanding from 6KYA out of West Africa into central, southern and 

eastern regions [190]. Both the increase in human population size and the extensive movement of 

peoples across Africa following the milder conditions of the Holocene may have created conditions 

in which schistosome parasites could be spread through water sources as humans migrated across 

the continent.  The population history of S. mansoni based on the models is summarised in Figure 

12. 

 

Both coalescence models presented here use two free parameters, generation time and mutation 

rate. I have made estimates of both these values as 0.2 years (see Methods) and 8.1x10-9 per 

basepair per generation (Figure 6) respectively [170, 191, 192]. Generation time, which includes 

the latency period in humans, the latency period in snails and the average time to transmit 
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between the two hosts, varies with water temperature of the snail intermediate host, the species 

of snail and the force of infection [23]. The definition of generation time is often controversial and 

is particularly complicated in the case of parasites with multiple hosts. Given the variability of 

such factors spatially and temporally, my estimate of the generation time is a simplification and 

may be subject to alteration on the basis of future experimental evidence [193]. Therefore, if 

revisions are made to either the mutation rate or generation time both dates of divergence and Ne 

estimates provided here will need revision. Despite these limitations, I find it encouraging that the 

estimate of the timing of migration to the New World overlaps with historical dating, suggesting 

that estimates of the free parameters are likely to be robust.  

     

The Coastal Kenyan isolate shows a pattern in the phylogenetic tree and PCA significantly different 

to that expected given its distant geographical position from the Puerto Rican reference and 

proximity to Uganda. In all instances the Coastal Kenya isolate clusters with the New World and 

Senegal strains, as opposed to the other East African sequences. Previous phylogenetic analysis 

has shown that Coastal Kenya and Zambia form a distinct clade away from other East African 

parasites on the basis of a 451bp region of the cox1 gene in the mitochondria [102]. This suggests 

that Coastal Kenya and Zambian S. mansoni have had a separate evolutionary history to parasites 

in the African great lakes, which may be due to separate histories of these regions. Throughout the 

19th Century slaves were traded between Portuguese colonists along the Zambezi and Arab 

traders in the Horn of Africa predominantly via the port of Mombasa [194]. Thus a movement of 

people, and presumably parasites, occurred between these two regions, which may have 

contributed to their differentiation with other S. mansoni samples within East Africa. Denser 

sampling of the diversity of parasites in both East and West Africa will be needed to resolve the 

history of these parasites.  
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Figure 12. Summary of Schistosoma mansoni population history based on the evidence from this chapter.  

Widths of branches represent approximate log Ne (effective population size. Note timescale is drawn on a log axis.  
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Through population genetic tests where S. rodhaini is specified as the out-group, genes have been 

highlighted that deviate from neutral expectations, either through an enrichment of non-

synonymous substitutions or an over-representation of polymorphisms relative to fixed 

differences. Using a branch model of dN/dS, 767 genes were found showing evidence of positive 

selection (dN/dS > 2); of these a significantly enriched category of genes, ECM proteins, were found 

to have an increased level of expression during a period of host interaction in the schistosome 

lifecycle (24 hour schistosomula stage). This suggests that these genes may contribute to host 

invasion, as they have undergone rapid evolution as the parasite S. mansoni has become human-

infective. When these genes were tested for significance under a likelihood ratio framework, 

VAL21 and a cercarial elastase gene were found to be under significant positive selection. The VAL 

genes excrete protein products that induce allergic responses. Transcriptomic evidence has shown 

that VAL21 is expressed primarily in the cercarial stage, suggesting it may play a role in invasion 

of the definitive mammalian host [172]. Cercarial elastase cleaves insoluble elastin, a major 

component of the dermis, and is the only protease required for mammalian host invasion [173]. 

While cercarial elastase genes are broadly conserved within the genus Schistosoma, the finding of 

a signal of positive selection in Smp_119130 may hold the key for human-specific invasion.  

 

Genes with high values in the MKS, suggestive of balancing selection, showed enriched pfam 

domains in immunoglobulin I-set proteins, a domain linked to cell-cell interactions that could 

facilitate adaptation to the host. Four domains of dynein were also significantly enriched; this 

motor protein is involved in transport of organelles in cells, suggesting that the energetic 

requirement of S. mansoni cells is a target for selection [195]. As the isolates are not from first 

passage (see Methods), this represents a potential limitation on the tests for selection if laboratory 

passage has introduced novel selection pressures. This highlights the importance of using whole-

genome sequences directly from clinical isolates in future studies.  

 

Combining the MKS and HKA test revealed genes with extreme values, indicative of balancing 

selection. One of the main outliers is hsp40, part of a family of proteins known to regulate hsp70s, a 

gene family that encodes proteins that protect cells from stress and that have undergone an 

expansion in other platyhelminth species, such as tapeworms [196]. While there may be multiple 

explanations for the pattern of variation observed on any particular gene, the loci identified are 

subject to unusual evolutionary processes compared to the rest of the genome and so may provide 
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valuable targets for future functional experiments. As with most other non-model organisms, 

inferring the function of ‘hits’ from tests for selection can be difficult. Efforts are therefore 

underway to develop high-throughput functional genomic approaches to flatworm biology [197] 

and the genes that have been identified as outliers in the selection tests from this analysis will be 

fed into an ongoing RNAi screen to examine function at the Wellcome Trust Sanger Institute. 
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Chapter 3 

 

Comparison of praziquantel efficacy against Schistosoma mansoni in Ugandan 

primary schools with different exposures to mass drug administration  

 

Abstract  
 

Mass drug administration (MDA) with praziquantel is the cornerstone of schistosomiasis control 

in sub-Saharan Africa. The effectiveness of this strategy is dependent on the continued high 

efficacy of praziquantel, however drug efficacy is rarely monitored using appropriate statistical 

approaches that can detect early signs of wane. I conducted a repeated cross-sectional study, 

examining children infected with Schistosoma mansoni from six schools in Uganda that had 

previously received between 1 and 9 rounds of MDA with praziquantel. I collected up to 12 

S. mansoni egg counts from 414 children aged 6-12 before and 25-27 days after treatment with 

praziquantel. Individual patient egg reduction rates (ERRs) were estimated using a statistical 

model to explore the influence of covariates, including the number of prior MDA rounds. The 

average ERR among children within schools that had received 8 or 9 previous rounds of MDA 

(95% Bayesian credible interval (BCI) 88.23%, 93.64%) was statistically significantly lower than 

the average in schools that had received 5 (95% BCI 96.13%, 99.08%) or 1 (95% BCI 95.51%, 

98.96%) previous round of MDA. I estimate that 5.11%, 4.55% and 16.42% of children from 

schools that had received 1, 5, and 8/9 rounds of MDA respectively had ERRs below the 90% 

threshold of optimal praziquantel efficacy set by the World Health Organization.  The reduced 

efficacy of praziquantel in schools with a higher exposure to MDA may pose a threat to the 

effectiveness of schistosomiasis control programs and should be closely monitored.  
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Introduction 
 

Interventions to control schistosomiasis have varied over time. Early national control programs, 

such as the Sudanese Blue Nile Health Project (started in 1979) and the Egyptian national 

program (started in 1988) used a combination of chemotherapy, snail control, provision of clean 

water and sanitation and infrastructural development [63, 64].  Such multi-approach control 

programs are now the exception rather than the rule [65].  Due to the low cost, safety and high 

efficacy of praziquantel, mass drug administration (MDA) has become the mainstay of national 

control programs.  

 

Mass Drug Administration began in Uganda in 2003 and 400,000 treatments of praziquantel were 

distributed that year, with the support of the Schistosomiasis Control Initiative (SCI) [66, 67, 198]. 

This has since expanded to the treatment of approximately 1.5 million children annually [199], 

resulting in significant reductions in S. mansoni prevalence, intensity and associated morbidity 

[69, 71]. Similar successes have been reported in other countries implementing MDA, such as 

Burkina Faso [73]. Spurred by these results, the World Health Organization (WHO) revised their 

strategic plan from disease control to the interruption of transmission in certain African countries, 

including Uganda, by 2025 [70]. With the exception of certain islands implementing snail control 

[200], this ambitious plan remains solely reliant on MDA with praziquantel. Monitoring the 

continued efficacy of praziquantel is therefore paramount.  

 

In the field, S. mansoni is commonly detected by the presence of eggs in stool, typically using the 

Kato-Katz thick smear method which is inexpensive and practical in low-resource settings [53]. As 

the test suffers from poor sensitivity, though close to 100% specificity [53], multiple readings 

improves the chances of detecting eggs in the stools of infected patients [55]. Egg counts 

measured before and after treatment are used to quantify drug efficacy as the egg reduction rate 

(ERR). The WHO has set a tentative ERR threshold of 90% as an indicator of optimal efficacy [82]. 

 

The sample ERR is typically calculated directly from egg count data by applying a simple formula 

(see Equation 2 in Methods). This is a population-level approach that is not readily compatible 

with individual patient data [62]. Such data are better analysed using mixed effects regression 

techniques that account for the correlation among parasite counts measured on the same 

individual or among counts measured from individuals within the same school. Failing to account 
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for the hierarchical (multi-level) structure of such data results in problems of pseudo-replication 

that can lead to erroneous estimates of parameter uncertainties. The mixed model framework 

includes both fixed and random effects that exert, among individuals sharing a set of covariates 

(e.g. individuals of the same age or sex), a constant or variable effect, respectively [19,20]. These 

methods are designed for longitudinally repeated measures and permit estimation of ERRs (and 

their associated uncertainties) for individual patients, which are useful for identifying poor 

responses and gradual shifts in anthelmintic efficacy [20].  

 

Here I assess the effect of previous rounds of MDA on the efficacy of praziquantel against 

S. mansoni infections in primary schoolchildren in eastern Uganda. I explore whether the number 

of previous rounds of MDA is associated with efficacy of praziquantel, estimated as an ERR. Data 

are analysed from a repeated cross-sectional study of six schools that have received varying 

numbers of MDA rounds over a period of eleven years. A generalized linear mixed model (GLMM) 

implemented in a Bayesian framework is fitted to data on schistosome egg counts before and 25-

27 days after treatment, estimating praziquantel efficacy at the levels of individual patients and 

schools. 

 

Methods & Materials 
 

Study Sites  

The field team and myself (see Acknowledgments) conducted fieldwork in Mayuge and Tororo 

districts, Uganda from May – July 2014 (Figures 13 and 14). Six government-run primary schools 

were included into the study, five from Mayuge district and one from Tororo (Table 3). None of the 

schools had piped running water or a pump and all sanitation facilities were drop pits. 

Approximately 6 months had elapsed between the previous round of MDA and the start of the 

present study. The MDA in Tororo in 2013 was the first MDA in this district and achieved only 

21% coverage. MDA in Mayuge has been ongoing since 2003, although MDA did not take place in 

any schools during 2008-9. 
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Figure 13. Maps of study sites in Uganda. 
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Figure 14. Photos taken during recruitment in Mayuge District, Uganda. 
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Figure 13. Maps of study sites in Uganda.  

Panel A is a map of Uganda in an East African context with Mayuge and Tororo districts 

highlighted. Panel B shows the location of the schools surveyed in Mayuge district. Panel C shows 

the location of the school surveyed in Tororo district. 

 

 

Figure 14. Photos taken during recruitment in Mayuge District, Uganda.  

Panel A shows children lining up for recruitment, holding newspaper and toilet roll to provide a 

stool sample. Panel B shows Kato-Katz reading and preparation and children waiting to be treated 

in a classroom. Photos taken by Thomas Crellen. 

 

 

Table 3. Sample estimates of the prevalence and intensity of Schistosoma mansoni infection in 

children from six primary schools in eastern Uganda before treatment with praziquantel. 

 The number of previous rounds of Mass Drug Administration (MDA) the school has been exposed 

and corresponding MDA Exposure Categories are shown. Infection intensity is quantified as the 

arithmetic mean number of egg per gram of faeces (EPG). Confidence intervals (CIs) are calculated 

using a block bootstrap approach to account for correlation among egg counts repeatedly 

measured from the same child. 
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Table 3. Sample estimates of the prevalence and intensity of Schistosoma mansoni infection in 

children from six primary schools in eastern Uganda before treatment with praziquantel. 

 

 

a Mass Drug Administration b Eggs Per Gram c Confidence Interval  

d Estimated from district-level MDA coverage from Ministry of Health 

 

 

 

 

 

 

 

 

 

 

 

 

School  

 

District  MDAa 

Exposure 

Category 

Recruited  Tested at 

Baseline  

Positive for 

S. mansoni 

(%) 

Mean EPGb  

(95 % CIc) 

Bwondha  Mayuge  High  

(9 rounds) 

98  96 87 

(90.63) 

742 

(518-973) 

Bugoto  Mayuge  High  

(9 rounds) 

183  170 144 

(84.71) 

436 

(339-534) 

Musubi  Mayuge  High  

(8 rounds) 

128  127 120 

(94.49) 

465 

(362-600) 

Bukoba  Mayuge  Medium 

(5 rounds)d 

120  118 53 

(44.92) 

92 

(67-128) 

Bukagabo  Mayuge  Medium  

(5 rounds)d 

120  118 57 

(48.31) 

306 

(197-442) 

Kocoge  Tororo  Low  

(1 round) 

120  120  81 

(67.50) 

347 

(245-456) 

Total   769 749 542 

(72.36) 

382 

(338-446) 
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Enrolment 

At baseline 769 children were recruited from six primary schools. Children were randomly 

sampled within the age group 6-12 years and by sex. Children enrolled in the study were 

examined from 1-3 days before and 1-3 days after treatment with duplicate Kato-Katz slides per 

stool per day (i.e. a maximum of 12 counts per child, up to 6 pre and 6 post treatment). Treatment 

with praziquantel and albendazole, for soil-transmitted helminths (STH), was overseen by a nurse 

and children were observed for one hour following treatment to check for side effects and to 

exclude from the efficacy analysis any children who vomited within an hour. Children were 

followed up 25-27 days after treatment.  

 

Inclusion criteria for the baseline analysis was that the children were present for at least one day 

before treatment and so provided a minimum of 2 Kato-Katz thick smears for diagnosis. This gave 

a sample size of n = 749 patients. Inclusion criteria for the efficacy analysis were that the child was 

i) present for at least 1 day before and 1 day after treatment; ii) positive for S. mansoni at baseline 

and, iii) successfully treated with praziquantel and albendazole without vomiting. This gave a 

sample size of n = 414 patients (Figure 15).  

 

Sample Egg Reduction Rate (ERR) 

The sample ERR is calculated using  

 

Sample ERR = 1 −
mean egg count after treatment

mean egg count  before treatment
      (2) 

 

where the mean is calculated at the level of the school using all egg counts, rather than individual 

level averages. A non-parametric percentile block bootstrap method was used to calculate 

confidence intervals (CIs) associated with the sample ERR. Block bootstrap methods [201] account 

for correlation among observations (egg counts) from the same individual by randomly sampling 

(with replacement) blocks of data; here, all of an individual’s egg counts before and after 

treatment. This method was also applied to calculate CIs associated with mean egg counts before 

and after treatment.  
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Figure 15. Flow diagram of patient recruitment and exclusion criteria for egg reduction rate 

analysis after treatment with praziquantel (PZQ) and albendazole (ALB). 



78 

Covariates 

The schools were selected to give a variety of different MDA histories: one round for Kocoge; an 

estimated five rounds for Bukoba and Bukogabo; eight rounds for Musubi and nine rounds for 

Bugoto and Bwondha, which I classify as low, medium and high previous exposure to MDA 

respectively (Table 3). While school level MDA records were not available for Bukoba and 

Bukagabo, the number of MDA rounds were estimated based on information from Mayuge district 

officials and district-level MDA coverage from the Ugandan Ministry of Health. The sex and weight 

of each child were recorded at enrollment. Egg counts for STHs (Ascaris lumbricoides, Trichuris 

trichiura and hookworm species) were also collected.  Weight was categorized as: low, <22kg; 

medium, 22-26kg and high, >26kg. Age and height were recorded, but dropped as covariates due 

to their correlation with weight. Co-infection with STH was defined as a binary variable. 

 

Statistical Analysis 

A statistical model fitted to the S. mansoni egg count data in a Bayesian framework using a recently 

method designed to accommodate egg count data before and after treatment [62, 84]. The 

distributional assumption of the model is that egg counts measured from a patient at a specific 

time (before or after treatment) are Poisson distributed, with an observation level random effect 

permitting extra-Poisson variation or overdispersion [19, 22, 23]. The key systematic component 

of the model is a log-linear regression structure that describes the change in egg counts after 

treatment, x = 1, compared to before treatment, x = 0, in a multiplicative fashion such that the 

accompanying treatment effect coefficient β quantifies the relative change and the ERR is given by 

1 – exp(βx). Covariates enter the model as fixed effects interacting with x, allowing ERRs to vary 

among patients of different sex, weight category and MDA exposure. The fixed effects formula is: 

 

egg count ~ MDA treatment category * time + weight category + sex + STH co-infection (3) 

 

Random effects coefficients, specific to each patient, school and also interacting with x, permit 

ERRs to vary among patients and among schools sharing the same (fixed effect) covariate values. 

The correlation (ρ) between random effects (at individual patient or school levels) quantifies the 

association between egg counts before treatment and the treatment effect. A positive correlation at 

the individual level corresponds to individuals with higher than average egg counts at baseline 

tending to have lower ERRs and vice versa for a negative correlation. 
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We fitted the model to the data on egg counts in a Bayesian framework using Markov chain Monte 

Carlo techniques [62, 84, 202, 203]. We defined uninformative / vague parameter prior 

distributions and ran the Markov chains for 100,000 iterations with a 2,500 iteration burn-in, 

yielding an effective sample size of >1000 for all parameters and hyperparameters. We visually 

checked that the chains had converged to a stable posterior distribution. We constructed posterior 

distributions for ERRs associated with schools and MDA exposure categories by marginalizing 

over the appropriate subset of the coefficients. The analysis was performed using R version 3.0 

[204] and the package MCMCglmm v2.2 [203].  

 

Results 
 

Summary epidemiological statistics 

Baseline epidemiological data for each of the six schools are shown in Table 3. The analysis was 

performed on 749 children who were present for at least one day of sampling before treatment. 

The prevalence of S. mansoni at baseline in the schools surveyed ranged from 44.92% in Bukoba to 

94.49% in Musubi. The arithmetic mean eggs per gram (EPG) was calculated by averaging over 

egg counts from schools and multiplying by a factor of 24, rather than from the fitted model, to be 

comparable with previous studies in Uganda [77]. The intensity of infection varied seven-fold 

among schools, from 92 EPG (95% confidence interval, CI:  67-128 EPG) in Bukoba to 742 EPG 

(95% CI: 518-973 EPG) in Bwondha.  

 

Of the 414 children included in the praziquantel efficacy analysis (Figure 15), 209 (50.48%) were 

female and the age range was 6-12 years with a median of 8.5 years. A total of 4102 egg counts 

(approximately 10 per child) were collected from Kato-Katz smears: 2090 before treatment and 

2012 after treatment. Co-infections of S. mansoni and STH were present in 141 patients (34.06%) 

of which the majority were hookworm (139, 33.57%). Comparing the 414 children included in the 

efficacy analysis with the 128 excluded children, there are no significant differences in the fixed 

effect characteristics (sex, age, weight, MDA exposure) between the two groups as measured by a 

chi-square test of association.  

 

Variation in praziquantel efficacy among children 
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The estimated posterior distributions of the model coefficients associated with praziquantel 

efficacy are summarized in Table 4 as means and 95% Bayesian credible intervals (BCIs). The 

(Bayesian) p values [205] associated with each posterior distribution are also presented. Negative 

coefficients (or their exponent; < 1) associated with covariate-treatment interactions indicate a 

lower egg count after treatment and a higher ERR and vice versa for positive coefficients (or their 

exponent; >1). Because the model is specified at the level of the individual patient, coefficients are 

interpreted as reflecting the fixed covariate effect on a typical child (i.e. when the random effects 

adjustments are equal to 0) [84]. 

 

The negative coefficients associated with egg counts measured after treatment from different low 

(β = -1.32, p = 0.10) and medium (β = -1.42, p = 0.060) MDA exposure categories indicates that a 

typical child within a school that has received fewer previous MDA rounds has a higher ERR than a 

typical child in a school that has received more previous rounds of MDA, though these effects are 

not statistically significant. The positive coefficients associated with medium (β = 0.83, p = 0.0024) 

and low (β = 1.21, p = 0.048) weight categories indicate that a typical child in these weight 

categories has a lower ERR than a typical child in the high weight category. The coefficients of 

other covariates fitted as interaction terms in the model (sex and co-infection with STH) are not 

statistically significantly different from zero. The estimated negative correlation between 

children’s egg counts before treatment and the treatment effect (ρ = -0.17) indicates that children 

with higher egg counts tend to have higher ERRs, albeit the effect is of only marginal statistical 

significance (95% BCI: -0.32, -0.019).  

 

Individual children’s ERRs are variable within each school and MDA exposure category, however 

in the high MDA exposure category 16.42% (95% BCI: 13.42%, 19.78%) of the posterior mean 

individual ERRs are below the 90% reference efficacy [82] compared with 4.55% (95% BCI: 

1.22%, 9.76%) and 5.11% (95% BCI: 0.00%, 10.94%) in the medium and low categories 

respectively. The BCIs quantify the considerable uncertainty in the individual mean ERR estimates 

and reflects both the variation among egg counts measured from the same child and the number of 

counts measured per child, which ranged from 4 to 12. The estimated ERRs and associated 95% 

BCIs for each child, stratified by school and MDA exposure category are shown in Figure 16, the 

change in estimated egg counts before and after treatment are shown for each child in Figure 17.  



81 

Table 4. Estimated coefficient posterior distributions of the generalized linear mixed model fitted to Schistosoma mansoni egg counts 

collected from 414 children from six primary schools in eastern Uganda before and after treatment with praziquantel.  

The posteriors are summarised by their mean and 95% Bayesian credible interval (BCI). The coefficients estimates all interact with 

treatment and thus correspond to the effect of the covariate on the egg reduction rate (ERR). Negative coefficients (or their exponent; 

< 1) associated with covariate-treatment interactions indicate a lower egg count after treatment and a higher ERR and vice versa for 

positive coefficients (or their exponent; >1) (see Methods)  

a Bayesian Credible Interval b not applicable; c mass drug administration; d soil-transmitted helminth 

Covariate Category Coefficient posterior mean 

(95% BCIa) 

Exponent coefficient posterior 

mean (95% BCI) 

Bayesian 

p value  

Intercept NAb 2.32 (1.36, 3.25) 10.79 (2.17, 21.19) 0.01 

Treatment NA -5.65 (-6.81, -4.55) 3.91x10-3 (5.82x10-4, 8.86x10-3) <0.01 

MDAc exposure  Low (1 round) -1.33 (-3.20, 0.48) 0.328 (3.36x10-9, 1.03) 0.10 

 Medium (5 rounds) -1.42 (-2.94, 0.25) 0.293 (9.34x10-13, 0.793) 0.06 

Weight Low (<22kg) 1.21 (0.40, 2.03) 3.57 (1.12, 6.72) <0.01 

 Medium (22-26kg) 0.83 (0.01, 1.65) 2.45 (0.845, 4.74) 0.05 

Sex  Male 0.13 (-0.48, 0.78) 1.19 (5.32, 1.98) 0.67 

Co-infection with STHd Positive 0.27 (-0.40, 0.99) 1.37 (0.569, 2.43) 0.44 
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Figure 16. Estimated egg reduction rates (ERRs) of Schistosoma mansoni from 414 children in 

eastern Uganda treated with praziquantel. 
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Figure 16. Estimated egg reduction rates (ERRs) of Schistosoma mansoni from 414 children 

in eastern Uganda treated with praziquantel.  

Individual estimates are stratified by school in panel A and by mass drug administration (MDA) 

exposure category in panel B. Black points indicate the mean of the posterior distribution and the 

grey bars indicate 95% Bayesian credible intervals (BCIs). The hashed lines correspond to the 

nominal reference threshold of 90% suggested by the World Health Organization. Note that the 

BCIs have been truncated at 1 and 99%. Category of MDA reflects the previous number of rounds 

of treatment with praziquantel the schools have received (high is 8 or 9; medium is 5; low is 1). 

 

 

Figure 17. Estimated egg counts of Schistosoma mansoni infections in 414 children in 

eastern Uganda before (BT) and after (AT) treatment with praziquantel.  

Individual estimates are stratified by school in panel A and by mass drug administration (MDA) 

exposure category in panel B. Category of MDA reflects the previous number of rounds of 

treatment with praziquantel the schools have received (high is 8 or 9; medium is 5; low is 1). 
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Figure 17. Estimated egg counts of Schistosoma mansoni infections in 414 children in eastern 

Uganda before (BT) and after (AT) treatment with praziquantel. 
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Variation in the efficacy of praziquantel among schools 

The posterior distributions of the fixed and random effects coefficients were marginalized 

(averaged) over to yield average ERRs by schools and MDA exposure categories. Average ERRs are 

generally high and 90%, however schools within the high MDA exposure category show a 

significantly lower ERR (91.49%; 95% BCI 88.23%, 93.64%) compared with both the medium 

(98.04%; 95% BCI 96.13%, 99.08%) and low (97.81%; 95% BCI 95.5%, 98.96%) categories, 

having adjusted for other covariate fixed effects (Table 5). For comparison with the model-derived 

estimates and for comparability with previous studies, sample estimated ERRs were also 

calculated. The sample estimated ERRs follow the same pattern as the model-derived ERR 

estimates, with more intensively treated schools showing lower ERRs, and fall within the 

corresponding 95% BCI (Table 5). The posterior distributions of average ERRs by school and MDA 

exposure category are shown in Figure 18. The distribution associated with the high MDA 

exposure category is separated from the distribution of the medium and low categories, in 

accordance with a lower average efficacy of praziquantel for children in schools with a higher past 

exposure to MDA. 

  

Sensitivity of ERR estimates to number of readings taken 

The sensitivity of the results to the number of readings per individual were assessed by sub-

sampling from the original dataset 1-6 readings before and 1-6 readings after treatment and using 

the mixed effects model to calculate the estimated ERR for each MDA exposure category. Note that 

the readings refer to sequential time points (rather than random resampling) so that, for instance, 

a child may be absent for readings 1 and 2 after treatment but present for readings 3-6. This gives 

an indication of what the results would show had fewer egg counts been taken and/or sampling 

had taken place on fewer days. The results are presented in Table 6. The estimated ERR calculated 

using all readings (up to 6 Kato-Katz slides before and after treatment) as reported in the main 

text is also included for comparison. In all instances the ERR observed in the High MDA exposure 

schools remains the lowest. However, a significant difference (i.e. non-overlapping 95% credible 

intervals) between MDA exposure groups is only observed with 5 or 6 readings. This result 

indicates that at least 3 days of Kato-Katz readings before and after treatment (with 2 slides per 

day) was necessary to detect the difference in ERR between MDA exposure categories.  
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Table 5. Estimated mean egg reduction rates (ERRs) of Schistosoma mansoni in 414 children from six primary schools in eastern 

Uganda following treatment with praziquantel. 

 

a Egg Reduction Rate b Estimated from district-level MDA coverage from Ministry of Health

   ERRa (%) 

 

   ERR (%) 

 

MDA 

exposure 

category 

n Cleared 

(%) 

Sample 

(95% CI) 

Model 

(95% BCI) 

School n Cleared 

(%) 

Sample 

(95% CI) 

Model 

(95% BCI) 

High 

(8 or 9 

rounds) 

268 151 

(56.34) 

92.10 

(87.42, 95.71) 

91.49 

(88.23, 93.64) 

Bwondha  68 40 

(58.82) 

94.27 

(88.13, 98.26) 

94.19 

(90.65, 96.34) 

Bugoto  103 62 

(60.19) 

89.63 

(77.65, 96.65) 

91.20 

(85.40, 94.50) 

Musubi  97 49 

(50.51) 

91.98 

(82.35, 97.69) 

89.90 

(83.53-93.49) 

Medium 

(5 rounds)b 

82 68 

(82.93) 

98.71 

(97.50, 99.53) 

98.04 

(96.13, 99.08) 

Bukoba  42 37 

(88.10) 

98.98 

(97.55,99.85) 

98.50 

(96.26-99.52) 

Bukagabo 40 31 

(77.50) 

98.58 

(96.50, 99.64) 

97.56 

(94.59-99.01) 

Low 

(1 round) 

64 45 

(70.31) 

98.87 

(98.07, 99.60) 

97.81 

(95.51, 98.96) 

Kocoge  64 45 

(70.31) 

98.87 

(98.07, 99.60) 

97.81 

(95.51-98.96) 
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Table 6. Estimated mean egg reduction rates (ERRs) of Schistosoma mansoni after resampling by Kato-Katz readings. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
a Estimated from district-level MDA coverage from Ministry of Health 
 
 

Cumulative readings 

(before and after 

treatment) 

Total egg counts  

 

1  

 

n= 678 

 

2 

 

n= 1356 

 

3  

 

n= 2130  

 

4  

 

n= 2904 

 

5 

 

n= 3503 

 

6 

 

n= 4102 

MDA exposure 

category 
Mean Egg Reduction Rate (%; 95% BCI) 

High 

(8 or 9 rounds) 

95.97  

(87.31, 98.87) 

89.75  

(80.43, 94.16) 

86.31 

(72.44, 92.39) 

86.89  

(77.20, 91.78) 

89.64 

(83.80, 92.92) 

91.49 

(88.23, 93.64) 

Medium 

(5 rounds)a 

98.28  

(92.61, 99.76) 

94.77  

(81.67, 98.60) 

97.17 

(93.70, 98.81) 

97.76 

(95.54, 98.94) 

97.95 

(95.84, 99.04) 

98.04 

(96.13, 99.08) 

Low 

(1 round) 

99.13  

(95.74, 99.95) 

96.36  

(84.43, 99.54) 

96.48 

(88.37, 99.07) 

94.34 

(81.91, 98.41) 

97.47 

(94.55, 98.86) 

97.81  

(95.51, 98.96) 
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Table 5. Estimated mean egg reduction rates (ERRs) of Schistosoma mansoni in 414 children 

from six primary schools in eastern Uganda following treatment with praziquantel. Sample 

estimates are calculated using Equation 2 in Methods, Sample Egg Reduction Rates with 95% 

confidence intervals (CIs) calculated using a block bootstrap approach to account for correlation 

among egg counts repeatedly measured from the same child. Model estimates and 95% Bayesian 

credible intervals (BCIs) correspond to the posterior distribution of the average ERR by mass drug 

administration (MDA) exposure category and by school calculated by marginalizing (averaging) 

over the appropriate fixed and random effects coefficients of the fitted generalized linear mixed 

model 

 

Table 6. Estimated mean egg reduction rates (ERRs) of Schistosoma mansoni after 

resampling by Kato-Katz readings. One reading indicates the first reading taken before and 

after treatment, two readings indicate the first two readings taken before and first two readings 

taken after treatment etc. Mean egg reduction rates and confidence intervals are presented for 

MDA exposure categories. The number of samples (n) refers to the total number of egg counts 

before and after treatment given the cumulative number of readings.   

 

Figure 18. Posterior distribution of average egg reduction rates (ERRs) of 

Schistosoma mansoni in 414 children from 6 primary schools in eastern Uganda treated 

with praziquantel. The average ERRs are stratified by school in panel A and by mass drug 

administration (MDA) exposure category in panel B. The posteriors were constructed by 

marginalizing over the fixed and random effects coefficients estimated from the generalized linear 

mixed model. The coloured hashed lines indicate the mean of the posterior. Category of MDA 

reflects the previous number of rounds with praziquantel the schools have received (high is 8 or 9; 

medium is 5; low is 1). 
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Figure 18. Posterior distribution of average egg reduction rates (ERRs) of Schistosoma mansoni in 

414 children from 6 primary schools in eastern Uganda treated with praziquantel. 
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Discussion 
 

I tested the impact of a school’s past exposure to MDA with praziquantel on present treatment 

outcomes for S. mansoni and demonstrated, through the use of an appropriate statistical modeling 

technique, that treatment efficacy, as quantified by the ERR, is lower in schools that have been 

treated in eight or nine previous MDA rounds compared with other schools from the same or 

nearby districts that have undergone five or fewer rounds of MDA with praziquantel.  

 

From the baseline data collected from the schools (Table 3), I found a high prevalence (>84%) and 

infection intensity (>400 EPG) in Bugoto, Bwondha and Musubi, the schools that have undergone 

the highest number of previous MDA rounds. It is surprising that S. mansoni infection remains 

entrenched within these foci despite up to nine rounds of MDA. I concur with Kabatereine et al. 

(2003) that persistence of the parasite population is driven by continued re-infection from 

transmission hotspots in Lake Victoria [77]. It is concerning for efforts to halt transmission of S. 

mansoni through MDA alone that areas with high infection intensity are so resilient to repeated 

treatments.  

 

The weight of children was found to be associated with estimated ERRs. The dose of praziquantel 

is weight-standardized at 40mg/kg and hence one would not expect differences in drug efficacy 

among children of different weight. The lower ERR in lighter children suggests that they are not 

receiving a sufficient dose, perhaps indicating that there is a minimum therapeutic dose that 

lighter children are failing to receive. There could also be an age-dependent effect (as weight and 

age are closely correlated) reflecting synergism between the development of protective immune 

responses and the antischistosomal activity of praziquantel [206]. 

 

A recent meta-analysis of praziquantel efficacy reported an average ERR of 89.1% (95% CI 83.3%, 

94.2 %) among treated S. mansoni infections in schoolchildren with a median follow up time of 5 

weeks [207]. The comparable estimates of the ERR in this study are the average school-level 

estimates, including those for different MDA exposure categories. None of the estimates extend 

below the lower CI of the meta-review estimates, suggesting that praziquantel remains broadly 

efficacious in all the study sites (although heterogeneity in study design will naturally widen CIs 

estimates from a meta-analysis compared to estimates obtained from a single study). However, of 

concern is the significant difference in estimated ERRs observed between schools that have 
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received more previous rounds of MDA compared to those that have received fewer rounds (Table 

5, Figure 18).  

 

Variation in anthelmintic efficacy is driven by parasite and host-specific factors. Without long-

term longitudinal data (i.e. on the scale of years, over multiple rounds of MDA), or baseline data 

from before MDA commenced, it cannot be determined whether heterogeneities among ERRs, at 

either the individual or school levels, are static or changing temporally. A systematic decline in 

ERRs could be indicative of increasing parasite tolerance or emerging resistance to praziquantel 

[23, 135]. Intervention programmes using MDA should incorporate regular assessment of drug 

efficacy into their monitoring and evaluation protocols. 

 

A recent analysis of praziquantel efficacy against S. mansoni found variation among ERRs from 

individual patients to be greater in Uganda than in other countries [84]. Schistosoma mansoni 

parasites in Uganda have been observed to be more genetically diverse than elsewhere [20], 

which could be driving more variable treatment outcomes. Host factors such as genetic variation 

or differences in nutritional status are unlikely to be sufficient to explain the variation in ERRs 

because of the spatial proximity and similar patterns of subsistence in the schools surveyed 

(Figure 13). It is also unlikely that different rates of reinfection are driving substantive differences 

among patient ERRs.  This is because the time to follow up (25-27 days) is short and the statistical 

model is designed to control for different rates of reinfection by modeling the intensity of infection 

after treatment relative to the intensity before treatment such that each individual acts as its own 

control.  

 

We are left with the possible explanation that reduced praziquantel efficacy is caused by drug-

tolerant genetic variants within the S. mansoni population in highly treated areas. Genetic changes 

associated with drug resistance have been associated with drug-induced selection pressures in 

human and veterinary helminths [113, 208-210]. Ultimately, drug-induced resistance can only be 

confirmed by linking changes in resistance allele frequencies to phenotypic indicators of drug 

tolerance or reduced susceptibility. As neither the precise mode of action of praziquantel nor the 

genetic basis of resistance in schistosomes are completely understood [211], the powerful 

approaches offered by NGS will be essential to scan for selection across whole-genomes [132, 
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140]. Such approaches would help to establish if parasite genetic variation could be driving the 

degree of variation in praziquantel efficacy observed in this study. 

 

Ethical Statement 
 

Approvals were granted by the Uganda National Council of Science and Technology (MoU sections 

1.4, 1.5, 1.6) and the Imperial College Research Ethics Committee (EC NO: 03.36. R&D No: 

03/SB/033E). Verbal assent was given by every child before inclusion into this study and at school 

committee meetings comprising of parents, teachers, and community leaders before the onset of 

the study. Written consent for the children to participate in the study was attained from each head 

teacher. Participation was voluntary and children could withdraw or be withdrawn from the study 

at any time. All enrolled children were treated with 40 mg/kg praziquantel and 400 mg 

albendazole after examination at baseline and any children who remained positive at follow up 

were retreated. 
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Chapter 4  

 

Whole-genome sequencing and population genomics of Schistosoma mansoni 

miracidia from primary school children in Uganda 

 

Abstract 
 

In the previous Chapter I demonstrated that the efficacy of praziquantel against Schistosoma 

mansoni was associated with the number of rounds of mass drug administration in primary 

schools in eastern Uganda. It is therefore of considerable interest to interrogate parasite genomes 

from patients with variable clearance phenotypes to understand the population structure, the 

extent to which positive selection is acting on the S. mansoni genome and whether variants can be 

associated with the host parasite clearance phenotype. 

Whole genome sequences were generated from 213 miracidia from 35 children from four schools 

in eastern Uganda. After calling variants and applying filters, we obtained a dataset of 5.31 million 

SNP variants from 190 miracidia. Examining the population structure with principal component 

analysis, FST and IBD revealed a largely unstructured parasite population at the level of individual 

hosts and schools. Genome-wide scans for signatures of positive selection using FST and a 

haplotype based test (iHS) revealed a 256kb region at the beginning of chromosome 2 to show the 

most extreme values in both tests. Association testing of the SNPs in the highest 1% of regions 

under selection against the host clearance phenotype revealed 4 SNPs to be significantly 

associated after correcting for multiple testing, 3 of which were located in the 256 kb region in 

chromosome 2. Four genes are predicted to be within this region, two of which are annotated as 

calcium/ sodium channels. While the precise mode of action of praziquantel is unknown, there is 

strong experimental evidence linking the action of the drug on S. mansoni to calcium signalling. 

Within the exons of the calcium channels, I uncovered six putative causal variants (non-

synonymous mutations and indels) one of which was significantly associated with the host 

clearance phenotype. 

By identifying a region of the S. mansoni genome under positive selection containing calcium 

channels and significantly associated with the host clearance phenotype, this study provides 

convincing evidence that repeated MDA with praziquantel is driving selection in parasite genomes 

towards a phenotype that inhibits the action of praziquantel. These data provide the rationale for 
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future studies to validate the function of the genes in this region. If these genes are in fact shown 

to regulate uptake of praziquantel, we may finally begin to understand the drug’s mechanism of 

action, which has remained unknown since praziquantel was synthesised over 40 years ago.   

 

Introduction 
 

In the previous Chapter, I demonstrated that children infected with Schistosoma mansoni in 

intensively treated schools in eastern Uganda had a reduced response to the drug praziquantel (as 

measured by the egg reduction rate (ERR)) compared with children in less intensively treated 

schools [92]. This significant difference in parasite clearance was observed despite the close 

spatial proximity of the schools suggesting that the differences observed can be explained, at least 

partly, by variation in the parasite population as opposed to the host population which we assume 

is largely uniform across the sampled regions [101]. It is therefore of considerable interest to 

understand the population genetic structure of the parasites within the sample of infected 

individuals in Chapter 3 and to determine if there is a genetic basis in S. mansoni that accounts for 

the differences in anthelmintic efficacy we have observed at the host level. 

 

Genome-wide analyses of genetic variation (i.e. association studies, scans of selection or genetic 

mapping) are increasingly being used to uncover the genetic basis for traits of interest such as 

virulence and drug resistance in parasites and pathogens [133, 137, 212]. Whole-genome 

sequencing of S. mansoni parasites directly from clinical samples is a powerful method to 

understand the dynamics shaping the population [7] and allows us to utilise unbiased (‘hypothesis 

free’) methods with which to identify interesting regions of the genome for future functional 

validation [138, 140, 213]. In general, these methods exploit the linkage disequilibrium of regions 

under selection. As selection acts to increase the frequency of variants more quickly than linked 

regions can be broken down by recombination, in the short term selection will act on the entire 

haplotype surrounding a de novo variant of high fitness, rather than affecting just the variant 

position itself. Within a population under selection therefore, the de novo variant will appear on a 

longer, less variable haplotype compared with a region evolving neutrally [149, 213]. This case is 

complicated in the case of a ‘soft sweep’, whereby selection acts on standing variation (i.e. 

variation existing before the selective pressure appeared), rather than a de novo mutation, as most 

methods lack power to detect soft sweeps. To date, no genome-wide scans of selection and genetic 
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association studies have been performed on schistosome parasites obtained directly from infected 

individuals, and therefore, the data presented in this Chapter offers novel insight into the genetics 

of praziquantel response by the parasite. Although no specific loci in S. mansoni have previously 

been associated with praziquantel response, it has been demonstrated that treatment with 

praziquantel results in a rapid Ca2+ influx leading to sustained Ca2+ dependent muscular 

contraction [214]. Further, treating S. mansoni with chemicals that inhibit the action of calcium 

channels has been found to reduce the sensitivity of the parasite to praziquantel [78, 79, 81].  

 

Based on the evidence for reduced efficacy of praziquantel in intensively treated schools and our 

limited knowledge of praziquantel’s mode of action, I hypothesise that the poor responder 

phenotype of S. mansoni to praziquantel is associated with: i) gene(s) that show signals of positive 

selection in the population as a result of the repeated rounds of mass drug administration (MDA) 

with praziquantel; and ii) genetic variation within these gene(s) that is associated with the 

clearance phenotype of the host, measured either as the quantitative ERR estimated from the 

mixed-effects model in Chapter 3, and/or, as a categorical host trait (i.e., (a) good clearer before 

treatment; (b) poor clearer before treatment; (c) poor clearer after treatment). By identifying 

genes and genetic variation using these criteria, together with prior knowledge of the action of 

praziquantel on schistosomes (i.e., strong candidate genes would be expressed in the adult worm 

as this is the life stage in the S. mansoni lifecycle against which the drug acts and could be involved 

in calcium signalling), it should be possible to prioritise candidate genes for further validation 

towards understanding the mechanism of praziquantel action and poor response. 

 

In addition to documenting genetic variation under selection in S. mansoni, whole genome re-

sequencing of parasites from individuals in Uganda allows us to understand the population 

structure of the parasite from a natural foci of infection. Previous studies of the population 

structure of S. mansoni based on microsatellites or barcoding regions have shown an absence of 

population structure within countries [101, 112, 215], which is perhaps surprising given the 

portioning of parasites into host ‘demes’ that may impede gene flow [216]. The genetic structure 

of the parasite population can determine how positive selection acts upon a population and how 

variants conferring higher fitness can spread; documenting the spatial genetic structure of S. 

mansoni populations using whole genome SNP data would therefore add greatly to our 

understating of how genetic variance is partitioned in these populations. 
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As discussed in the Introduction Chapter, previous studies examining genetic markers of S. 

mansoni parasites have differed on whether a reduction in genetic diversity was observed 

following treatment [113, 114, 217]. Individuals infected with S. mansoni may not experience 

complete parasite clearance after treatment with praziquantel, as measured by eggs in stool (as 

discussed in Chapter 3) or through hatching miracidia from stool [86, 113], though it is not always 

clear whether this represents parasites surviving treatment or re-infection post-treatment. 

Therefore, I aim to address this question by sequencing parasites from before and after treatment 

in the same individuals to determine: i) if a reduction in genetic diversity can be observed after a 

single round of treatment; and ii) if parasites taken from before and after treatment within 

individual human hosts are more closely related than to the parasite population as a whole, which 

could indicate persistence of infection rather than re-infection. 

 

While there is great potential for applying whole genome sequencing to S. mansoni parasites from 

natural populations, there are a number of difficulties in generating and analysing the necessary 

sequence data. Ideally, adult parasites would be sequenced as these represent the target of the 

drug praziquantel, however, they cannot be obtained from living humans [218]. Therefore, 

sequencing of parasites directly from individuals requires isolating miracidia (offspring of adult 

worms) from parasite eggs in stool samples, which represents an indirect sampling of genetic 

variation associated with response as the adult worms have undergone sexual recombination. 

Secondly, miracidia contain fewer than 100 cells and therefore only small amounts of DNA are 

available to be sequenced; this limits the extent to which high quality whole-genome sequence 

data can be generated. Furthermore, contaminating DNA also present in faeces, including host and 

bacterial genetic material, may overwhelm the parasite material when DNA extracted from stool 

samples is PCR amplified and/or sequenced without specific enrichment for S. mansoni DNA. 

Another limitation is that DNA sequencing libraries prepared from low quality or low quantity 

DNA typically requires substantial PCR amplification and often result in ‘low complexity’ libraries 

that contain a high proportion of duplicate reads. Duplicate reads, which are technical artefacts 

that result from an over-enrichment of a limited number library reads can lead to uneven depth 

along the genome, which often confounds variant calling as sequencing errors may become 

enriched and appear as true variants when called against a reference genome. This in turn can 

bias downstream analysis [219]. Finally, the quality of the reference genome to which the 
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sequenced reads are aligned is also a major factor in the quality of downstream analysis. Many of 

these challenges are magnified in S. mansoni, relative to most other pathogens, by the relatively 

large size of the genome (369 mb in version 6), ~80 times larger than bacteria such as E. coli, ~16 

times larger than P. falciparum and ~4 times larger than nematodes such as the parasitic Brugia 

malayi or the free-living C. elegans. This therefore increases the cost and complexity of analysis 

and sequencing. 

 

In this Chapter, I describe how I developed a novel wet-laboratory protocol aimed to generate, and 

subsequently analyse, viable whole-genome sequence data from individual miracidia isolated 

from human stool samples in the field in Uganda. My specific aims were to elucidate: i) the 

population structure of natural S. mansoni populations under contrasting mass drug 

administration selective pressures at the level of whole genome variation; ii) the genome-wide 

variability in miracidia collected from before and after treatment from individuals showing 

suboptimal clearance; iii) regions of the genome showing signals of positive selection; and iv) 

whether S. mansoni variants under selection are associated with the praziquantel efficacy 

phenotype of the host. 

 

Methods and Materials 
 

Sample collection in the field 

During the fieldwork in eastern Uganda from May-June 2014 described in Chapter 3, the field team 

and myself hatched and stored over 10,000 miracidia from children in the five schools in Mayuge 

District (Bugoto, Bwondha, Musubi, Bukoba and Bukagabo) and one school in Tororo District 

(Kocoge) (see Figure 13, Chapter 3 for map of Uganda). Miracidia were collected from a subset of 

the 414 children included in the drug efficacy analysis from Chapter 3, as time and logistical 

constraints prevented us from collecting parasites from all the enrolled children. We collected 

miracidia from children before and 25-27 days following treatment with praziquantel in the case 

of incomplete clearance. This time to follow up was chosen to give enough time for the drugs to 

act, while minimising the risk of re-infection [23]. Given that only a small proportion of individuals 

showed incomplete clearance and we had not sampled from all individuals before treatment, we 

were only able to collect miracidia from both time points from a small number of individuals 

within incomplete parasite clearance (see below). To collect the miracidia, stool samples were 
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filtered through an adapted Pitchford and Visser funnel and washed with bottled water to dilute 

occluding faecal debris [101, 220]. To hatch the miracidia, the final elute containing schistosome 

eggs was poured into petri-dishes and left overnight, before being exposed to sunlight for hatching 

the following morning. A minimum of 20 miracidia were collected from individuals diagnosed as 

positive for S. mansoni with Kato-Katz at each time point to capture within-host variability, 

however, due to cost constraints we only sequenced a maximum of 7 miracidia per patient, per 

time point. The miracidia were isolated with a 20µl pipette and light microscope (Figure 19). 

Parasites were pipetted from the petri-dish and placed in a fresh petri-dish of nuclease-free water 

to dilute bacterial contaminants, before being pipetted again and spotted onto a Whatman® FTA® 

card, which lyses cells and organelles and immobilises and preserves nucleic acids [221, 222]. The 

FTA® cards can be kept at room temperature and are light and transportable, meaning they 

provide a convenient method of storing DNA in the field as they remove the need for refrigeration 

or freezing. Miracidia were isolated from the stool of 202 individuals before treatment, 54 

individuals after treatment and an overlapping subset of 21 individuals both before and after 

treatment. The number of miracidia collected ranged from 20-100 per child, per time point. 

 

Protocol development for DNA extraction / amplification 

It was necessary to develop a protocol to extract and amplify DNA from miracidia on FTA® cards 

for whole-genome sequencing as this had never previously been attempted. Prior to large-scale 

sequencing, the protocol was validated by sequencing samples on the MiSeq platform (Illumina) at 

low depth. Although the sequence data from these runs were not usable in downstream analysis 

due to the very low depth of coverage (<1x), the data provided a valuable indicator of the degree 

of contamination in each sample together with the complexity of the library when the reads were 

mapped to the S. mansoni v5.2 reference genome [124].  

 

Initially, I used a protocol to amplify the miracidium DNA directly on the FTA® card punch. A 

single miracidium was removed from FTA® card using a Harris micro punch and washed in TE 

and FTA® buffers, after which the buffers were aspirated. Reagents from the REPLI-g® Mini kit 

(Qiagen) were added directly to the punch following manufacturers instructions. This involved a 

denaturation step to remove any bound proteins from the DNA, then polymerase was added and 

the sample incubated at 30oC for 9 hours. Finally, clean up of the amplified product was performed 

using magnetic AMPure® XP beads (Agencourt®; following manufacturer’s protocol) that bind 
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DNA and allow any remaining reagents to be aspirated. However, this method failed to amplify 

sufficient DNA to be detectible by Qubit® dsDNA HS (High Sensitivity) Assay Kits (Thermo Fisher 

Science), indicating that there was less than 0.5 ng/ml DNA present (detection limit of the kit). 
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Figure 19. Technician Andrina Nankasi collecting miracidia during field studies in eastern Uganda.  

Miracidia were pipetted into nuclease free water with a 20μl pipette and visualised under a light microscope (Panel A), before being 

re-collected (Panel B) and spotted onto a Whatman FTA® card (Panel C). Photos taken by Thomas Crellen.
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To better optimise the protocol for DNA extraction and amplification, I performed a number of 

experiments using miracidia from Tanzania that had been collected in 2015 using a number of 

different methods: miracidia were washed in either: i) nuclease-free water; ii) salt buffer; or iii) 

antibiotics (Pen Strep (Thermo Fisher Scientific) and Gentamicin (Thermo Fisher Scientific)). 

These miracidia would subsequently be stored in either 10µl DNA/RNA Shield™ (Zymo), a buffer 

that lyses cells and preserves DNA (n= 7) or on FTA® cards as before (n= 25). These samples were 

brought to WTSI, where they were extracted with the use of the DNeasy Blood & Tissue Kit 

(Qiagen), which removes any proteases and membranes before purifying the DNA through a spin 

column. The eluted DNA was then amplified using one of three methods: 1) REPLI-g® Mini Kit (n= 

14); 2) illustra GenomiPhi V2 DNA Amplification Kit (GE Healthcare Life Sciences) (n= 7); or 3) the 

DNA elute was first concentrated by drying down on a Thermo Scientific™ Savant™ SPD131DDA 

SpeedVac™ Concentrator and re-suspending in nuclease free water for 1 hour prior to amplifying 

with GenomiPhi V2 DNA Amplification Kit (this method is abbreviated to “concentrated 

GenomiPhi”; n= 11). For these experiments, the punches of miracidia were pooled into lots of 10 

for extraction and amplification to maximise the chance of extracting S. mansoni DNA. Of the 32 

pools of samples amplified, 14 were miracidia from Tanzania and 18 were miracidia from Uganda 

(as described earlier). After amplification, the 32 pools were sent to the libraries team at WTSI 

and sequenced on an Illumina MiSeq with 150bp paired end reads; libraries were prepared with 

MiSeq Reagent Kits v3 (Illumina). Across all collection methods, the proportion of reads mapping 

to S. mansoni reference genome were within the range 1.0%-93.5% (median; 33.8%). A linear 

model was constructed and fitted in R version 3.2.2, relating the proportion of mapped reads to 

the amplification method (REPLI-g®, GenomiPhi or concentrated GenomiPhi), the country 

collected (Tanzania or Uganda), the storage method (FTA® card or DNA/RNA Shield™), and the 

treatment of the samples on collection (1x wash, 3x wash, salt buffer or antibiotics). Using a 

significant threshold of p < 0.05, the only covariates to have a significant effect on the outcome 

variable was the amplification kit. When compared against REPLI-g®, the GenomiPhi (coefficient 

= 39.9, p = 0.01) and concentrated GenomiPhi (coefficient = 53.6, p = 0.0002) methods resulted in 

a higher proportion of S. mansoni reads mapping (see Figure 2). This was a positive outcome as it 

suggested that, rather than needing to collect additional field samples with a novel collection 

method, by using a different amplification kit I would have more success in generating DNA from 

miracidia that would allow whole-genome sequencing at higher depth to be viable. 
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Figure 20. Boxplots comparing percentage of reads mapping to S. mansoni v5.2 reference genome by amplification method. 

Panel A shows a comparison between the concentrated GenomiPhi, GenomiPhi and REPLI-g® methods, when miracidia are pooled in 

lots of 10 for extraction, amplification and sequencing. Panel B shows boxplots comparing percentage of reads mapping to S. mansoni 

version 5.2 reference genome by method (concentrated Genomiphi WGA and Nextera XT) from single miracidia.
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I proceeded to examine whether it would be possible to attain sequence data from individually 

amplified miracidia, rather than from multiple samples in a pool as before. Sequencing individual 

miracidia is preferable, as when amplifying multiple samples the resulting sequence data may not 

give representative allele frequencies if the quantity of DNA extracted or the efficiency of 

subsequent amplification varies between miracidia. The concentrated GenomiPhi method was 

therefore applied to 20 miracidia from FTA® cards, of which 16 were successfully amplified (>0.5 

ng/ml). An additional QC step was also introduced at this stage, which involved PCR amplification 

of the mitochondrial cytochrome oxidase 1 gene (cox1) to test for the presence of S. mansoni in the 

sample, as during the picking of miracidia in the field it is possible for technicians to miss a 

miracidium so that only water is spotted onto the FTA® card. A 25µl PCR reaction was prepared 

with 1ul of product (DNA), 10µl GoTaq® G2 Green Master Mix (x2), 1µl Forward Primer 12.5uM 

(100uM stock diluted 1:7), 1µl Reverse Primer 12.5uM (100uM stock diluted 1:7), 7µl nuclease-

free H20. The PCR primers for cox1 have been published previously [102] and the thermocycler 

(Eppendorf™ Mastercycler™) conditions were as follows: A single incubation at 95oC for 5 

minutes, followed by 30 cycles of 95oC for 30 seconds, 63oC for 30 seconds, 72oC for 30 seconds, 

and a final incubation at 72oC for 5 minutes. 

 

Of the 16 samples with amplified DNA, 10 were PCR positive for S. mansoni cox1 as visualised on a 

1.5% agarose gel. When sequenced at low-depth on a MiSeq (Illumina), the range of reads from 

the 10 libraries mapping to S. mansoni were 53.5% - 85.9% (median = 77.5%), and generally 

contained a low number of duplicate reads (<3%) with the exception of one sample. Analysing the 

distribution of reads mapping along chromosomes showed that reads were sequenced evenly 

across the genome and were not clustered in a specific region. These results were promising and 

suggested that this method could be expanded beyond the pilot to generating high quality 

sequence data from individual miracidia on the higher throughput HiSeq X10 (Illumina) 

sequencing platform. 

 

The viability of an alternative amplification method, the Nextera XT DNA Library Preparation Kit 

(Illumina), was also examined. In this method a transposable element is used to fragment and tag 

DNA with adaptors in a single step [223]. Adaptor bound libraries are then amplified using 8 

cycles of PCR. Library concentration was visualised on an 2100 Bioanalyser Instrument (Agilent) 

to determine if Nextera libraries had successfully bound to DNA and were then tested for the 
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presence of S. mansoni with a PCR amplification of the cox1 gene using the conditions described 

above. Starting with 10 individual miracidia punches (extracted with the DNeasy Blood and Tissue 

Kit prior to the Nextera protocol), in five samples the Bioanalyser (Agilent) detected Nextera 

libraries, and these samples were subsequently found to contain S. mansoni DNA, as detected by 

PCR amplification of the cox1 gene. After sequencing at low depth on the MiSeq, the percentage of 

reads mapping from the five samples to the S. mansoni reference genome ranged from 44.0-79.5% 

(median 55.4%). Comparing the WGA ‘concentrated GenomiPhi’ method against Nextera, samples 

amplified with WGA prior to sequencing on the MiSeq had a higher proportion of reads mapping 

to S. mansoni (range 53.5% - 85.9%, median 77.5%; Figure 20). Therefore on the basis of these 

results, it appeared that the concentrated GenomiPhi method was better suited to generate quality 

sequence data. 

 

Sequencing at depth 

Initially three 96 well plates were prepared using the concentrated GenomiPhi method described 

above, however, quality control (QC) revealed very low DNA yields even after multiple rounds of 

PCR amplification of adapters. To determine the cause of these low yields, I observed a strong 

plate-dependent effect as the DNA yields varied by plate location suggesting that the 

‘concentrating step’ in the heated vacuum had damaged the DNA prior to amplification and 

sequencing. From the first three plates, only 50 samples were deemed to have a high enough DNA 

yield for sequencing on the Illumina HiSeq X10 platform. Another two plates were prepared, with 

an amendment made to the protocol; the extracts were only partially dried down, rather than 

being completely dried down and re-suspended in clean water as before to avoid damage to the 

DNA. Quality control during library preparation revealed these plates to have higher DNA yields 

and so samples were divided into two sequencing run depending on DNA/ library concentration. 

Samples with high DNA/ library concentration were subjected to 8 cycles of PCR, whereas samples 

with lower yields were amplified using 18 cycles of PCR (see Appendix 1 for full protocol). 

 

Sample selection, mapping and depth 

Miracidia were sampled purposively from individuals with different clearance phenotypes, i.e., 

those that showed “good” clearance (i.e. no miracidia hatched after treatment) and those that 

showed “poor” clearance (i.e. it was possible to hatch miracidia from stool samples following 

treatment), see Table 7 and Figure 23. The ERR for “good” clearing individuals ranged from 99.4-
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99.9% (median=99.8%) and for “poor” clearing individuals from 24.2-99.4% (median= 91.1%). In 

the previous Chapter we defined an acceptable ERR of >90%, therefore it was perhaps surprising 

that relatively large numbers of miracidia (≥20) could be hatched from stool from individuals 

following treatment that had apparently high ERRs, this suggests that hatching miracidia may be a 

more sensitive diagnostic than Kato-Katz. From individuals with “poor clearance” we sequenced 

miracidia from both before and after treatment in the same individuals, so as to compare the 

genetic variability of miracidia populations from different time points. 

 

In total, 213 miracidia were sequenced on the Illumina HiSeq X10 platform at the Wellcome Trust 

Sanger Institute using 125bp paired-end reads with the aim of achieving 30x genome coverage.  

Sequenced reads were mapped to the version 6 S. mansoni reference genome using smalt 

(http://www.sanger.ac.uk/science/tools/smalt-0) with options -i 2000 -r 1 -x -y 0.85. These 

options indicate that reads were mapped to genome positions with a similarity of > 0.85, and in 

the case that reads map equally well to multiple positions in the reference genome, they will be 

randomly assigned to one of these positions, thus preventing repetitive regions from having 

unusually high or low depth. This version of the S. mansoni reference was finished in late 2016 

with long read (PacBio) sequencing and >90% of the genome had been assigned to chromosomes. 

It is an improvement on version 5.2 that was used for mapping in Chapter 2. Duplicate reads in the 

mapped BAM files were removed using Picard v1.92. The median depth of the autosomal 

chromosomes ranged from 1-38x (interquartile range; 4-14x); see Figure 21 below. While we had 

aimed for 30x coverage, the lower depth in all but one sample was the result of low quality DNA 

used to create libraries and subsequently a high proportion of PCR duplicates. 

 

http://www.sanger.ac.uk/science/tools/smalt-0
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Figure 21. Plot showing sequencing depth (median 11x) for sample Bw9_D along 7 autosomal 

chromosomes and ZW sex chromosome.  

Each point represents the median depth of a 1 kb window and points are coloured by 

chromosome. The positions of points along the y-axis represent the relative position along each 

chromosome. The drop in depth in ZW chromosome indicates that this miracidium is female as 

there is lower coverage over the Z chromosome specific region (Panel A). Histogram of median 

depth along 7 autosomal chromosomes for 213 miracidia sequenced on HiSeq X10, median depth 

ranges from 1-38x; IQR: 4-14x (Panel B). 
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SNP calling QC 

Given the lower depth of the BAM files compared with previous work in Chapter 2, where the 

depth of samples ranged from 23-58x, and considering the present dataset is larger and better 

represents a population as multiple hosts were sampled within a smaller geographic region, a 

novel SNP calling pipeline was developed based upon the ‘best practises’ guidelines produced by 

GATK v3.6 [224]. Variants were called independently for each sample using HaplotypeCaller then 

the variants files for each sample (genomic variant call format; gVCF) were merged in batches of 

20 before calling SNPs across the cohort with GenotypeGVCF. Indels were then removed leaving 

only SNPs. Hard filtering of SNPs was performed in two phases: i) filtering based on quality 

control metrics of the BAM file in GATK; and ii) filtering based on population parameters such as 

minor allele frequency (MAF), missingness of variants and missingness by sample in PLINK v.3.40 

[225]. Filtering in GATK was based on six parameters: 

 Quality by Depth (QD): variant confidence divided by depth of non reference samples (filter 

value ≤ 2.0) 

 Fisher Strand (FS): phred-scaled p value of Fisher’s Exact Test to detect strand bias 

(variants observed preferentially on the forward or reverse strand), which indicates false 

positive SNP calls (filter value ≥ 60) 

 Strand odds ratio (SOR): another method estimating strand bias based on the odds ratio 

(filter value ≥ 3) 

 RMS Mapping Quality (MQ): root mean squared mapping quality over all the reads at the 

site (filter value ≤ 40) 

 Mapping Quality Rank Sum (MQRankSum): rank sum test comparing the mapping quality 

of the reads supporting the reference allele compared against reads supporting the 

alternative allele (filter value ≤ -10) 

 Read Position Rank Sum (RPRS): rank sum test comparing the site position within reads of 

reference and alternate alleles, as observing alleles only at the end of reads is indicative of 

errors due to the higher error rate at the end of reads in Illumina sequencing platforms 

(filter value ≤ -6) 

 

The distributions of each of these parameters were visualised and compared against examples 

from GATK best practises to optimise the filter cut-off values [224]. These filters resulted in a 

reduction in the number of SNPs from 17.05 million to 10.61 million. The remaining variants were 
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then filtered at the population level using PLINK (v3.40) [225]. Three filters were applied: first 

individuals that had a high proportion of missing variants (≥50%) were removed (i.e. the 

miracidia had insufficient depth to call SNPs at these positions); this reduced the number of 

miracidia in the population from 213 to 190. Variants with a low MAF (≤1%) are likely to contain a 

high proportion of sequencing errors and so were removed (see MAF distribution in Figure 22). 

Variants with a high proportion of missingness (≥10%) were also removed. These two filters 

reduced the number of SNPs in the sample from 10.61 to 5.31 million ( 

 

“Good” refers to hosts, and parasites from hosts, which cleared completely following treatment 

with praziquantel. Hosts, and parasites from hosts, which did not fully clear following treatment 

are classified as “Before” or “After” depending on the time point from which they were sampled. 

 

 

Table 8). The dataset used for the majority of analyses therefore consisted of 5.31 million SNPs 

from 190 miracidia. 

 

Additional sequence data from S. mansoni adult worms collected in Cameroon, Lake Albert and 

Lake Victoria (described in Chapter 2) were also used to place the population structure of the 

Ugandan miracidia in a broader African context as well as to confirm the reliability of the global 

population structure described in Chapter 2 that used lab-passaged worms [132]. The genomes of 

these three adult worms were mapped to the V6 S. mansoni reference genome (as previously in 

Chapter 2 they had been mapped to the older V5.2 S. mansoni reference) using smalt as described 

above and SNPs were called for each sample individually using HaplotypeCaller. Variants were 

then called at the population level for the 213 Ugandan miracidia and the three additional samples 

using HaplotypeCaller. Filters were applied to these data in PLINK; indels, samples with 

missingness > 60% and variants with missingness > 20% were removed leaving 15.5 million SNPs 

from 203 individuals. 
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Figure 22. Comparison of sample and genotype missingness, and minor allele frequency using 

10.61 million variants and 213 miracidia.  

The proportion of missing variants per miracidium is shown in panel A, a cut-off of 50% missing 

variants was applied removing 23 miracidia is shown. The proportion of missingness by variant is 

shown in panel B, any variants with missingness >0.1 were filtered, removing 2.61 million 

variants. The probability density of the minor allele frequency (MAF) is shown in panel C. SNPs 

with MAF <0.01 were filtered, removing 2.69 million variants.
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Table 7. Sampled hosts (n=35) and miracidia (n=190) mean, range and total by school and time 

point.  

 

 

 

 

 

 

 

 

 

“Good” refers to hosts, and parasites from hosts, which cleared completely following treatment 

with praziquantel. Hosts, and parasites from hosts, which did not fully clear following treatment 

are classified as “Before” or “After” depending on the time point from which they were sampled. 

 

 

Table 8. Single nucleotide polymorphisms and samples present in the dataset after applying filters 

from the Genome Analysis Toolkit (GATK) and PLINK. 

 

 

 

 

 

School Number of hosts Number of miracidia per 

host: median and range 

Number of miracidia: 

total 

 Good Before After Good Before After Good Before After 

Bugoto 4 7 9 5 (2-7) 4 (1-6) 3 (1-5) 19 25 28 

Bwondha 6 4 3 5.5 (1-7) 4 (4-5) 2 (2-4) 30 17 8 

Musubi 6 3 3 3.5 (2-5) 5 (1-6) 4 (3-6) 20 12 13 

Kocoge 3 0 0 6 (5-7) 0 0 18 0 0 

Total 19 14 15 5 (1-7) 3 (1-6) 4 (1-6) 87 54 49 

Method Variants 

Removed 

(millions) 

Variants 

Remaining 

(millions) 

Samples 

(n) 

Haplotype Caller (SNPs & Indels) NA 18.52 213 

Remove Indels 1.47 17.05 213 

Hard Filtering (GATK) 6.44 10.61 213 

Population Filtering (PLINK) 5.30 5.31 190 
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Figure 23. Number of miracidia (n=190) per host (n=35) by school and time point.  

Each panel represents a school and each point a sampled host at a point in time. The labels “Good” 

refer to miracidia from individuals that cleared completely following treatment, “Before” to pre-

treatment miracidia from individuals with a poor drug response and “After” to post-treatment 

miracidia from individuals with a poor drug response. Miracidia that were collected from the same 

individual both before and after treatment are indicated by a joining line between points. 
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Principal component analysis of population structure 

A principal component analysis (PCA) was performed on the matrix of 5.31 million variants from 

190 samples using PLINK v3.40. Identity by descent values were calculating with KING v1.4 using 

the –-homo algorithm which assumes a homogenous population. Kinship values were calculated 

between each pair of samples, values in the range of 0.177, 0.354 indicate 1st degree relatedness 

(i.e. parents/ children), values between 0.0884, 0.177 indicate 2nd degree relatedness (i.e. full 

siblings) and values between 0.0442, 0.0884 indicate 3rd degree relatedness (i.e. aunt/ uncle/ 

nephew/niece). Negative values indicate that individuals are unrelated [226].  

  

Linkage disequilibrium (r2) 

To assess the extent to which the association between variants decays across the genome as a 

function of physical distance, values of r2 were calculated in PLINK between pairs of SNPs within a 

maximum distance of 400 SNPs or 300kb. Values of r2 lower than 0.1 were ignored. The data were 

plotted in R using package ggplot2 v.2.0 and a smoothed mean and 95% confidence interval 

applied to the data. 

 

Fixation index (FST) 

Given the nested nature of parasite sampling (we sampled multiple parasites from each 

individual/host, multiple hosts per school, and several schools from some districts), the data can 

be grouped into different hierarchical levels as we saw in the previous Chapter with the use of 

mixed effect models to estimate the egg reduction rate. This partitioning, or spatial structure, of 

natural populations has implications for the population genetic analyses. For instance, when a 

population deviates strongly from assumptions of panmixia, in that it is partitioned into isolated 

sub-populations with limited migration, this affects the probability of fixation of mutations. In 

general, a lower effective population size increases stochastic forces and thus increases the chance 

of deleterious alleles reaching fixation, though the increased homozygosity within subpopulations 

may result in an increased probability of fixing beneficial alleles [227]. A key statistic to assess the 

extent to which the variance of allelic frequencies within a population is explained by substructure 

is FST, which can be thought of as the proportion of genetic diversity due to allele differences 

among populations or as the correlations between alleles within sub-populations relative to the 

total population [228]. Although there are no absolute guides on how to interpret FST statistics, 
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Hartl and Clark (1997) have suggested the following classifications <0.05 = little genetic 

differentiation, 0.05-0.15= moderate genetic differentiation, 0.15-0.25 = great genetic 

differentiation and > 0.25 very great genetic differentiation [229]. 

 

Values of FST were calculated in PLINK (v3.40) setting the subpopulations using the –-within flag 

at the level of hosts, schools or districts. The variants were pruned to remove any SNPs with an r2 

value of greater than 0.3 (as this is approximately the background rate of LD for markers as far as 

50 kb apart, see Figure 26) leaving a dataset of 2.11 million SNPs from 190 miracidia. The 

software calculates FST for each variant, a global mean across all variants and a weighted mean 

accounting for the sample size and number of SNPs. Any negative values of FST are spurious and so 

were removed from further analysis. A custom python script was used to bin values of FST every 

100 SNPs and calculate the median. 

 

Nucleotide diversity (π) 

Nucleotide diversity (pi; π) was calculated on miracidia from poor clearers before (n= 54) and 

after (n=49) treatment using vcftools v0.1.12 in bins of 1kb. The data were split by chromosome 

and visualised as boxplots in R with package the ggplot2 v2.0 [230]. Confidence intervals were 

calculated by bootstrapping from the samples before and after treatment with 100 replicates, then 

taking the 5th and 95th percentile of the resulting distributions of median π values. A significant 

difference in π between chromosomes or time points was defined as non-overlapping 95% 

confidence intervals. 

 

Genome-wide association study (GWAS) 

Variants along the genome may be predictive of a binary phenotype in a case-control study or a 

quantitative trait. Genome-wide association studies (GWAS), in which genome-wide variants are 

regressed against a phenotype, have proved a powerful tool in human genetics though typically 

they require large sample sizes and the underlying population structure must be adjusted for to 

prevent confounding [231]. In this study we have sequenced miracidia from individuals that have 

shown different clearance rates as measured by the ERR and also from poor clearing individuals 

from before and after treatment. It is unclear how effectively a phenotype from the host will 

correlate with parasite genetic traits as each host is likely to contain multiple S. mansoni infections 

and so there is parasite genetic variation within each host [101, 232]. Further complicating the 
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analysis, the genotypes come from offspring (miracidia) rather than adult worms. In addition, as 

the effect size and alleles frequencies are not known a priori, I was unable to calculate the sample 

size required to reach genome-wide significance in the context of multiple testing [233]. Despite 

these limitations, correlating variants under selection with a clearance phenotype or ERR will be 

an important measure to determine if selection is acting due to pressure from treatment with 

praziquantel as opposed to other sources of selection, such as the immune systems of the 

intermediate or definite hosts.   

 

To determine if any S. mansoni variants are associated with host parasite clearance, a logistic 

regression genome-wide association study was performed in PLINK, comparing cases (post-

treatment miracidia, n= 49) with controls (pre-treatment miracidia, n=54). In addition to the 

filters imposed on all analyses, SNPs with extreme Hardy-Weinberg equilibrium values (exact test 

p value < 1x10-50) and with r2 values > 0.4 within 5 kb blocks were removed, leaving 2.11 million 

variants, when the analysis was performed only on SNPs within chromosomes (as opposed to 

scaffolds in the V6 reference genome) this reduced the number of variants further to 1.85 million 

SNPs. Given the absence of structure between samples from before and after treatment within 

individuals, as seen in the PCA (Figure 24), no covariates for population structure were included. 

 

The SNPs in the highest percentile of scores for the iHS (see below) and genome-wide FST values 

were also placed into a case-control regression in PLINK to examine their association with host 

clearance phenotype after pruning SNPs with high linkage disequilibrium (r2 > 0.3 within 

windows of 1 kb). Here phenotype was denoted as cases (poor clearers; before and after 

treatment) and controls (good clearers). This phenotype was chosen above the ERR or a three 

factor categorical trait (good clearers, poor clearer; before treatment, poor clearers; after 

treatment) as i) the ERR is not normally distributed amongst our samples, which is typically 

required for quantitative trait GWAS [234], and contains outliers that may bias the analysis ii) the 

three factor categorical trait may be spurious as analysis shows there to be little differentiation 

between miracidia from before and after treatment (see below). The significance threshold to 

correct for multiple testing is a false discovery rate (FDR) of < 0.05, this correction reduces the 

number of type I errors, or false positives, to a rate equal or less than the FDR. For instance, given 

a cut off of 0.05, fewer or equal to 5% of the genes with this FDR are expected to be false positives. 
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Integrated haplotype score (iHS) and FST to detect positive selection 

When analysing FST along whole genomes the values of neutral loci will be determined by the 

demographic history of the population, therefore outlier regions showing unusually large amounts 

of differentiation may be indicative of positive selection [141, 228]. The integrated haplotype 

score (iHS) calculates the decay in the relatedness of SNPs along a haplotype as a function of 

distance for both ancestral and derived alleles and then calculates the integral of the observed 

decay in relatedness in both directions before dividing the score of the ancestral allele over the 

derived allele [235]. 

 

To calculate the iHS it was necessary to provide a recombination map. While no detailed map 

exists for S. mansoni, I created a genetic map under the (simplistic) assumption that 

recombination was constant across the genome at a rate equal to that reported from microsatellite 

data of 227.2 kb/cM (95% CI 181 to 309 kb/cM) [236]. The variants were split into 7 autosomal 

chromosomes and statistically phased using SHAPEIT v2.r837 [237]; the model was run for 50 

MCMC iterations within windows of 0.5 mb as recommended in the manual. The effective 

population size was set at 65,000 based on the previous estimate for the Ugandan population in 

Chapter 2. Phased VCFs were then used in the software Selscan v1.1.0 [238] to calculate iHS values 

for the SNPs in each chromosome separately before combining the chromosomes. A custom 

python script was used to bin every 100 SNPs and calculate the median within each bin. As the iHS 

is not designed to detect selection on rare variants a more stringent MAF filter of 0.05 was applied, 

reducing the total number of SNPs analysed to 1.78 million variants. 

 

Locating causative SNPs 

Single nucleotide and indel variations overlapping with the coordinates of the calcium/ sodium 

channel exons in the window of selection identified through iHS and FST scans of the genome were 

discovered using bedtools v2.17. The indels were called with GATK HaplotypeCaller, though for 

maximum sensitivity no QC filtering was applied at this stage. The variants were then annotated 

using SnpEff v4.3b [239] to denote whether they were synonymous or non-synonymous 

(missense) mutations and to estimate their effect on protein function. Finally a MAF filter of 0.1 

was applied in PLINK to remove rare variants. These variants were subsequently associated with 

the binary host clearance phenotype to test for association with reduced S. mansoni clearance 

following treatment with praziquantel, using a linear model in R. 
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Expression data from S. mansoni genes of interest 

The RNA-seq expression data for calcium channel genes in the window of selection comes from a 

laboratory strain of S. mansoni NMRI Puerto Rico; an in vivo infection model was set up at the 

University of Nottingham and the worms were removed by portal perfusion at different time 

points following infection (days 13, 17, 21, 28, 35) or by lung incubation at for day 6 worms. RNA 

was extracted using TRIzol coupled with RNA Clean & Concentrator-5 (Zymo 

Research) and Truseq stranded RNA libraries prepared for sequencing on the Illumina HiSeq with 

75bp paired end reads. Reads were then mapped to the version 5.2 S. mansoni reference genome 

and expression data analysed using DESeq2. ‘Count’ refers to estimated size factor normalised 

counts calculated from DESeq2. 

 

Results 
 

Population structure 

The PCA shows that the largest contributing factor to the structure of the SNP data is variance 

between districts (PC1 explains 10.8% of variance), as schools Musubi, Buguto and Bwonhda are 

located in Mayuge District whereas Kocoge is located ~100km east in the district of Tororo. 

Within Mayuge, miracidia from the three schools were undifferentiated, indicating that in schools 

around Lake Victoria the parasite population is unstructured as a consequence of high gene flow 

between the communities from which parasites were sampled. The second principal component 

(explaining 6.3% of variance) is correlated with the sequencing depth achieved for the samples. A 

linear regression between PC2 and sample depth of the miracidia showed a negative correlation 

(coefficient =-0.0086, p=2x10-16) and the R-squared value =0.50, indicating that half of the 

variance in PC2 can be explained by the sample depth. This therefore represents ‘technical 

variation’ as a result of the variable coverage between samples (Figure 24), which has presumably 

impacted on rates of SNP calling. Varying the filtering parameters in GATK and PLINK failed to 

remove this aspect of variance. Individual miracidia from within individuals also did not cluster by 

individual host along any PCs, suggesting that there is as much diversity within individuals as in 

the overall population. The PCA also reveals that there is no separation by clearance type (good, 

poor: before, poor: after) along any of the initial PCs (Figure 24, panel B). This suggests that host 
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parasite clearance host does not have a major effect on the structure of the miracidia population 

as detected by genome-wide SNPs. 

 

With the inclusion of sequence data from adult worms from Cameroon, Lake Victoria and Lake 

Albert (introduced in Chapter 2) the first principal component (13.9% of variance) separated 

Cameroon from the rest of the samples, which all originated in Uganda (Figure 25). The samples 

within Uganda were separated along the second and third principal components (explaining 7.5% 

and 4.9% of variance respectively), which distinguishes the population from Lake Victoria 

(miracidia and adult worm), the miracidia from Kocoge and the adult worm from Lake Albert in 

the west of Uganda. 

 

Pairwise values of identity by descent (IBD) ranged between -0.29470, 0.11380 (median -

0.09820). The highest five pairwise values of IBD suggest 2nd order relationships (there are no 1st 

order relationships), 3 of these pairs are within the same host and time point, which indicate half 

sibling relationships. To determine if there is an effect of host, school or district on the IBD scores 

between miracidia a linear model was constructed and fitted in R. The IBD between a pair of 

samples was regressed against binary covariates noting if the pair of miracidia came from the 

same host, school or district. The host covariate also interacts with time, (i.e., whether the samples 

come from the same time point; before or after treatment). The linear model is defined as: 

 

IBD ~ host*time + school + district        (4) 

 

The covariate with the largest effect on IBD is district, i.e., samples within the same district had 

significantly higher IBD than between districts (coefficient = 0.023, p= 2x10-16). The effect of 

district is confounded with time (as all the samples from Tororo district are from ‘good’ clearers 

before treatment), therefore the analysis was subsequently restricted to pairs of samples from 

before and after treatment in poor clearing individuals (hence only from schools in Mayuge 

district). The modified linear model is defined as: 

 

IBD ~host*time + school         (5) 
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In this model, pairs of parasites sharing a host had a slightly higher kinship coefficient score 

(coefficient= 0.0097, p= 0.018). Miracidia from the same time point (before or after treatment 

with praziquantel) are also more related (coefficient = 0.0018), though the effect is small and not 

significant (p=0.17). The interaction term between host and time (i.e. parasites come from the 

same host and time point) had a positive coefficient (0.0041), though again the effect was not 

significant (p= 0.47). Surprisingly, miracidia from the same school were found to be less related 

than miracidia from different schools (coefficient = -0.010, p= 3.2x10-12). The IBD scores between 

pairs of parasites therefore confirm the finding from the PCA that there is no clear structuring of 

parasites within schools, though there is an effect of district. 
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Figure 24. Principal components analysis of 5.31 million filtered SNPs from 190 S. mansoni miracidia collected in Uganda.  

The first PC shows population structure between the schools from Mayuge District (Bugoto, Bwonhda, Musubi) and the school from 

Tororo District (Kocoge). The second principal component is correlated with the depth of the miracidia and so represents a technical 

effect. The miracidia are coloured by school in panel A. The miracidia are coloured by host clearance phenotype in panel B, note that 

there is no clear structuring of miracidia along the first two principal components by host phenotype. 
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Figure 25. Principal components analysis using 15.5 million SNPs from 190 Ugandan miracidia 

along with isolates Lake-Albert, Lake-Victoria and Cameroon sequenced from adult worms in 

Chapter 2.  

Panel A shows principal components (PC) 1 and 2 and Panel B shows PC 2 and 3. 
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Decay in linkage disequilibrium 

The values of r2 are shown between pairs of genotypes up to a distance between variants of 50 kb 

in Figure 26. While r2 was calculated up to a possible maximum 300 kb (see Methods) beyond 50 

kb there are fewer paired comparisons in this analysis and thus fewer data points thereby 

increasing the uncertainty in the data. The smoothed average shows that r2 declines rapidly over 

the first 1 kb to ~0.4 and thereafter falls more gradually until it stabilises at ~0.3 beyond physical 

distances of >10 kb. Subsequent fluctuations at distances >10 kb are most likely attributed to 

noise in the data.  

 

Fixation index 

The values of FST were calculated between hosts (n=35), schools (n=4) and districts (n=2) and are 

output as a global mean or a weighted estimate based on the sample size [240] and are shown in  

Table 9. Overall these values showed there was very little structure within the parasite population 

at any spatial resolution; all values fall below 0.05, defined by Harl and Clark (1997) as 

representing “little” genetic differentiation [229]. The greatest partitioning of variation in this 

dataset occurs between districts (mean FST = 0.0232), mirroring the trend seen in the PCA and 

with IBD relationships in which the district the parasite was sampled from has an effect on 

population structure but the school does not. 

 

Comparison of miracidia population diversity before and after treatment within hosts 

To determine if a single round of treatment had an effect on the variability of the parasites before 

and after treatment, nucleotide diversity (π) was calculated for 54 samples before-treatment and 

49 samples after treatment from hosts showing a sub-optimal drug response. There is variance 

between chromosomes, with the ZW sex chromosome showing the least diversity (median 1.47 

x10-3), this difference is to be expected as the sex chromosome largely represents Z (W specific 

regions are fragmented and not included in the analysis); therefore female miracidia in our sample 

will show reduced diversity in this region as reads from the W chromosome will not map to this 

chromosome. Among the seven autosomal chromosomes the median π is similar, though 

chromosome 5 shows significantly more diversity than other autosomal chromosomes (median 

3.09x10-3).   
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When comparing between time points, the genome-wide values of π from before (median 1.87x10-

3; 95% CI 1.77x10-3, 1.98x10-3) and after (median 1.97x10-3; 95% CI 1.88x10-3, 2.06x10-3) 

treatment show overlapping 95% confidence intervals as calculated by bootstrapping and these 

values show little variation when subset by chromosome (Figure 27). Therefore there is no 

evidence in my data to suggest that there is a reduction in S. mansoni genetic diversity following a 

single round of treatment with praziquantel in an area exposed to ≥8 previous rounds of MDA. 

 

Calculating FST between miracidia from before (n= 54) and after (n=49) treatment, the level of 

differentiation between these two groups is very low (mean FST = 0.0000251, weighted FST = 

0.000185), suggesting little difference in allele frequencies between them. Figure 28 shows how 

the FST between before and after treatment samples varies along the genome; there are certain 

areas that show FST values well above the background level though no windows of 100 contiguous 

SNPs have a median FST above 0.1. 
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Figure 26. Linkage disequilibrium as measured by r2 between pairs of genotypes within 

chromosomes.  

A smoothed average (blue line) has been plotted through the points with a 95% confidence 

interval (grey shading). The average r2 declines sharply within the first 1 kb of physical distance to 

and continues to decline until around 10 kb, where it remains largely constant at ~0.3 for markers 

as far as 50 kb apart. Calculating r2 between chromosomes (not shown) resulted in a median r2 of 

~0.2, suggesting that r2 may decline further if plotted over longer physical distances than 50 kb. 
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Table 9. Mean FST values at different spatial scales.  

Values are calculated using 2.11 millions SNPs from 190 S. mansoni miracidia collected in Uganda 

at the level of individual individuals, schools and districts. The variants are in approximate linkage 

equilibrium as SNPs with r2 > 0.3 in windows of 5 kb have been pruned. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FST Between individuals  

(35 clusters) 

Between schools 

(4 clusters) 

Between districts 

(2 clusters) 

Mean 0.0109 0.00800 0.0232 

Weighted 0.0105 0.00812 0.0301 
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Table 10. Nucleotide diversity values by chromosome and time point from miracidia collected in 

Uganda before (n=54) and after (n=49) treatment with praziquantel.  

Median values and 95% confidence intervals are presented.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chromosome  Before treatment After treatment 

All 1.87x10-3  

(1.77x10-3, 1.98x10-3) 

1.97x10-3 

(1.88x10-3, 2.59x10-3) 

1 1.64x10-3 

(1.54x10-3, 1.74x10-3) 

1.71x10-3 

(1.63x10-3, 1.79x10-3) 

2 2.34x10-3 

(2.20x10-3, 2.47x10-3) 

2.52x10-3 

(2.39x10-3, 2.63x10-3) 

3 1.82x10-3 

(1.71x10-3, 1.93x10-3) 

1.89x10-3 

(1.80x10-3, 1.98x10-3) 

4 1.93x10-3 

(1.81x10-3, 2.05x10-3) 

2.01x10-3 

(1.92x10-3, 2.12x10-3) 

5 3.02x10-3 

(2.86x10-3, 3.18x10-3) 

3.15x10-3 

(2.99x10-3, 3.28x10-3) 

6 2.16x10-3 

(2.04x10-3, 2.29x10-3) 

2.24x10-3 

(2.13x10-3, 2.35x10-3) 

7 2.44x10-3 

(2.31x10-3, 2.58x10-3) 

2.48x10-3 

(2.38x10-3, 2.62x10-3) 

ZW 1.39x10-3 

(1.31x10-3, 1.50x10-3) 

1.53x10-3 

(1.46x10-3, 1.60x10-3) 
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Figure 27. Values of nucleotide diversity of S. mansoni miracidia (pi; π) for each chromosome.  

Boxplots are partitioned by time point; before (n= 54) and after (n=49) treatment with 

praziquantel. Note that due to the long tail of π values the y-axis is presented on a log10 scale. 
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Figure 28. Values of FST comparing miracidia from before (n=54) and after (n=49) treatment with 

praziquantel from hosts in three intensively treated schools in Uganda.  

Every point represents the median of a bin of 100 SNPs and the points are coloured by 

chromosome. While the mean background level of FST is very low (~0.0001) certain regions show 

higher levels of differentiation, though FST never exceeds 0.1. 
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Genome-wide association between clearance phenotype and SNP variants 

A genome-wide association study of miracidia from before (controls; n=54) and after (cases; 

n=49) treatment with praziquantel from hosts with suboptimal clearance found no SNPs to be 

significantly associated with time point after a multiple test FDR correction. The lowest 

uncorrected p value was 1.68x10-5, which is greater than the significance threshold for 1.85 

million regressions (p =3.37x10-8 given a Benjamini-Hochburg procedure for correcting p values to 

a FDR of 0.05 [241]). This indicates that either the test was underpowered to detect differences 

between the populations or that there are insufficient genetic differences between miracidia from 

before and after treatment in heavily treated populations to be detectable given our sampling 

method and phenotype. 

 

Genomewide FST and integrated haplotype score (iHS) 

Setting the subpopulations at the level of hosts (n=35), we have shown above that the overall level 

of differentiation is very low (mean =0.0109,  

Table 9). However, when scanning FST along the genome, we can observe considerable 

heterogeneity in FST values along each chromosome (Figure 29). This is of interest as outlier 

values of FST have been shown to indicate regions under selection within the genome. It is clear 

that several regions are outliers well above the background level of differentiation. The two bins 

with the highest median values (FST = 0.41-0.42) are found at the beginning of chromosome 2. 

 

The iHS has a mean value close to zero when averaged along the genome (-0.147), however when 

scanning along the genome considerable heterogeneity can be observed in certain regions (Figure 

30), the values have been binned as the median of every 100 SNPs as iHS is more powerful to 

detect selection when looking in windows of consecutive SNPs carrying extreme iHS values [235]. 

Extreme positive values of iHS indicate long haplotypes carrying derived (or alternate) alleles and 

extreme negative values indicate long haplotypes carrying ancestral (or reference) alleles. The 

two bins with the most extreme values (iHS = 3.3) are found at the beginning of chromosome 2.  

 

The variants with the highest values from both tests of selection were then placed into a case-

control association test against the host clearance phenotype. Examining the highest percentile of 

binned values from FST (Figure 29; n= 24516 SNPs from 246 bins) and iHS (Figure 30, n= 17800 

SNPs from 178 bins), 41617 were unique to either list (98.3%). Note that there are more values 
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for FST as a more stringent MAF filter (0.05) was applied to variants in the iHS test as haplotype 

based tests are not designed to detect selection acting on rare variation. After pruning of SNPs in 

close linkage, the number of variants was reduced to 6698. An association study was performed in 

PLINK, examining the association between the 6698 variants in the windows of highest selection 

against a binary clearance phenotype; miracidia were classified according to their hosts showing 

good or poor parasite clearance following treatment with praziquantel. This phenotype therefore 

does not distinguish between miracidia from before or after treatment amongst hosts with poor 

clearance as we have shown above that there are no significant differences between these time 

points. Four variants showed significant p-values after the correction for multiple testing (FDR < 

0.05), of these 3 SNPs were found in the 256 kb region of chromosome 2 (base-pair coordinates: 

671654, 678447,678618; uncorrected p-values: 1.83x10-5, 1.86x10-5, 6.33x10-6) and a fourth on 

chromosome 4 (basepair coordinates: 3007159, uncorrected p-value: 2.76x10-5), see Figure 31. 

 

Both the genome-wide FST plot and iHS indicate that a region at the beginning of chromosome 2 is 

under positive selection. The variants with the highest values from both tests span a 256 kb region 

at the beginning of chromosome 2 (basepair coordinates: 659,623-915,593). Although the high 

values in the FST and iHS tests suggest that a hard sweep may be occurring, we previously found no 

reduction in nucleotide diversity in chromosome 2 from before and after treatment ( 

Table 10, Figure 27), which would be indicative of a selective sweep. Therefore to determine if the 

alternative allele in the window of selection is associated with miracidia from a particular district 

or time point, a multinomial logistic regression was performed in R v3.2.2 with package nnet v7.3-

10. Initially the haplotypes of the 12774 phased variants in the 256 kb region from 190 miracidia 

were associated against district. The odds ratios of a heterozygous allele on either haplotype (0|1, 

or 1|0) or homozygous alternative allele (1|1) in miracidia from Mayuge district (Bugoto, 

Bwondha or Musubi schools) were 3.43 (95%CI 3.35, 3.51), 3.51 (3.43, 3.59) and 8.90 (8.73, 9.08) 

respectively. By contrast, when restricting the analysis to miracidia collected from hosts before 

(n=54) or after (n=49) treatment with praziquantel (therefore only schools in Mayuge), the odds 

of the heterozygous haplotypes or the homozygous alternative haplotype in miracidia after 

treatment were 0.922 (95%CI 0.892, 0.953), 0.947 (0.916, 0.979) and 1.01 (0.979, 1.04) 

respectively. These differences in odds ratios show that the effect of district is much greater in 

determining the haplotype of the miracidia in this 256 kb region (odds ratios ≥ 3.4) than is the 

time point (odds ratios ≈1). This suggests that the variable haplotype lengths are driven by 
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differences between the districts (schools in Mayuge had 8 or 9 previous rounds of MDA with 

praziquantel compared to 1 previous round in Tororo, see Chapter 3), rather than differences in 

parasites surviving a single round of treatment within Mayuge.  

 

Although the annotation for this version of the reference genome is not complete, it is predicted 

that within the 256 kb region on chromosome 2 are 4 genes, of which 2 contain pfam domains for 

sodium/ calcium channels (Table 11).  

 

The SNP in chromosome 4 that was significantly associated with the clearance phenotype (Figure 

31) is within 20 kb upstream and downstream of three predicted genes, two of these (g6782, 

g6784) contain protein domains annotated as Leishmanolysin, a membrane-bound glycoprotein 

found on the promastigote of species of the protozoan parasite Leishmania [242]. The other 

predicted gene close the SNP of interest (g6783) contains no known protein domains. 
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Figure 29. Values of FST plotted along the S. mansoni genome from 190 miracidia. The 

subpopulations are within hosts (n=35).  

While the background level of FST is low (mean = 0.0115), a number of outlier regions are 

apparent which may be indicative of positive selection. Each point represents the median FST from 

a bin of 100 SNPs, total bins = 24315. The dotted line indicates the top percentile of SNPs (FST > 

0.0829), above which are 246 bins containing 24516 SNPs. The SNPs within these bins were used 

for the association study against host clearance phenotype shown in Figure 31. Note that some 

bins may contain fewer than 100 SNPs if they are found at the end of a chromosome.  
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Figure 30. The integrated haplotype score (iHS) plotted along the 7 autosomal chromosomes of 

the S. mansoni genome from 190 miracidia.  

Extreme positive values of iHS indicate long haplotypes carrying derived alleles. While the 

background level of iHS is low (mean = -0.147), several outlier regions can be detected. Each point 

represents the median iHS from a bin of 100 phased SNPs, total bins = 17805. The dotted line 

indicates the top percentile of values (iHS > 1.614), above which are 178 bins containing 17800 

SNPs. The SNPs within these bins were used for the association study against host clearance 

phenotype shown in Figure 31.  
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Figure 31. Case control association study on the top 1% of SNPs under selection in 190 S. mansoni 

miracidia after removing markers in close linkage (6698 variants).  

The test compares miracidia from ‘good clearers’ (control; n= 87) against miracidia from ‘poor 

clearers’ (cases; n= 103) from 35 hosts from four primary schools in Uganda. Each point 

represents a single variant and points are coloured by chromosome. The four variants above the 

hashed line have FDR < 0.05 (the threshold for significance after correction for multiple testing); 

three are within the 256 kb window of selection at the beginning of chromosome 2 and one is 

located in chromosome 4. 
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Table 11. Genes from a 256 kb region of selection on chromosome 2 of the V6 S. mansoni reference 

genome. Coordinates indicate the location of the gene in kilobases.  

Pfam domains refer to matches within the protein family database of the EBI. Note that g4218 has 

no matching ID from the V5 S. mansoni reference genome, nor does it contain any recognised pfam 

domains. See Table 12 for information on the non-synonymous SNPs within the two genes with 

predicted calcium channels. 

 

 

 

 

 

 

 

 

 

 

 

 

Gene ID (V6/ 

V5) 

Coordinates 

(kb) 

Number of 

exons 

Pfam 

domains 

Function 

g4216 

Smp_094380 

 

658-679 10 PHD finger, 

FHA domain 

Zinc finger proteins involved in 

chromatin-regulated gene 

expression; Forkhead 

associated domains are present 

in many regulatory proteins 

g4217 

Smp_170370 

 

 

 

794-799 4 Sodium/ 

Calcium 

exchanger 

protein 

Regulates intracellular Ca2+ 

concentration depending on 

Na+ concentration 

g4218 846-847 1 NA NA 

g4219 

Smp_170450 

 

 

901-947 9 Sodium/ 

Calcium 

exchanger 

protein (x2) 

Regulates intracellular Ca2+ 

concentration depending on 

Na+ concentration 
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Locating causative SNPs 

Within the exons of the calcium channel genes located in the 256 kb window of selection there are 

75 SNPs. Of these, 41 are annotated as missense variants and 4 have an minor allele frequency > 

0.1 (Table 12). There are also two indels inside the exons with a MAF > 0.1 across all samples 

(Table 12). In examining these 6 non-synonymous polymorphisms more closely, all SNP variants 

are predicted to have at least ‘moderate’ impact on the function of the protein, indicating that 

while these non-synonymous changes are not disruptive, they may change protein effectiveness. 

Both indels cause frameshift mutations, in which entire amino acids are skipped resulting in 

protein truncation, which are predicted to result in ‘high’ impact to protein function. Interestingly, 

the two indels are adjacent to one another in the genome and occur at a high MAF (~0.4), 

suggesting that the frameshift mutations are not deleterious to S. mansoni in western Uganda or 

the variants would not be able to exist at such a relatively high frequency. Associating the alleles of 

the 6 variants against the binary host clearance phenotype in a generalised linear model, only the 

first variant (position 793721 in predicted gene g4217; Table 12) was found to show a significant 

association with host clearance given a threshold of p < 0.05 (heterozygote coefficient =-3.613, p= 

0.00743; homozygous alternative coefficient= -4.809, p= 0.00260).  

 

Expression of calcium channel genes 

The strongest signal of positive selection and association are located in a region that includes 

calcium channel genes. Therefore data on the expression of these genes would be valuable to 

confirm that the genes are expressed during the adult stage of the S. mansoni lifecycle as this is the 

stage against which praziquantel is effective. We would also expect the causative genes to show 

less or no expression during the juvenile schistosomula stage as praziquantel is less effective 

against immature parasites. A separate experimental study has provided evidence on the time 

course of expression of these two genes within the 256 kb region (Smp_170370 and Smp_170450; 

see Table 11). As the parasites are maturing into adult worms the normalized counts of these 

genes rose substantially 6 and 13 days following infection in an in vivo mouse study (see Figure 

32). This therefore shows that the genes are expressed during the adult life stage and that they 

show a higher level of expression in adults than juvenile worms, which is consistent with the 

differences in drug response observed between the life stages.  
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Table 12. Non-synonymous variants and indels within the exons of calcium channel genes inside 

the 256 kb window of selection on chromosome 2.   

The variable amino acids and predicated damage to protein structure have been estimated 

through the snpEff program given the annotation available for these genes. Variants with ‘high’ 

predicted impact are assumed to cause truncation or loss of function. Variants with ‘moderate’ 

impact are predicted to be non-disruptive though they may change protein effectiveness. Note FS 

indicates a frameshift mutation. The minor allele frequency (MAF) is also provided for each gene. 

 

 

Variant 

Position 

Type Alleles Gene Amino 

Acids 

MAF Variant 

impact 

793721 SNP A,G g4217 Lys, Glu 0.110 Moderate 

908752 SNP G,T g4219 Leu, Phe 0.184 Moderate 

908855 SNP A,T g4219 Asn, Tyr 0.384 Moderate 

912307 SNP A,C g4219 Glu, Asp 0.258 Moderate 

912264 Indel ATCTGT, A g4219 Leu, FS 0.390 High 

912271 indel ATC, A g4219 Ser, FS 0.403 High 
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Figure 32. Expression data from RNAseq of juvenile (schistosomulae) and adult S. mansoni worms 

from an in vivo model from different time points (in days) post-infection.  

Count refers to expression data normalised using a size factor method in DESeq2. Each point 

represents a biological replicate of a pool of parasites collected from a single mouse. Panel A 

shows expression from calcium/sodium channel gene Smp_170370 (g4127) and Panel B shows 

expression from calcium/ sodium channel gene Smp_170450 (g4219), see Table 11 for details.  
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Discussion 
 

In this Chapter, I have demonstrated that it is possible to generate whole genome sequences from 

S. mansoni miracidia collected in the field. These data have been used to understand the 

population structure of S. mansoni in an epidemiologically important setting and scan the genome 

for signals of selection. Two separate scans (FST and iHS) highlighted a particular region of 

chromosome 2 to be under positive selection, suggestive of a hard sweep in one region (Mayuge 

district) in which a de novo mutation has conferred a selective advantage and carried proximal 

variants in linkage. Variants in this region were found to have the strongest association with the 

clearance phenotype compared against all other variants in windows of selection, suggesting a 

role for genes in this region driving the reduced efficacy of praziquantel observed in Chapter 3. 

Interestingly, this region contains two genes annotated as calcium channels, which is broadly 

consistent with the proposed mechanism of action of praziquantel [78, 79, 86]. Furthermore, the 

genes encoding these channels show increased expression in the adult worm stage, evidenced by 

independent RNA-seq comparing adult and schistosomula stages, and in turn is also consistent 

with our knowledge of the effectiveness of praziquantel against different life stages, i.e., it is active 

against adults but with limited effect on larval stages of S. mansoni. I have identified non-

synonymous mutations and indels in this region, of which one variant has alleles associated with 

the phenotype. This provides valuable evidence for future functional and population studies to 

further characterise this region, confirm the causality of variants and document signals of 

selection in other field populations of S. mansoni under selective pressure from repeated rounds of 

MDA. 

 

Sequencing over 200 S. mansoni whole genomes represented a technical challenge given the low 

amount of starting DNA (below the detectible level of Qubit®; 0.5 ng/ml), potential degradation in 

field conditions (high heat and humidity) and contamination with bacterial species in the filtered 

stool sample. I developed a novel protocol by comparing and optimising different methods; the 

best protocol involved an extraction step to elute parasite DNA from the FTA® card before 

‘purifying’ the DNA through a spin column, then concentrating the elute under a heated vacuum 

before placing the DNA elute into a whole genome amplification reaction. A significant predictor of 

the proportion of sequenced reads mapping to the S. mansoni genome was the choice of 

amplification kit, which had an effect greater than the location the miracidia were picked from 
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(Uganda or Tanzania), the method of storage (FTA® card or buffer) and treatment of miracidia in 

the field (washed in nuclease free water, washed in salt buffer or washed in antibiotics). 

Nevertheless, despite these innovations the coverage of all but one sample fell below the expected 

30x and future optimisation and evaluation studies are warranted.  One plausible future 

methodology could involve eluting DNA from the card and then amplifying directly, further 

improving the quality and cost-effectiveness of the technique. 

 

The parasite population was found to be essentially unstructured at the level of individual hosts or 

school as shown by a number of methods (PCA, IBD, FST). Though at larger spatial scales, such as 

between districts or countries, we observe structuring of the S. mansoni population. This lack of 

structure at the local level has previously been noted in Lake Victoria populations in microsatellite 

studies [101], and may be explained, at least in part, by the high mobility of the human definitive 

host in this region. The families of the infected children often practise fishing and so migrate 

around the shores of Lake Victoria and to the islands in the lake throughout the year to access the 

best waters for fishing. As hosts move around, the eggs and miracidia they shed will therefore 

infect local snails in different regions of the lake and these snails will go on to infect humans in 

these locations. This creates very high rates of migration between parasite populations. This has 

also been observed in other species of parasitic flatworms; the population structure of trematodes 

that infect salmon was influenced by the mobility of the definitive host. Parasites with a definitive 

host that migrates between subpopulations, such as birds, had low levels of FST [111]. Therefore 

the low levels of FST we observe in the S. mansoni miracidia may be driven by human mobility. 

 

Analysis of the relatedness of the miracidia through IBD values appears to suggest we have at 

most three half-sibling parasites in the dataset; this is perhaps surprising and indicates that the 1-

7 miracidia we are sampling per host, per time point does not fully account for the within-host 

diversity of S. mansoni in these foci. To capture within-host variability, denser sampling will need 

to be undertaken. During fieldwork, the team was able to isolate more than 100 miracidia from 

certain highly infective individuals in a short space of time. Therefore future work focusing on 

intra-individual dynamics may be able to shine a greater light on this by sequencing more 

miracidia from individual individuals. 
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By comparing miracidia from before and after treatment within the same hosts, I aimed to 

understand if a single round of treatment with praziquantel had an effect on the variability of 

these populations, with the caveat that the population we sampled from was not praziquantel 

naïve. Genome-wide values of nucleotide diversity suggested that there was no significant 

reduction in diversity following a single round of treatment at the level of whole chromosomes. A 

genome-wide association study also failed to find any SNPs significantly associated with time 

point (before or after treatment in poor clearing individuals). Differentiation along the genome of 

samples before and after treatment, as measured by FST was low and no region was found with an 

FST value greater than 0.1 (Figure 28) indicating that there are no regions of the genome showing 

‘great’ differentiation [229]. 

 

Scans for selection along the genome, by calculating FST between parasites from different hosts or 

a haplotype-based method (iHS) found regions of the genome that deviate from neutral 

expectations (Figures 29 and 30). Of note is the fact that a narrow region at the beginning of 

chromosome 2 had the highest values in both tests. A test for association of individual variants 

with the parasite clearance phenotype of the top 1% of binned SNPs from both tests showed four 

SNPs to be significant after a multiple testing correction (FDR < 0.05), three of these variants (and 

those with the lowest p-values) were found in the 256 kb region of chromosome 2.  

 

The fourth significant SNP in chromosome 4 was found to be in close proximity to genes whose 

only annotation was for a Leishmania specific glycoprotein, as S. mansoni is so phylogenetically 

distant to Leishmania the function of the protein may differ between the two organisms and 

therefore functional validation would be necessary to examine the function of these genes further.  

 

Investigating the 256 kb region in chromosome 2 further, I found 2 calcium channels, which is of 

interest as the mechanism of praziquantel action has been shown to have a link with calcium 

channels as when their action is blocked drug efficacy is reduced [79]. Transcriptome evidence 

showed these genes to be expressed in the adult worm, the life stage when praziquantel acts, and 

the expression of these genes is increased compared with the schistosomula larval stage (against 

which praziquantel is ineffective in S. mansoni [78]). I located 4 non-synonymous SNPs at a 

frequency of >10% in the exons of the calcium channel genes along with 2 indels. Of these, the 

alleles of a SNP in predicted gene g4217 was significantly associated with the host clearance 
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phenotype (Table 12). While these results are in themselves insufficient to prove an association 

with the drug, the fact we have found a region of the genome under selection, associated with the 

trait of interest that are expressed in the adult worm and with a function that we would expect a 

priori is certainly interesting in the understanding of drug selection.  

 

An important consideration in the interpretation of these data is the confounding between district 

and parasite clearance phenotype, as miracidia collected from Tororo district (Kocoge school) also 

were exclusively from ‘good’ clearing hosts. Examining the origin of the alternative alleles in the 

256 kb region that contributing to the long haplotype identified by the iHS test, it appeared that 

the alternative allele was associated more with district than with time point (before or after 

treatment with praziquantel), therefore the power in the tests for selection appear to be driven by 

differences between regions with different selection pressures (different previous numbers of 

rounds of MDA) rather than from hosts with different ‘clearance phenotypes’ or different time 

points (before or after treatment) within areas under a strong selective pressure.  

 

Future work should focus on the hypothetical calcium channels in the region of selection to 

demonstrate their phenotype. Knocking down the gene expression through RNAi or creating non-

synonymous mutations through CRISPR/Cas9 and exposing the modified S. mansoni worms to 

praziquantel in vivo or in vitro would provide compelling evidence for their role in the mode of 

action of praziquantel [243]. Indeed, an RNAi knockdown experiment has been planned at WTSI. 

Although the version of the reference genome represents a significant improvement on the 

version used in Chapter 2, further improvements to the genome and gene models are planned in 

the near future meaning that the annotation around the region of selection may change. It is also 

possible that the functional SNP is not amongst those listed in Table 12 as it was filtered out due to 

it falling in a region of low depth in the samples. Due to the variable depth of the miracidia 

genomes, I was unable to test for structural variants (copy number variants), though these could 

also represent variants under selection. 

 

Overall this Chapter represents an important step forward in understanding the population 

genomic structure of an S. mansoni population of considerable public health interest and has 

identified regions of the genome under selection containing calcium channels. Non-synonymous 

mutations within this window have been shown to be associated with the host’s response to 
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praziquantel. If these genes are shown to regulate uptake of praziquantel, these data may play a 

significant role in unlocking the drug’s mechanism of action, which has remained unknown since 

praziquantel was synthesised over 40 years ago.   
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Chapter 5  

 

Conclusion and directions for future work 

 

This thesis is the first study to generate and analyse whole-genome sequence data from 

populations of Schistosoma mansoni. These data have been used to answer questions on the 

demographic history of the species, including timing the migration of parasites to the New World, 

the population structure at global and local scales and regions of the genomes under selection. I 

have found evidence of positive selection in the S. mansoni genome at different time scales: i) since 

the split with the closest extant species S. rodhani around 120 thousand years ago; and ii) more 

recently (presumably within the last decades) in a population of parasites exposed to drug 

pressure in Uganda. This study is also the first to make the association between the intensity of 

mass drug administration (MDA) and the present anthelmintic efficacy of praziquantel against S. 

mansoni. Epidemiological data on S. mansoni egg counts from infected children before and after 

treatment revealed that drug efficacy, as measured by the egg reduction rate (ERR), is correlated 

with past treatment history at the school level. Taken together therefore, the combination of 

epidemiological evidence for reduced anthelmintic efficacy in the schools most exposed to MDA 

and the finding that regions of the parasite genome under selection correlate significantly with the 

host drug response, and further that these regions contain calcium channels with non-

synonymous variants, builds the evidence base that repeated MDA is affecting the parasite 

population and selecting variants that may confer resistance to praziquantel.  

 

This discussion chapter aims to place these findings into a broader context and suggest areas 

where future research might focus.  

 

Population history inferred from global genome sequences 

My analysis in Chapter 2 on the global origins of S. mansoni found strong evidence that east Africa 

is the most likely origin of the species.  I have also proposed ~120KYA as the most likely date of 

the split with S. rodhaini. By examining contemporaneous evidence from the archaeological record 

in Africa, I proposed that this split may be due to the changes in subsistence activity documented 

during this period; specifically increased fishing activity in fresh water lakes and rivers [178, 186, 

244]. While previous studies have provided accounts of the origin of S. mansoni based on a small 
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number of nuclear or mitochondrial markers [20, 102, 152], the use of whole genome-sequence 

data and powerful coalescence models [156, 157] is an important addition to the evidence base. 

The study of infectious disease origins is an interesting area of research for which we are receiving 

more sequence data and better models, thereby giving us more power to uncover past population 

histories than ever before. A parallel study I have been involved with on the origins of Plasmodium 

falciparum and related parasites in great apes is also providing a much greater resolution of the 

population history of the Laverania clade using novel sequence data from a number of ape-

infective Laverania parasites [245]. However, the estimates of dates for past events during the 

evolution of both Laverania and Schistosoma parasites depend on knowing the generation time 

and mutation rate, as these allow us to translate observed differences in genome sequence into the 

time taken for these differences to accumulate. More formally, the generation time and mutation 

rate are 'free parameters' of the coalescence models (they cannot be estimated directly from the 

same data, but must be ascertained independently) used to estimate the dates of speciation and 

ancestral population sizes. 

 

Even in well-studied organisms, calculating the mutation rate has proved controversial as 

different methods can yield different results (for instance estimates from trio studies vs. 

comparing mutations in genomes since a known time of divergence [246]) and it is apparent that 

mutation rates are variable within genomes and longitudinal studies in a number of species have 

also shown how mutational rates have the capacity to vary through time [169, 247, 248]. As the 

current models for calculating the coalescence in recombining organisms are unable to account for 

this variability along genomes or through time, there is the potential for improved estimates of 

coalescence parameters in the future as methods develop.  

 

Given the uncertainty around the dating estimates and the potential for them to shift in the future 

given larger datasets, improved methods or revised parameter estimates we should be careful of 

falling into telling ‘Just So Stories’ to explain our findings. The Just So Stories are children’s stories 

by Rudyard Kipling, such as ‘How the Leopard Got His Spots’, in which fanciful tales are used to 

explain the natural world. Scientists in the field of evolutionary biology in particular have been 

accused of invoking untestable narratives to account for observable phenomena [249, 250].  In 

evolutionary genetics we should be wary of adopting these narratives, though it is impossible to 
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analyse historical events with the same scrutiny as contemporary phenomena and there will 

always be an element of speculation and inference.  

 

Reduced efficacy of praziquantel  

Mass drug administration (MDA) is set to continue as the main public health intervention against 

schistosomiasis in endemic settings. Efforts to increase the coverage of praziquantel should be 

applauded as treatment brings health benefits to populations, such as reducing anaemia and 

improving growth [251, 252]. In certain contexts MDA is sufficient to reduce the transmission of S. 

mansoni, typically estimated by prevalence and infection intensity [71, 73]. The global coverage of 

praziquantel for schistosomiasis is poor by the standard of other neglected tropical diseases 

(estimated at 8% of eligible people in 2009, compared with 31% for STH, 42% for lymphatic 

filariasis and 60% for onchocerciasis [253]), and should be improved. Valuable work by the 

international community, NGOs and national governments will be instrumental in this initiative, 

which may see the elimination of schistosomiasis within our lifetimes [254]. However, this 

optimism and focus on the operational side of NTD control without monitoring and evaluating 

mass treatment programs faces problems. Other studies have identified the biases of drug 

distributors at community levels for instance [255]. In Chapters 3 and 4 I highlighted how 

repeated rounds of treatment in a region of Uganda around Lake Victoria has failed to halt the 

transmission of schistosomiasis, that repeated treatment appears to be leading to reduced efficacy 

and that this effect is partly explained by parasite genetics indicating that resistant genes may be 

sweeping through the population. If such findings are found to significantly impair the treatment 

efficacy of praziquantel across multiple sites this would indicate a problem that should be 

acknowledged by the international community. Measures such as snail control or improved 

sanitation should be considered alongside MDA in these high intensity settings to bring about 

control of schistosomiasis. Measuring the treatment efficacy of praziquantel and other 

anthelmintics using the models implemented in Chapter 3 on a routine basis would be an excellent 

way of monitoring the continued efficacy of the drug and would be reassuring both for national 

governments trying to control the disease and for donors and pharmaceutical companies donating 

anthelmintics to know that treatment remains effective [62].  

 

Population genomics of Ugandan S. mansoni  
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In high transmission settings where parasite prevalence and infection intensity remain high 

despite repeated treatments, this represents a population of parasites against whom strong 

selection is acting and drug resistance may develop as a result. Given that we have found a 

potential region of the genome conferring resistance and the mutations in this region may have 

arisen as the result of a hard sweep, if we are able to functionally validate any of the markers 

highlighted in this study we will be able to monitor the frequency of the resistant variant across 

populations and time. Demonstrating a genetic basis for the reduced drug efficacy we observed in 

Chapter 3 is an important step to showing that the variance we observe are at least partly due to 

parasite factors, rather than solely host differences. While these developments may be concerning, 

a better understanding of the geographic distribution of markers for reduced praziquantel efficacy 

against S. mansoni will be valuable in shaping future control efforts. Higher doses of praziquantel 

or multidrug regimes, such as combining therapy with oxamniquine, could be explored in hotspots 

of transmission where reduced efficacy is detected.  

 

The whole genome sequence data I generated will become more useful when the S. mansoni 

reference genome is improved to incorporate all scaffolds into chromosomes. While on-going 

efforts at the Wellcome Trust Sanger Institute resulted in an improved reference towards the end 

of my thesis in 2016, a fully completed reference would certainly improve future analysis. 

Completion of reference genomes has been made easier through developments in long read 

sequencing such as PacBio, which produces reads of several kb in length that can span the longest 

repeats in organisms such as S. mansoni and close gaps left by short read sequencing [256]. A 

more complete annotation of genes and their predicted function would also be a valuable resource 

for future population genomic studies as it becomes easier to infer which SNPs fall on which genes 

and hence better predict causal variants. Research in other organisms such as humans has 

indicated the important role of regulatory elements within the genome such as tRNAs and 

microRNAs in controlling gene expression and their links to disease susceptibility [257-259]; 

detailing the location of such elements within the S. mansoni genome will therefore be of 

considerable interest.  

 

When full gene annotation is available for the version 6 reference genome it will be possible to 

apply polymorphism data such as that generated in Chapter 4 of this thesis to understand which 

genes are most variable in natural populations. This may indicate S. mansoni genes involved in 
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immune interactions as these genes are typically under balancing selection with higher rates of 

polymorphism than other coding regions [146]. Furthermore, as on-going protein screens at WTSI 

are attempting to identify surface-expressed proteins in S. mansoni that may confer protective 

immunity, understanding the natural variability of these proteins in parasite populations will be 

necessary to check the effectiveness of vaccine candidates.  

 

While this thesis has focused on parasite genomics, it has done so at the expense of host factors 

such as immunology, nutritional status or host genetics. While such topics go beyond the scope of 

this work, the study of human health in the broadest sense makes no distinction; rather the 

difference is an artificial one created by academic sub-disciplines. By addressing both host and 

parasite factors, better science and a better understanding of disease will result, though problems 

will undoubtedly have to be overcome in the increased cost of sequencing hosts and pathogens 

alongside the challenge of integrating disparate disciplines. In doing so regions of the host and 

parasite genomes that co-evolve can be uncovered [260, 261].  

 

Given the relatively high cost of sequencing large parasite genomes and the poverty of those 

affected by neglected tropical diseases (typically people living on <$1 per day [262]), it is 

pertinent to ask what this technology brings us in understanding the disease that will bring 

benefits to those affected. I would argue that there is a strong case for applying this technology to 

understanding the genetic basis of anthelmintic efficacy, as MDA programs globally cost millions 

of dollars to fund [263]. Thus validation of the future success of these public health programs 

remains a valuable area for scientists to make a contribution. Given the size of the S. mansoni 

genome, challenges in generating high quality sequence data and the fact that much of the genome 

is poorly understood, a more targeted approach to sequencing could be developed such as 

targeting particular SNPs or exons along the genome which would allow us to answer the same 

important questions, though would also provide better depth of coverage and allow many more 

parasites to be sequenced for the same cost. The cost of sequencing is also decreasing rapidly [7], 

meaning that large scale sequencing projects could become more routine in the future.  

 

Testing for selection along whole genomes is a powerful ‘hypothesis-free’ research method and in 

this study appears to have identified calcium channels that may be involved in the reduced 

efficacy of praziquantel. However, these results are only predictive and it is only with functional 
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validation that target genes may be discerned as truly causative. ‘Dry laboratory’ genomics will 

therefore have to work closely with ‘wet laboratory’ science to determine causative variants. The 

lifecycle of S. mansoni can be set up using a mouse model and altering the genome has been shown 

to be possible, using HIV1 virus or RNAi [133, 243, 264]. Advances to genome editing through 

CRISPR-Cas9 is revolutionising many areas of biomedical science [265] and the application of this 

method to S. mansoni would allow the function of many genes that are currently unknown to be 

better understood. I thereby hope this thesis will stimulate work on schistosome functional 

genomics as well as applying NGS approaches to understand the population structure of 

schistosomes in other public health relevant settings.  

 

This thesis represents a number of ‘firsts’, the first whole genome studies of global samples of S. 

mansoni and of miracidia direct from patients. Undoubtedly, future projects will supersede this 

work in terms of numbers of samples, depth of sequencing and methods of analysis as they 

become available. However, I hope that my analysis offers a valuable ‘first draft’ of examining S. 

mansoni populations at the resolution of whole genomes and a point of comparison for future 

work. 
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Appendix 1 
Full laboratory protocol used to generate whole-genome sequence data from S. mansoni miracidia 

collected in Uganda (Chapter 4) 

 

DNA Extraction and purification from FTA® Card (using buffers from Qiagen DNeasy Blood and 

Tissue Extraction Kit) 

1) Miracidium DNA was punched from FTA® card using Harris Micropunch into 1.5ml 

microcentrifuge tube, 45µl ATL buffer and 5µl proteinase K were added to sample before 

vortexing and incubating at 56oC on a rocking platform for 1 hour 

2) Add 50µl of Buffer AL and vortex, then 50µl of 100% ethanol and mix again by vortexing 

3) Pipette out all 150µl liquid, squashing liquid out of the punch with the pipette tip and apply 

mixture to a spin column 

4) Centrifuge at 8000rpm for 1 min, discard collection tube, add new collection tube 

5) Add 500µl Buffer AW1 to spin column and centrifuge for 1min at 8000rpm for 1 min, 

discard collection tube and add new collection tube 

6) Add 500µl Buffer AW2 to spin column and centrifuge for 3 mins at 14,000rpm. Discard 

collection tube and add 1.5ml microcentrifuge tube to the bottom of the spin column 

7) Pipette 50µl of Buffer AE heated to 30-37oC directly on the spin column membrane and 

centrifuge at 1 min at 8000 rpm to elute DNA; repeat once. 

 

DNA amplification (using reagents from GenomiPhi V3 amplification kit): 

8) The DNA elute was then concentrated and used in an amplification reaction. Dry down 

samples to 10-50µl using Savant SpeedVac at 30oC, being careful not to ‘over-dry’ the 

samples as this may cause damage to the DNA. 

9) 10ul of 2x dentaturation buffer was added to the sample, which was then heated to 95oC for 

3 minutes and cooled to 4oC on ice. 

10) The denatured product was added to GenomiPhi freeze dried ‘cake’ and incubated at 30oC 

for 90 minutes. Then cooled to 4oC on ice. 

 

DNA clean up and library preparation 

11) Samples were purified with magnetic bead DNA cleanup and eluted into 50µls for library 

preparation. 

12) Illumina libraries were produced by Sanger Core facilities for HiSeqX10 platform- 

CustomWGS-AUTO libraries with at least 8 PCR cycles. Where the library concentration 

was low, additional PCR cycles were applied. 
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Appendix 2  
First page from Lamberton et al. (2015) publication in Advances in Parasitology. Full text available 

at http://www.sciencedirect.com/science/article/pii/S0065308X14000074  

 

http://www.sciencedirect.com/science/article/pii/S0065308X14000074
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Appendix 3  
First page from Crellen et al. (2016) publication in Scientific Reports. Full text available at 
http://www.nature.com/articles/srep20954 
 
 

http://www.nature.com/articles/srep20954
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Appendix 4 
First page from Crellen, Walker et al. (2016) publication in Clinical Infectious Diseases. Full text 

available at http://cid.oxfordjournals.org/content/63/9/1151.full.pdf  

 

http://cid.oxfordjournals.org/content/63/9/1151.full.pdf
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