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Abstract

Malaria is a significant global disease caused by infection with parasites of the
Plasmodium genus, which resulted in an estimated 216 million cases and 445,000 deaths
in 2016 alone. Co-evolution of Plasmodium parasites and their human hosts has shaped
both genomes for thousands of years. In this thesis | describe my work identifying and
characterising novel genomic variants and selection signals associated with host-
pathogen interactions in malaria. For the parasite, analysis of the impact of sustained
sulfadoxine/pyrimethamine (SP) use on the Malawian parasite population (n=220) lead
to the identification of selection signals associated with SP resistance factors and a novel
436 bp gchl promoter region duplication at near-fixation. Next a global approach to copy
number variation discovery (n=3,110), based on short read sequencing, identified several
novel and geographically specific variants including large 22.9 kbp duplications of crt in
West Africa. Finally, an inversion discovery pipeline was developed for a long read based
approach to inversion detection (n=17). This led to the identification of a novel ‘sandwich
inversion’ of pi4k in a sample of GB4, similar to inversion-duplication of gchl in Dd2.
For human genetics within the context of malaria, | conducted a GWAS with a Tanzanian
dataset (n=914) and identified novel protective associations, such as for IL-23R and IL-
12RBR2. | also identified novel structural variants (SV) with a short-read sequencing
based dataset of Tanzanian parent-child trios (n=234) identifying several novel SVs
associated with blood antigen systems. Near-fixation deletions in SEC22B and BET1L
were also identified, suggesting an impact on intracellular transportation. Genomic
variation associated with host-pathogen interactions is diverse, and SVs represent one
overlooked aspect that requires further investigation. Bioinformatic approaches can help
identify novel variants but depend upon novel software development, such as those

described within this thesis (e.g. SV-Pop).
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Chapter 1:

Introduction



1.1 The global and historical impact of malaria

1.1.1 Malaria as a significant global disease

Today nearly half the global population, approximately 3.7 billion people, is at risk of
malaria, with over 90 countries reporting locally acquired transmission. Malaria disease
burden is not equal across all countries with 15, 14 of which are in sub-Saharan Africa,
accounting for 80% of the total global burden [1]. Malaria therefore remains a significant
global health challenge, rivalling the impact of HIV, influenza, and tuberculosis. In 2016
there were an estimated 216 million cases of infection leading to 445,000 deaths [1]. The
disease remains one of poverty and infancy with 90% of deaths occurring within Africa,
where 99.7% of cases are caused by the Plasmodium falciparum parasite [1], and
approximately two-thirds of deaths are in children below five years of age [1]. Beyond a
significant human cost, the high mortality and morbidity of the disease has been estimated
to account for $12 billion of losses per year in Africa alone, further hampering individual

well-being [2].

Figure 1: Cases of malaria per capita in 2015. Statistics from the WHO Malaria Report
2016. Yellow indicates lower rates, whilst red represent higher, grey indicates regions

with missing data.
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1.1.2 Aetiology of malaria

Biologically, malaria is caused by infection with protozoan parasites of the Plasmodium
genus, primarily Plasmodium falciparum. Infection begins following transmission
through the bite of a female Anopheles mosquito during a bloodmeal. At least 70 species
of the Anopheles genus can carry and transmit the parasites [3], but the disease is most
significantly associated with An. gambiae and An. coluzzii, particularly in Africa [4].
Those infected initially appear asymptomatic until the end of an incubation period
approximately 9-30 days after infection with a median of 11 days for P. falciparum and
longer for P. malariae [5,6]. Symptoms of uncomplicated malaria are typically flu-like,
including fever, chills, muscle aches, headaches, cough, and diarrhoea [6], and typically
occur once parasitaemia has exceeded 100 parasites per uL of blood [7]. Malaria is also
characterised by paroxysm, a cycle between coldness and fevers occurring just under
every two days for P. falciparum, every two day for P. vivax and P. ovale, and three days
for P. malariae [8]. The cyclic nature of the parasite blood stage, in which parasites infect
and lyse erythrocytes, corresponds to these periodic fevers, with each coinciding with a
significant increase in merozoite release into the blood [5].

Typically, an individual is not infectious to subsequent mosquito bites until at least 7-15
days after initial infection, upon which a portion of the parasites will have developed into
the mature gametocyte stage [5]. Eventually an individual level of immunity may be
acquired, particularly after significant exposure to a variety of parasite strains leading to
less severe subsequent infections [9].

Individual responses to infection can be quite diverse, even prior to any infection, with
the most extreme forms of response being categorised as severe malaria subtypes. These
subtypes include hyperlactatemia, severe malarial anaemia, respiratory distress and
cerebral malaria [5]. Within these subsets, individual risk of death or coma is greatly

increased [5]. For example, the case fatality rate for treated cerebral malaria is between
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10-20%, rising to 50% in pregnant women [7]. In contrast, asymptomatic carriage of

Plasmodium parasites has been reported in several populations [10,11].

1.1.3 A history of human co-evolution with malaria parasites

Malaria has been declared as “the strongest known force for evolutionary selection in the
recent history of the human genome” [12], in large part due to the significant burden the
disease places upon the global human population today but also due to the sheer length
of time humans as a species have lived with the disease. The presence of malaria-causing
Plasmodium parasites for multiple primate species suggests that the disease predates
Homo sapiens as a species, and a Plasmodium population explosion coinciding with the
agricultural revolution approximately 10,000 years ago highlights the co-evolution of
humanity and malaria [13].

References to the periodic fevers that characterise malaria have occurred throughout
history with these being identified as tertian, quartan, subtertian and quotidian by
Hippocrates in 400 BCE [14]. Malaria has also been highlighted as a potential cause of
the death of at least four popes (Gregory V 999, Damasus Il 1048, Leo X 1521, Sixtus V
1590) [15], of the famous child-Pharaoh Tutankhamen in 1323 BCE [16], and possibly
contributing to the fall of the Roman Empire in the 5th century [17]. Notably, the disease
was so prevalent in Rome and the Roman Campagna during the Middle Ages that it has
historically been referred to as ‘Roman Fever’.

Despite the disease clearly existing for millennia, the term ‘malaria’ did not appear until
the 1800s, instead often being referred to as periodic fevers or ague. Discovery of
Plasmodium parasites did not occur until Alphonse Laveran identified parasites in patient
blood smears on the 6th of November 1880, for which he earnt the Nobel Prize in 1907

[18]. Mosquitos were not identified as vectors of Plasmodium parasites until Ronald Ross
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demonstrated mosquito-borne parasite transmission in birds in 1897 [19], with human

transmission via mosquitos being demonstrated two years later in 1899 [20].

1.1.4 Moving towards global eradication

Historically, in addition to the tropical regions affected today, malaria was found across
significant hotspots in the Pontine Marshes of ltaly, the British Fenlands and Thames
Estuary, and Florida, Illinois, and California in the United States of America [21]. Despite
being classified as a tropical disease, cases have occurred as far north as Archangelsk,
Russia in 1922-23 during a wider epidemic across the Volga basin [22]. Today, these
historical regions are considered malaria free due to the removal of potential breeding
sites, such as the draining of the British Fens in the 18" to 19" Centuries [23] and
reclamation of the Italian Pontine Marshes in the 1930s [24], except for returning
travellers, highlighting the feasibility of eradication. Modern examples of successful
eradication include Paraguay [25], Kyrgyzstan [26], and Sri Lanka [27]; all of which were
certified malaria free in the last three years.

Globally, rates of infection have reduced by 37% and deaths by 60% between 2000 and
2015 [28]. Yet despite this success, elimination efforts are increasingly at risk of being
undermined by various independent emergences of resistance to classic antimalarials such
as chloroquine, and more recent artemisinin-based combination therapies (ACTS).
Furthermore, it can be argued that those regions where elimination has been possible are
so-called ‘low hanging fruits’ with elimination from the remaining, more endemic regions
being significantly more difficult.

Looking towards future eradication, in 2016 the WHO identified 21 countries, including
Mexico, China, and South Africa, with the potential to eliminate malaria by 2020 [29].

However, those countries within this E-2020 initiative highlights these regions as bearing
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relatively low burden with none existing within West, Central or East Africa where most
of the malaria burden exists.

The current situation partially reflects previously optimistic malaria control programs
such as the Global Malaria Eradication Programme of the 50s and 60s. Whilst initially
successful, particularly in Europe and Northern America, the project ultimately failed to
effectively eliminate malaria with resurgence of infections occurring in many regions.
Whilst success was initially found primarily through the residual spraying of the
insecticide DDT, the programme was ultimately undermined by a variety of factors
including the rise of anti-malarial resistance in South Asia [30], insecticide resistance to
DDT, and the reduction in funding by some countries [31].

As we move again towards the potential elimination of malaria, an emphasis is needed on
a diverse range of complementary strategies which consider ecological and chemical
control of disease vectors, novel approaches to drug surveillance and policy, the role of
human genetics, and a strong emphasis on local health infrastructure empowered by rapid
diagnosis tests (and an awareness of emerging ‘resistance’ to these).

Control and eradication efforts must be responsive to adapting parasite populations and
tailored to their regional differences. Comprehensive surveillance and characterisation of
global Plasmodium genomics — a major component of this thesis - represents one key
aspect to a modern, empowered approach. Strides can also be made in the detection of
asymptomatic human carriers and individuals at greater risk of severe reactions. In
general, solutions to these challenges demand an ever-greater understanding of the
biological mechanisms relating to malaria in both humans and parasites, particularly those

underpinning the host-pathogen relationship.
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1.2 The diagnosis, treatment, and control of malaria

1.2.1 Diagnosis of malaria infection

Confirmation of parasitaemia is typically required for a malaria diagnosis and can either
be performed via a microscope, rapid diagnosis test, or PCR-based approaches.
Examination of stained blood smears under a microscope is the gold standard approach
which allow for both confirmation of infection and identification of the specific species.
This form of evaluation requires both access to laboratory facilities and a skilled examiner
[32] with misdiagnosis being possible due to some shared features between species.
Rapid diagnosis tests (RDTs), in which a blood sample is applied to an antibody treated
dipstick, are more suitable for fast diagnosis in the field [32]. Multiple types of RDTs
exist though the most common targets include the P. falciparum specific gene histidine
rich protein Il (Pfhrp2) and the pan-species lactate dehydrogenase (LDH) [7]. Efficacy of
these tests are generally high but can be reduced by the presence of genetic variation of
the target proteins [33]. Newer PCR-based approaches are also in development, with these
allowing a combination of higher sensitivity with the ability to identify specific variants
associated with drug resistance or mixed infections, though they are currently

inappropriate for use in the field [32,34].

1.2.2 Current approaches for treatment and control

Approaches towards the control, elimination and treatment of malaria are relatively
diverse and include several social, physical and biochemical interventions. Primarily
these can be summarised into either prevention of transmission through mosquito control
or source reduction, prevention of disease through vaccination, or chemical prophylaxis,
and treatment following infection with several antimalarials.

One major component of preventative care is the application of insecticide-based,

mosquito-targeted approaches to reduce the number of possible transmission events.
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Insecticide-treated mosquito nets (ITNs) and more recently introduced long-lasting
insecticide-treated nets (LLINS), primarily act as physical barriers between humans and
mosquitoes reducing parasite transmission, with the application of insecticides boosting
their efficacy [35]. Similarly, indoor residual spraying (IRS), the internal spraying of
households with insecticides such as DDT or pyrethroids to kill mosquitoes is another
successful intervention. IRS has been found to be effective at reducing malaria incidence
in a 2010 Cochrane review [36], though only if 80% of residences within an area are
covered by the intervention [37]. Whilst effective, the insecticides applied to bed nets
typically only remain for approximately up to a year for ITNs and at least three years for
LLINs, with this being reduced if those nets are actively washed or used inappropriately
[38], one example being their occasional misuse as fishing nets [39].

Mosquito control aimed at reducing transmission can also benefit from the active removal
of mosquito breeding sites, a technique known as source reduction [40]. Anopheles
mosquitoes have a diverse range of specific breeding site preferences, but generally
require bodies of standing water for their breeding sites [41]. The removal of potential
breeding sites can therefore drastically reduce mosquito populations and with it the
transmission of malaria, as was historically seen in Europe. Large scale reshaping of
landscapes is not necessarily required for successful source reduction interventions.
Anopheles breeding sites are often man-made, with one study considering two major
urban sites in Ghana finding that 74.5% were non-natural [42]. Measures can also be
integrated into more broad scale improvements of local infrastructure [43].

RTS,S is the first, and currently only, available malaria vaccine and was approved by
European regulators in July 2015, having begun development in the 1980s, [44]. As a
recombinant vaccine it contains circumsporozoite protein (CSP) derived epitopes [45],
CSP being a protein typically associated with sporozoite adhesion to and invasion of

human liver cells [46]. The effectiveness of the vaccine is boosted by co-expression with
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hepatitis B surface antigen [47], yet despite this RTS,S has a relatively low efficacy
(4.4%) [48]. The development of alternative vaccinations and therefore the identification
of novel vaccine candidates therefore remains critical.

Alongside patient treatment, antimalarials are utilised for preventative approaches,
particularly for high-risk groups such as pregnant women or travellers from non-endemic
regions. Seasonal malaria chemoprevention (SMC), the seasonal application of
antimalarials, typically a combination of sulfadoxine-pyrimethamine (SP) and
amodiaquine, across the Sahel sub-region was initially recommended by the World
Health Organisation in 2012 [49] and has since been shown to be effective at reducing
incidence of malaria by 60% [50].

Similarly, intermittent preventative treatment in pregnancy (IPTp), the application of a
full course of antimalarials, typically SP, from the second trimester has also been
recommended by the WHO across Sub-Saharan Africa from 2012 [51]. Pregnant women
represent a key risk group due to significantly reduced level of naturally acquired
immunity [52]. It has since been adopted across 36 African countries, despite a lag in
expansion in recent years [53].

Application of antimalarials is currently the most effective treatment for malaria, though
the emergence of resistance threatens to undermine this efficacy. One classic example is
chloroquine, which saw widespread use until the emergence of resistance led to its
replacement by alternative treatments such as SP, and more recently artemisinin

combination therapies (ACTS).
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Table 1: Summary of antimalarial introduction and resistance. Dates sourced from

"Global defence against the infectious disease threat” (WHO 2003)

Antimalarial Introduced Resistance Associated Genes
Chloroquine 1945 1957 crt
Mefloquine 1977 1982 mdrl
Proguanil 1948 1949 dhfr
Atovaquone 1996 1996 mt-cytb
Sulfadoxine/Pyrimethamine 1967 1967 dhps, dhfr, gchl
Artemether-lumefantrine 2006 Emerging kelchl3

1.2.3 Chloroquine & Quinine-derived Drugs

Chloroquine was initially discovered in 1934 as a synthetic alternative to quinine [54],
the traditional antimalarial originally isolated from ‘Peruvian bark’, derived from several
species of tree from the Cinchona genus, in 1820 [55]. The relative safety, efficacy, and
affordability of chloroquine quickly led to its widespread use, though the rise of resistance
eventually led to its gradual withdrawal. Recently chloroguine-susceptibility has begun
to re-emerge in several Plasmodium populations though chloroquine use is still generally
prohibited [56], except for some Central and South American countries where resistance
is especially rare, if not entirely absent, such as Mexico, Panama, Haiti, and Argentina
[57].

The mechanism of action for chloroquine against Plasmodium parasites is not fully
characterised but thought to involve disruption of the parasite’s haem detoxification
pathway, located within its digestive vacuole [58]. Digestion of the human host
haemoglobin by the infecting parasite produces haem as a by-product. Accumulation of
haem is toxic to the parasite, and typically converted to less toxic haemozoin within the
parasite digestive vacuole [59]. Chloroquine disrupts the haem detoxification process
after passing, non-polarised, into the low pH digestive vacuole through simple membrane

permeability, wherein it becomes protonated and resilient to efflux [60]. Once inside the
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vacuole, chloroquine concentrations gradually increase, accelerating its binding to
haematin and leading to the build-up of toxic haem monomers. Excess levels of haem
increase the permeability of the vacuole membrane, resulting in the death of the parasite.
Notably mutant parasites without the enzymes required for haemoglobin proteolysis, and
therefore without the ability to produce haem, have previously been shown to be resistant
to chloroquine [61].

Chloroquine resistance first emerged in Asia and South America in the 1950s and 60s and
has emerged independently at least four times including in Southeast Asia (from which it
spread to Africa), Papua New Guinea, and twice in South America [62]. Since its initial
emergence, chloroquine resistance has spread across the globe, though it has since
reduced in several areas, including Africa, following restrictions upon chloroguine use as
a front-line anti-malarial [63]. Genetic variants of multi-drug resistance gene 1, mdrl, and
chloroquine resistance transporter, crt are typically associated with chloroquine
resistance. For mdrl, its decreased expression has been associated with resistance,
suggesting that its protein product aids the active transport of chloroquine into the
digestive vacuole [64]. In contrast, the K76T variant of crt is associated with a reduced
chloroquine concentration within the parasite digestive vacuole, suggesting that the
wildtype CRT protein actively transports the drug out of the organelle and that the K76T
variant reduces the protein’s efficiency [65]. The two genes would therefore appear to

complement one another, with their combination enhancing resistance.

1.2.4 Sulfadoxine/Pyrimethamine (SP) & Antifolate Compounds

The synthesis of folate cofactors from folic acid through the Plasmodium folate pathway
is critical to the supply of various molecules required for DNA synthesis [66] and consists

of a handful of conserved proteins including DHFR, DHPS, and GCH1 [67]. Antifolate
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drugs target this pathway through various targets and mechanisms and include proguanil,
dapsone, sulfadoxine, and pyrimethamine [68].

SP is one example of an antifolate combination therapy first introduced in the early 1980s
following the emergence of chloroquine resistance, its relative safety makes it one of the
most widely used antifolate antimalarials [69]. Whilst sulfadoxine competitively inhibits
dihydropteroate synthase (DHPS), encoded by dhps, pyrimethamine inhibits
dihydrofolate reductase (DHFR), encoded by dhfr [70], both being key members of the
folate pathway [67].

Resistance to SP first emerged in the late 1980s in Southeast Asia, before spreading to
Africa and South America, leading to a shift of its use towards intermittent preventative
treatments during pregnancy and infancy [71]. Unsurprisingly, this resistance is
associated with variants of the respective target genes with single nucleotide
polymorphisms in dhps, such as 450E [72], and dhfr, including 108D and 164L [73].
Additional resistance has been associated with whole gene duplication of GTP
cyclohydrolase 1, gchl, with increased expression counter-balancing the fitness cost of
dhps and dhfr point mutations [74]. Notably GCH1 lies upstream of DHPS and DHFR
within the folate pathway, suggesting that duplication of gchl may act to compensate for

fitness costs associated with dhps and dhfr mutation [75].

1.2.5 Artemether/Lumefantrine & Artemisinin-based Combination Therapies
(ACTys)

Artemisinin first emerged as a potential anti-malarial during the Vietnam War, when the

increasing failure of chloroquine led to requests from North Vietnam to China for an

alternative therapy. This resulted in ‘Project 523°, one component of which evaluated folk

remedies associated with plants of the Artemisia genus, from which the artemisinin

compound emerged [76]. An active push away from artemisinin monotherapies began in
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2014 following emerging resistance [77]. Today ACTs are the recommended first line
anti-malarial for uncomplicated P. falciparum malaria.

Artemether-lumefantrine is the most commonly used artemisinin-based combination
therapy [78]. Whilst effective, the mechanism of action is unconfirmed, with one leading
hypothesis suggesting that artemisinins are activated by interaction with haem and
iron(11) oxide within infected red blood cells, resulting in the production of free radicals
which kill the intracellular parasite through oxidative stress [79,80].

Initial reports of artemisinin resistance first emerged, as reports of significantly slower
parasite clearance, in the 2000s [81]. Since then point mutations in the propeller domain
of kelch13 have acted as a reliable indicator of this reduced clearing in Southeast Asia
[82]. Decreased susceptibility has also been associated with variants of atpase6 in French
Guiana [83]. In general, resilience to artemether-lumefantrine has been restricted to
Southeast Asia whilst resistance to other forms of ACTSs, such as artesunate-sulfadoxine-
pyrimethamine (AS+SP), have emerged in India, Somalia, Sudan, Afghanistan, Iran,
Pakistan and Yemen, leading these countries to switch to artemether-lumefantrine [84].
Identification of novel drug resistance associated variants has greatly benefited from
whole genome-sequencing approaches that utilise computational methods such as
association and selection. For example, the role of kelchl3, and specifically SNPs
including the C580 allele, as markers for artemisinin resistance were discovered through
a genome-wide association study [85]. Previous approaches, on more limited custom SNP
arrays, have allowed for the identification of signals of selection for crt resistance with
integrated haplotype score (iHS) scans for positive selection on limited arrays [86], future
higher resolution genome-wide approaches present the opportunity to widen this net to

detect further antimalarial resistance signals at an earlier stage.
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1.2.6 Existing and Emerging Resistance

Some form of resistance or reduced efficacy exists in the field for almost all known
antimalarials, with resistance even emerging for newer treatments such as artemisinin-
based combination therapies. Whilst the speed of emergence for resistance varies,
historically the time between drug introduction and resistance has been relatively short
with resistance to chloroquine appearing just over 20 years after initial use [87] but less
than one year for SP [88]. Curiously resistance to chloroquine, SP and ACTs all initially
emerged along the Thailand-Cambodian border relatively quickly [81,89]. This likely
stems from a combination of early access to artemisinin monotherapies from China during
the Vietnam war, infection being limited to the non-continuous exposure of a working
age and transient population of forest workers, and a health infrastructure weakened by
three decades of war. Further successful WHO surveillance has ensured that resistance
was spotted early even if it had earlier emerged independently elsewhere. Mathematical
modelling has also suggested that emerging drug resistance is less likely to become
established in lower transmission settings, such as Southeast Asia, than high transmission
settings, such as sub-Saharan Africa, due to a lower degree of in-host competition
between Plasmodium strains [90].

Selection for specific parasite variants that convey increased survivability in response to
human interventions is not exclusive for antimalarials. The World Health Organisation
now recommends that all malaria cases be confirmed by a rapid diagnosis test (RDT) [91]
but ‘resistance’ is developing for these. Specifically, the emergence of genetic variants
within the target parasite proteins leads to false negatives, thereby causing inappropriate
non-application of antimalarials. One key example is deletions in Pfhrp2/3 that have been
shown to cause false positive test results and therefore risk lack of intervention increasing

parasite survivability [92].
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Genetic variants conveying resistance range of small single base changes (SNPs) such as
crt K76T to larger structural variants (SVs) such as the duplication of mdrl in mefloquine
and lumefantrine resistance [93]. Speed of emergence and persistence of resistance also
varies (CQ slow to appear, fast to leave; SP fast to appear, slow to leave) which may
reflect the underlying complexity of resistance mechanisms. For example, resistance
through one specific form (such as K76T for chloroquine) may be less likely to occur and
faster to leave (as one specific SNP is required) compared to SP resistance (multiple SNPs
convey resistance, fast to acquire any, slow to remove all). The role of compensatory
variants is also key as many resistant variants may bear a fitness cost that additional
variants may compensate for. One possible example is the duplication of gchl as

compensatory for dhfr and dhps mutations in SP resistance [75].

1.3 The role of Plasmodium parasites

1.3.1 Species of Plasmodium

The Plasmodium genus is broad and consists of over 200 species [94], of which the vast
majority infect a range of non-human hosts including other primates [95], various
mammals [96], several reptile species [97], and over 150 that infect birds [98]. At least
five Plasmodium species (P. falciparum, P. vivax, P. malariae, P. knowlesi, and the two
P. ovale subspecies) specifically cause malaria in humans with almost all cases being
caused by Plasmodium falciparum, particularly in Africa where they account for 99.7%
of cases [1]. Notably P. falciparum is phylogenetically distinct from the other human
infecting Plasmodium species, clustering closer to the chimpanzee infecting P.
reichenowi [99]. Their genomes also contain some disease-relevant genes not found in
other species, such as the Rh2a and Rh2b gene pair required for erythrocyte invasion

[100].
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Outside of Africa, Plasmodium vivax is more prevalent, accounting for 64% of cases in
South America, over 30% in Southeast Asia, and over 40% of cases in the Eastern
Mediterranean region [1]. Infection with P. vivax or P ovale, is also characterised by an
additional dormant liver ‘hypnozoite’ stage, which can allow an infection to ‘hibernate’
for multiple years before symptoms emerge, making this stage a unique target for drug
discovery [101].

The more benign P. malariae, the zoonotic P. knowlesi, and the two P. ovale sub-species
cause very few cases of malaria. In total, these account for less than 1% of global cases
[1]. Though these cases may be underestimated due to common mischaracterisation as P.
falciparum or P. vivax infections due to clinical assumption or visual similarities between
P. ovale and P. vivax when viewed through a microscope, for example due to the presence
of shared features such as Schiiffner’s dots [102]. Rates of misdiagnosis are often quite
significant, with one study based in China reporting false positive rates for P. ovale and
P. malariae that exceeded 70% [103].

A minority of other Plasmodium species have also recently been implicated in rarer cases
of human infection. These include a 2014 report of a P. cynomolgi infection in Peninsula
Malaysia [104], and a 2015 report of P. brasilianum infection in the Venezuelan Amazon
[105]. Typically, such cases were initially misidentified as other forms of Plasmodium,
suggesting that additional cases of infection with rarer Plasmodium spp. may have been
overlooked. Other simian Plasmodium species, in addition to P. knowlesi, have also been
demonstrated as capable of infecting humans, including P. schwetzi [106], P. inui [107],
and P. simium [108] with cases of the latter being increasingly common in south-eastern
Brazil, possibly due to more accurate distinction between cases of P. vivax and P. simium
infection. For example, one recent study found that most cases of malaria in the Rio de
Janeiro Atlantic Forest are caused by P. simium, leading to the development of specific

detection methods to reduce false classification as cases of P. vivax infection [109].
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1.3.2 Plasmodium Life Cycle

Plasmodium parasites experience a particularly complex life cycle with multiple stages
across at least two hosts; a female mosquito and a secondary host, humans in the case of
malaria. Initially, the parasite will enter the human host from the mosquito salivary
glands, via a bloodmeal, as a sporozoite. These sporozoites then infect hepatocytes within
the liver, in which they rapidly replicate forming schizonts that rupture to release the
merozoite stage parasite (here P. vivax and P. ovale may also enter a dormant hypnozoite
stage). Those merozoites will then enter the blood and infect erythrocytes, entering a
‘ring-shaped’ trophozoite stage followed by further asexual replication within schizonts
until rupturing the host erythrocyte and re-entering the blood. This cyclic process results
in the anaemia and periodic fever commonly associated with malaria, and further accounts
for the delay in onset of symptoms following infection. Approximately 1.0% of merozoite
parasites will progress to the sexual gametocyte stage [110]. Those gametocytes will
remain within erythrocytes until taken up into a new mosquito host, in the gut of which
they are released to form zygotes and eventually ookinetes that embed into the gut
membrane [111]. Once in the gut membrane, ookinetes develop into oocytes that divide
multiple times into sporozoites that migrate to the mosquito salivary gland from which

they can be injected into a new host during a bloodmeal [112].
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Blood meal

Blood meal

Figure 2: Life cycle of the Plasmodium falciparum parasite. Schematic diagram
demonstrating the key life cycle stages and their locations within each host for the P.

falciparum parasite.

1.3.3 The genomics of P. falciparum

Efforts to sequence the whole P. falciparum genome began in earnest in 1996 [113] with
the first draft being completed six years later in 2002 [114]. The core nuclear genome is
23.3 Mbp in size, split across 14 chromosomes and contains approximately 5,300 genes
with a mean length of 2.3 kbp [114]. The genome is notable for its significant AT-rich
nature, with a GC content less than 20% [114].

P. falciparum also contains two forms of non-nuclear DNA in the form of a
mitochondrion, and the apicoplast, an organelle unique to the Apicomplexa phylum with
roles in metabolic pathways such as haem biosynthesis and fatty acid synthesis [115]. Of

these, the mitochondrion is 6 kbp in size, and dependent on nuclear genome for tRNA
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synthesis [114]. In contrast the apicoplast is far larger, at 34 kbp, and able to encode its
own tRNAs [114]. Evolutionarily, the apicoplast is chloroplast-like and thought to be the
result of secondary endosymbiosis [116], though it has since lost its photosynthetic
capabilities.

Survivability within the host is enhanced through antigenic variation of surface proteins
produced by families of highly repetitive genes. These include families of highly variable
life stage-specific surface antigens, such as the var family [117], the trophozoite-specific
adhesins rifin family [118], and the schizont stage stevor family [119]. Members of these
genes recombine to create antigenic diversity on the surface of parasite-infected red blood
cells (iIRBCs) enhancing immune evasion. Typically, loci for members of these gene
families are excluded from standard short read based analysis due to issues resolving their
proper sequencing given their highly repetitive nature and their presence within poorly
resolved subtelomeric regions.

All three highly variable gene families are also members of the P. falciparum exportome,
which also includes PHIST-domain containing proteins and ring-infected erthrocyte
surface antigen (RESA) [120-122]. As the name suggests, proteins encoded by these
genes are exported from the infecting P. falciparium into its host. Members of the P.
falciparum exportome are therefore key to several host-pathogen interactions with their
expression being vital for infection of host cells and supporting evasion of the host
immune system [123,124].

Many, but not all, exported P. falciparum proteins contain the PEXEL (or host-targeting,
HT) motif (R/HXL/IXE/D/Q, where x is any amino acid), allowing bioinformatic
prediction of exported genes due to the presence of this motif [120,125,126]. Another
such motif of bioinformatic interest is the TATA (or Goldberg-Hogness) box, which

identifies likely promoter regions in eukaryotes and archaea [127].
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1.3.4 Variation in P. falciparum reference strains

There exists a significant number of established lab-adapted P. falciparum reference
strains upon which analysis has taken place, the majority of which were isolated in the
early 1980s. The primary reference strain for P. falciparum is 3D7, whose African origins
were only elucidated in 2014 [128], despite having been isolated in the Netherlands in
1981 from an individual whom had never been abroad [129].

Other prominent reference strains include 7G8, a 1981 clone of IMTM22 originally
isolated from a 12-year-old male from Manaus, Brazil in 1980 [130], and HB3, a 1983
clone of H1 originally isolated in Honduras in 1980 [131].

One particularly lab-adapted strain is Dd2, a 1996 clone of W2-MEF derived from
W2pMCII following six months of selection for mefloquine resistance which was itself
derived from 12 months of mefloquine resistance selection of a culture originally isolated
from a Lao refugee in 1980 [132,133]. Dd2 is particularly noteworthy for featuring a
triplication of gchl, which has been associated with SP resistance [70].

Lab and computational-based analyses of these strains has facilitated the identification
and characterisation of genomic diversity, virulence, and anti-malarial resistance but have
tended to focus on specific lab strains or restricted geographical regions. More recently
analyses have shifted from strain-specific contexts to large global datasets. One notable
example is the Pf3k project which seeks to take an international approach to the
collection, collation, and analysis of P. falciparum samples [134]. Release three of this
project contained 2,512 samples from 14 countries [135]. This shift towards larger
datasets has led to a greater demand for bioinformatic approaches to big data processing

and analysis.
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1.4 Human genetics in the context of malaria

1.4.1 Determinants of diversity of human response to infection

Individual responses to infection with Plasmodium parasites are diverse due to a
multitude of environmental, genetic, and immunological factors. Whilst some infected
individuals may present as asymptomatic, others can experience combinations of severe
subtypes such as hyperlactatemia, respiratory distress, and cerebral malaria [6]. These
severe malaria subtypes being almost exclusively caused by P. falciparum infection
[136]. Some of this diversity reflects expected risk factors for any communicable disease.
For example, higher severity is often associated with being especially young or old [137],
pregnant [138] immunocompromised, or immunologically unfamiliar to infection. Some
diversity also reflects random exposure to particularly virulent strains or regions with
higher transmission.

It is also possible to obtain a level of acquired immunity to infection through sustained or
repeated infection with Plasmodium parasites [9]. The presence of an acquired level of
resistance suggests the circulation of human immunological factors, pathways or
mechanisms that, if correctly identified, could underpin efforts towards new antimalarials
or new vaccine candidates.

Disease-linked features often represent confounding factors that must be appropriately
controlled for in statistical analyses, such as genome-wide association studies, when
seeking to identify novel causal genetic variants. These can include gender, where it has
been suggested that women (particularly pregnant women) are at higher risk [138], and
age, with this possibly reflecting the time-lag associated with developing an acquired

immune response [137].

29



1.4.2 Severe malaria subtypes

A diversity of severe malaria subtypes exists with each being clinically distinct and most
often associated with P. falciparum infection, though some cases have been associated
with P. vivax and P. ovale [136]. An increased risk of severe response has been associated
with specific risk factors including ethnicity both broadly, with Asian and White
populations with a higher risk of severe response [139], and specifically, for example
associations with the Dantu blood group antigen [140].

Example of severe subtypes include severe malarial anaemia (indicated by a significantly
low haemoglobin concentration level, typically below 5 g/dl for under 12s [141]),
hyperlactatemia (indicated by blood lactate levels above 5 mmol/L [141]), respiratory
distress (which develops in approximately 40% of children with severe P. falciparum
malaria [142]), and cerebral malaria (typically diagnosed via evaluation with the Blantyre
coma scale which considers eye movement, motor responses, and verbal response score

<5 [141]).

1.4.3 Genetics of human susceptibility

Centuries of host-pathogen interactions between human hosts and their malaria parasites
have had a significant impact on the human genome, particularly within Africa, leading
the claim that the disease has been the largest selective force upon the human genome in
recent history [12].

One study estimated that approximately 25% of disease variance for severe malaria is
determined by human genetic factors [143]. Multiple variants account for this risk, though
the majority are associated with classic examples such as HbS (sickle cell trait), alpha-
thalassemia, ABO blood type, Duffy negative status, and G6PD deficiencies [144,145].
A wealth of other variants of less significant impact, such as USP38, FREMS3,

glycophorins gypA/B/E, DDC, and ATP2B4 have also been identified as being associated
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with severity of response though are, in sum, less protective than heterozygous carriage
of HbS [146-150]. Indirect impacts of human genetics also exit, for example twin studies
have suggested that a genetic component underpins the likeliness that different
individuals are bitten by a mosquito, and therefore the probability of initial infection
[151].

Several variants protective against malaria are also associated with a high risk of an
alternative disease, predominantly forms of anaemia, highlighting complex patterns of
evolutionary selection. The most well-known example of a genetic variant associated with
protection against malaria is carrier status for sickle cell anaemia. Heterozygous carriage
of the HbS sickle variant is associated with an almost 90% reduced risk of severe malaria,
due to the reduced ability for Plasmodium parasites to infect the malformed sickle-shaped
erythrocytes [152]. In contrast, homozygous carriage of the sickle variant of HBB instead
leads to sickle cell anaemia, a disease in which half of patients die before they reach fifty
[153].

Alpha-thalassemia and G6PD deficiency represents two other anaemia-associated forms
of malarial-protective variants. Alpha-thalassemia is an impairment of proper
haemoglobin production, where an individual has an irregular ratio of alpha, beta and
gamma haemoglobin chains with an excess of inefficient beta tetramer and gamma chain
oxygen carriers and is typically caused by deletions of or within HBA1 or HBA2 [154].
This disruption results in severe anaemia, alongside resilience to malarial infection, and
is therefore selected against in non-malarial regions causing global alpha-thalassemia
distribution to be highly correlated with malaria-endemic regions [155]. In contrast,
G6PD deficiency is the underproduction of glucose-6-phosphate dehydrogenase (G6PD),
an intracellular enzyme that catalyses NADPH production through reduction of NADP+
[156]. Deficiencies in G6PD production result in haemolysis whilst also providing a

degree of resistance to uncomplicated P. falciparum malaria infection [157]. As with
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sickle cell anaemia and alpha-thalassemia, selection for malaria protection over the
resulting anaemia results in GP6D deficiency being distributed within malaria-endemic
regions [158].

Other variants only convey protection to specific Plasmodium species, for example P.
vivax and P. knowlesi utilise host surface antigens such as the Duffy antigen receptor
(encoded by DARC) to enter human erythrocytes. Deletions of the Duffy antigen receptor
therefore provide resistance to merozoite invasion [159], with this being reflected in the
global distribution of the Duffy-negative trait to regions with high levels of P. vivax
infection.

Recent developments in high-throughput sequencing technologies have allowed the
expansion from laboratory-based candidate gene studies to genome-wide discovery
approaches. The utilisation of genome-wide association studies (GWASS) have led to the
identification of several loci associated with the severity of human response to
Plasmodium infection [145,150] with some being associated with specific subtypes, such
as ADAMTS13 with cerebral malaria [160]. With greater data resolution, our
understanding of human genetics in the context of malaria has grown more complex, with
a significant number of SNPs only being found in association for specific populations
[161]. The search for additional factors is therefore potentially hindered by a lack of
African genomes for both primary variant discovery and improving existing reference
panels with localised imputation, for example the 1000 Genomes Project only includes
seven African populations of which two are based in the USA and Barbados [162]. It is
also likely that human genetic factors with more subtle phenotypic impacts differ by
geographical region due to inherently weaker selection, for example a variant associated
with malaria protection in West Africa may be not be associated in East Africa. This
biogeographical nature of some variants highlights the potential benefit of personalising

treatment and control approaches to local populations, an incentive that would benefit
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from strong, local health infrastructures. Further the use of other whole genome methods,
and complementary protein, epigenetics, and other ‘omics approaches is likely to
continue identifying novel inherent host factors relevant to malaria through which future

treatments and control methods can be better informed.

1.5 Methods utilised in exploring genomics

1.5.1 High throughput sequencing

‘Next generation’ high throughput sequencing approaches have facilitated the rapid
growth of bioinformatic analysis since the turn of the century, having found utility for a
wealth of applications across clinical and microbiological settings [163]. Milestone
achievements include the sequencing of the human genome in the 2000s [164] and the
emergence of novel methods such as large-scale genome-wide association studies [165].
High throughput sequencing technologies can be loosely classified into two forms based
on the length of their raw outputs, known simply as ‘short read’ and ‘long read’
sequencing.

Short read based sequencing methods include 454 pyrosequencing [166], lon Torrent
[167], and lllumina platforms [168], amongst others, and typically produce raw reads
shorter than 1000 bp. These approaches generally involve fragmentation of the DNA
molecule followed by sequencing of those short sections. The result is an abundance of
short reads that either require aligning against a reference or de novo assembling for
interpretation. Recent improvements have centred on cost effectiveness, with Illumina
claiming its first ‘$1000 genome’ in 2015, with that cost being $200,000 in 2009 [169].
Long read based sequencing methods aim to sequence large sections of DNA, with the
unofficial goal of sequencing entire chromosomes without assembly. These approaches
tend to be newer and include single-molecule real-time sequencing (SMRT) from Pacific

Biosciences, and Nanopore, as provided by Oxford Nanopore. These methods are better
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suited towards the resolution of highly repetitive regions, which short read approaches
have difficulty resolving [170], and reduce issues related to reference genomes with
multiple regions of high similarity [171]. In theory, long read methods should also be able
to better resolve complex structural variation events, for example a duplication would be
present in the raw reads and not require inference from coverage or breakpoint-based
analysis. Recent improvements have focused on enhancing accuracy, with Nanopore

specifically having a high stochastic error rate [172].

1.5.2 Genomic variation in host-pathogen interactions

Genomic variation underpins many heritable forms of antimalarial resistance for malaria
parasites [173], and types of malaria susceptibly for infected humans [174]. These
variants range from single base single nucleotide polymorphisms (SNPs) to large
genomic regions mutated by structural variations such as deletions, duplications,
insertions, and inversions [175]. Once identified, the specific variants present can be used
to infer signals of genetic diversity, selection, and association within and between wider
populations [176].

Given this range of genetic variants a range of methods for their detection has been
developed. For example, SNPs and small insertions/deletions (indels) have classically
been detected using lab-based methods such as microarrays [177], or with in silico read-
alignment based methods such as variant calling [178]. Typically, for an in silico
approach, short or long reads are aligned to a reference genome with software such as
bwa or minimap2 with variants relative to that reference being identified with a tool such

as mpileup [179-181].
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1.5.3 ldentifying signals of selection

Once detected, SNPs can form the basis of methods to identify signals of selection either
as independent features or grouped into inherited sets known as haplotypes. Methods for
determining selection therefore range from simple measures of variant frequency, either
over time or between populations, to more complex measures of locus conservation.
Fixation indexes (Fst) are a group of methods that identify differences in population
frequencies, they include Nei’s, Wright’s, and Weir and Cockerham’s methods with some
optimised for specific uses such as unequal sample sizes [182—-184]. All consider relative
variant frequencies between two or more populations with larger values (further from 0,
closer to 1) indicating that the frequency of a variant in one or more populations is
significantly different in the other populations [182—-184]. These slight distinctions can
make comparison between different forms complex in their minutia, despite them all
being referred to as ‘Fst’.

Simple haplotype-based methods include Tajima’s D, in which variation within pre-
defined regions is compared between two or more samples [185]. This method effectively
considers the difference between the true average number and the expected number of
polymorphisms between the considered sample pairs. More specifically, Tajima’s D
compares the differences between two estimates of genetic diversity in a population:
Tajima’s estimator (dT), the sum of pairwise-differences between haplotypes over the
number of pairwise comparisons (number of samples choose two), and Watterson’s
estimator (dW), the number of segregating sites over the (number of samples - 1)th
harmonic number. Tajima’s D for a sequence is therefore (dT — dW) over the standard
deviation of (dT — dW) for all sequences. Positive Tajima’s D values indicate an
abundance of rare variants and therefore suggesting recent selection, whilst negative
values indicate a lack of rare variants suggesting balancing selection [185]. This metric

can also be applied on a ‘per-gene’ basis, rather than for fixed sized windows, meaning
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that biological validity may be gained at the cost of more complex comparisons due to
different sized SNP sets. Specific limitations of this approach include the requirement for
biallelic sequence differences, difficulties in applying the method to complexly structured
populations, and biases introduced for populations growing at an exponential rate.

More complex and newer statistical approaches will consider conservation of haplotypes
around specific loci. Extended haplotype homozygosity (EHH) based methods, such as
integrated haplotype scores (iHS) and cross population extended haplotype homozygosity
(XP-EHH), are based on the comparison of conserved haplotype length around specific
SNPs for different core alleles (iHS) or different populations (XP-EHH) [186,187].
Similar methods, such as HaploPS, instead identify selection as abnormally long
haplotypes for a SNP compared to haplotypes of a similar frequency [188].

EHH is defined as “the probability that two randomly chosen chromosomes carrying the
core haplotype of interest are identical by descent (as assayed by homozygosity at all
SNPS) for the entire interval from the core region to the point x” [189]. iHS then utilises
those base EHH scores and calculates an integrated score under the EHH curve for both
ancestral (reference) and derived (alternative) core alleles (iHHA and iHHp respectively).
iHS is then calculated as the ratio of iHHa over iHHp and values standardised relative to
all other iHS scores for a specific genome of interest [186]. XP-EHH takes a similar
approach to consider relative differences in haplotype conservative between two
population, this is calculated as the natural log of the integrated EHH for a SNP of interest
in population A over the equivalent iHH for population B (with the equivalent
standardisation) [187].

EHH-based approaches therefore share some specific limitations, for example
appropriately phased haplotypes are required and errors introduced during phasing may
therefore be inherited. Further these approaches rely upon there being a sufficient density

of biallelic SNPs across the genome and will therefore exclude regions with notably high
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or low levels of variation, though this is similarly true for other methods that utilise SNP
frequencies or associations. This required level of variation also means that EHH methods
are generally geared towards the detection of more recent selection events, which may be
viewed as a feature rather than a bug. Conversely, genomic regions under consistently
high levels of selection, and therefore displaying a low number of SNPs in the population,
are generally unsuitable for EHH-based approaches. Strong purifying signals of selection
present within the full population may therefore be overlooked, though these may be
identified with cross-population approaches, such as XP-EHH.

Notable positives to an EHH approach include the ability to identify the specific allele or
population under selection. Further dissection of the EHH curves can also identify skews
within that selection, whether up or downstream of the core SNP, allowing the inference
of specific sub-regions under strong conservation. EHH-based approaches also
incorporate linkage disequilibrium, rather than treating SNPs as purely independent
events, and therefore more accurately represent the molecular mechanisms underpinning
signatures of selection. Together these factors ensure that EHH-based methods are
suitable for the identification of recent selection events relating to relatively frequent
variants, such as those associated with emerging drug resistance. Context is also
important for selection methods such as these, as selection signals are often normalised
over a selection of target loci. For EHH-based methods this can mean that the exclusion

of certain regions or SNPs can skew normalisation if it is not appropriately controlled for.

1.5.4 Identifying structural variation

Traditionally structural variants have been identified through lab-based approaches such
as PCR and DNA probes, which benefit from being able to directly examine putative
variants but are limited to slower analysis of small sample sets [190]. In contrast

computational approaches benefit from faster, higher-throughput analysis, allowing

37



specific regions to be highlighted for follow up investigation in the lab. Most recently
developed in silico approaches tend to utilise read-based inputs to examine paired read
realignment [191,192] or aligned read depth [193,194]. Read depth approaches, such as
CNVNator or Control-FREEC, involve mapping reads against a reference genome and
identifying duplications and deletions as deviations from an expected read depth
[193,194]. Deletions will appear as a genetic region in which nearly zero reads map to
the reference, whereas duplications are regions where read depth is double or more of the
expected depth [193,194]. This approach requires controlling for regions of poor mapping
and accounting for significant GC biases, but tends to be relatively successful at
identifying strong signals of significant length. An appropriately sized window is also
required, to account for per-base variation, which can limit the size of structural variants
that can be identified. Typically, this bottom limit has been around 500 bp leading to a
low detection of smaller CNVs. When considering other forms of structural variation,
such as inversions and insertions, read depth-based methods can be limited as these forms
of structural variation tend not to impact read depth.

Instead, read realignment approaches such as DELLY or LUMPY are considered. These
realign each read to the reference genome to determine if specific reads are split across a
probable breakpoint, a point where a structural variant begins or ends, or to identify
anomalous read pairing. For example, an inversion can be detected when a significant
number of reads align in reverse to their paired read, or a duplication might be identified
by a read aligning in the same direction but the wrong side of its paired read [191,192].
Many of the limitations of read alignment-based methods, such as the need for enough
high-quality reads across the whole genome of interest, are shared with alignment-based
genome assembly and read depth SV detection approaches but may present differently.

For example, poor quality reads for a specific region may lead to a false positive deletion
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through a depth-based method but would require significantly poorly quality reads than
for a similar detection in a realignment-based method.

Consideration of the phasing of structural variants may alleviate some of these issues, for
example predicted heterozygous genotypes for a haploid organism may suggest
contamination, poor quality sequencing or more complex structural variation worthy of
further investigation. Typically, methods will utilise specific parameters regarding read
quality thresholds, or provide metrics relating to the number of paired or split reads that
support the existence of a specific structural variant. These may then be incorporated as
a secondary quality filter, post-detection.

Short read based approaches are those most often utilised for structural variant detection
given their established presence within bioinformatics, but these can be limited by
alignment bias against subtelomeric regions, cryptic alignment due to repetitive regions
(such as var, stevor, or rifin genes), and biases involved in GC skew [195]. Long read
approaches can resolve some of the issues associated with poor alignment but structural
variants detection methods for these are in early development. These newer sequencing
technologies also bring new issues such the stochastic errors seen with Oxford Nanopore
[172] and low read depth removing the ability to identify significant concordance between
reads. ldeally both long and short reads should be considered alongside both read depth

and realignment approaches.

1.6 Project Outline

This thesis examines the global genomics of host-pathogen interactions in malaria for
populations of both the major causal parasite, P. falciparum, and humans in malaria-
endemic countries, primarily Tanzania. For each species | began by considering the role
of SNIPs and signals of selection, before extending to large scale explorations of structural

variation. This large-scale exploration was facilitated by the development of an analysis
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and visualisation tool, SV-Pop, and a pipeline for the detection of inversions in long read

assemblies.

Beginning with those chapters concerning the P. falciparum parasite, Chapter Two
considers the impact of sustained SP use on the Plasmodium population within Malawi
relative to its neighbouring countries, and the wider global population. Primarily this
meant characterising SNPs known to be associated with anti-malarial resistance, before
extending to the identification of novel selection signals and structural variants. Selection
signals were identified in several loci including those with known to be associated with
SP resistance. Investigation of chloroquine resistance variants revealed their near absence
in the Malawian parasite population, demonstrating the ability for this resistance to leave
a population when chloroquine use is restricted. In contrast variants associated with SP
resistance were present at high frequency, with this being supported by corresponding
selection signals. Structural variation was also considered with one striking 436 bp
duplication being found at near fixation in the population immediately upstream of gch1l,
a gene for which whole gene duplications have been previously associated with SP
resistance [75].

Following discovery of this duplication in Malawi and given the previously
unexplored biogeography of structural variation in P. falciparum, Chapter Three
considers my utilisation of over 3,000 samples to explore the global variation of copy
number variants in the P. falciparum population. This added global resolution to
previously identified duplications of mdrl, enhanced our understanding of the Central
and East African distribution of the 436 bp gchl promoter duplication identified in
Chapter Two, and identified novel duplications of crt unique to West Africa which may

be associated with the dual carriage of chloroquine resistant and susceptible alleles.
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Population specific variants were also identified in genes such as rh2b, rhopH2, and the
ring-infected erythrocyte surface antigen PF3D7_0102200.

The large-scale approach to structural variant exploration described in Chapter
Three highlighted intricacies in short read-based methods which undermined successful
detection of inversions. To resolve this, Chapter Four describes the development of a
method for inversion detection from long read assemblies, which better resolve regions
that short read approaches find difficult. This method was then applied to a selection of
lab cultured and field isolated samples from around the globe. Multiple putative
inversions were identified in several highly variable var, rifin, and stevor genes, historical
tandem inversions present for RH2a/b and elongation factors 1-alpha, and a novel

sandwich inversion of pi4k identified in GB4, a lab adapted strain of P. falciparum.

The human-focused analyses initially considered the severity of malaria response through
a case-control genome-wide association study before extending towards an investigation
of genomic structural variation within a similar Tanzanian population, with a focus on
genes associated with P. falciparum interaction. Tanzania is a highly malaria endemic
region in which the local population experience a range of symptomatic responses to P.
falciparum infection including a range of severe malarial subtypes. Chapter Five
describes work to identify novel genetic variants associated with a higher or lower risk of
disease severity. This required application of a mixed model genome-wide case-control
association study, with that core analysis being complemented by an examination of
signals of selection genome-wide and candidate region exploration of structural variation.
Here novel SNPs associated with severe malaria response, including two interleukin
receptors (IL-23R and IL-12RBR2), were identified, alongside signals of selection for loci

such as SYNJ2BP and GCLC.
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Chapter Six sheds light on the abundance of structural variation within the
Tanzanian human genome by up-scaling the structural variation work from Chapter Five
to a whole genome context. Here | identified just short of 200,000 putative variants in
156 parents, of which 6,932 specific forms were frequent (>5%) and a mean of 16.7% per
parent were inherited without mutation to their child (n=78). Gene ontology analysis
highlighted enrichment for cell adhesion, drug binding, and intracellular transport
functions. Amongst the wide array of variants some, such as a 4,136 bp deletion of
SEC22B (98.7%) and a 220 bp deletion in BET1L (98.7%), were present at near-fixation.
Focus was also applied to candidate genes associated with known roles in blood antigen
systems and the risk of severe malaria. This led to the identification of novel SVs in
AAGALT, ATP2B4, and ABCG2, with the latter potentially being a novel form of the

typically highly rare Jr(a-) blood phenotype.

Chapter Seven describes SV-Pop, a package | developed in Python and R for the high-
throughput, multi-population analysis and visualisation of structural variation. Its use was
demonstrated in Chapters Three and Six in which it was used for variant filtering and
analysis, as well as visualisation of the larger datasets. Given the species agnostic nature
of this tool, future applications could facilitate exploration of global structural variation

in other malaria species, such as P. vivax, or mosquito populations.
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Abstract

Background: Malawi experienced prolonged use of sulfadoxine/pyrimethamine (SP) as the front-line anti-malarial
drug, with early replacement of chloroquine and delayed introduction of artemisinin-based combination therapy.
Extended use of SP,and its continued application in pregnancy is impacting the genomic variation of the Plasmodium

falciparum population.

Methods: Whole genome sequence data of P, falciparum isolates covering 2 years of transmission within Malawi,
alongside global datasets, were used. More than 745,000 SNPs were identified, and differences in allele frequencies
between countries assessed, as well as genetic regions under positive selection determined.

Results: Positive selection signals were identified within dhps, dhfr and gch1, all components of the parasite folate
pathway associated with SP resistance. Sitting predominantly on a dhfr triple mutation background, a novel copy
number increase of ~twofold was identified in the gchT promoter. This copy number was almost fixed (96.8% fre-
quency) in Malawi samples, but found at less than 45% frequency in other African populations, and distinct from a
whole gene duplication previously reported in Southeast Asian parasites.

Conclusions: SP resistance selection pressures have been retained in the Malawian population, with known resist-
ance dhfr mutations at fixation, complemented by a novel gch1 promoter duplication. The effects of the duplication
on the fitness costs of SP variants and resistance need to be elucidated.

Background

Malawi suffers a heavy burden of endemic falciparum
malaria with year-round transmission that peaks dur-
ing the long rainy season from early December to May
[1]. Malaria still accounts for 40% of hospitalizations in
children under 5 years of age and 30% of all outpatient
visits [2]. The malaria mortality rate is 63 per 100,000
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population, and amongst the highest in East Africa [3]
despite the roll out of control measures, such as insecti-
cide-treated bed nets (ITNs), intensive indoor residual
spraying (IRS), and artemisinin-based combination ther-
apy (ACT) [2]. As one of the first African countries to
switch from chloroquine to sulfadoxine/pyrimethamine
(SP) in 1993, and the last to switch from SP to ACT in
2007, Malawi stands out from the rest of Africa in having
a significantly prolonged exposure to SP [4]. Whilst this
meant the reduced frequency of chloroquine resistance
alleles in the Plasmodium population [5], the same can-
not currently be said for SP resistance [6]. Resistance to
SP is thought to be a cumulative process whereby muta-
tions are successively acquired in both the dhfr (S108N,
N51L, C59R, then 1164L) and dhps (A437G then K540E)

©The Author(s) 2016. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http//creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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genes. These dhps and dhfr polymorphisms persist at
high frequency in the Malawian Plasmodium population
despite exposure to SP being reduced. Retention of these
variants may be due in part to the use of SP in intermit-
tent preventive treatment for pregnant women (IPTp) or
a lower than expected fitness cost associated with these
variants [6]. The scaling up of the distribution of ACT
and IPTp contributed to a 36% drop in the mortality rate
between 2004 and 2014 for children under 5 years of age,
to an estimated 85 deaths per 1000 live births [2]. How-
ever, the control efforts could be derailed by the use of
SP in IPTp strategies in sites where parasites resistant to
SP persist, as well as any future emergence and spread of
ACT-resistant parasites (as seen in Southeast Asia).

Genetic variation in Plasmodium falciparum is cen-
tral to the parasite’s survival and can potentially under-
mine malaria control interventions. The evolutionary
process enables parasite populations to select for vari-
ants that rapidly overcome host immune responses and
anti-malarial drugs to establish persistent infections and
increase transmission. Therefore, surveying evolutionar-
ily driven genetic changes in P falciparum and investigat-
ing parasite responses to anti-malarial interventions are
crucial to efforts to reduce the malaria burden. Where
regions are working towards pre-elimination, longitudi-
nal samples are required to monitor parasite transmis-
sion dynamics and the efficacy of interventions to control
malaria.

Previous work in a rural Malawian P, falciparum pop-
ulation in the Chikwawa district in a single ‘baseline’
season (n = 69, December 2010 to July 2011) identified
several genes encoding merozoite invasion ligands as
being retained in the population due to balancing selec-
tion [7]. This type of selection actively maintains multi-
ple alleles in the gene pool of a population. Further, by
comparing the Malawian P falciparum population to
others in Africa and Southeast Asia, signals of recent
positive selection were identified at known drug targets
(e.g., dhps, crt and mdrl), metabolic enzymes (e.g., gchl),
and in several invasion ligands (e.g., msp3.8, trap and
amal) [7]. Initial analysis provided evidence of popula-
tion divergence presumably driven by drug selection on
crt, dhps and mdrl genes, and reflects the adaptation of
parasite populations to local drug pressure, especially SP.
The dhps (sulfadoxine target) and dhfr (pyrimethamine)
genes are on the folate biosynthesis pathway of P. falci-
parum, and in Southeast Asian populations a copy num-
ber variant in gch 1 (first gene in pathway) is thought to be
associated with SP resistance and its persistence [8].

The initial work in Malawi [7] was followed up by
including additional ‘baseline’ season samples (n = 29,
total n = 98) and comparing the genetic diversity in 122
isolates collected in the subsequent 2012 dry and wet
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seasons in the Chikwawa and Zomba districts, located
100 km apart. These regions are sentinel sites in Malawi,
chosen for intensive anti-malarial intervention involving
ACT, ITNs and IRS. The aim was to identify changes in
allele frequency within individual, intra- and inter-season
(wet and dry seasons) and identify regions under selec-
tion pressure. The findings demonstrate limited variation
between the Malawian sub-populations over time and the
impact of prolonged exposure of parasites to SP. Particu-
larly, fixation of several known SP resistance SNPs and a
novel copy number increase of the gc/l promoter region
were identified. Cross-population analysis revealed selec-
tive pressure for chloroquine resistance in non-Malawian
populations. These populations have experienced pro-
longed use of chloroquine. Overall, the findings support
the use of parasite and population genetic approaches to
monitor transmission and the adaptation to drug pres-
sure, and thereby inform the timing and type of inter-
ventions to be applied. Existing surveillance could be
enhanced with rapid, field-based, genomic tests which
genotype the gchl promoter region as a proxy for SP
resistance in an African setting.

Methods

Study sites and sample collection

Whole blood samples were collected from October 2010
to November 2012 from children aged 5-28 months
recruited in an ongoing ACTia[abbrev?] study within
the high-transmission Chikwawa and Zomba regions in
Malawi [7]. All individuals recruited had clinical falcipa-
rum malaria and received artemether/lumefantrine (AL)
or dihydroartemisinin/piperaquine (DHA) treatment
post-collection. Written informed consent was obtained
from a parent or guardian of each child with the ethics
committees of the University of Malawi’s College of Med-
icine and the Liverpool School of Tropical Medicine both
approving the study.

Whole-genome sequencing and quality control

Human DNA contamination was reduced through leuko-
cyte-depletion of the blood samples using CF11 column
filtration [9]. Purified DNA samples (n = 220) containing
less than 30% human DNA were sequenced at the Sanger
Institute using Illumina HiSeq2500 technology, with a
minimum of 76-base, paired-end, fragment sizes. All
short reads were mapped to the 3D7 reference genome
(version 3.0) using bwa-mem [10]. SNPs and small indels
were called using samtools and bcf/veftools with default
settings [10]. Only those variants with quality scores
in excess of 30 (indicating an error rate less than one
per 1000 bp) and with minimum coverage of ten were
retained [10]. Genotypes at SNP positions were called
using ratios of coverage and heterozygous calls were
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converted to the majority genotype on a 70:30 cover-
age ratio or greater [7, 11, 12]. SNPs were excluded from
analysis if they had more than 5% mixed or missing geno-
type calls, or they were positioned within non-unique
regions, sub-telomeric regions or within the hypervari-
able var, rifin and stevor gene families.

Raw sequencing data were also mapped for previously
published P falciparum strains (3D7, HB3, DD2, 7G8,
GB4) [11] and isolates from East Africa (Kenya, Tan-
zania, n = 33), West Africa (Burkina Faso, The Gam-
bia, Ghana, Guinea, Mali, Nigeria, n = 430), Central
Africa [Democratic Republic of Congo (DRC), n = 56],
South America (Colombia, Peru, n = 21), South Asia
(Bangladesh, n = 54) and Southeast Asia (Cambodia,
Laos, Myanmar, Papua New Guinea, Thailand, Viet-
nam, n = 1187) [7, 11-14] using the pipeline described
above. Public accession numbers for raw sequence data
analysed are contained in SRA studies ERP000190 and
ERP000199, as well as being accessible from the Pf3k
project website (https://www.malariagen.net/projects/
pf3k). In total, the isolate dataset contains 745,913 high
quality SNPs; 245,215 SNPs have no missing genotype
calls, 77.1% within genes and 9.1% have a minor allele
frequency greater than 1%.

Statistical analysis

Population stratification in the isolates was investigated
using a principal component analysis (PCA) of the pair-
wise SNP distances between samples. This approach
identified distinct African, Asian and South American
clusters, with a further African-only investigation iden-
tifying West, Central and East African clusters. Differ-
ences in allele frequencies at each SNP were estimated
using fixation indexes (Fgp), with genes ranked by their
maximum scores [15]. Tajima’s D [16] was implemented
to identify genomic regions under balancing selection,
with a score greater than two suggesting strong balancing
selection. Scores were calculated for each gene contain-
ing at least four SNPs. All SNP-based analyses were per-
formed using base R functions. Copy number variation
in isolates and strains was analysed with DELLY using
default settings [17].

Extended haplotype homozogysity (EHH)-based selec-
tion analyses, intra-population iHS and inter-population
XP-EHH, were performed using selscan [18], using the
default minor allele frequency and EHH truncation val-
ues of 0.05. Pair-wise country XP-EHH analyses used
Malawi as the reference group, and both iHS and XP-
EHH values were normalized genome-wide. P values
for iHS and XP-EHH estimates were calculated using a
Gaussian approximation. A significance threshold of
P < 0.00006 was established for both iHS (>4) and XP-
EHH (>6), using a simulation approach.
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Results

Malawi sub-population analysis over time and location
Potential stratification within the Malawi dataset, across
season, year and location of collection, was explored
before consideration of shared signals. Of the 220 para-
site isolates collected in this study, 85.9% were from
the Chikwawa region whilst only 14.1% were from the
Zomba region. Season-wise 43.2% were collected in a wet
season, 56.8% in a dry season, across three years (2010
5.0%, 2011 39.5%, 2012 55.5%). Allele frequency differ-
ences between the location (median Fg- 0.003, max. 0.11)
and year (median Fgp 0.004, max. 0.07) sub-populations
were small. Within and between the seasons and location,
the number of SNP differences was similar (~9400 SNPs)
(see Additional file 1: Table S1). Twenty-six SNPs have
an Fgp value greater than 0.15 for within-Malawi year,
location and season-based sub-populations. Seven of
these are intergenic and four within ‘conserved unknown’
genes (see Additional file 1: Table S2). The remaining
15 SNPs are within putative or known genes, including
surfinl4.1 (max. Fgp 0.172), heat shock protein 90 (max.
Fgr 0.166) and the immune evasion antigen PfEMPI
(max. Fgp 0.157) [19]. Notably, all top pair-wise Fgp val-
ues above 0.15 were from season-based comparisons. No
major differences were detected in allele frequency for
known drug resistance mutations (see Additional file 1:
Table S3).

Selection within the combined Malawian parasite
sub-populations

Given the absence of strong stratification between the
sub-populations, the Malawian datasets were combined
to identify selection signals within population. Signa-
tures of potential recent positive selection were identified
within 13 genes (iHS > 4). Five of these genes are cur-
rently uncharacterized, and three within close proxim-
ity to genes of known function and established selection
sites (see Fig. 1; Additional file 1: Table S4). For example,
the PF3D7_1223400 signal (iHS: —4.948) is within 2 kbp
of gchl, and loci were identified within 60 kbp of dhps
and 8.5 kbp of dhfr, both members of the P. falciparum
folate pathway [20]. Selection in these genomic regions
within Malawi has been suggested previously [11] and
relates to selective pressure due to use of SP.

Additional allele selection signals are present within
the erythrocyte invasion critical protein amal [21] (iHS:
5.129, 5.017) and the sporozoite surface protein trap (iHS:
5.366, 5.209), both representing hits that have been sug-
gested previously [22, 23]. Non-reference allele selection
loci were also found within Plasmepsin X (iHS: 4.686),
which has a role in ookinete invasion [24]. In contrast,
reference allele selection was identified centred on four
loci within TRS85 (iHS: —4.502), RRF1 (iHS: —4.376) and
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Fig. 1 Whole genome integrated haplotype score (iHS) for the combined Malawian parasite population. Red dotted lines indicate threshold of
normalized iHS scores greater than four

PArt/TrpA-3 (iHS: —5.604, —5.396). Three genes show
potential balancing signals within the Malawian P. falci-
parum population (Tajima’s D > 2; see Additional file 1:
Table S5). These are amal, required for erythrocyte inva-
sion [25], surf8.2, a group A SURFIN protein not found to
be expressed post-invasion [26] but associated with sus-
ceptibility to pyrimethamine (inhibits folic acid metabo-
lism via dhfir) [27], and a conserved unknown protein
(PF3D7_0710200) within chromosome 7. The amal
locus has both balancing and positive selection, suggest-
ing positive selection for one specific haplotype alongside
the retention of multiple others. Such complex selection
has previously been identified as differing between amali
domains [27, 28].

Malawi within a global context

Parasite genetic diversity within Malawi was further
contextualized within a global setting. A PCA approach
identified distinct African, Asian and South American
clusters, as previously reported using large SNP datasets
[7, 11, 12, 14, 29]. Within the African-only analysis, dis-
tinct West, Central and East African clusters were also
distinguished, and Malawi was separated from Tanzania
and Kenya. (see Additional file 2: Figure SI).

Pair-wise Fgp values were calculated genome-wide for
Malawi against each country with at least 14 samples. The
median Fg values per region per SNP were then estimated
to identify those that contained Malawi-unique variants
(see Table 1). The top hits included the dhps K540E causal
mutation, likely reflecting the prevalence of SP resistance
in Malawi and other East African populations considered,
compared to elsewhere (Table 2; Additional file 1: Table
S$6). Of the remaining top hits, the study identified the P47
and P230 genes that share roles in gametocyte fertility [30],
P48/45 reflecting differences in mosquito vectors [30], and
PF3D7_0913900 a putative arginine-tRNA ligase. When
considering drug-resistant candidate polymorphism, cr¢

mutations (K76T, Q271E, N326S, 1356T) were absent in
Malawi, reflecting early withdrawal of chloroquine com-
pared to other African countries (see Table 2; Additional
file 1: Table S6). K76T and Q271E mutations are near
fixed in Asia, and known to have undergone ‘hard’ selec-
tive sweeps [31]. Compared to other African populations,
Malawi has a higher frequency of dhfi triple mutant haplo-
types (N51I/C59R/S108N) and dhfvdhps quintuple mutant
genotypes (dhfr N511/C59R/S108N haplotype and dhps
A437G/K540E haplotype). The dhps S436A mutation was
at high frequency in West Africa, and almost absent in
Malawi. The contributing dhfr quadruple mutation (1164L)
and dhfirdhps sextuple mutant genotypes (dhfvdhps quin-
tuple mutant genotype and dhfir 1164L) were only present
in Asia. In Malawi, the dhps A581G mutation, which has
been shown to reduce the effectiveness of SP preventive
therapy [32] was present at low frequency, leading to the
presence of an alternative dhfydhps sextuple genotype
(dhfrdhps quintuple genotype and dhfr 1164L). In the
Malawian population, no variants of the kelch13 gene, pre-
viously described in Southeast Asia to be associated with
artemisinin resistance [33], were identified. All alternative
alleles in kelchl3 are present at low frequencies, the maxi-
mum at 0.091 for K189T, and reflect previous SNPs fre-
quencies for the rest of Africa [34].

The XP-EHH method was used to identify regions
under selection in the Malawi population compared
to others. Positive values suggest relative selection in
Malawi, whilst negative values suggest selection in non-
Malawi (see Additional file 2: Figure S2; Additional file 1:
Table S7). 31 genes (|XP-EHH| > 6) were identified, of
which 18 are uncharacterized and 14 appear against only
one other country. The most striking signals were within
PF3D7_1223400 and PF3D7_1223500, both uncharacter-
ized but within 2 kbp of gchl, and indicate relative selec-
tion within the Malawian population when compared
to Burkina Faso, the DRC, The Gambia, Ghana, Guinea,

62



Ravenhall et al. Malar J (2016) 15:575

Page 50of 11

Table 1 Differences in allele frequencies between Malawi and other populations (based on pairwise Fgy scores)

Gene ID Position Gene

PF3D7_0810800 549,993 dhps 0.053
PF3D7_0209000 375427 P230 0.023
PF3D7_1016500 663,199 PHISTC 0.023
PF3D7_0913900 596,674 Arginine-tRNA ligase 0.017
PF3D7_1339700 1,595,988 Conserved unknown 0.013
PF3D7_1032100 1,293,621 dcpl 0.021
PF3D7_1223500 958,593 Conserved unknown (near 0.093

gchl)

PF3D7_1361800 2,481,275 Conserved unknown 0.02
PF3D7_0708500 385,921 hsp86 0.292
PF3D7_1346800 1,880,114 P47 0.055
PF3D7_0113000 489,337 garp 0.024
PF3D7_0716700 730,051 Conserved unknown 0.034
PF3D7_0307900 350,293 Conserved unknown 0.016
PF3D7_1248700 1,997,660 Conserved unknown 0.131

PF3D7_1223400 942,564 Phospholipid-transporting 0.172
ATPase (near gch1)
PF3D7_1223300 938,341 gyiA (near gchl) 0.146

PF3D7_1223400 941,821 Phospholipid-transporting 0.171
ATPase (near gchl)

PF3D7_1426700 1,036,865 pepc 0.022
PF3D7_0215300 629,060 acs8 0.174
PF3D7_1346700 1,876,606 P48/45 0.120
PF3D7_0615900 665,589 Conserved unknown 0.002
PF3D7_1433900 1,362,042 Putative protein kinase 0.051
PF3D7_0811600 586,054 Conserved unknown 0.003
PF3D7_0724900 1,056,801 Putative kinesin-19 0.010
PF3D7_1414200 564,437 Conserved unknown 0.003
PF3D7_1021700 883,159 Conserved unknown 0.027
PF3D7_0627800 1,115,191 Putative acetyl-CoA syn- 0.042
thetase
PF3D7_1218300 718,254 Ap2mu 0.029
PF3D7_1223100 928407 PKAr 0.231
PF3D7_1222600 911,963 AP2-G 0.218
PF3D7_1223300 935411 gyrA (near gch) 0213
PF3D7_0932800 1,306,240 Conserved unknown 0.063

Other East Africa DRC West Africa South Asia Southeast Asia South America

0873 0974 0118 0415 0628
0035 0689 0722 0.569 0775
0077 0504 0463 0174 0775
0014 0769 0665 0719 0518
0017 0323 0.555 0.731 0213
0132 0709 0.578 0.659 0485
0285 0535 0668 0667 0668
0019 0533 0630 0.606 0665
0297 0428 0.542 0.625 0016
026 0434 0.590 0.590 059
0064 0.562 0.587 0478 0.104
0079 0366 0533 0.567 0567
0169 0.524 0267 0487 0524
0211 0457 0426 0457 0459
0237 0380 0444 0444 0444
0237 0374 0444 0308 0444
0216 0381 0442 0442 0442
0001 0429 0251 0419 0430
0104 0402 0393 0426 0132
0042 0324 0426 0402 0220
0261 037 0311 0343 0373
0012 0233 0368 0.340 0368
0065 0340 0358 0304 0358
0099 0220 0358 0344 0358
0083 0278 0333 0333 0333
0201 0317 0300 0331 0331
0325 0325 0325 0325 0325
0312 0309 0312 0312 0312
0306 0306 0306 0306 0306
0274 0304 0304 0.297 0304
0306 0306 0306 0306 0306
0274 0304 0304 0297 0304

Values are the median Fg; values for each regional population. In italics are regional medians above 0.5

Kenya, and Mali (see Additional file 1: Table S7; Addi-
tional file 2: Figure S2). Strong shared negative XP-EHH
scores were also present within acs8, the uncharacter-
ized PF3D7_1421100 and the SP resistance gene dhps.
Strong positive signals, suggestive of selection in the non-
Malawian populations, were present within msp10, trap
and three genes directly downstream of crt (cgl, glp3,
cg2).

Adaptive copy number selection in the gch7 promoter
Given the hypothesized role for copy number variation
(CNV) in gchl-mediated SP resistance [35] and signals

of selection observed, potential CNVs at this locus were
investigated. Evidence of a promoter duplication was
found (genomic region 973,804—974,240 bp; see Fig. 2) in
almost all Malawian samples (n = 213, 96.8%; see Table 2;
Additional file 1: Table S6). Similar promoter duplica-
tions were found in samples from Ghana (n = 59, 29.2%),
Guinea (n = 43, 45.3%), DRC (n = 25, 44.6%), The Gam-
bia (n =5, 9.1%), and Asia (n = 5, < 0.4%). In contrast, the
whole gchl gene duplication [8] was predicted in samples
from Thailand (n = 29, 13.8%), Cambodia (n = 23, 4.4%),
Vietnam (n = 20, 10.7%), Ghana (n = 10, 5%), Myanmar
(n = 7, 7.4%), and Bangladesh (n = 6, 11.1%) (see Fig. 2;
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Table 2 Drug resistance allele frequencies

SNP Malawi Other East Africa DRC
Sample size 220 33 56
dhps
S436A 0.005 0.061 0.107
A437G 0.998 0.894 0.902
K540E 0.995 0.894 0.063
A581G 0.027 0.091 0.027
dhfr
N511 0991 0.909 0.982
C59R 0991 0939 0.821
S108N 1 1 1
1164L 0 0 0
Double dhfr mutant* 1 1 1
Triple dhfr mutant® 0977 0.848 0.750
Quadruple dhfr Mutant* o] 0 0
dhfr-dhps
Quintuple genotype® 0968 0.788 0.036
Quintuple + dhfr 11641 o 0 0
Quintuple 4+ dhps A581G 0027 0.091 0.027
crt
K76T 0 0485 0.661
Q271E 0 0485 0.643
N326S 0 0 0
1356T 0 0 0.196
kelchi3
K189T 0.091 0.061 0.196
K189 N 0.005 0 0
Y493H 0 0 0
C580Y 0 0 0
gchi
Promoter duplication 0968 0 0.446
Whole gene duplication o] 0 0.020

DRC Democratic Republic of Congo

@ Any two of N511, C59R or S108N

® N511,C59R & S108N

¢ Triple dhfr mutant haplotype with 1164L

9 dhfr N511/C59R/S108N haplotype + dhps A437G/K540E haplotype

Table 2; Additional file 1: Table S6). The gene duplication
appears predominantly on the background of dhfr triple
mutant haplotype in West Africa (79.2%) and a quad-
ruple mutant haplotype in Southeast Asia (80.3%) and
South Asia (50.0%) (see Table 3). The promoter duplica-
tion is seemingly not linked to the dhfr 1164L quadruple
mutation and sits predominantly on a triple mutant hap-
lotype background in Malawi (99.1%), DRC (87.9%) and
West Africa (85.8%) (see Fig. 3). In these populations,
the haplotype background of dhps S436A, A437G and
KK540E appears less important with a number of mutation
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West Africa South Asia South East Asia South America
430 54 1133 21
0.505 0.509 0313 0
0.735 0.843 0971 0.286
0014 0.778 0477 0.190
0.002 0.156 0407 0238
0658 0471 0.897 0.381
0.745 0972 0.996 0
0.781 1 0.998 0.952
0 0.167 0438 0
0.728 0.982 0.995 0381
0563 0392 0.887 0

0 0167 0438 0
0.007 0278 0421 (4]

0 0.130 0.266 4]

0 [ARNI 0.198 0
0416 0.889 0.960 1.000
0430 0.907 0.935 0
0.002 0.241 0630 o]
0.140 0833 0.652 0
0.502 0.130 0.007 0714
0.026 0 0

0 0 0.044 0

0 0 0.224 (4]
0.251 0.037 0.003 0
0023 0111 0076 0

combinations present (Table 3). The exception is Malawi
where the promoter sits on a predominantly dhps
A437G/K540E haplotype background, leading to the high
frequency of quintuple mutant genotypes.

Coverage analysis of the P falciparum reference
strains 3D7, HB3, DD2, 7G8, and GB4 identified no
upstream promoter duplication. Previously identi-
fied whole gene duplications in 3D7, 7G8, DD2, and
GB4, and the absence of duplication in HB3, were con-
firmed [36] (see Additional file 2: Figure S4). 38 SNPs
(eight non-synonymous) were identified across the
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Fig.2 Coverage plots displaying gch1 whole gene and promoter duplications. The Malawi (ERR237436) and Ghanaian (ERR045593) samples
represent promoter duplications (upstream of the gch1 coding region) of approximately twofold, the Thailand sample (ERR248939) represents
whole gene duplication (green region) and the Laos sample (ERR216496) represents no duplication. Neighbouring non-gch 1 genes are displayed as
the grey regions. Coverage is scaled against the median coverage (indicated by the dashed red line) for chromosome 12 and calculated for 100 bp
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gehl coding region using the global dataset, all with
non-reference allele frequencies (<4%), except a SNP in
South America (position 974,633, 28.3%). In the gchi
promoter region there were 11 SNPs occurring only in
African populations, all at low frequency (<4%), except
for one polymorphism, which was almost always found
on a non-duplication background (position 974,046:
East Africa 10.0%, DRC 18.3%, West Africa 18.5%). The
overall low levels of nucleotide variation and sequence
homogeneity support the argument that gehi copy
number variants, rather than associated coding SNPs,
are targeted by selection. Examination of the EHH
revealed differences in linkage disequilibrium (LD)
between continents and within Africa (see Fig. 4; Addi-
tional file 2: Figure S2). When considering African pop-
ulations, there is evidence in non-Malawian populations
of near symmetrical decays of EHH to a level close to
zero within 25 kb. Malawi LD extends much wider and
is consistent with a sweep around the promoter duplica-
tion (see Fig. 4).

To determine whether the gchl promoter duplication
was under relative positive selection in the DRC, Ghana
and Guinea, a sub-population was applied XP-EHH anal-
ysis, where those with the duplication were compared
to those without. This approach identified no significant
differential sub-population selection in either the DRC,
Ghana or Guinea (|XP-EHH| < 4), although there are
near-significant positive selection signals for the duplica-
tion-positive sub-populations in Ghana and Guinea (see
Additional file 2: Figure S3). This contrasts with Malawi,
where the duplication appears to be under active selec-
tion, potentially reflecting differences in SP usage (see
Fig. 1; Additional file 2: Figure S2).

Discussion

Malaria surveillance is crucial to informing and support-
ing disease prevention, control and elimination strate-
gies. Access to technological advances and their reduced
costs mean monitoring approaches involving genomic
data are being implemented within malaria programmes
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Table 3 Co-association frequencies of dhfr mutations and gch1 duplications

dhfr mutants® gch1 duplica- dhps mutants® Malawi Other East

tion Africa
None None None 0 0
None None Single 0 0
Single None None 0 0
Single None Single 0 0
Double None None 0 0030
Double None Single 0 0
Double None Double 0.005 0121
Double Promoter None 0 0
Double Promoter Single 0 0
Double Promoter Double 0.009 0
Double Gene Single 0 0
Double Gene Double 0 0
Triple None None 0 0061
Triple None Single 0 0
Triple None Double 0.032 0.788
Triple Promoter None 0 0
Triple Promoter Single 0 0
Triple Promoter Double 0.950 0
Triple Gene Single 0 0
Triple Gene Double 0 0
Quadruple None None 0 0
Quadruple None Single 0 0
Quadruple None Double 0 0
Quadruple Gene Single 0 0
Quadruple Gene Double 0 0

DRC  West Africa South Asia Southeast Asia South America

0 0.067 0 0.002 0.048
0 0.095 0 0 0
0 0.002 0019 0.002 0.524
0 0.040 0 0 0.048
0018 0030 0019 0031 0.143
0071 0112 0019 0028 0
0 0.002 0278 0021 0.143
0 0.002 0 0 0
0054 0028 0 0 0
0 0 0 0 0
0 0.005 0 0 0
0 0 0037 0.001 0
0036 0086 0019 0078 0
0393 0328 0056 0.190 0.048
0036 0005 0389 0.185 0.048
0036 0012 0 0 0
0304 0.160 0 0 0
0054 0009 0 0 0
0 0014 0 0.007 0
0 0 0 0.006 0
0 0 0019 0.004 0
0 0 0019 0.144 0
0 0 0.093 0.244 0
0 0 0 0014 0
0 0 0037 0.042 0

Frequencies greater than 0.2 are shown in italics

* dhfr mutant haplotypes: double—any two of dhfr N511, C59R or S108N; triple—dhfr N5 11, C59R and S108N; quadruple—dhfr triple mutant haplotype with 1164L;

DRC Democratic Republic of Congo
b dhps double mutant haplotypes consist of dhps A437G and K540E

[7, 12, 14]. To inform such programmes, genomic differ-
ences were investigated in Malawian P. falciparum para-
sites from two regions across multiple seasons. No major
differences were observed between the two regional or
temporal sub-populations, potentially due to small sam-
ple sizes, a narrow two-year study period, the removal of
a minority of SNPs with a high frequency of missing or
heterozygous genotypes, and study regions that are only
100 km apart with high human migration between them.
Because of the effects of control measures on Plasmo-
dium genomes, signals of selection and differences in
allele frequencies were also investigated across Malawi
parasites and compared with those from global datasets.
Signals in drug resistance-associated genes, and surface-
associated proteins that are exposed to the host immune
system were detected, including previously described
selection in mspl0, trap and amal [7, 23]. Antibod-
ies against the pre-erythrocyte TRAP and erythrocyte
stages MSP10 and AMA1 proteins have been detected

in anti-malarial-acquired immunity individuals living in
malaria-endemic areas [37, 38]. Vaccines using TRAP,
AMA1 and MSP proteins (e.g., MSP1 and MSP3) are
being tested with promising results [39]; as such the
MSP10 protein may represent a viable vaccine candidate.

Consistent with previous reports, ¢rt mutations (K76T,
Q271E, N326S, 1356T) were absent from Malawi [40, 41].
Neighbouring countries (as well as others in Africa) that
did not switch away from chloroquine as early as Malawi
continue to report higher levels of ¢rt mutations. This
observation has led to a setting likened to a Malawian
island of chloroquine drug sensitivity in a sea of resist-
ance [41]. Three genes, cgl, glp3 and c¢g6, immediately
downstream of the crt gene, displayed high relative posi-
tive selection in multiple non-Malawian populations,
consistent with hard selective sweeps [31]. In contrast, SP
resistance-associated dhfr and dhps alleles are retained
at high frequencies in Malawi. Compared to other Afri-
can populations there is a significantly higher level of
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Fig. 4 EHH plots for multiple populations, centred on a SNP within

gchT (chromosome 12, position 974,659)

both the dhfr C59R mutation and the quintuple dhfrdhps
mutant genotypes. These frequencies are consistent with
previous analyses highlighting the pan-African distribu-
tion of the difr triple mutant haplotypes in contrast to
the East—West African differences in distribution of the
A437G and K540E dhps variants [42, 43]. The SNP-based
work is consistent with the results from microsatellite-
based studies, considering the dynamics of strong selec-
tion for mutations conferring SP resistance, including

support for the observation of the independent origin of
sulfadoxine-resistant alleles across a number of regions
[42, 44, 45]. Together, these observations reflect the early
decline in chloroquine usage and early introduction and
prolonged use of SP in Malawi when compared to other
African populations.

In almost all Malawian samples (96.8%), a novel dupli-
cation was identified in the promoter of the gchl gene
(973,804-974,240 bp), a member of the folate pathway
that includes targets for sulfadoxine and pyrimethamine.
This duplication was also detected in other parasites,
particularly from West Africa and the DRC, but is near-
absent in Asia. Whole gene duplications have previously
been detected in Thailand and Cambodia [33] and were
detected in this dataset. Positive selection signals are pre-
sent across the gchl region in Malawi, with relative selec-
tion in Malawi compared to other African populations
where the promoter duplication is also present. Further,
samples with the duplication were not found to be under
relative selection in the DRC, Ghana or Guinea. Together,
the strong evidence of selection for this promoter dupli-
cation in Malawi supports its role as being advantageous
for P falciparum parasites in regions with high SP use,
particularly where there is a higher frequency of resist-
ance-associated dhfr and possibly dhps variants.

The function of the promoter duplication remains
to be established. It is possible that both promoter and
whole gene duplications increase gchl expression in vivo
thereby reducing the fitness cost associated with dhfr
and dhps variants, which convey resistance to SP. In sil-
ico, functional predictions for the promoter duplication
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identified multiple TATA, TATAA and TGTAA PfTBP
binding motifs [46]. If this duplication acts to reduce the
fitness cost of other SP resistance-associated variants, its
presence may suggest a more persistent form of resist-
ance which further surveillance will need to confirm.
Ongoing fieldwork in Malawi will allow to survey the
parasite population during longer periods and to detect
genomic changes following the introduction of ACT. Fur-
ther work should also consider the genomic landscape
within other African countries to determine the fre-
quency of the gchl duplication and other variants associ-
ated with SP resistance.

Conclusion

This study reports the persistence of genetic variants
associated with SP and chloroquine resistance within the
P. falciparum population in Malawi, despite withdrawal
of these anti-malarials from front-line use. Signals of pos-
itive selection were also identified, which suggest reten-
tion of these resistance-associated variants, as well as
various life stage-specific surface antigens. Investigation
of gchl copy number variation identified the near fixation
of a specific 436 bp promoter duplication within Malawi,
present in other African countries but absent from Asian
populations. It is most likely that this promoter dupli-
cation acts in a similar fashion to the whole gene dupli-
cation present in Asian populations, although further
experimental work is required to elucidate any functional
impact.
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Additional Figure 1: Clustering through Principal Components Analysis of the

combined dataset. Analysis is based on a pairwise Manhattan distance SNP matrix for

all samples; (A) East Africa; (B) Africa; (C,D) Global. Colours indicate countries with

point styles indicating continents. West Africa (n=430): Burkina Faso (BUF, 39),

Gambia (GAM, 55), Ghana (GHA, 202), Guinea (GUI, 95), Mali (MAI, 35), Nigeria

(NIG, 4); Central and East Africa (n=253): Dem. Rep. of Congo (DRC, 56), Kenya

(KEN, 15), Malawi (MAW, 220), Tanzania (TAN, 18); South and South-East Asia

(n=1187): Bangladesh (BAN, 54), Cambodia (CAM, 526), Laos (LAO, 104), Myanmar

(MYA, 95), Papua New Guinea (PNG, 11), Thailand (THA, 210), Vietnam (VIE, 187);

South America (n=21); Colombia (COL, 14), Peru (PER, 7).
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Additional Figure 2: XP-EHH around gchl comparing the Malawi population with
those from the DRC, Ghana and Guinea. Negative values indicate relative fixation in
Malawi, whilst positive values indicate relative fixation in the non-Malawian
population. Green indicates gchl whilst the immediate grey bars indicate the same
neighbouring genes as in Figure 2. In addition, the two upstream genes Pf3D7_1223400
and Pf3D7_1223500 with the most significant XP-EHH are highlighted in grey. Red

lines indicate our significance threshold of absolute XP-EHH scores greater than 4.
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Additional Figure 3: XP-EHH selection around gchl between duplication-positive
and duplication-negative DRC, Ghana and Guinea populations. Negative values
indicate relative fixation in the duplication-positive population, whilst positive values
indicate relative fixation in the duplication-negative population. Green indicates gchl
whilst the immediate grey bars indicate the same neighbouring genes as in Figure 2. In
addition, the two upstream genes Pf3D7_1223400 and Pf3D7_1223500 with the most
significant XP-EHH are highlighted in grey. Red lines indicate our significance

threshold of absolute XP-EHH scores greater than 4.
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Additional Figure 4: Coverage for the gchl region in five reference strains. Whilst
the previously identified gchl duplication is present within 3D7 (ERS009999), 7G8
(ERS016318), DD2 (ERS010540) and GB4 (ERS016319) and confirmed absent in HB3
(ERS010539), no reference sample was shown to contain the novel promoter
duplication. Green indicates gchl, blue indicates the region for the most frequent
promoter duplication, and grey indicates neighbouring genes. Coverage is scaled against
the median coverage (indicated by the dashed red line) for chromosome 12 and

calculated for 100bp windows, with an offset of 25bp.
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Additional Table 1: Pairwise differences between Malawi seasonal sub-populations.

Chikwawa Chikwawa Chikwawa Chikwawa Zomba

2011 (Wet) 2011 (Dry) 2012 (Wet) 2012 (Dry) |2012 (Wet)
(n=22) (n=64) (n=34) (n=57) (n=31)
Zcohl'f‘é"vé\‘/"gg 9458 9434 9458 9538 éi’éi
(h22) " |(7607 -10400) | (6130-11020) | (6229-10660) |(5951-10640) | 7o
Zcohlif"("g‘x)‘ 0.1 9381 9395 9474 (jggi_
(o) | (0000.19) | (4560-11100) | (4484-11140) |(4270-11100) | 771,
2Cohllg\évv?/vevg 0.01 0.01 9396 9485 (Z‘;gﬁ_
(n=3a) | | (000:020) | 000012 | (90010710) |(4440-10810) | 1o70

Chikwawa 9557 9536

20(1n2=(5[;;y) (0.0%901.19) (0.0%901.12) (0.0%?&12) (1‘:)77%%)' %22(1)3
2021C2Jr?\?vaet) 0.01 0.01 0.01 0.1 (%‘;‘;8_
g1y | (000022) | (0000.19) | (0.00015) | (000014) | jiecs

Upper and diagonal values indicate median (range) number of SNP differences between individuals. Lower

values indicate median (range) Fsr values across SNPs for each sub-population pair.
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Locus Gene Max Fst | Other Fst
PF3D7_1038400 Gametocyte specific protein 0.220 | 0.001 —0.202
PF3D7 1008500 Conserved unknown 0.199 | 0.000-0.187
PF3D7_0420000 Putative zinc finger 0.198 | 0.001 -0.152

8:1309330 Intergenic 0.191 | 0.001 -0.097
7:1345508 Intergenic 0.188 | 0.000-0.128
PF3D7 0707300 Rhoptry-associated membrane antigen 0.180 | 0.002-0.118
PF3D7 1326400 | Putative translation initiation factor elF-2B | 0.178 | 0.000-0.126
4:1061702 Intergenic 0.178 | 0.000-0.172
PF3D7 0710000 Conserved unknown 0.174 | 0.000 - 0.050
PF3D7_0525000 Putative zinc finger 0.173 | 0.009-0.118
PF3D7 1446500 Conserved unknown 0.173 | 0.001-0.134
PF3D7 1477600 SURFIN 14.1 0.172 | 0.000-0.117
4:545378 Intergenic 0.170 | 0.001-0.071
PF3D7_ 0708400 Heat Shock Protein 90 0.166 | 0.001-0.142
PF3D7_0709300 Putative Cg2 protein 0.165 | 0.005-0.084
6:824765 Intergenic 0.164 | 0.001-0.132
8:698268 Intergenic 0.162 | 0.001-0.083
PF3D7 1200700 Acyl-CoA Synthetase 0.158 | 0.000-0.121
PF3D7 1135600 | Putative condensin-2 complex subunit D3 0.158 | 0.000 —0.053
9:91336 Intergenic 0.157 | 0.000-0.144
PF3D7_0905400 | High molecular weight rhoptry protein 3 0.157 | 0.002 -0.078
PF3D7 0412400 PfEMP1 0.157 0.000—0.076
PF3D7 0310200 Putative phd finger protein 0.156 | 0.001-0.132
PF3D7_1325400 Conserved unknown 0.152 | 0.001-10.105
PF3D7 0629300 Putative phospholipase 0.151 | 0.001-0.128

Threshold of greater than 0.15.

Additional Table 2: Top Fst values for pairwise Malawi sub-population comparisons.
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Additional Table 3: Allele frequencies for Sulfadoxine-Pyrimethamine resistance

mutations within Malawi across all seasons.

Genetic variant Chikwawa | Chikwawa | Chikwawa | Chikwawa | Zomba Combir!ed
2011 Wet 2011 Dry 2012 Wet 2012 Dry | 2012 Wet | population
Sample Size 22 64 38 57 27 220
dhps
S436A 0 0 0.026 0 0 0.005
A437G 1 1 0.987 1 1 0.998
K540E 1 0.992 0.987 1 1 0.995
dhfr*

N511 1 1 1 0.983 1 0.991
C59R 0.955 0.984 1 0.991 1 0.991
S108N 1 1 1 1 1 1

Triple mutant** 0.955 0.984 1 0.965 1 0.977
gchl***
dzgﬂzgttgn 1 0.938 0.974 0.965 1 0.968

*1164L (quadruple mutation) is not present; ** dhfr N511, C59R & S108N haplotype; *** Whole gene

duplication of gchl is absent.
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Additional Table 4: Top hits for Malawi-only positive selection (iHS) analysis.

Gene ID Position iHS Gene
PF3D7_0208600 355154 -4.376 RRF1
PF3D7_0417400 | 758290, 758269 |-4.678, -4.448 Conserved unknown (near® dhfr)
PF3D7_0505100 226777 -4.502 TRS85
PF3D7_0511400 481921 4516 Conserved unknown
PF3D7_0808200 417751 4.686 Plasmepsin X
PF3D7_0809600 | 484954, 490762 4.906, 3.962 Putative petidase family C50 (near? dhps)
PF3D7_0814600 703454 4519 Conserved unknown
PF3D7_0826000 1111727 5.272 Conserved unknown
PF3D7_1002200 | 1115470, 1115617 | -5.604, -5.396 PArt/TrpA-3
PF3D7_1133400 | 1294082, 1294982 | 5.129, 5.017 amal
PF3D7_1223400 943339 -4.947 Phospholipid-transporting ATPase (near® gchl)
PF3D7_1335900 | 1466252, 1466264 | 5.366, 5.209 trap
PF3D7_1352900 2114996 6.066 Exported unknown

Positive scores indicate selection for the alternative core allele, whilst negative scores indicate

selection for the reference core allele. All hits are above a threshold of 4 ( |iHS]>4 ).

! Within 10 kbp
2 Within 50 kbp
3 Within 5 kbp
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Additional Table 5: Top Tajima’s D values for the combined Malawi population.

Gene ID Gene Tajima’s D
PF3D7_0710200 Conserved unknown 3.224
PF3D7_0830800 surf8.2 3.196
PF3D7_1133400 amal 2.916
PF3D7_0424400 surf4.2 1.605
PF3D7_1335900 trap 1.503
PF3D7_0113800 DBL-containing protein 1.475
PF3D7_1475900 Conserved unknown 1.205
PF3D7_1004800 Putative ADP/ATP carrier protein 1.080
PF3D7_1035700 | Duffy binding-like merozoite surface protein 0.970




Additional Table 6:

Drug resistance candidate mutation frequencies

W | n el
Gene/SNP§§§%§§§g§§§‘§§§§g§§§§§
=3 |®|°F 88|58 |7 5|8 |8 8 FF " 2 % |§ "
‘ Sample Size 220 ‘ 18 | 15 ‘ 56 ‘ 39 | 55 ‘202 95 |35 | 4 |54 [527 |95 | 11 |104 |210 |187 | 14 | 7
|dhes | || |
‘ S436A {0.005 ‘0.056 0.067 ‘0.107 ‘0.538 0.100 ‘0.609 0.458 0.657 (0.250 [0.509 [0.342 [0.332 | 0 |0.212 [0.250 [0.366 | 0 | ©
\ A437G (0.998 \0.944 0.833 \0.902 ‘0.615 0.764 \0.705 0.705 [0.257 [1.000 |0.84 [0.895 [1.000 [0.227 [0.572 [1.000 [0.799 0.071 [0.714
K540E (0.995 ‘0.944 0.833 ‘0.062 ‘ 0| o ‘0.010 0.042| 0 0 (0778 0.341{ 0.9 |0.136 0.178 0.907 [0.348 | 0 [0.571
an | || |
‘ N511 0.991 ‘0.944 0.867 ‘0.982 ‘0.359 0.918 ‘0.592 0.821 (0.486 (1.000 [0.471 [0.925 [0.901 | 0 |0.644 [0.938 |0.963 [0.214 [0.714
\ C59R [0.991 \1.000 0.867 ‘0.821 \0.423 0.845 \0.757 0.879 [0.486 [1.000 [0.972 [0.996 [1.000 [0.955 [0.976 [1.000 [1.000 | 0 | 0
‘ S108N [1.000 ‘1.000 1.000 ‘1.000 ‘0.397 0.936 ‘0.817 0.879 |0.471 (1.000 |1.000 [1.000 [1.000 |1.000 |0.976 [1.000 |1.000 [0.929 [1.000
\ 1164L| 0 \ 0 0.052\ 0 \ 0| o \ 0o |0 |o 0 [0.382/0432(0.861 | 0 |0.008 |0.798(0.231 | 0 [0.200
‘ N511+C59R [0.977 ‘0.944 0.733 ‘0.750 ‘0.179 0.836 ‘0.490 0.789 (0.400 [1.000 (0.370 [0.918 [0.905 | O {0.606 [0.933(0.952| 0 | 0
\ N511+S108N (0.991 \0.944 0.867 ‘0.982 \0.154 0.909 \0.525 0.779 [0.371 [1.000 [0.389 (0.916 0.905 | O [0.606 [0.933 (0.947 0.214 [0.714
‘ C59R+S108N (0.986 ‘1.000 0.867 ‘0.768 ‘0.205 0.836 ‘0.713 0.853 (0.371 [1.000 (0.944 [0.996 [1.000 |0.909 {0.971 [1.000 [0.995| 0 | 0
\ Triple Mutant* 0.977 \0.944 0.733 \0.750 \0.154 0.836 \0.490 0.779 [0.371 [1.000 [0.370 0.916 [0.905 | O [0.606 [0.933 0.947 | 0 | 0
‘ Q,\;I‘adr”’ﬂf 0 ‘ 0o |o ‘ 0 ‘ 0 | o ‘ o | o |0 | 0o 016704220811 0 1[0.0100.752(0.203| 0 | 0
utant
e L]
\ K76T | 0 \0.722 0.200 ‘0.661 \0.205 0.727 \0.223 0.674 [0.514 [1.000 |0.889 [0.973 (0.989 [0.909 (0.885 [0.981 [0.925 [1.000 [1.000
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*dhfr N511, C59R & S108N haplotype. ** dhfr N511, C59R, S108N & 1164L haplotype; DRC Democratic

Republic of Congo
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Additional Table 7: Top hits for Malawi pairwise positive selection (XP-EHH) analysis.

Gene ID Populations XP-EHH** Gene
PF3D7_0212500 DRC 6.511 Conserved unknown
PF3D7_0215300 DRC, Ghana, Guinea -6.087, -6.912, -6.872 acs8; Acyl-CoA synthetase
PF3D7_0307900 DRC -6.866 Conserved unknown
PF3D7_0321800 Ghana 6.802 WD repeat-containing protein
PF3D7_0416900 Mali -6.257 Conserved unknown (near dhfr)
PF3D7_0417400 Colombia, Ghana -6.184, -6.323 Conserved unknown (near dhfr)
PF3D7_0513200 Laos 6.037 Conserved unknown
PF3D7_0525100 Ghana, Guinea -6.337, -6.514 acs10; Acyl-CoA synthetase
PF3D7_0526600 Laos, Mali 7.018, -6.181 Conserved unknown

PF3D7_0529000

Bangladesh, Laos,

7.162, 6.947, 6.245

Conserved unknown

Myanmar

PF3D7 0620400  DRC, West Africa, 5.981, 11.079, 6.125 Msp10
Myanmar

PF3D7_0629700 DRC 7.241 Setl

PF3D7_0709100

Bangladesh, DRC, Gambia,
Southeast Asia

7.529, 9.330, 7.759, 8.663

Cgl protein (near crt)

PF3D7_0709200

Cambodia, Myanmar,

6.327, 6.259, 6.095

GLP3 (Cg6 protein) (near crt)

Thailand

PF3D7_ 0709300 CambOdii'/.DRC' Thailand, | ¢ 759 g 073, 7.229, 6.470 cg2 (near crt)

ietnam
PF3D7_0709600 DRC, Gambia 8.498, 6.520 popl
PF3D7_0710000 Peru 6.019 Conserved unknown
PF3D7_0810200 Gambia -6.132 ABCK1
PF3D7_0810600 Guinea -6.477 ATP'depe”ngPF;NA helicase
PF3D7 0810800 Co'ombi&. Guinea, Laos, | g 557 6532 -6.257, -6.125 dhps

ietnam
PF3D7_0810900 Colombia -6.257 Conserved unknown (near dhps)
PF3D7_0926500 Bangladesh -6.266 Conserved unknown
PF3D7_1223400 | DRC, West Africa, Kenya -10.114, -9.217,-7.852 near gchl
PF3D7 1223500 DRC(;,u(iBr?erzvb}I?,er%f;ana, 9.998, 6.642,.425'-434, 7.130, near gchl
PF3D7_1218300 Ghana 6.294 ap2mu
PF3D7_1227500 DRC -6.231 cyc2
PF3D7_1335800 DRC 6.679 Conserved unknown
PF3D7_1352900| Cambodia, Colombia 6.357, 6.498 Exported unknown, fam-f protein

PF3D7_1324300

Gambia, Ghana, Guinea

6.295, 6.722, 7.758

Conserved unknown membrane

PF3D7_1335900

Colombia, DRC, Mali,
Peru, Tanzania, Vietnam

6.682, 6.178, -6.171, 6.662,
6.088, 8.256

trap

PF3D7_1421100

West Africa

-9.650

Conserved unknown

Positive (negative) scores indicate relative selection in the non-Malawi (Malawi) population. Bold indicates

genes with known associations with drug resistance. DRC Democratic Republic of Congo.
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Chapter 3:
A global analysis of copy number variation in Plasmodium
falciparum identifies a novel duplication of the chloroquine

resistance associated gene
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Abstract

The evolution of genetic mechanisms for host immune evasion and anti-malarial resistance has
enabled the Plasmodium falciparum malaria parasite to inflict high morbidity and mortality on
human populations. Most studies of P. falciparum genetic diversity have focused on single-
nucleotide polymorphisms (SNPs), enabling the identification of drug resistance-associated loci
such as the chloroquine related crt and sulfadoxine-pyrimethamine related dhfr. Whilst larger
structural variants are known to impact adaptation, for example, mdrl duplications with anti-
malarial resistance, no large-scale, genome-wide study on clinical isolates has been undertaken
using whole genome sequencing data. By applying a structural variant detection pipeline across
whole genome sequence data from 3,110 clinical isolates in 21 malaria-endemic countries, we
identified >70,000 specific deletions and >600 duplications. The majority of structural variants
are rare (48.5% of deletions and 94.7% of duplications are found in single isolates) with 2.4% of
deletions and 0.2% of duplications found in >5% of global samples. A subset of variants was
present at high frequency in drug-resistance related genes including mdrl, the gchl promoter
region, and a putative novel duplication of crt. Regional-specific variants were identified and a
companion visualisation tool has been developed to assist web-based investigation of these

polymorphisms by the wider scientific community.
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Introduction

Plasmodium falciparum malaria imposes a heavy morbidity and mortality burden, with an
estimated 216 million new cases and 446,000 deaths in 2016 alone, with ~90% of the burden in
sub-Saharan Africa'. An understanding of the genomic diversity of P. falciparum parasites could
provide insights into novel phenotypes that impact responses to antimalarials and other control
measures, as well as host-pathogen interactions. Single nucleotide polymorphism (SNP) based
analyses have revealed insights into drug resistance, molecular barcodes for continental origin?,
transmission dynamics®, multiplicity of infection* and regions under selective pressure related to
immunological and anti-malarial treatment pressure®. In comparison, investigations of structural
variants (SVs), such as insertions, deletions and duplications, have been sparse. This is despite
SVs making an important contribution to genomic diversity and comprising many nucleotides of
heterogeneity. In particular, copy number variants (CNVs; large indels and duplications) are

thought to be widespread in the P. falciparum genome® and more abundant than SNPs’.

Malaria parasites are exposed to strong selection from the human immune response and treatment
with antimalarial drugs. Subsequently, CNVs have often been found in association with specific
P. falciparum phenotypes, such as drug resistance. Duplications of mdrl have been shown to
underlie a multi-drug resistance phenotype, with these variants now present at high population
frequencies in Southeast Asia®, with copy number altering parasite response to multiple anti-
malarial drugs®. Recently, we identified a novel promoter duplication for gchl at near-fixation in
a Malawi population®, which is distinct from the whole gene duplication observed in Southeast
Asia known to contribute to sulfadoxine-pyrimethamine (SP) resistance. In general, such regional
genetic variation may arise from differences in drug regimens, mosquito vectors, and host

immunity, but is poorly understood.

Given their importance, a genome-wide structural variant map for P. falciparum with country and
regional resolution should provide insights with which to better understand the impacts of
treatment regimes, assess changes in parasite diversity, and ultimately inform the roll-out of anti-

malarial drugs and other control initiatives. The advent of microarray technologies, such as
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genomic hybridisation arrays (CGH), has improved methods for detecting and confirming known
SVs!o, However, studies of this type have typically featured modest sample sizes and focused
on the exome of lab-adapted isolates. The largest array-based study in P. falciparum clinical
samples (n=122) identified 134 high-confidence CNVs across the parasite exome, established
they were more common in South American than African or Southeast Asian populations, and
identified several loci including mdrl, rh2b, and histidine-rich proteins Il and Il to be under
positive selection!!. Recently whole genome sequencing platforms, which produce a greater depth
of short or long reads, have been used to detect SVs in P. falciparum strains’!2, and have
potentially finer resolution than array-based approaches. Coupled with bioinformatic advances in
detection algorithms, there is now capacity to accurately characterise a broader range of SV types.
For example, extremes in coverage can identify duplications and deletions, split sequences and
alternative de novo assembly-based approaches can detect a number of other types, including

inversions and large insertions and deletions?®,

By analysing whole genome sequencing data from 3,110 clinical isolates and focusing on robust
genomic regions (82.6%) of the AT-rich P. falciparum genome, we present the first
comprehensive genomic map of SVs within the global P. falciparum population, with a particular
focus on CNVs. We identify a total of 70,257 deletions (mean 403 per sample, median size 26
bp) and 601 duplications (mean 0.39 per sample, median size 1,478 bp), contrasting with an
average of 24,495 SNPs and 33,479 small indels (<15 bp) per sample. Several variants were found
to be geographically specific and highlight novel structural variants with roles in antigenic
variation, drug resistance, and host-pathogen interactions. PacBio sequencing data of P.
falciparum strains was used to calibrate our bioinformatic pipeline and confirm specific

candidates.

Results
Distribution of variant type, size and location

The 3,110 samples represented 21 countries across Africa (Central, East, West), Asia (South,

Southeast) and South America (Supplementary Table 1), and all displayed little evidence of
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multiplicity of infection and non-anomalous coverage (see Methods). Using a bioinformatics
pipeline based upon DELLY?3, we identified more than 1 million putative variants relative to the
3D7 reference genome, which after filtering (see Methods) was reduced to a total of 70,858 high
quality variants (70,257 deletions: mean 402.88 per sample, median size 26 bp; 601 duplications:
mean 0.39 per sample, median 1,478 bp). Of these, only 1,251 high quality specific large deletions
(>500 bp; mean 1.39 per sample, median size 670 bp) and 385 duplications (>500 bp; mean 0.13
per sample, median size 1,478 bp) were detected (Figure 1). The majority of the duplications
(94.7%) and half the deletions (34,065 deletions; 48.6%) were unique to single isolates (total:
34,634; 34,065 deletions and 569 duplications). Both deletions and duplications tend to occur
within intergenic regions (intergenic/genic ratio: deletions 1.42, duplications 2.15). A (1 kbp)
window-based analysis was used to identify regions with overlapping but distinct SVs. For
deletions, 24,947 (of 27,388) windows (78.1% genic) were represented, compared to 2,441

windows (80.4% genic) for duplications.

Frequently occurring specific variants

Previous work has shown that SVs present in a relatively high frequency of the global population
are consistent with evidence of phenotypic selection?, and therefore we investigated variants
identified in at least 5% of the global population (n=3,110). In total we identify 1,676 frequent
variants of which only one is a duplication, this being the previously identified 436 bp gchl
promoter region duplication®. Of all frequent variants, 723 (43.1%) are genic and the median
length is 27 bp (Supplementary Table 2). Only five variants are greater than 500 bp in length,
including four intergenic deletions (size range: 605 to 1,023 bp), and one 553 bp deletion in liver
stage antigen 3 (PF3D7_0220000). Interestingly the 553 bp deletion in PF3D7_0220000 is
present primarily in Southeast Asia, particularly Thailand (14.6%), Laos (11.5%), and Myanmar
(11.2%) (Global 5.5%; Africa 0.1%, America 0.0%, Asia 10.2%), and may represent region-
specific host-directed selection. Two of the intergenic variants show strong evidence of
continental differences (Allele frequency difference: Fsr score >0.2), including a 1,015 bp

deletion in chromosome 9 upstream of gexp22 (PF3D7_0935500) (Fst: 0.227; Africa 13.2%,
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America 70.8%, Asia 41.7%) and a 605 bp deletion in chromosome 12 upstream of ap2mu

(PF3D7_1218300) (Fst 0.249; 0.2% Africa, 0.0% America, 33.6% Asia).

Exploration of structural variation in anti-malarial resistance candidates

Given that structural variation can have a significant impact on gene expression and anti-malarial
resistance, we focused our analysis on the identification of novel structural variants in candidate
genes (dhfr, dhps, kelch13, mdrl, gchl, crt). Because it is possible for heterogeneous duplications
(i.e. differences in genetic copies) to display as mixed phasing calls, we extended our dataset to
include those duplications previously excluded for highly heterozygous phasing, leading to a
dataset that included 102,483 putative variants. To minimise the number of false positives, we
manually verified the genomic data for all candidate regions. Overall, no high-quality SVs were
identified in SP resistance associated dhfr (PF3D7_0417200) or dhps (PF3D7_0810800) genes,
or artemisinin resistance associated kelchl3 (PF3D7_1343700). We identify 115 specific
duplication types containing mdrl in 189 samples, primarily in Southeast Asia (Global 12.9%;
Cambodia 9.5%, Myanmar 11.9%, Papua New Guinea 3.8%, Thailand 29.0%, Vietnam 5.9%),
and near absent in Africa (Global 0.10%; Ghana 0.2%) (Figure 2), consistent with previous
reports®*. Similarly, tandem duplications are also present in KEO1 (Kenya) and KHO1 (Cambodia)

within our complementary PacBio-based dataset (n=13).

The whole gene duplication of gchl (PF3D7_1224000) and a recently identified 436 bp gchl
promoter duplication may be linked to SP resistance®. We identify 307 samples with 135 distinct
forms of whole gene duplication across gchl (9.9% of the total dataset) (Figure 3). Similar whole
gene tandem duplications were present in PacBio samples for 7G8 and KH02, as a triplication in
GB4, and as a triplication with an inverted middle copy in Dd2, this being consistent with the
existing literature’. In contrast, 491 high quality samples are positive for the previously identified
436bp specific ‘promoter region’ duplication (14.0% of total). We confirm this duplication being
present at near-fixation in Malawi (89.5%), frequent in the rest of East Africa (Tanzania 78.5%,
Kenya 31.6%), maintained in West Africa (Gambia 6.1%, Ghana 4.3%, Guinea 22.2%) and

Central Africa (Democratic Republic of Congo 26.3%), but absent from all Asian and American
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samples (Regional Fsr 0.554). No such duplication was found in any PacBio sample (n=13),
though none of these are from Malawi. These data therefore support the gchl promoter
duplication being present at notable frequency across Africa, and the need for further functional

characterisation of any potential role in SP resistance.

Finally, evidence for a 22.9 kbp duplication of crt (PF3D7_0709000) is present and consistent
across 32 samples isolated in West Africa (4.3%), specifically sub-populations isolated in Burkina
Faso (14 samples, 29.2%), Ghana (15 Samples, 3.4%), Guinea (1 sample, 0.85%) and Mali (1
sample, 1.8%). Those 32 samples correspond to 26 specific variants, the consensus of which
suggests that the duplication is most likely around 22,893 bp in length, and therefore includes
several genes (PF3D7_0708900 (scol), PF3D7_0709000 (crt), PF3D7_0709050 (small
nucleolar RNA), PF3D7_0709100 (cgl), PF3D7_0709200 (glp3) and PF3D7_0709300 (cg2))
(Figure 4). Three additional samples (2 from Ghana, 1 from Burkina Faso) also display a similar
28.7 kbp duplication, which also includes PF3D7_0708800 (heat shock protein 110). No crt
duplication was present in our secondary PacBio dataset (n=13). To explore the specific
variability of crt in each sample, we calculated the abundance of resistance-associated haplotypes
directly from raw reads, finding that both the CVMNK (chloroquine susceptible) and CVIET
(chloroquine resistant) haplotypes were present in all 21 duplication-positive samples in 1:1
ratios, with all other global samples generally featuring only one haplotype. Specific read counts
suggested carriage of one chloroquine susceptible and one resistant form. It is unclear, without
additional transcriptional analysis, whether these forms are expressed independently though we
hypothesise that the presence of both forms may allow individual parasites to benefit from the
resistance form whilst reducing associated fitness costs. If so, heterogeneous duplication of this

sort may represent a more evolutionarily resilient form of crt-associated resistance.

Population-Specific Variants
Regional differences (across West Africa, Central Africa, East Africa, South Asia, Southeast Asia,
South America) in SV frequencies were quantified with Fsr analysis for all high-quality variants

(median (range): deletions 0.002 (0 - 0.613); duplications 0.001 (0 - 0.554)). A total of 153 high
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quality variants (152 deletions and one duplication) have strong regional differences (Fst >0.2),
including: (i) an Asia-specific 59 bp deletion within the hypothetical protein PF3D7_0312900
(Fst0.613, 69.8% South Asia, 70.9% Southeast Asia, 0.0% Rest of the World), (ii) a 40 bp South
America-specific deletion in the putative histone deacetylase PF3D7_1472200 (Fst 0.497, 54.2%
South America, 0.0% Rest of the World), and (iii) the 436 bp gchl promoter region duplication
(Fst0.554, 78.0% East Africa, 17.2% Central Africa, 6.8% West Africa, 0.0% Rest of the World)

(Supplementary Table 3).

Extending our analysis to include variants within the full dataset, we identify a subset which
display significant population specificity whilst also being supported by manual inspection of
coverage depth and split read support. Non-drug resistance candidates (described earlier), include
a 169 bp deletion within the rhoptry-associated membrane antigen PF3D7_0707300 (Fsr 0.354;
46.0% Africa, 0.6% Asia, 0.0% America), and a 370 bp deletion in the ring-infected erythrocyte
surface antigen PF3D7_0102200 (Fst 0.213; Africa 40.3%, Asia 4.2%, America 4.2%) with
elevation in West and Central Africa (Fst 0.321; West Africa 66.1%, Central Africa 36.1%, East
Africa 4.1%, South Asia 50.9%, Southeast Asia 2.5%, South America 4.2%). We also identify a
near Africa-specific 586 bp deletion within the C-terminal of reticulocyte binding protein 2
homologue b (rh2b, PF3D7_1335300) (Fst: 0.334; 58.4% Africa, 12.5% America, 1.3% Asia)
and a 29 bp deletion in rhopH2 (PF3D7_0929400) (Fst 0.288; 73.7% Africa, 100% America,
40.8% Asia), knockdown of which has been shown to inhibit parasite growth within host

erythrocytes®®.

Companion visualisation tool

To facilitate exploration of the full dataset produced by our analysis pipeline by the wider
scientific community, we developed a companion visualisation tool contextualising these SVs
within multiple populations (Supplementary Figure 1). This tool and its associated documentation

are publicly available at https://pathogenseq.Ishtm.ac.uk/PfGlobalSV.html.

Discussion
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This large and geographically comprehensive study of SVs in P. falciparum characterises both
known and novel variants, the latter occurring in loci associated with antimalarial resistance, host-
pathogen interactions, and disease severity. Deletions represent the bulk of SVs (>99%)
identified, primarily due to an abundance of shorter forms (median 26 bp) in comparison to
duplications (median 713 bp). We find that 48.6% of high quality deletions and 65.0% of high
quality duplications were found in single samples, in line with previous work with smaller sample
sizes including the most recent which found that approximately half of structural variants were
only present in one of 16 samples®. Previous studies have often overlooked the role of smaller
structural variants, defining and applying a minimum size of 500 bp. Our results demonstrate that
a significant number (97.7%) of high quality variants are present in the 15 to 500 bp size range,
indicating that previous studies have under-estimated the full range of genomic variants within
the P. falciparum genome. This finding that most SVs are under 500bp in size is consistent with

previous studies in various species®®,

Population-specific SVs suggest evidence of localised selective pressurel. These include the drug
resistance associated mdrl and gchl genes, and a striking novel 22.9 kbp duplication of the
chloroquine resistance associated gene crt, for which samples are positive for both the CVMNK
(chloroquine susceptible) and CVIET (chloroquine resistant) forms of the gene across multiple
independent West African sub-populations. It is unclear whether dual-carriage of these variants
would allow expression of both or either forms of the crt transporter, though it is likely that this
could allow individual parasites to benefit from chloroquine resistance with a reduced fitness cost.
This finding may also be similar to previously identified alternatively spliced forms of crt in
eastern Sudan which were hypothesised to facilitate ‘switching’ between chloroguine resistant
and susceptible isoforms!’. Further short ~29 bp and ~430 bp deletions identified here at low
frequency in crt may reflect the specific deletions identified in that same study. Follow up studies,
particularly with culture-adapted clinical isolates in which this duplication is present, are required
to properly characterise in vitro phenotypes. We also present further characterisation of the
promoter region duplication for the SP resistance associated gene gchl, previously identified in

Malawi®. This additional analysis confirms the duplication is at near-fixation in Malawi, and

91



highlights its presence across Central and East Africa, including notably high frequencies in
Tanzania, Kenya, Guinea and the DRC. Further this genetic region has been shown to be under

positive selection in Malawi using SNP-based metrics®.

Our results demonstrate that application of our pipeline can enhance the speed and capacity of
high throughput structural variant discovery. However, this is not without limitations, especially
as we rely upon validity of the underlying mapping, for which some regions (such as those which
are highly variable or repetitive) are known to be difficult to characterise. In an attempt to resolve
this issue, we excluded known highly variable regions from our analysis, such as var, rifin and
stevor genes and subtelomeric regions. However, in doing so we prevent discovery of true variants
within these regions, including duplications in AT-rich loci’. In addition, all identified variants
were identified relative to the 3D7 reference strain, consistent with the approach taken in other
studies®!!, Given that 3D7 is most likely an African strain, SVs within African samples may be
artificially under-represented due to those variants also being present within 3D7. Further, the
discovery stage of our pipeline inherits the limitations of those tools, such as an inability to infer
high quality inversions. This risk was limited by prioritising those variants that were identified by

DELLY with support from an alternative discovery software (CNVNator or Control-FREEC).

The approach taken in this study, as with standard SNP discovery, requires single-genotype
samples, preventing investigation of more complex isolates. By pre-screening for single clone
infections and filtering on rates of predicted phasing, we were able to reduce false positive calls
but also removed several highly likely variants that presented with a high prevalence of predicted
heterozygous calls and potentially underestimate the total number of duplications. Notable
candidate variants excluded from our highest quality dataset but supported by manual inspection
of coverage depth or similar variants within the existing scientific literature include 102 putative
deletions within the glycophorin A binding, invasion-critical gene EBA175 (PF3D7_0731500)%,
the most prominent being a 424 bp deletion in 1,492 samples (30.5% of samples). We also identify
a 586 bp deletion elevated in Africa (58.4% Africa, 12.5% America, 1.3% Asia) within Rh2b, a

gene that plays a key role in erythrocyte invasion®®, for which similar deletions have previously
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been identified (and validated here) in the T996 P. falciparum line?® and samples from Senegal,
where it is possibly associated with the utilisation of neuraminidase-sensitive invasion
pathways?t. Another is a 29 bp deletion in rhopH2 (PF3D7_0929400), with a reduced prevalence
in Asian populations, knockdowns of which have been shown to inhibit parasite growth within

host erythrocytes®®.

Our final count of 70,858 high quality specific variants assumes that each SV is distinct by their
specific base-pair location. This means that we identify variants which arose from similar
evolutionary events but may place insufficient emphasis on variants with a shared phenotypic
impact. Previous studies collapsed analysis to a locus level, but risk overlooking complex
structural variation within the same gene. This challenge was partially resolved via our secondary
windows-based approach, whereby variants are grouped due to their presence within a 1 kbp
window. Overall, our work presents a set of high quality structural variants, some population
specific, which are likely to have functional consequences for drug resistance and erythrocyte
invasion. An extended list of further structural variation requires both technological advances,
such as low cost long read platforms with low error rates, as well as computational and algorithmic
advances that assemble genomes to high accuracy and require less hands-on filtering. To facilitate
further exploration of our full set of global structural variation by the wider scientific community
we have developed a visualisation and analysis tool. This resource will assist much-needed
genomic investigations into P. falciparum, potentially leading to biological insights for the

development of disease control measures.

Methods

Sequence data

Illumina raw sequence data from more than 3,500 samples in the Pf3k project were downloaded
from the European Nucleotide Archive (see the project website,
https://www.malariagen.net/projects/pf3k). The raw sequences were aligned to the P. falciparum

3D7 genome using bwa-mem software, (settings: —c 100 —T 50)?2, with a mean coverage of 70.7x
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(Genic: 91.1-fold, Intergenic: 41.8-fold). SNPs and small indels (<15 bp) were called using
SAMtools/BCFtools? (default settings) and GATK software?* (settings: "-T UnifiedGenotyper -
ploidy 1 -gim BOTH -allowPotentiallyMisencodedQuals 2”). The overlapping set of variants
from the two algorithms was retained for further analysis. Samples bearing abnormal coverage
less than 20-fold or greater than 300-fold coverage were excluded to reduce false positive rates.
Similarly, samples with complex infections were excluded. Multiplicity of infection (MOI) was
assessed by estimating mixed SNP call abundance (cut-off >20% genotypes) and using estMOI
software* (MOI>1). After quality control, our dataset included 3,110 samples representing West
Africa (n=738), Central Africa (n=360), East Africa (n=474), South Asia (n=53), Southeast Asia
(n=1,461), and South America (n=24). The Illumina data were supplemented by PacBio
sequences (ERP009847) from 13 laboratory strains?, including 7G8 (Brazil), IT (Brazil), HB3
(Honduras), GAO1 (Gabon), GNO1 (Guinea), GB4 (Ghana), SNO01 (Senegal), CD01 (Congo),
KEO1 (Kenya), SD01 (Sudan), Dd2 (Indochina), KHO1 (Cambodia), and KH02 (Cambodia).
These whole genomes were used to validate any putative deletions and duplications detected in
discovery pipeline applied to the 3,110 samples. Manual verification of candidate duplications

and deletions was facilitated by examination of per-base coverage plots and read pair alignments.

Structural variant discovery

Structural variants were predicted from short read alignments against the latest 3D7 reference
assembly using DELLY (v0.7.3), which has been found to be robust across a range of organisms*2.
Variants longer than 100,000 base pairs were excluded as a conservative filter for erroneous calls,
whilst variants identified in a subtelomeric, or highly variable loci such as var, rifin and stevor
genes were removed due to established difficulties in accurately mapping these regions. Further,
as 7G8 and GB4 have both Illumina and PacBio data, they were used to identify additional highly
variable regions for exclusion, as well as assess pipeline parameters. In particular, structural
variant discovery and analysis was performed on both the simulated and true Illumina read
alignments for each clone, where the paired reads were aligned against their corresponding
PacBio references, and structural variant discovery was performed with DELLY. Pipeline

parameters were optimised for maximum concordance, and genomic regions (predominantly AT-
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rich) with high numbers of false positives excluded. Population-wide filters were also applied to
exclude those variants with a median DELLY quality scores below 0.9, missingness >10%,
absence of paired read support, or homozygous reference calls frequency >10%. Variants were
also removed if they displayed a heterozygous phasing frequency greater than 30%, as these
suggest cryptic mixed samples not identified at the SNP calling stage. Regional hotspots were
identified using sums of samples with variants for 1 kbp sliding windows with a 500 bp step size.
Deletions and duplications were also identified using CNVNator (v0.3.2; bin size of 400 bp)?
and by Control-FREEC version 11.0 (window size 100 bp, window step 50 bp, ploidy of 1)%.
Concordance statistics were derived between DELLY and the alternative methods and used to

further filter variants that did not have support from at least two methods.

Analysis of Population Statistics
Multi-population Fsr statistics were calculated between continent (Africa, Asia, South America)
and region-based sub-populations (West Africa, Central Africa, East Africa, South Asia,

Southeast Asia, South America) for both windows and variants using Nei’s method?,

Calculation of crt haplotype abundance
To determine the variability of crt in duplication positive samples, we conducted strict match read
counts with high quality pre-alignment reads for five specific haplotypes. Haplotype sequences

were 25 base pairs long, and included CVMVK (TGTATGTGTAATGAATAAAATTTTT),

CVIET (TGTATGTGTAATTGAAACAATTTTT), CVIDT
(TGTATGTGTAATTGATACAATTTTT), CVMET
(TGTATGTGTAATGGAAACAATTTTT), and CVMNT

(TGTATGTGTAATGAATACAATTTTT).
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Figure Legends

Figure 1

High quality variants by position, length and per-chromosome. A) Distribution of high quality

structural variants over each chromosome. B) Distribution of deletions by size categories. C)

Distribution of duplications by size categories. D) Distribution of distinct form of deletion across

each chromosome. E) Distribution of distinct forms of duplication across each chromosome.
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Figure 2

Coverage plot confirming the whole gene duplication of mdrl. Blue represents the per base

coverage, Orange indicates the predicted structural variant, Green indicates the gene of interest,

Grey indicates neighbouring genes.
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Figure 4

Coverage plot demonstrating duplication of crt. Blue represents the per base coverage, Orange

indicates the predicted structural variant, Green indicates the gene of interest, Grey indicates

neighbouring genes.
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Supplementary Information

Supplementary table 1: Summary of total sample set (n=3,110).

Continent Region Country Count
Total - - 3110
Africa - - 1572
Africa West Africa - 738
Africa West Africa Burkina Faso 48
Africa West Africa The Gambia 66
Africa West Africa Ghana 446
Africa West Africa Guinea 117
Africa West Africa Mali 55
Africa West Africa Nigeria 6
Africa Central Africa - 360
Africa Central Africa Cameroon 128
Africa Central Africa DRC 232
Africa East Africa - 474
Africa East Africa Kenya 38
Africa East Africa Madagascar 18
Africa East Africa Malawi 353
Africa East Africa Tanzania 65
Asia - - 1514
Asia South Asia - 53
Asia South Asia Bangladesh 53
Asia Southeast Asia - 1461
Asia Southeast Asia Cambodia 651
Asia Southeast Asia Laos 113
Asia Southeast Asia Papua New Guinea 26
Asia Southeast Asia Myanmar 134
Asia Southeast Asia Thailand 335
Asia Southeast Asia Vietham 202
America - - 24
America South America - 24
America South America Colombia 15
America South America Peru 9
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Supplementary Table 2: Most frequent structural variants by count. [large file]
Supplementary Table 3: Most distinct variants by region-based Fst values. [large file]

Supplementary Table 4: Full list of haplotype counts for crt. [large file]

Supplementary Figure 1: PfGlobalSV visualisation tool screenshot.
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Chapter 4:

Analysis of global long read Plasmodium falciparum genomes

identifies novel inversions
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Graphical Abstract:

260 inversions detected in 117 forms across 17 samples

Intergenic & Highly Variable Regions

Intergenic rifin stevor var
Historic Tandem ‘Sandwich’ Inversions
Elongation factors 1-alpha gchl
- — > »
Rh2a & Rh2b pidk
- 92— > - > »

107



Abstract

Structural rearrangements, including deletions, duplications and inversions, in the
Plasmodium falciparum malaria genome underpin a range of genetic variation associated
with antimalarial resistance and host-pathogen interactions. Established examples include
the duplication of mdrl associated with mefloquine resistance, and duplications of gchl
associated with sulfadoxine-pyrimethamine resistance. In comparison, knowledge of
inversions is incomplete, particularly as they are thought to exist within highly variable
or repetitive regions, which are often excluded from genomic data analyses involving
short read sequencing data. With the emergence of long read based technologies there is
an opportunity to identify novel inversions genome-wide. We developed a pipeline for
the robust detection of inversions and, using PacBio assemblies of 17 isolates from 14
countries, identified 260 putative inversions (median: 17; range: 7-20, per sample) in 117
specific forms. These inversions accounted for a median of 506 bp (range: 300-19,068
bp) per sample, compared to a median of 20,055 (range: 841-21,038) SNPs. Whilst, 119
(45.8%) inversions were found in highly variable gene families (rifin: 75 (30 genes),
stevor: 8 (5 genes), var: 36 (22 genes)), others involved significant rearrangement of
genes associated with anti-malarial resistance such as gchl and pi4k, and erythrocyte
invasion such as RH2b/RH2a. Our work provides the first catalogue of polymorphic
inversions in P. falciparum and will facilitate investigations into their functions.

Word Count: 215/300

Keywords: Malaria, Plasmodium, inversions, structural variation, genomics, PacBio,

long-read sequencing, anti-malarial resistance

1. INTRODUCTION
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The Plasmodium falciparum parasite inflicts a high morbidity and mortality on human
populations in malaria endemic regions, especially Sub-Saharan Africa. Investigations of
P. falciparum adaptation for host immune evasion, anti-malarial resistance and other
important genetic mechanisms, have focused on single-nucleotide polymorphisms
(SNPs), and structural variants such as duplications and deletions (Ravenhall et al. 2016,
Cheeseman et al. 2009). However polymorphic inversions, which involve a change in
orientation of a segment of DNA within a chromosome and represent significant genomic
rearrangements, have been overlooked in studies of P. falciparum. In general, these
variants consist of a specific region either being the reverse of an orthologous sequence
in a reference genome or, when combined with duplication, of a high identity paralog.
Such variants have the potential to impact gene expression to the point of
pseudogenisation and underpin phenotype-enhancing events particularly when combined
with other chromosomal rearrangements, such as duplications and deletions (Naseeb et
al. 2016). Inversions are likely to emerge during recombination events or via the actions
of transposable elements (Kirkpatrick et al. 2010, Mathiopoulos et al. 1999), and are
thought to underpin the emergence of humans from other primates (Fuek et al. 2005). The
phenotypic impacts of inversions are not limited to genic disruption as they may, when
located within intergenic regions, define novel intrinsic terminator sites or disrupt existing

regulatory elements (Gusarov et al. 1999).

Only a handful of inversions have been studied in detail in P. falciparum and current
knowledge about their possible functional effects is still limited. Inverted gene pairs
include RH2a and RH2b, which are erythrocyte invasion ligands and a target of protective
immunity (Gunalan et al. 2012), and elongation factors 1-alpha involved in binding
aminoacyl-tRNAs to the ribosomal acceptor site during translation (Dvorin et al. 2010,

Riis et al. 1990). Inversions are also thought to play a key role in the active rearrangement
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of highly variable genes involved in host-pathogen interactions such as those of the var,
stevor, and rifin gene families, and have previously been identified in the apicoplast of
Plasmodium chabaudi chabaudi (Sato et al. 2013). Knowledge of the full extent of
inversions, their global diversity, and effect upon the evolution of the P. falciparum
genome, is limited. This is despite the known roles of duplications and deletions in
conveying anti-malarial resistance factors such as mdrl and gchl (Borges et al. 2011,

Nair et al. 2008).

Previously the discovery of putative inversions has been limited to candidate regions and
to short read based analytical approaches that have difficulties in resolving particularly
repetitive or variable regions, especially for an AT-rich genome such as P. falciparum.
With the development of newer, long read based sequencing platforms such as PacBio
Single Molecule Real Time (SMRT) it is now possible to construct a genome that reduces
the impact of poor de novo assembly in repetitive regions, but also decreases the reliance
on a reference genome where an inversion may not be present. Therefore, we combined
a PacBio long read sequencing approach of P. falciparum samples with an in-depth
inversion discovery pipeline that utilises whole chromosome alignment. Our dataset
consists of seventeen strains sourced from eleven countries, four of which were sequenced
and assembled in-house. In total we identified 260 putative inversions in 117 specific
forms, two of which include genes associated with anti-malarial resistance. Our findings
highlight the potential role of putative inversions in known variable genes, such as var,
rifin, and stevor, represent a robust method for detecting ancestral paralog inversions such
as RH2a and RH2b, and point towards a novel tandem inversion of pi4k that may have an

impact on anti-malarial resistance.
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2.MATERIALS AND METHODS

2.1. Samples and assembly

DNA was extracted from the cultures of four lab strains (K1, Thailand; D10, Papua New
Guinea; NF54, Africa; T996 Thailand), and sequenced on the Pacific Biosciences
(PacBio) RSII long read technology at the Genome Institute of Singapore. Sequencing
reads were assembled using Hierarchical Genome Assembly Process HGAP2
implemented in the SMRT Portal software suite. Short low confidence contigs (length
<1000 or identity < 90%) were removed from subsequent analyses. The overlaps between
the start and end of large contigs were found by self-aligning using Mummer software
(Delcher et al. 1999) and removed using in-house scripts. Contigs were aligned, scaffolds
inferred, reordered and, if needed, reverse-complemented according to the 3D7 reference
using the mummer tool and in-house scripts. Following this the reads were realigned to
the scaffolds to improve the consensus concordance, leading to complete chromosomes.
Chromosome-wide assemblies of PacBio sequence data were also available for a further
13 strains (accession number ERP009847), including five laboratory strains 7G8 (Brazil),
Dd2 (Indochina), GB4 (Ghana), HB3 (Honduras), IT (Brazil), and eight field isolates
GNO1 (Guinea), SNO1 (Senegal), CD01 (Congo), GAO1 (Gabon), KEO1 (Kenya), SD01

(Sudan), and KHO1 and KHO02 (Cambodia) (see Otto et al. 2018).

2.2. Inversions discovery and verification

For each of the 17 strains, the whole chromosome alignments were mapped against the
3D7 reference (v3) using nucmer (Delcher et al. 1999) to identify genomic regions of
high identity (greater than 75%). Additional filtering was based on inclusion of reverse
alignments, sequence length greater than 300 bp, and 3D7-strain mapping distances
within 50 kbp. The pipeline and associated scripts are available

(https://github.com/mattravenhall/PfINV). Manual verification was assisted through
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alignment of candidate regions with BLAST (Camacho et al. 2009), as well as the
multiple alignment of orthologous sequences using ClustalO (Sievers et al. 2011). SNPs
were inferred using snp-sites software (Page et al. 2016), and their impacts were predicted
using  functions  from  our ‘bio’ Python  module  (available  at
https://github.com/mattravenhall/bio). This package was also used for the dissection of

palindromic motifs within candidate sequences.

3. RESULTS

3.1. Inversions are rare and long variants

We identify 260 putative inversions with greater than 75% sequence identity and 92 with
greater than 95% identity (Figure 1d). The inversion set (n=260) represents a mean
number per sample of 15.3 (£4.7) (median: 17; range: 7-20) (Table 1) and corresponds
to 117 distinct forms with a median length of 506 bp (mean 1,577.3 bp) (Supplementary
Table 1). In comparison we identified a median of 20,055 SNPs (841 to 21,038) and a
median of 29,630 (range: 4,249 to 38,141, mean: 23,281.1) bp of inversions per sample,
with a ratio of number of SNPs to total inversion length close to one (mean: 1.38, median:
0.66; range: 0.02-4.85). This suggests an equivalent proportion of the P. falciparum
genome is impacted by inversions as by SNPs, though SNPs are likely to emerge far more
often. There was no significant difference in the number of inversions between the three
primary continents (Africa (n=8): 16.4 +4.4, Asia (n=5): 15.2 5.9, America (n=3): 13.3

15.0; Kruskal-Wallis P=0.570), though sample size is limited.

The majority of putative inversions (n=217, 83.5%) are present within intergenic regions
or the highly variable members of the rifin (75 inversions; 30 genes), stevor (8 inversions;
5 genes), and var (36 inversions; 22 genes) gene families (Figure 1b). These inversions

are significantly shorter than the others (median length: intergenic or highly variable

112



regions 482 bp, vs. other regions: 5,329 bp; Wilcoxon test P=2.30x10"*#), with generally
low identities relative to 3D7 (mean: 87.5%, median: 87.4%) suggesting non-recent or
more complex inversion events. We also identify two historic inversion/duplication
events present within RH2a/RH2b and elongation factor 1-alpha (PF3D7_1357000 and
PF3D7_1357100). Further, two sample specific inversions are present in Dd2, where we
identify the previously characterised gchl ’sandwich’ inversion (Miles et al. 2016), and
in GB4 where we identify a novel tandem inversion of anti-malarial drug target pi4k.
Overall, we identify 119 variants within highly variable genes, 98 within intergenic
regions, 42 associated with RH2a/RH2b, 11 associated with elongation factor 1-alpha, 1

of gchl and 1 of pi4k.

3.2. Highly variable genes contain numerous putative inversions

Of the putative inversions within 30 different rifin genes, 15 are present in single samples.
Two genes (PF3D7_0402500, 12 samples; PF3D7_0402700, 14 samples) contain
inversions in the majority of samples. For PF3D7_0402500, we identify inversions in 12
samples, six (GB4, KEO1, IT, Dd2, NF54, T996) with short forms (INVO019; 401 bp) and
six (7G8, GAO1, GNO1, K1, KH01, KH02) with longer forms (INVO018; 562 bp),
including one in Guinean GNO1 with a particularly high identity (98.4%). Similarly, for
PF3D7_0402700, nine samples (IT, KEO1, KH02, T996, 7G8, Dd2, GA01, GNO1, NF54)
contain a short form (INV020; 403 bp), whilst five (CD01, GB4, K1, KH01, SNO1) have
a longer form (INV021; 570 bp). Given the similar lengths to those in PF3D7_0402700,
these genes may represent a tandem inversion or duplicated domain whereby INV018
pairs with INV021 and INV019 pairs with INV020. Alignment of the two genes supports
this, with the pair sharing an approximately 800 bp region (from 350/450 to 1100/1200
bp, 61.6% coverage, 81.6% identity) (Figure 2). Of the remaining putative rifin

inversions, the KHO1 strain displays two inverse matches for specific regions in both
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PF3D7_0114700 and PF3D7_0200500. All four forms (INV005a, INV005b, INVO008a,
INV0O08b) have modest identities (PF3D7_0114700: 84.49% and 84.43%,
PF3D7_0200500: 80.82% for both), suggesting the presence of two KHO1-specific
imperfect duplications within these genes. Manual inspection of those candidate regions
found that INVO005a/b aligned to the start and upstream regions of multiple rifin genes
across several chromosomes, with INV008a/b similarly being found to align to the ends
of multiple rifin genes. This suggests that these specific regions correspond to shared
domains across a subset of rifin genes, with INV005a/b perhaps also including shared
promoter regions. A similar feature is present within the Papua New Guinea laboratory
strain D10 whereby three 329 bp inverted regions (INV073a, INV073b, INV073c) again
with acceptable identities (84.8% for all three) are present. Further alignment of the D10
region against 3D7 found that the core sequence matched multiple var genes, suggesting

that D10 has multiple repeats of a common var domain in this copy of PF3D7_1100300.

Very few isolates share inversions within var genes, with thirty-two variants being
present once and two being present twice. This diversity, and the generally low identities
for these putative inversions (mean: 86.0%, median: 86.1%) reflect the high level of
variability within this gene family. Two notable exceptions are PF3D7_0600600, in
which we identify six putative inversions (INV033 to INV038) in five samples, and
PF3D7_0100500, where we identify a 482 bp inversion (INV003; 97.3% identity) in the
Gambian GAOL1 strain. This high identity inversion appears to correspond to a duplicate
inversion 18 kb upstream and a number of similar regions around the genome, suggesting
that the sequence may represent some form of common motif or transposable element.
For PF3D7_0600600, we observe a heterogeneous group of six putative inversions, two
of which (INV033 and INV037) are present in the Kenyan KEO1 strain, whilst the other

four (INV034, INV035, INV036, and INV038) are in NF54, KH02, K1, and CDO1.
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Though two variant pairs (INV035 with INV036, and INV037 with INV038) share
starting breakpoints in KH02 with K1, KEO1 and CDO01, there is limited general
concordance for either variant positions or length. In general, this highlights the highly

diverse variability of PF3D7_0600600.

Even fewer putative inversions are present within stevor gene family members, with five
samples containing variants within five genes, though the degree of identity is relatively
low (mean: 83.79%, median: 82.91%). Of those, the IT strain has candidate inversions in
three genes, a 651 bp region in PF3D7_0631900 (INV039), a 932 bp region in
PF3D7_1254300 (INV081), and a 1012 bp region in PF3D7 1300900 (INV093). A
similar 959 bp inversion in PF3D7_1300900 is present in the Guinean GNO1 strain. These
inversions are all generally low identity with broader alignment showing that these
specific sequences are generally shared across multiple stevor genes. Finally, three
African samples (GB4, GAO1, GNO1) contain a putative inversion (INV117) within the
same region of PF3D7_1400700, each approximately 1 kbp in length. Poor alignment of
these flanking regions and the general repetitiveness of this region suggests that INV117
may represent a detection of an inverted nearby gene with relatively high similarity to

PF3D7_1400700.

3.3. Inverted paralogs play a significant role in P. falciparum genome

Our approach identified two gene pairs (RH2a/RH2b and elongation factors 1-alpha) that
have emerged through historical duplication and inversion. RH2a and RH2b represent the
classic example of a tandem inverted duplication in P. falciparum, being absent from
other Plasmodium species (Otto et al. 2014) and bearing a key role in erythrocyte invasion
(Duraisingh et al. 2003). The pair consists of two highly similar genes that emerged from

the inverted duplication of their ancestral gene and therefore represent high identity
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inverted paralogs of one another. Putative inversions were identified in 13 samples (7G8,
GB4, Dd2, HB3, IT, CDO01, KEO1, GA01, SD01, GNO1, K1, NF54, T996), but absent in
the remaining four isolates due to RH2b being fully deleted in KHO1 and D10, partially
deleted in the 3’ region in SNOI1, and having minor deletions in KHO02. We also identify
putative inversions of the intergenic regions between RH2a and RH2b, and upstream
towards and including a ~200 bp region of RH6. These likely represent components of

the original inversion duplication between which later variation has occurred.

A lesser-known example of a historic tandem inversion is elongation factors 1-alpha
(PF3D7_1357000, PF3D7_1357100), which presents with similarly high identities as
RH2a and RH2b (mean: 99.06%, median: 99.51%). This gene pair are, as with Rh2a and
Rh2b, a well-established example of a tandem duplication where one of the pair is
inverted relative to the other (Vinkenoog et al. 1998). This pair is also intriguing due to
the presence of a bi-directional promoter within the intergenic region between the two
genes (Fernandez-Becerra et al. 2003). Putative inversions were detected in sixteen
samples, in which the majority have a 4,433 bp variant. These were absent in T996, and
the Congolese CDO01 strain has shorter 1,354 and 1,356 bp inversions (INV111 and
INV113), which are present for each gene separately. This emphasises the non-inverted
nature of the intergenic region between the gene pair, as this region aligns near perfectly

with the reference but in only one direction.

3.4. Dd2 features a ‘sandwich’ inversion of YHM2, PF3D7 1223900, and gchl
Our approach highlighted a more complex rearrangement containing gchl in which a
tandem triplication event contains an inverted copy (INV080) between two non-inverted

copies of the region. We refer to this rearrangement as a ‘sandwich’ inversion for ease of

reference. The Dd2 region therefore includes the wildtype YHM2 (PF3D7_1223800),
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PF3D7_1223900, and gchl (PF3D7_1224000) region followed by a near-identical
inversion of those three genes, completed by a third set of the three genes in wildtype
arrangement (Figure 3a). This feature represents a 5,306 bp region of Dd2, corresponding
to a 5,329 bp region of our 3D7 reference, with 98.6% identity (Supplementary table 1).
This feature represents the inverted segment of the previously identified Dd2 tandem
triplication (Miles et al. 2016). This form of inversion appears to be unique to Dd2 and
may therefore represent variation acquired within the laboratory after initial collection.
Phenotypically the inclusion of PF3D7_1223800 (YHM2) and PF3D7_1223900 is curious
as it could suggest some secondary impact alongside that of gchl duplication, or at least
a limited negative impact on the preserved genotype. The preservation of all three genes
also supports this feature having occurred as a result of a single triplication event, rather

than multiple recombination events.

3.5. GB4 contains a putative ‘sandwich’ inversion of PF3D7 0509700, PI4K and
PF3D7_0509900

A ‘sandwich’ inversion is present within a ~7 kbp region of GB4 with the inverted region
sharing 97.7% identity (INV027). The central inversion (PI4K_B) includes two genes,
one of unknown function with a predicted C-terminal Nse4_C domain (PF3D7_0509900)
and phosphatidylinositol  4-kinase (pi4k, PF3D7_0509800), the target of
imidazopyridines (McNamara et al. 2013). The third duplication (P14K_C) also includes
a section of PF3D7_0509700 (a conserved unknown protein) (Figure 3b). The full
PF3D7_0509700 may be duplicated but an assembly gap between the second (P14K_B,
inverted) and third (P14K_C, longer) duplication makes full resolution of the region
difficult. Both P14K_B and PI4K_C contain SNPs encoding putative premature stop
codons, whilst PI14K_A contains some minor deletions relative to 3D7, particularly in

repetitive domains. P14K_B also lacks a 111 bp segment in its 5’ region. It seems probable
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that PI4K_B and PI4K_C are non-functional alleles of wildtype PI4K. If PI4K_A is also
shown to be non-functional, this ‘sandwich’ inversion may represent significant
disruption of the region rather than an increase in expression, as is classically assumed
with duplication events. Evolutionarily, the presence of PF3D7_0509700 in P14K_C, but
not P14K_B, suggests that this triple duplication arose through at least two recombination
events. Repeated recombination of the region would be consistent with a process of

pseudogenisation following the removal of preserving selection.

3.6. Intergenic regions contain inversions

Ninety-eight inversions are present in intergenic regions of 3D7, and most bear high
identity (mean: 92.3%, median: 94.2%, range: 76.5-99.05%). Within this subset are a
number of distinct regions, which reflect variation stemming from low complexity, local
inversions as well as constituting parts of larger genic inversions. Twenty-six putative
inversions exist within chromosome 13 (128,289 to 128,794 bp) but bear generally lower
identity scores (mean: 88.5%, median: 89.6%, range: 76.5-97.7%) with the exception of
three particularly high identity variants in Kenyan KEO1 (INV095, 300 bp, 97.7%),
Congolese CD01 (INV096, 302 bp, 97.7%) and Honduran HB3 (INV096, 302 bp,
96.2%). In general, this core sequence has low complexity and high repetition with
manual realignment highlighting similarity between this region and an inverse sequence
~5 kbp upstream. Variants within this region would therefore reflect local similarity with
those of high identity seeming to reflect a true local 300 bp inversion in KEO1, CDO01,

and HB3.

A subset of intergenic inversions hint at possible errors in the 3D7 reference, likely due

to its assembly from short read sequences. Specifically, whilst manual alignment of

INV110, INV114, and INV115 found high identity inverted matches for those specific
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sequences (INV110: mean: 98.9%, median: 99.0%, range: 98.5 - 99.0%; INV114: mean:
95.7%, median: 95.9%, range: 91.3 - 97.6%; INV115: mean: 97.3%, median: 97.6%,
range: 94.5-99.1%), this did not hold true for their flanking regions. All three candidate
inversions are present in multiple sequences (INV110: eleven isolates: GB4, HB3, Dd2,
IT, KEO1, CDO01, SD01, GAOL, NF54, K1, T996; INV114 and INV115: twelve isolates:
7G8, GB4, HB3, Dd2, IT, KEO1, CD01, SD01, GAO1, NF54, K1, T996) with high
identity for both the publicly available and in-house PacBio sequences, ruling out the
possibility of contamination and the sequence is too specific, extensive and isolated for a
possible sequencing error. Realignment and manual inspection of these variants and 1,000
bp flanking regions found high identity alignment (>95%) with Plasmodium sp. gorilla
clade G1 genome assembly (LT963426), a PacBio assembly for a species closely related
to P. falciparum. This observation suggests that the corresponding genomic region within
3D7 may be incorrectly assembled, potentially due to repetitive sequences that PacBio is

better able to resolve.

4. DISCUSSION

Inversions within the P. falciparum genome are generally rare, with an average of ~15
per sample, and can generally be classified into three forms: classic, tandem, and
sandwich. Classic inversions refer to those examples where a specific sequence has been
flipped in situ without duplication. Tandem inversions refer to tandem duplications in
which one of the copies is flipped. Whilst, sandwich inversions refer to triplication events
or beyond in which the middle copy is reversed relative to the other copies. Classic
inversions are particularly rare, with no clear genic examples being identified in this
study, though a number of intergenic examples were present (such as INV110); instead
inversions seem to occur in combination with duplication events. Tandem inversions

include the classic examples of RH2a/RH2b and elongation factors 1-alpha, but also an

119



array of intergenic or highly variable regions. Finally, only two examples of sandwich
inversions were observed, the previously identified inversion of gchl within a triplication
in Dd2, and the novel inversion of pi4k in GB4. Both represent variants within laboratory

strains with none such examples identified within our field isolates.

As may have been expected given the potentially disruptive consequences of this form of
genomic rearrangement, most putative inversions were present within intergenic or highly
variable regions. The majority are of lower identity, suggesting the detection of either
pseudo-inverted regions or older inversions with depreciated identities. Despite this
challenge, we identify several specific, high identity inversions that likely represent true
inversion-based recombination of these genes. The use of PacBio SMRT long read
sequencing represents a significant opportunity to resolve some genetic regions that have
been previously overlooked due to usual exclusion of these regions, and follow-up
functional work may present insights into virulence or host immune evasion. The P.
falciparum genome is host to three families of highly variable genes, the products of
which are expressed on the surfaces of infected human erythrocytes conveying key roles
in malaria pathology (Niang et al. 2009, Gardner et al. 1996, Kyes et al. 1999). Given
their exposure to the human immune system, there is significant selective pressure driving
these genes to be hyper-variable with this variability consisting of SNPs, indels, and larger
genetic rearrangements. Inversions have been presumed to play a role, but little is known
about the extent. A greater understanding of the structural variation for these hyper-
variable genes is one key aspect to understanding their role in infection and immune

evasion, and therefore in informing future vaccine or anti-malarial strategies.

Inversions were observed across several samples for specific regions of the same genes

or intergenic regions, suggesting the detection of specific sub-domains within these
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diverse genes. One such example is that of the rifin pseudogenes PF3D7_0402500 and
PF3D7_0402700, for which each contains a pair of mirrored domains approximately 400
and 560 bp in length (INV019 with INV020, and INV018 with INV021). This specificity
of similarity is striking, and points towards a possible direct functional relationship
between these two genes. Similar selection signals also appear to be present for intergenic
inversions such as INV110, a 579 bp inversion downstream of the putative chromosome
condensation regulator PF3D7_1356600. The functional implications of INV110 are
unclear, as the specific region is intergenic, but its presence within multiple samples

suggests some level of active conservation.

One initially unexpected finding of our study was the detection of novel tandem inverted
duplications similar to RH2a/RH2b and elongation factors 1-alpha, one example being
PF3D7_0402500 and PF3D7_0402700. This form of structural variant is uncommon but
significant, and arguably represents an under-appreciated component of P. falciparum
evolution. This is particularly compelling when considering the classic example of
RH2a/RH2b, a gene pair specific to P. falciparum, which have been linked to sialic acid
independent invasion, and erythrocyte binding (Gunalan et al. 2012, Desimone et al.
2009, Sahar et al. 2011). Further, two specific regions contain unique sandwich
inversions: the inverted duplication of gchl in Dd2 (INV080) and of pidk in GB4
(INV027). Curiously both genes have significant roles in anti-malarial resistance; for
gchl, whole gene and upstream duplications have been associated with late stage
resistance to sulfadoxine-pyrimethamine (SP) (Borges et al. 2011, Ravenhall et al. 2016),
whilst pidk is the target of imidazopyrazines (McNamara et al. 2013). Both are also lab
strains rather than field isolates, suggesting that these inversions may have emerged
within the lab after initial isolation. The sandwich inversion of gchl in Dd2, in which a

triplication of gchl features an inverted central copy, has been previously characterised
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in some detail (Miles et al. 2016), albeit primarily within the context of duplication given
the role of similar gch1 duplications in SP resistance. In contrast, the inverted duplication
of P14K appears to be novel, and less clearly resolved as a triplication due to the presence
of an assembly gap between P14K_B and PI14K_C. Manual inspection suggests that this
region may be undergoing pseudogenisation in GB4, owing to the presence of putative
premature stop codons within PI14K_B and PI4K_C. It is unclear whether the SNPs
present within P14K_A would also lead to a loss of function. The third PI4K_C section of
the triplication also includes a copy of PF3D7_0509700, which has been shown to bind
with alternative splicing regulator PfSR1 (Eschar et al. 2015), however the
aforementioned assembly gap makes full investigation difficult. It is similarly unclear

whether triplication of PF3D7_0509900 has a phenotypic impact.

Inversions play an understated role in P. falciparum genomics, but the phenotypic impact
of this variation remains poorly characterised. Our study represents a step towards a
broader understanding of P. falciparum inversions around the globe for both specific
candidates, particularly those associated with anti-malarial resistance, and for identifying
patterns within the diverse erythrocyte surface exposed var, stevor, and rifin gene
families. We also demonstrate the power for long read sequencing approaches in
identifying novel inversions within assemblies through whole chromosome alignment

and encourage broader use of similar approaches for discovery in larger sample sets.
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Figure Legends

Figure 1: Summary panel of inversions: (A) Genomic positions of each inversion, (B)

Distribution of locus type*, (C) Distribution of inversion sizes, (D) Distribution of

identities per inversion.
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Figure 2: Schematic representation of orthologous regions of PF3D7_0402500 and

PF3D7_0402700, including predicted inversion pairs.

4 Inversion definitions: Tandem Inversion = Forward copy followed by reverse copy, Sandwich = Reverse
copy between two forward copies, Intergenic = Outside a coding region, Historic Tandem Inversion =
Previously characterised inversions present in all P. falciparum relative to other species, Highly Variable

Region = Present within a known highly variable gene.

127



155970 156170 156370 156570 156770 156970
L | | |

PF3D7_0402500

BLAST (81.6%)
——  INVO18-INV021
—  INV019-INV020

PF3D7_0402700

I T T T T
162600 162800

1
163000 163200 163400 163600

Figure 3: Schematic candidate diagrams for inversions of: (A) gchl in Dd2, (B) pik4

in GB4. Dashed lines indicate a gap between contigs in the strain assembly.
A.

gch1

[ I \ I
970000 972000 974000

976000 978000

pidk

r-
|
I
I__

I I 1
416000

I I I
410000

408000

412000 414000

418000

420000

128



Table 1: Summary of inversions per sample. *long term cultures; PNG = Papua New

Guinea.
Isolate Location TOtEf‘I Interggnic ngiz{yex?gible Notable _Genic
Inversions | Inversions (rifin, var, stevor) Inversions

7G8* Brazil 8 2 3(3,0,0) RH2a/b

IT* Brazil 18 6 8(3,2,3) RH2a/b, EFla
HB3* Honduras 14 9 2(1,1,0) RH2a/b, EFla
NF54* Africa 20 9 7(5,2,0) RH2a/b, EFla
GAO01 Gabon 20 10 74,21 RH2a/b, EFla
GNO1 Guinea 15 4 10 (5,3, 2) RH2a/b
GB4* Ghana 18 10 4(2,1,1) RH2a/b, EFla, PI4K
SNO1 Senegal 7 1 6(4,2,0) -
CDO01 Congo 20 9 6(3,3,0) RH2a/b, EFla
KEO1 Kenya 17 6 7(4,30) RH2a/b, EFla
SDO01 Sudan 14 8 4(2,2,0) RH2a/b, EFla
Dd2* Indochina 19 8 7(5,2,0) RH2a/b, EF1a, gchl
KHO01 Cambodia 11 0 11 (10, 1, 0) -
KH02 Cambodia 7 2 5(2,3,0) -

K1* Thailand 19 5 11 (8,3,0) RH2a/b, EFla
T996* Thailand 20 7 10(8,1,1) RH2a/b
D10* PNG 13 2 11 (6,5, 0) EFla

Supplementary table 1: Full list of inversions. HTI = Historic tandem inversion; HVR

= Highly variable region; SI = Sandwich inversion; Tl = tandem inversion; Int =

intergenic. [large file]
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Abstract

Significant selection pressure has been exerted on the genomes of human populations
exposed to Plasmodium falciparum infection, resulting in the acquisition of mechanisms of
resistance against severe malarial disease. Many host genetic factors, including sickle cell
trait, have been associated with reduced risk of developing severe malaria, but do not
account for all of the observed phenotypic variation. Identification of novel inherited risk
factors relies upon high-resolution genome-wide association studies (GWAS). We present
findings of a GWAS of severe malaria performed in a Tanzanian population (n = 914, 15.2
million SNPs). Beyond the expected association with the sickle cell HbS variant, we identify
protective associations within two interleukin receptors (IL-23R and IL-12RBR2) and the
kelch-like protein KLHL3 (all P<107°), as well as near significant effects for Major Histocom-
patibility Complex (MHC) haplotypes. Complementary analyses, based on detecting
extended haplotype homozygosity, identified SYNJ2BP, GCLC and MHC as potential loci
under recent positive selection. Through whole genome sequencing of an independent Tan-
zanian cohort (parent-child trios n = 247), we confirm the allele frequencies of common poly-
morphisms underlying associations and selection, as well as the presence of multiple
structural variants that could be in linkage with these SNPs. Imputation of structural variants
in a region encompassing the glycophorin genes on chromosome 4, led to the characterisa-
tion of more than 50 rare variants, and individually no strong evidence of associations with
severe malaria in our primary dataset (P>0.3). Our approach demonstrates the potential of
a joint genotyping-sequencing strategy to identify as-yet unknown susceptibility lociin an
African population with well-characterised malaria phenotypes. The regions encompassing
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these loci are potential targets for the design of much needed interventions for preventing or
treating malarial disease.

Author summary

Malaria, caused by Plasmodium falciparum parasites, is a major cause of mortality and
morbidity in endemic countries of sub-Saharan Africa, including Tanzania. Some gene
mutations in the human genome, including sickle cell trait, have been associated with
reduced risk of developing severe malaria, and have increased in frequency through natu-
ral selection over generations. However, new genetic mutations remain to be discovered,
and recent advances in human genome research technologies such as genome-wide asso-
ciation studies (GWAS) and fine-scale molecular genotyping tools, are facilitating their
identification. Here, we present findings of a GWAS of severe malaria performed in a well
characterised Tanzanian population (n = 914). We confirm the expected association with
the sickle cell trait, but also identify new gene targets in immunological pathways, some
under natural selection. Our approach demonstrates the potential of using GWAS to iden-
tify as-yet unknown susceptibility genes in endemic populations with well-characterised
malaria phenotypes. The genetic mutations are likely to form potential targets for the
design of much needed interventions for preventing or treating malarial disease.

Introduction

Sub-Saharan Africa bears a disproportionately high share of the global Plasmodium falciparum
malaria burden, with 90% of the estimated 212 million annual cases and 92% of 429,000 annual
deaths, mostly in children under five years of age [1]. Whilst the majority of cases of Plasmo-
dium falciparum infection are asymptomatic or cause only mild to moderate clinical symp-
toms, a subset of affected individuals present with severe manifestations such as severe
malarial anaemia and cerebral malaria. Risk factors for severe malaria and its various clinical
subtypes are poorly understood, although host and parasite genotype, age and immune status
have all been established as playing a significant role in individual host susceptibility [2]. Plas-
modium falciparum has also exerted significant selection pressure upon the human genome, as
evidenced by the geographical concurrence of malaria parasite prevalence with sickle cell trait
(HbAS) and other haemoglobinopathies, such as the thalassemias and glucose-6-phosphate
dehydrogenase (G6PD) deficiency.

Recent studies, set in a region of high malaria transmission in north-eastern Tanzania, esti-
mated that host genetic factors account for approximately 22% of the total variation in severe
malaria risk [3], consistent with previous findings in a Kenyan family-based study [2]. Less
than half of this variation can be explained by erythrocyte-associated polymorphisms [4],
including HbS (sickle cell trait), alpha-thalassaemia, ABO blood group [5] and G6PD defi-
ciency [4]. Novel polymorphisms in or around USP38, FREM3 [3], glycophorins gypA/B/E[6,
7], DDC [8], MARVELD3 and ATP2B4 [9] account for additional variation but, in sum, are
less protective than heterozygous carriage of HbS [3]. Moreover, the effects of some of these
loci are subtype-, location-, or population-specific [3, 6, 7, 9], reinforcing the need for targeted
genome-wide association studies (GWAS) in different African populations. Utilising such an
approach with robust malaria phenotypes in parallel with whole genome sequencing of study
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populations is crucial to unravelling host genetic factors that could lead to a greater under-
standing of protective immunity and development of new tools for disease prevention.

To identify novel loci associated with severe malaria in north-eastern Tanzania, we applied
genome-wide association and haplotype-based selection methods to a case-control dataset
with extensive phenotypic data for 914 participants and 15.2 million SNPs. In addition to the
expected HbS (sickle cell) association, our analyses reveal multiple novel loci under association
or selection. Association analysis highlighted significant SNPs clusters within IL-23R, IL-
12RB2, LINC00944, and KLHL3 whilst lone SNP associations were also present within
TREML4 and ZNF536. Further, we reveal loci under recent positive selection including GCLC
and loci within the Major Histocompatibility Complex (MHC). These analyses were supported
by whole genome sequencing of an independent dataset consisting of 247 Tanzanian individu-
als within parent-child trios, which was used to confirm the allele frequencies of putative asso-
ciations and determine if there are any linked common structural variants in chromosome
regions encoding important polymorphisms.

Results
Phenotypic and genotypic data

All severe malaria cases (n = 449) and controls (n = 465) came from the Tanga region of North-
Eastern Tanzania. Severe malaria cases presented with varying combinations of hyperlactataemia
(57.0%), severe malarial anaemia (49.2%), respiratory distress (27.6%) and cerebral malaria
(26.7%) (Table 1). Compared to controls, malaria cases were younger (t test P<2.2,;,®) and mar-
ginally more likely to be male (Chi squared P = 0.012) (Table 1). DNA from all samples (n = 914)

Table 1. Study participants.

Controls Cases Difference
(n = 465) (n = 449) P-value
Age* (median, range) 238 0.9-10.9 1.7 0.2-10.0 <22,
Female 252 54.2% 205 45.7% 0.012
Ethnicity** 0.52
Mzigua 151 32.5% 146 32.5%
‘Wasambaa 142 30.5% 135 30.1%
Wabondei 83 17.8% 86 19.2%
Mmbena 26 5.6% 23 5.1%
Mngoni 17 3.7% 18 4.0%
Pare 11 2.4% 8 1.8%
Mmakonde 11 2.4% 8 1.8%
Mgogo 7 1.5% 8 1.8%
Chagga 9 1.9% 7 1.6%
Other 8 1.7% 10 2.2%
Mixed Ethnicity*** 150 32.3% 172 38.2% 0.065
Hyperlactatemia/acidosis - - 256 57.0% -
Severe Malarial Anaemia - - 221 49.2% -
Respiratory Distress - - 124 27.6% -
Cerebral Malaria - - 120 26.7% -
* months
** based on paternal ethnicity
*** if parental ethnicities were different
https://doi.org/10.1371/journal.pgen.1007172.1001
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007172  January 30, 2018 3/15
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was genotyped on the Illumina Omni 2.5 million SNP chip, and imputed against the 1000
Genomes reference panel (Phase 3) [10] and a Tanzanian parent-child trio panel (see below),
using Beagle 4.1 [11], leading to 15.2 high quality SNPs. These markers were complemented by
180 SNPs within malaria candidate genes, including HBB (encoding HbS) [3, 4, 5] on the same
cases and controls. DNA from a validation cohort of 78 healthy parent and child trios and 13 inde-
pendent individuals (“Trios dataset”, n = 247) were whole genome sequenced using Illumina
HiSeq2500 technology. For the GWAS samples, a principal component analysis (PCA) using all
genome-wide SNPs revealed a low degree of stratification by ethnicity and case-control status (S1
Fig) and potential cryptic relatedness due to familial clustering. A similar analysis revealed that
GWAS and Trio sample clusters overlap, and there is some separation from the other 1000
Genome African populations, including Yoruba (Nigeria) and Luhya (Kenya) (S1 Fig).

Association analysis

GWAS analysis was undertaken with EMMAX mixed model regression [12], controlling for
age as a fixed effect and relatedness (represented in a kinship matrix) as a random effect to
account for the cryptic population clustering. Separate models of association were fitted for
each SNP (additive, heterozygous, dominant, recessive), with their respective genomic infla-
tion factors all being close to one (see S1 Fig for the heterozygous results), consistent with reli-
able adjustment for stratification. A total of 53 SNPs (in 16 genomic regions) were identified
with a significance level below our threshold (P<1,,,®) (Fig 1, Table 2, S1 Table). Relaxing
the stringency would lead to 258 SNPs with a p-value below Leo” and 2,322 below a threshold
of 1,10, As expected, the most significant association was with the sickle cell locus, rs334
(P=8.59,,"%, heterozygous odds ratio = 0.07) (Table 2). Controlling for HbS status through
a complementary conditional GWAS demonstrated our top associations as robust against link-
age with 7s334 (Table 2, S1 Table).

Novel associations of note also include SNPs within the KLHL3-MYOT region (13 SNPs,
Min P =5.85,,,7, Additive OR = 0.590), the IL23R-IL12RB2 region (7 SNPs, Min P = 7.98,,, 7,
Recessive OR = 0.479), FAM155A (6 SNPs, Min P = 6.24“0'7, Additive OR = 0.207), and
CSMDI (5 SNPs, Min P = 7.98,,,7, Additive OR = 4.795). (Fig 2). Three significant SNPs are
also found within both LINC00943/4 and lincRNA AF146191.4-004.

Lone SNP associations are present within proximity of TREML4 (P = 121407, Heterozy-
gous OR = 4.087), zinc finger-containing ZNF536 (P = 8.69410 ", Recessive OR = 0.507),
C4orf17 (P = 3.75410”, Recessive OR = 0.289), and near LINC00670 (P = 2.150”, Additive
OR =3.867). And finally, three intergenic regions display clusters of significance, most notably
a region within chromosome 5 (43,892,232-43,964,366bp; Min P = 217407, Heterozygous
OR = 0.354), as well as regions within chromosome 7 and 11.

As expected, allele frequencies of the putative polymorphisms within the Trios dataset are
generally equivalent to frequencies in our case and control groups, whilst there were some dif-
ferences from the 1000 Genomes populations, including within the HBB locus (Table 2).
Using the Trios dataset, we sought to identify structural variants that could confound the asso-
ciation analysis or be putative hits. We identified no structural variants within HBB, IL-
12RBR2 or LINC00943/4, one deletion (2,904bp) within IL23R, and 152 deletions within
KLHL3 (63 distinct variants, all singletons except for one 1,325bp deletion in 91 individuals)
(S2 Table). None of the common variants are in linkage disequilibrium with the putative
GWAS hits, and eight putative regions had structural variants in the Tanzanian trios, but were
absent in the 1000 Genomes populations (S2 Table).

Subtype specific association analyses were undertaken for those SNPs found to be signifi-
cantly associated with severe malaria in the primary GWAS (Table 2). The majority of

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007172  January 30, 2018 4/15

135



@PLOS ’ GENETICS

Genome-wide association analysis of severe malaria in Tanzania

IL23R, Intergenic KLHL3, LINC00670,
N myor Cate)
2

IL12RB2 csmp1 i ramissa

~logsolp)
o

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 20 22

Normalised iHS

Position (ranked)

*ADAM20

“POM121L12

Normalised XP-EHH
o

‘DscamL1

Position (ranked)

Fig 1. Genome-wide association and selection plots. a) Case-Control SNP Associations. Red line indicates genome-
wide significance at 1,44 °%, blue line indicates genome-wide suggestive significant at 1,1"; b) Combined population iHS

selection. Red lines indicate significance for absolute iHS scores of 4 or greater; c) Case-Control XP-EHH selection. Red
lines indicate significance for absolute XP-EHH scores of 4 or greater.

https:/doi.org/10.1371/journal.pgen.1007172.9001

significant associations are with the hyperlactataemia subtype, a phenotype that includes
57.0% of cases, with variants within FAM155A, and the HBB and KLHL3/MYOT regions
exhibiting associations exceeding our Lo significance threshold. In contrast, variants within
IL-23R, IL-12RB2, CSMDI, ZNF536 and TREML4 appear to be most significantly associated
with severe malarial anaemia, who comprised 49.2% of cases.

Candidate associations

Candidate SNPs identified in previous studies, with the same individuals, were included to
provide appropriate context for novel findings. ABO blood group, USP38, FREM3 and alpha-
thalassemia have previously been putatively associated with severe malaria in a Tanzanian

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007172  January 30, 2018
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Table 2. More significant SNP associations per locus (P<1x10-6).

SNP Gene ‘ n SNPs Location ini P Conditional P Subtype P
15334 HbS (in HBB) 40 11:5248232 HET: 8.59E-13 - HL: 1.81e-09
159296359 TREML4 1 6:41205690 HET: 1.21E-07 HET: 4.42e-07 SMA: 3.29¢-07
1$149085856 Intergenic (LINC00670) 1 17:12399526 ADD: 2.15E-07 ADD: 1.06e-06 HL: 2.81e-07
15113449872 Intergenic 20 5:43909343 HET: 2.17E-07 HET: 2.93e-07 SMA: 2.92e-05
rs11335470 LINC00944 3 12:127237620 HET: 2.52E-07 HET: 1.86e-06 HL: 9.04e-05
rs73832816 Corfl7 1 4:100429757 REC: 3.75E-07 REC: 9.48¢-07 CM: 1.02¢-06
rs17624383 Intergenic 3 7:53676837 ADD: 5.62E-07 ADD: 3.28e-06 RD: 4.61e-07
12967790 KLHL3, MYOT 13 5:137011761 ADD: 5.85E-07 ADD: 2.46e-06 HL: 8.65e-06
1s144312179 FAM155A 6 13:108228013 ADD: 6.24E-07 ADD: 2.92e-06 HL: 1.35e-06
rs114169033 AF146191.4-004 (lincRNA) 3 4:190717704 ADD: 6.67E-07 ADD: 1.30e-06 RD: 5.62¢-07
rs6682413 IL23R, IL12RB2 7 1:67731614 REC: 7.98E-07 REC: 1.03e-06 SMA: 1.23e-04
rs73505850 CSMD1 5 8:4754838 ADD: 7.98E-07 ADD: 1.42e-06 SMA: 1.20e-05
rs8109875 ZNF536 1 19:31069639 REC: 8.69E-07 REC: 3.57e-06 SMA: 2.80e-05
rs1878468 AC108142.1 (antisense) 1 4:182822332 HET: 8.98E-07 HET: 1.19e-06 HL: 8.10e-07
rs3133394 Intergenic 4 11:130417522 ADD: 9.41E-07 ADD: 1.08e-06 CM: 9.49¢-06

Allele models: ADD Additive, HET Heterozygous,

DOM Dominant, REC Recessive. Subtype significances: HL Hyperlactatemia; SMA Severe Malarial Anaemia; RD

Respiratory Distress; CM Cerebral Malaria. Locations correspond to the GRCh37 reference genome. Minimum P indicates the most significant P for SNPs in the locus

within the case-control GWAS, whilst Conditional

the severe malarial subtypes.

and Subtype Ps indicate the most significant P value for those SNPs when controlling for rs334 status, or considering

https://doi.org/10.1371/journal.pgen.1007172.t002

population [3, 5], but these associations are no longer statistically significant (P> 10" ata
more stringent GWAS significance threshold (S3 Table). We also performed targeted imputa-
tion of HLA haplotypes within the MHC, finding the most significant SNP to be rs1264362,
which demonstrated a marginal association with hyperlactatemia (additive model P = 2.33107).

For the analysis of structural variation within candidate regions in the Trios dataset, we
identified 28 distinct deletions within FREM3, of which all but one are present in only one
individual, and six distinct deletions in GYPB, for which copy number variation has previously
been identified [6]. Nine distinct variants were identified in ABO, including six duplications,
one deletion, one insertion and one inversion. All such ABO variants are present in single indi-
viduals, though 18 individuals have a 23bp insertion. In contrast to a diversity of structural var-
iation present within HLA and the wider MHC region, minor frequency variants were
identified in ATP2B4 (25 deletions across 25 samples), MARVELD3 (five deletions across five
samples), HBA2 (3 deletions across three samples), and HBAI (one sample with one deletion).
No structural variants were found in HBB or USP38 (S2 Table).

We imputed structural variants within the wider region of human glycophorin genes (gypA,
gypB, gypE) on chromosome four, using 55 distinct large polymorphisms identified in 59 indi-
viduals within our Trios dataset (S2 Table). The glycophorin region is structurally highly
diverse, and specific individual variants are of low frequency (mean frequency: Case Control
dataset = 0.098, Trios dataset = 0.022), consistent with observations in other African popula-
tions [7]. Whilst these large variants could be potentially protective against severe malaria, we
identified no significant associations looking at each individually (P > 0.301). Grouping these
variants into forms based on genomic location and function may enhance signals within this
region, but could also introduce experimenter bias. Further, there exists a multitude of poten-
tial variant combinations analysis of which, without specific hypotheses, could risk so-called ‘P
hacking’. A full and in-depth analysis of this region is required but beyond the scope of this
study.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007172  January 30, 2018 6/15
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https://doi.org/10.1371/journal.pgen.1007172.g002

Evidence of positive selection

Two approaches were applied to identify regions under recent positive selection within the
Tanzanian GWAS population as a whole (Integrated Haplotype Score, iHS) [13], or between
the cases and controls (Cross-Population Extended Haplotype Homozygosity, XP-EHH) [14].
A common genome-wide absolute score threshold of 4 (equivalent to P = 6.3510 ") Was estab-
lished for both approaches. At this threshold iHS identified 244 loci, 116 (47.5%) within chro-
mosome 6. Ninety-four of these significant signals are within the MHC, with three loci within
HLA-DOA having an absolute score greater than 6. Other MHC genes with significant signals
include the immunophilin FKBP5 (35732-37931bp, 9 SNPs, iHS: 4.00-4.84), SAMD?3 (12490-
13053bp, 6 SNPs, iHS: 4.00-4.68) and the exocytosis regulator RIMSI (72805811-72828559bp,
3 SNPs, iHS: 4.17-4.62) (S4 Table). Most notably, two regions within chromosome 17
(3496105-3689132bp, 6 SNPs, 8 genes including integrin ITGAE) and chromosome 19
(38743962-38900106bp, 14 SNPs, 10 genes including two transmembrane channels) represent
regions with a high density of selection signals, akin to those within the MHC. Further signals
of note include the transcription factor ZFHX3 (ATBF1) (chr. 16, 16326-73133bp, 3 SNPs, iHS:
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4.27-4.91), ABHDS (chr. 3, 43794949bp, 1 SNP, iHS: 4.75), DUSP19 & NUP35 (chr. 2, 99180~
18528, 3 SNPs, iHS: 4.30-4.66), surface tyrosine-kinase receptor ERBB4 (chr. 2: iHS: 4.31-
4.54), transcription-associated RORC (chr. 1, 151792842-151817543bp, 2 SNPs, iHS: 4.31-
4.66).

No structural variation was identified in ABHD5 or DUSP19, whilst variants were present
but rare for the remaining iHS hits (S2 Table). In total, two deletions were identified in RORC,
three in ZFHX3, NUP35, and ITGAE, one of which is an 86bp deletion found in seven individ-
uals, and 14 deletions and a 31bp insertion in RIMSI. Particularly variable are ERBB4 and
FKBP5 for which we identify 49 and 75 distinct variants respectively. ERBB4 consists of 44
deletions, four insertions, and one inversion, whilst FKBP5 consists of 70 deletions, three
duplications, one insertion, and one inversion.

The between case-control XP-EHH approach identifies 10 significant SNPs across six
genetic regions (S5 Table). Relative selection for the control population lies within three
regions, including POM121L12 (XP-EHH: 4.33), SYNJ2BP, ADAM21, ADAM20 (XP-EHH:
4.12t0 5.57) and ERG (XP-EHH: 4.04), whilst three regions are under relative selection in the
case population, including MCURI (XP-EHH: -4.26), GCLC (XP-EHH: -4.69) and the MHC
(XP-EHH: -4.02) (S5 Table). We identify no structural variants within POMI21L12,
ADAM21, or ADAMZ20, but a singleton 75bp deletion in SYNJ2BP, two deletions within
MCURI, three deletions in GCLC, and 20 distinct deletions within ERG, of which 8 individuals
share a 106bp deletion and 6 share a 325bp deletion (S2 Table).

Discussion

As expected, the most significant SNP association is the heterozygous protective rs334 effect
(P =2.6140 "), with thirty-nine further SNPs within HBB also being significantly associated
with resistance to severe disease. SNPs in other candidate genes, including FREM3, GYPA,
GYPB and USP38 [3], did not exceed a significance threshold of L0, and their p-values were
different (greater) to those previously published because of the use of the more conservative
EMMAX mixed model regression [12]. Marginal evidence for a role of HLA association with
severe malaria was also identified, and is broadly consistent with previous work in a West Afri-
can population that demonstrated that carriers of HLA Class I Bw53 and HLA class IT
DRB171302-DQB1*0501 were protected against severe malaria [15]. Note that our targeted
imputation of HLA utilised a Caucasian reference panel and may therefore overlook further
true associations within the HLA locus. Further, we identified signals of positive selection
within the MHC region, this being consistent with malaria as a driver of MHC polymorphism
in the human population [16, 17].

Of the novel SNP associations identified here, two of the top candidates are located between
the interleukin receptors IL-23R and IL-12RB2, a region that has been identified in GWAS of
other inflammatory and immune-linked diseases [18]. IL-12 and IL-23 are related pro-inflam-
matory cytokines that share both the p40 subunit and the IL-12RpI receptor subunit. IL-12 sig-
nals through a receptor comprising IL-12Rf1 and IL-12Rf2 and is a potent inducer of IFN-y
which mediates both clearance of infection and immunopathology in infections with Plasmo-
dium parasites. IL-23 signalling (through its receptor, comprising IL-12Rf31 and IL-23R) pro-
motes transcription of RORC which encodes RORY, a transcription factor involved in
generation of IL-17. RORC was found to be under recent positive selection in our analysis, fur-
ther supporting the importance of the pathway. Decreased IL-12 levels have been associated
with progression from uncomplicated malaria to severe disease, specifically an increased risk
of severe malarial anaemia in children [19, 20]. Variants in IL-12B have been linked to P. fal-
ciparum parasite density and associated with protection against cerebral malaria in children
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whilst, variants in the related IL-12A and IL-12RBI loci have been associated with protection
against severe malarial anaemia among children in western Kenya [19]. Conversely, the IL-23/
IL-17 immune pathway has been implicated in the development of inflammatory reactions in
children that develop severe malarial anaemia [21], in multi-organ dysfunction and acute
renal failure in adult P. falciparum cases from India [22] and with the risk of cerebral malaria
in Africa [23]. IL-23R haplotypes have also been associated with increased susceptibility to
severe malarial anaemia in Kenya [24].

Three significantly associated SNPs are present within LINC00944, with one being 80bp
from a known CTCF binding site [25]. Structurally, although the LINC00943/4 region is a
known deletion site [25], we identified no such deletions within the region in our “Trios’ data-
set. Broader functionality of this long intergenic non-coding RNA is unclear, given limited
experimental characterisation, making it difficult to determine a role for these SNP variants.

A strong association peak was also identified within KLHL3, kelch-like protein 3, being a
region known to contain an enhancer and various deletions [25]. Correspondingly, we identify
152 such deletions within our Trios reference panel, of which 62 distinct variants are present
in only one individual and one 1,325bp deletion is present in 91 individuals. This frequent
deletion is located within an open chromatin-containing region between 137,022,562 and
137,023,887bp. Mutations of KLHL3 have previously been linked with hypertension and meta-
bolic acidosis [26] suggesting that these novel SNP associations and deletions may prime indi-
viduals to have a greater risk for severe malarial acidosis (hyperlactataemia).

A number of the most significantly associated SNPs are present as lone, or paired, associa-
tions rather than “stacks”. This includes SNPs within or very near to TREML4 and ZNF536.
Whilst this may demonstrate false positive outliers, the existence of these SNPs and their
minor frequencies are confirmed in our Trios reference panel.

The broad picture of whole population iHS selection is unsurprising, with the MHC region
demonstrating the most striking evidence for recent selective sweeps. Our results are also con-
sistent with a number of previously identified iHS signals, such as those for loci containing the
alcohol dehydrogenase ADH?, cadherin PCDH15, synaptotagmin SYTI, the nociception
receptor TRPV1, and the transmembrane protein SPINT2 [27]. It should also be emphasised
that our iHS signals reflect selection within our case-control dataset and therefore oversample,
relative to a general Tanzanian population, for those signals associated with susceptibility to
severe malaria.

Recent differential selection between the case and control groups, as determined by
XP-EHH, identified very few significant signals. There is likely to be limited differential selec-
tion between subsets of a closely related population, despite malaria infection being a strong
selector. We identified the MHC, GCLC, MCUR1, POM121L12 and the SYNJ2BP-ADAM21-
ADAM20 region. The strongest of these signals covers ADAM20 and ADAM?21, both members
of a larger family of disintegrins and metalloproteinases that are believed to be exclusively
expressed in the testis [28]; this association might simply reflect differences in the gender ratio
between the cases and controls, for which XP-EHH does not control. Selection for this region
is more likely driven by a variant of SYNJ2BP, a Synaptojanin-2 binding protein with potential
roles in membrane trafficking and signalling [29].

Our previous work has demonstrated that novel associations with potentially significant
roles in malaria susceptibility remain to be uncovered [3], and here we show that an integrated
approach that identifies signals of association, selection and structural variation can empower
such studies. However, with only 914 individuals in this study, sample size is a notable limita-
tion for interpretation. Initial approaches to account for this were pursued through robust
contextualisation of novel variants within the secondary “Trios’ dataset, and the wider 1000
Genomes project. More generally, it remains vital that further validation, through larger scale
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studies, be undertaken to better characterise the SNP and structural variants uncovered. This
is particularly true for structural variation such as within KLHL3, which may impact gene
expression and would therefore benefit from incorporation of transcriptomic data.

Distributions of human genetic variants with putative roles in P. falciparum malaria suscep-
tibility are diverse. The HbS sickle cell polymorphism is present across most regions of sub-
Saharan Africa but is known to have arisen multiple times leading to a number of distinct hap-
lotypic backgrounds [30]. Similarly, other variants, such as G6PD polymorphism and glyco-
phorin structural variants vary both in frequency across populations and in their direction of
association, leading in some cases to allelic heterogeneity that may be subtype specific. Many
protective variants identified within our study, such as IL-23R and KLHL3, were found at simi-
lar frequencies within the ‘Trios’ dataset but differed from the global 1000 Genomes panel, and
may therefore represent examples of Tanzanian- or regional-specific associations. Such vari-
ants are informative to our understanding of human-parasite interactions, yet risk being over-
looked in inadequately designed studies. Ultimately, human GWAS in parallel with whole
genome sequencing of host and parasites in large study populations across Africa will be cru-
cial to unravelling host genetic and parasite interactions that could lead to novel malaria con-
trol measures such as vaccines.

Methods
Ethics statement

All DNA samples were collected and genotyped following signed and informed written con-
sent from a parent or guardian. Ethics approval for all procedures was obtained from both
LSHTM (#2087) and the Tanzanian National Institute of Medical Research (NIMR/HQ/R.8a/
Vol.IX/392).

Study participants and phenotypes

All participants were from the Tanga region of North-Eastern Tanzania, as described previ-
ously [3]. Briefly, severe malaria cases (n = 449) were recruited in the Teule district hospital
and surrounding villages in Muheza district, Tanga region, Tanzania between June 2006 and
May 2007. The controls (n = 465) were recruited, matched on ward of residence, ethnicity and
age (given in months), during August 2008 from individuals without a recorded history of
severe malaria [3]. Four severe malaria subtypes were identified within case individuals includ-
ing hyperlactatemia (Blood lactate > 5 mmol/L, n = 256), severe malarial anaemia (Hemocue
Hb < 5g/dL, n = 221), respiratory distress (n = 124) and cerebral malaria (Blantyre coma score
<5, n = 120) (Table 1). Parasite infection was initially assessed by rapid diagnostic test (HRP-2
—Parascreen Pan/Pf) and confirmed by double read Geimsa-stained thick blood films.

A further 247 anonymously sampled individuals, consisting of 78 healthy parent and child
trios (156 parents, 78 children, 13 singletons; 80 (32.4%) Chagga, 77 (31.2%) Pare, 90 (36.4%)
Wasambaa), were collected between 2007 and 2008. These individuals are those that had no
current illness or no history of malaria. The samples were collected from highland, medium
and lowland villages near the Kilimanjaro, Pare and West Usambara mountains in the Tanga
region of Tanzania. This is a region that experiences low to medium to high levels of malaria
transmission. This dataset was used to confirm allele frequencies and identify candidate region
structural variation within the general Tanzanian population, as well as to impute variants
onto the case-control set.
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Sample genotyping, sequencing and imputation

DNA was extracted from processed blood samples, as described previously [3, 5]. The DNA
was genotyped on the Illumina Omni 2.5 million SNP chip and SNP genotypes called by the
MalariaGEN Resource Centre at the Sanger Institute and the Wellcome Trust Centre for
Human Genetics, using previously described methods [6,7]. These data were complemented
by Iplex genotyping assays that included 180 single nucleotide polymorphisms (SNP) across
50 loci on the same individuals [3]. 107 additional candidate SNPs, including the HbS SNP
rs334, were included from previous candidate genotyping of the same case-control individuals;
their collection having been described previously [3]. DNA for the individuals in the Trio data-
set (n = 247) was sequenced using Illumina HiSeq2500 technology at the Sanger Institute, and
aligned to the GRCh37 build of the human genome [7]. The minimum genome-wide coverage
across the samples was 22-fold. SNPs were called from the alignments using the standard sam-
tools-bcftools pipeline [31]. This process led to 2,788,671 high quality SNPs with quality scores
of at least 30 (1 error per 1000bp) and perfect trio-consistent genotype calls. Haplotypes were
phased from genotypes using SHAPEIT (www.shapeit.fr; default settings). Structural variants,
including duplications, deletions, insertions and inversions, were identified within the second-
ary ‘Trios’ dataset for candidate regions using DELLY version v0.7.3 [32]. This software was
applied using default settings, and its use in pipelines has been shown to reliably uncover struc-
tural variants from the 1000 Genomes Project, and validation experiments of randomly
selected deletion loci show a high specificity [32]. Structural variants greater than 100,000
basepairs in length were removed to conservatively exclude false positives.

To increase genome-wide SNP resolution, our initial case-control dataset was imputed
using a combined reference panel of the Phase 3 1000 Genomes project [10] and children
within the trio dataset, using Beagle 4.1 [11]. This allowed for the inclusion of 13.5 million
additional high quality SNPs, to a total of 15.2 million SNPs. A total of 621,019 SNPs were
removed from the pre-imputation dataset due to evidence of: (i) deviations in genotypic fre-
quencies from Hardy-Weinberg equilibrium (HWE) as assessed using a chi-square test
(>0.0001); (ii) high genotype call missingness (>>10%); or (iii) low minor allele frequency
(<0.01). 51 individuals were removed due to: (i) genotypic missingness (>0.1); (ii) abnormal
PCA clustering or (iii) missing malaria phenotype data. 849,134 strand flips were identified
with snpflip, with these being corrected pre-imputation with Plink v1.07. Raw hybridisation
plots were manually verified for all top non-imputed GWAS associations, excluding rs334 for
which the data was unavailable. Linkage disequilibrium between SNPs in close genomic dis-
tance was calculated using Plink v1.07 [33].

Targeted imputation was performed for HLA haplotypes within the major histocompatibil-
ity complex using 9,785 high quality SNPs within the region; for this we utilised SNP2HLA
software (version 1.0.3) and the default Caucasian reference panel [34]. Association tests for
this targeted analysis were performed through the pipeline described above. Similarly, 1,202
structural variants (698 deletions, 311 duplications, 19 insertions, 174 inversions) within chro-
mosome four were imputed into our primary ‘case-control’ dataset using IMPUTE2 with
default parameters, akin to standard SNP imputation. This approach allowed us to perform
association analysis on those structural variants using EMMAX mixed model regression [12].
Trio parental SNP data was also used to provide additional context for our case-control SNPs
within the wider Tanzanian population, as seen in S1 Table.

Association analysis

Case-Control association analysis of SNPs was undertaken with EMMAX mixed model regres-
sion [12], controlling for age as a fixed effect and relatedness (represented by a kinship matrix)
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as a random effect (to reduce associations relating to familial clustering). Several genotypic
models were implemented separately, including additive, heterozygous, dominant and reces-
sive. Minimum P values from each model were utilised for top hit identification. Odds ratios
were estimated with Plink v1.07 [33]. Our complementary conditional GWAS shared the pipe-
line for the main GWAS, but with HbS status added as an additional covariate, To evaluate the
statistical potential of our GWAS study, we performed a retrospective power calculation
(using http://zzz.bwh.harvard.edu/gpc/cc2.html). A study of 460 cases and 460 controls can
detect odds ratios of at least 2 for a high risk allele minor allele frequency of 5% with a statisti-
cal power of 85% (and type I error of 107). A significance threshold of 1076 was established
using a permutation approach [35]. In particular, both the case-control status of the chromo-
somes were randomly permuted 10,000 times. From each of the 10,000 random experiments,
we determined the maximum chi-square statistics (across the four genotypic tests) over all
SNPs genotyped. We ordered these statistics and then calculated the 95 percentile. This was
the estimate of the 0.05 significance level for the experiment performed, assuming inference is
taken with respect to maximum chi-square statistic observed over all genotyped SNPs, and
accounts for the linkage disequilibrium between SNPs and correlation between the results
from applying the 4 genotypic tests.

Selection analysis

Whole population Integrated Haplotype Scores (iHS) [13] and case-control Cross-Population
Extended Haplotype Homozygosity (XP-EHH) [14] were calculated and normalised over the
whole genome using selscan and norm [36]. Core SNPs with a minor allele frequency below
0.01 were excluded from this analysis. In this context, high iHS values indicate a whole popula-
tion selection signal whilst positive XP-EHH values indicate relative selection within the con-
trol population and negative XP-EHH values indicate relative selection within the case
population. We looked for structural variants in regions with SNP-based signals of positive
selection, as it possible that selection may actually be driven by structural variants (see [37] for
an example).

Supporting information

S1 Fig. Population structure. Visualisation of the first two principal components, by (a) case-
control status and (b) father’s ethnicity, highlights the existence of cryptic relatedness; (c) Prin-
cipal component analysis reveals that the “Trios’ and primary ‘Case-Control’ participants over-
lap and are within the African cluster of the 1000 Genomes dataset; (d) Quantile-quantile plot
for the observed and expected P values of the heterozygous model genome-wide association
statistic.

(PNG)

S1 Table. Full list of significant SNP associations, including odds ratios and minor allele
frequencies.
(DOCX)

$2 Table. Structural variation identified within regions consisting of GWAS associations,
known malaria candidates and sites under selection (iHS, XP-EHH).
(DOCX)

$3 Table. Candidate SNP associations.
(DOCX)
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$4 Table. Regions under potential whole population positive selection (absolute iHS > 4).
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S5 Table. Regions under potential differential selection between cases and controls (abso-
lute XP-EHH > 4).
(DOCX)
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Supplementary Information

Supplementary Figure 1: Population Structure.
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Supplementary Table 1: Full list of significant SNP associations, including odds ratios

and minor allele frequencies. [large file]

Supplementary Table 2: Structural variation identified within regions consisting of

GWAS associations, known malaria candidates and sites under selection (iHS, XP-

EHH).

SNP | Gene J Location | Total Del. Dup. Ins. Inv. Presence in 1000 Genomes populations
. 1 1 1 deletion; 1 total case
IL23R and IL12RB2 ‘ 1: 67,632,083-67,862,583 ‘ GWAS ‘ o) o) (1 East Asian)
) 49 9 40 8 deletions; 23 total cases
RYR2 ‘ 1 237,205,505-237,997,288 ‘ GWAS Gy | @) 1) (14 Africans, 6 East Asians, 2 Americans, 1 European
2 2
MAP1B 5: 71,403,061-71,505,395 GWAS
‘ ‘ ‘ ©) ©)
. 63 63 1 deletion; 15 total cases
KLHL3 ‘ 5: 136,953,189-137,071,779 ‘ GWAS ‘ (153) | (153) (3 South Asians, 9 Europeans, 3 Americans)
) N 4 deletions; 14 total cases
HBB ‘ 11: 5,246,694-5,250,625 ‘GWAS/ Candidate (3 East Asians, 6 African)
. GWAS 2 deletions; 3 total cases
LINC00943/4 ‘ 12:127,214,333-127,256,957 ‘ ‘ (L South Asian, 1 African, 1 East Asian)
] GWAS 13 13
LIPG ‘ 18: 47,087,069-47,119,272 ‘ ‘ (13) (13)
GWAS 2 2 4 deletions, 1 ALU deletions; 200 total cases
ZNF536 19: 30,719,197-31,204,445 ® ® (117 Europeans, 44 Americans, 32 South Asians, 6 Africans, 1 East
Asian)
25 25 1 deletion; 857 total cases
ATP2B4 1: 203,595,689-203,713,209 Candidate (246 South Asian, 194 East Asian, 177 African, 159 European, 81
(25) (25) y
American)
USP38 ‘ 4:144,106,070-144,144,983 ‘ Candidate ‘
X . 28 28 1 deletion; 9 total cases
FREM3 ‘ 4: 144,498,455-144,621,828 ‘ Candidate ‘ (29) (29) (4 East Asians, 5 Europeans)
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55 a1 24 8 deletions, 2 duplications; 133 total cases
GYPE, GYPB, GYPA 4:144,792,020-145,061,904 Candidate (59) 35) (24) (102 Africans, 9 South Asians, 7 Americans, 14 East Asians, 1
European)
Major Histocompatibility ) Candidate/iHS/XP- | 2333 1711 1711 1711 1711 101 deletions, 13 duplications, 8 CNVs, 6 ALU deletions; 60,948
Complex 6: 28,477,796-33,448,353 (3337) | (2552) | (2552) | (2552) | (2552) total cases
(including HLA) (all samples)
. . 9 1 6 1 1 1 deletion; 20 total cases
ABO ‘ 9: 136,125,788-136,150,617 ‘ Candidate ‘ (21) o) ®) 3) o) (L7 Africans, 3 American)
. . 5 5 1 deletion; 4 total cases
MARVELD3 ‘ 16: 71,660,064-71,676,017 ‘ Candidate ‘ ©) ®) (3 Africans, 1 American)
3 3 2 deletions; 274 total cases
HBA2 16: 222,846-223,709 Candidate @) A (192 Africans, 35 East Asians, 23 South Asians, 17 Americans, 4
Europeans)
1 1 3 deletions; 297 total cases
HBA1 16: 226,679-227,521 Candidate o o (192 Africans, 25 East Asians, 23 South Asians, 17 American, 4
Europeans)
RORC, C2CD4D, THEM5 ‘ 1:151,792,842-151,817,543 ‘ iHS ‘ (22) (22)
139 101 38 27 deletions, 5 duplications, 1 CNV, 1 inversion; 1,302 total cases
DUSP19, NUP35 2:183,699,180-185,281,789 iHS (280) (213) ©67) (346 Africans, 209 Europeans, 202 East Asians, 185 Americans,
139 South Asians)
65 59 5 1 22 deletions, 7 duplications, 2 CNVs, 1 ALU deletion, 1 inversion,
ERBB4 2:212,380,286-213,576,272 iHS 1 insertions; 4,165 total cases
(236) | (207) (28) (1) (all samples)
. 2 2 1 deletions; 1 total case
MCUR1 ‘ 6:13,786,789-13,814,800 ‘ XP-EHH ‘ @ ) (L African)
PPARD, MKRNP2, FANCE, 101 94 3 3 1 6 duplications, 4 deletions, 1 CNV; 2,806 total cases
TEAD3, RPL10A, TULP1, 6: 35,337,931-35,732,137 iHS @9 (70) ® ® o (629 Africans, 473 East Asians, 451 Europeans, 443 South Asians,
FKBP5, ARMC12 332 Americans)
. 3 3 2 deletions, 3 total cases
GCLC 6:53,362,139-53,481,768 XP-EHH ‘ @ @ (1 African, 2 Europeans)
1 1 1 duplication, 1 CNV; 35 total cases
RIMS1 6: 72,805,811-72,828,559 iHS ) o (16 Europeans, 10 Americans, 6 South Asians, 2 Africans, 1 East
Asian)
POM121L12 | 7:53103,349-63104617 |  XP-EHH |
SYNJ2BP, ADAM21, ADAM20 ‘ 14:70,838,148-71,001,732 ‘ XP-EHH éi) é}) 1 de('?g’gs;[ll_\'s"i::)mse
. N 3 3 3 deletions; 5 total cases
ZFHX3 ‘ 16:72,916,326-73,133,159 ‘ iHS 3) (©)] (2 Europeans, 1 South Asian, 1 African, 1 East Asian)
ITGAE ‘ 17: 3,632,836-3,689,132 ‘ iHS ‘ o e
23 21 2 7 deletions, 1 ALU deletion, 1 duplication; 2,727 total cases
ERG, ETS2 21: 39,751,949-40,196,879 XP-EHH (1) 38) ® (457 Europeans, 412 Africans, 379 South Asians, 296 Americans,
220 East Asians)

Supplementary Table 3: Candidate SNP associations.

. . Control Trios Kenya | Nigeria Global
SNP ID Gene Location Min. P Model Case MAFs MAFs MAFs MAFs MAFs MAFs
‘ rs334 ‘ HBB 11:5248232 26102 | Heterozygous 0.020 0.080 0.026 0.101 0.139 0.027
1:203660781 5.190 Dominant 0.323 0.340 0.285 0.374 0.421 0.152
rs4951074 rs10900585 ATP2B4 1:203654024 2.07x0" Additive 0.338 0.375 0.327 0.414 0.481 0.172
rs55868763 rs1541255 1:203652140 42050 Dominant 0.330 0.354 0.298 0.39%4 0.417 0.150
1:203652141 42050 Dominant 0.330 0.354 0.297 0.39%4 0.417 0.150
5149914432 4:144666678 1.73x07? 0.032 0.058 0.024 0.015 0.005 0.002
5186790584 FREM3 4:144680140 1.74x0? Recessive 0.031 0.054 0.024 0.005 0.005 0.001
15186873296 4:144702474 2.28107 0.030 0.053 0.024 0.005 0.005 0.001
154266246 USP38 4:143971242 2.2La0%; Additive 0.316 0.229 0.285 0.258 0.204 0.438
1528459062 4:144039139 4.66x10 Recessive 0.150 0.184 0.126 0.207 0.213 0.092
‘ Deletion ‘ GYPE, B, A |4:144801719-145041744 ‘ 3.0La0" Additive 0.001 0.000 0.004 - - -
151264362 6:30776590 1.90x0° Additive 0.200 0.246 - 0.131 0.032 0.153
152523589 HLA 6:31327334 9.330° Dominant 0.394 0.483 - 0.288 0.301 0.356
HLA_B_07 6:31431272 6.4910° Dominant 0.394 0.484 - - - -
rs8176746 9:136131322 1.890 Dominant 0.164 0.149 0.156 0.162 0.171 0.153
rs7853989 ABO 9:136131592 2270t Dominant 0.166 0.155 0.158 0.172 0.171 0.164
rs1053878 9:136131651 3.9840" | Heterozygous 0.261 0.267 0.292 0.202 0.231 0.133
rs8176719 9:136132908 8.69x10° Additive 0.326 0.294 0.311 0.288 0.231 0.344
‘ rs2334880 ‘ MARVELD3 16:71653637 ‘ 7.0910™ Dominant 0.446 0.449 0.441 0.470 0.407 0.157
a-thalassemia deletion ‘HBAl, HBA2 - ‘ 1.80x10 Recessive 0.264 0.318 - - - -

Supplementary Table 4: Regions under potential whole population positive selection

(absolute iHS

> 4).

Chromosome Location No. of SNPs Gene
1 101851482 1 RP11-157N3.1 (lincRNA)
1 103755600 1 Intergenic
1 109070167 1 Intergenic
1 114630097-114675076 4 SYT6
1 116717522 1 Intergenic
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151792842-151817543

RORC, C2CD4D, THEM5

27247668-27396321

POM121L2, VN1R10P, ZNF204P, ZNF391, MCFD2P1

29937493-33853641

Major Histocompatibility Complex

35337931-35732137

PPARD, MKRNP2, FANCE, TEAD3, RPL10A, TULP1, FKBP5,

1 2

1 161968072 1 OLFML2B
1 175850011 1 Intergenic
2 13134854 1 AC064875.2
2 56002607-57936992 3 EFEMP1, CCDC85A, AC007743.1
2 76944275 1 Intergenic
2 137173396-137872490 2 THSD7B
2 183699180-185281789 3 DUSP19, NUP35
2 202847242 1 Intergenic
2 207067503 1 GPR1

2 212380286-213576272 3 ERBB4
3 43794949 1 Intergenic
3 45606651 1 LIMD1
3 105695408 1 Intergenic
3 112913318 1 Intergenic
3 194538730 1 Intergenic
4 4275260 1 LYAR

4 99541944-99548762 2 TSPAN5
4 100334943 1 ADH7

4 107940588-107943491 2 DKK2

4 135796170 1 Intergenic
5 79086960 1 CMYA5
5 99269809 1 Intergenic
5 114127581 1 Intergenic
5 118671874 1 TNFAIP8
5 120965514 1 Intergenic
5 147289856 1 Intergenic
5 156626337 1 ITK

6 21233412 1 CDKAL1
6 25411435 1 LRRC16A
6 3

6 94

6

6

6

6

6

7

7

7

7

7

8

9

9

9

o ARMC12
72805811-72828559 3 RIMS1
106410424 1 Intergenic
111924913 1 TRAF3IP2
130512490-130537430 6 SAMD3
8240341-8243193 3 ICAl
20123972 1 AC005062.2
22161810 1 RAPGEF5
89333692 1 Intergenic
141072134-141085654 3 TMEM178B
72534277 1 Intergenic
8710098 1 PTPRD
24423134 1 Intergenic
111621283 1 Intergenic
10 56913475 1 PCDH15
10 76833088 1 Intergenic
10 79178467 1 KCNMA1
10 94841988 3 Intergenic
11 15169639-15177816 3 INSC
11 73714650 1 UCP3
12 28214312-28237731 4 Intergenic
12 29659037 1 TMTC1
12 58840232 1 Intergenic
12 62396765 1 FAM19A2
12 70951978 1 PTPRB
12 79314798-79741443 3 SYT1
12 83061803-83101314 3 TMTC2
12 96544302 1 Intergenic
12 102331085 1 DRAM1
12 108703455 1 CMKLR1
13 48726060 3 Intergenic
13 69768976-69772154 1 Intergenic
14 81127849 1 CEP128
15 64185344 1 Intergenic
15 77282884-77296134 3 PSTPIP1
16 22943188 1 Intergenic
16 57009165 1 CETP
16 65902516 1 Intergenic
16 72916326-73133159 3 ZFHX3
16 85616985 1 RP11-118F19.1 (lincRNA)
17 3496105 1 SHPK, TRPV1
17 3498411- 3527281 2 SHPK, TRPV1
17 3632836-3689132 3 ITGAE
17 45316717 1 Intergenic
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18

51448760

Intergenic

19

38743962-38900106

14

PPP1R14A, SPINT2, C190rf33, YIF1B, KCNKG, CATSPERG, PSMDS,

SPRED3, GGN, FAM98C

20

47403913-47420680

PREX1

Supplementary Table 5: Regions under potential differential selection between cases

and controls (absolute XP-EHH > 4).

Chromosome Position No. SNPs Gene
6 13824087 1 MCUR1
6 31066671 1 Major Histocompatibility Complex
6 53351289 1 GCLC
7 53105223 1 POM121L12
14 70875513-71047754 5 SYNJ2BP, ADAM21, ADAM20
21 40093658 1 ERG, ETS2
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Chapter 6:

Analysis of Tanzanian trios reveals inherited structural variants in

genes with roles in ER-Golgi transport and blood antigen systems
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Abstract

Background: Genomic analyses of human populations tend to consider small variants,
such as single nucleotide polymorphisms (SNPs) and insertion-deletions (indels), rather
than larger structural variants (SVs) despite their established role in disease. With the
recent development of sophisticated bioinformatic techniques for the detection and
analysis of SVs, we are now able to conduct high-throughput, in-depth analyses of SVs.
Such approaches allow for both the discovery of novel variants generally and, with the

use of parent-child paired studies, confirmation of inheritance.

Results: We present a comprehensive bioinformatic analysis of nearly 200,000 specific
forms of putative structural variation within a human population of trios from Tanzania.
6,932 of which are found in at least 5% of samples, 180,577 being found only once, and
approximately 16.7% being inherited without mutation from parent to child. Those most
frequent SVs include a heterozygous 4,136 bp deletion of SEC22B and its promoter,
inversions of APP, and 2,494 bp deletions of ACSL3. We also highlight novel roles for
structural variation in candidate genes associated with malaria risk and blood group

antigen systems, including A4GALT, ATP2B4, and ABCG2.

Conclusions: Our results demonstrate that SVs are present both broadly within the
Tanzanian population and within specific genes with known roles in blood type antigens
and risk of severe malaria. Inheritance of a notable portion of these variants suggests
phenotypic roles that require investigation in the specific context of susceptibility to

severe malaria and other communicable diseases.

Keywords: Structural variation, genome diversity, African genomics, Tanzania
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Background

Large studies of global human genomics have led to the identification of variants
associated with disease susceptibility and resistance phenotypes. Yet these studies have
generally focused upon small variations, such as single nucleotide polymorphisms (SNPs)
and insertion-deletion events (indels), whilst overlooking larger variation such as
structural variants (SVs). SVs typically exist as deletions, duplications, inversions, and
insertions or complex combinations of those, such as sandwich-inversions [1]. Naturally
these large forms of variation can be highly disruptive, potentially knocking out a gene
through deletion of its promoter or exons. Alternatively, they may enhance expression

through whole gene duplication or sequence insertion.

Established examples of structural variation in the human genome include duplications
of AMY1 altering salivary alpha-amylase levels [2] and the 400 kb inversion of factor V111
causing haemophilia A [3]. Deletions of the Duffy antigen-encoding gene DARC have
also been shown to convey reduced susceptibility to infection by the second deadliest®
malaria parasite, Plasmodium vivax [4]. Given the global distribution of malaria, Duffy-
negative status is rare in Europe and the United States of America but present at relatively

high frequencies across Africa [5].

African populations are often under-represented in genomic analyses, including large-
scale endeavours such as the 1000 Genomes Project [6]. Tanzania represents one such
population. Historically, African genomics tend to be less well understood than those of
Europeans and North Americans, with the majority of genetic studies identifying disease-
relevant variants within Caucasian populations [7]. Several studies have also shed doubt
on the validity of disease-association variants when in the context of non-Caucasian

populations [8,9]. This includes SNPs that have been identified in association with an

> As percentage of global deaths attributed to P. vivax.
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increased risk of breast cancer and atrial fibrillation [10,11]. Together this highlights the
need for a broader range of studies into human genomics such that local variations can be

identified.

Here we present a case-study analysis of structural variation derived from 156 human
genomes collected from Tanzania, enhanced by inheritance analysis to their 78
descendants, and focused towards the role of SVs in blood stage antigens. Whilst the
majority of variants were rare, some genes include high frequency SVs with potential

roles in intracellular transport, cell adhesion, and increased risk of severe malaria.
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Results

Overview of identified SVs

Across the 156 parents 197,028 unique variants were identified across four forms of
structural variation (deletions, duplications, insertions, and inversions) (Table S1) using
a pipeline in which SVs were identified using DELLY and SV-Pop [12,13]. By type, this
breaks down to 161,223 deletions, 17,543 duplications, 12,576 inversions and 5,686
insertions. 19,139 distinct genomic features, including genes, enhancers, promoters,
promoter flanking regions, and open chromatin regions, contain structural variants
(deletions: 14,358; insertions: 3,004; duplications: 3,951; inversions: 2,054). In total, we
identified approximately 2,514.7 variants per individual (1911.5 deletions, 128.5
duplications, 365.8 insertions and 108.9 inversions), with those variants having a mean
length of 3,537.7 bp (median 934 bp) (Table 1). Broadly, most SVs (59.7%) were inferred
as being heterozygous with this being consistent across all models (deletions: 63.3%,
duplications: 98.1%, inversions: 83.5%) except for insertions (20.0%). Fully inherited
SVs tended to be more homozygous, as is to be expected, with only 29.1% being

heterozygous.

6,932 (3.5%) variants were present in at least 5% of parents, consisting of 5,151 deletions,
1,555 insertions, 84 duplications and 142 insertions. 3,033 (43.8%) of these were
completely intergenic, whilst the remaining 3,899 SVs (2,887 deletions, 876 insertions,
53 duplications, 83 inversions) at least partially overlapped genomic features. 750 of
those features were regulatory elements, including 56 transcription factor binding sites,
176 promoter flanking regions, 80 promoters, 340 open chromatins and 98 enhancers

(Table 1).

Role of inheritance
Detection of structural variants in both parent and child supports their validity and

biological relevance. Per-parent a mean of 16.72% (range: 5.60% to 31.58%) of distinct
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SVs were inherited without mutation. For the 53,730 instances of parent-child inheritance
(of which there are 8,289 distinct SVs), the majority have at least one parent predicted as
homozygous for the variant (Total: 69.9%, Homozygous/Homozygous: 15.0%,
Homozygous/Heterozygous: 5.8%, Homozygous/Missing: 49.2%), whilst significant
rates of  heterozygous parents are also  present (Total:  30.1%,
Heterozygous/Heterozygous: 3.6%, Heterozygous/Missing: 26.5%). Insertions were
proportionally more likely to be inherited, though this may be inflated by an inability to
directly compare inserted sequences (Table S2). Those most frequently inherited variants
generally mirrored the full parent dataset, with deletions of SEC22B, inversions of APP,

and insertions in DNAHG all being prominent.

No significant ethnic stratification

The Chagga, Pare, and Wasambaa ethnic populations display subtle differences in SV
frequencies, with Pare (710.6 per sample, 13.7% inherited) having generally more
variants (Kruskal-Wallis chi-squared = 5.001, P=0.08) and significantly lower rates of
inheritance (Kruskal-Wallis chi-squared = 27.208, P=1.2410°), than Chagga (557.4 per
sample, 17.2% inherited) or Wasambaa (620.2 per sample, 18.7% inherited), though these
differences were not large enough to suggest distinct ethnic stratification (Table S2). Of
those differences, only one variant has an Fst score greater than or equal to 0.2: an
intergenic 328 bp deletion found at relatively high frequency in the Pare sub-group (Fsr:
0.2, Tanzania: 17.95%, Chagga: 8.3%, Pare: 43.8%, Wasambaa: 5.0%). Conversely 657
variants were proportionally identified for all sub-groups (Fst = 0), including inversions
within APP, TBC1D3, and LOH12CR1,; deletions within ZNF665, ASIP, KCNB2, DKK2,
ACSL3, MGAT5, SEC22B, and PDE4DIP; and duplications within AF146191.4, and
NBPF1. For SV hotspots, five 1 kbp windows in two loci had an Fst greater than or equal
to 0.2. These included deletions within a promoter for the potassium channel KCNJ8 on

chromosome 12 (Fst: 0.2, Tanzania: 21.15%, Chagga: 0.0%, Pare: 47.9%, Wasambaa:
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11.7%), and an intergenic region of chromosome X (Fst: 0.245, Tanzania: 11.54%,

Chagga: 0.0%, Pare: 35.4%, Wasambaa: 1.7%).

Window-based variant counts identify hotspots of variation

Genome-wide window-based analysis identified 238,888 1 kbp windows (deletions:
151,922, duplications: 46,976, insertions: 10,778, inversions: 29,212) where at least one
individual had a structural variant (Figure 1). 62,779 of those windows contained variants
for at least 5% of samples (deletions: 44,406, duplications: 8,663, insertions: 3,110,
inversions: 6,600). 255 windows contained a variant for all parents, with 141 of those
featuring deletions, and 114 featuring inversions.

Deletion hotspots are found overlapping several genomic features including ACSI3, ASIP,
DKK2, KCNB2, ZNF665, SEC22B and its promoter, three open chromatins
(ENSR00000176649, ENSR00000181038, ENSR00000225923), a transcription factor
binding site (ENSR00000195323), and 74 intergenic windows. In contrast, inversion
hotspots include a 55,777 bp inversion on chromosome 17 centered on RP11-1407015.2
and its neighbouring features: TBC1D3, and open chromatin (ENSR00000093575), and
a transcription factor binding site (ENSR00000093574) (Figure 2).

Gene Ontology enrichment

Enrichment analysis was applied to the most frequent variants (>5%) within the full
parent dataset and identified 399 gene ontology terms (31 under-enriched, 368 over-
enriched) with a significant false discovery rate (<0.05) (Table S3). Enrichment fold
changes ranged from 0.07 (immunoglobulin production (G0:0002377)) to 5.73

(ionotropic glutamate receptor activity (GO:0004970)).

In general, significant enrichment was observed for neural functions (synapse
(GO:0045202): 2.07, FDR=1.69x10-13; neuron part (G0O:0097458). 1.76,
FDR=1.92x10-13), adhesion (cell adhesion (GO:0007155): 2.08, FDR=6.78x10-13; cell-

cell adhesion (G0O:0098609): 2.43, FDR=1.14x10-10), and ion and drug binding (ion
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binding (G0:0043167): 1.33, FDR=5.99x10-15, drug binding (GO:0008144): 1.57,
FDR=1.42x10-8). Fold changes below 1 were present for terms relating to immunity
(humoral immune response (GO:0006959): 0.19, FDR=3.27x10-5; adaptive immune
response (GO:0002250): 0.41, FDR=1.31x10-3) and olfactory systems (olfactory
receptor activity (GO:0004984): 0.36, FDR=1.96x10-3; detection of chemical stimulus

involved in sensory perception (GO:0050907): 0.4, FDR=2.81x10-3).

These enrichments were broadly reflected in the full variant dataset suggesting that they
correspond to significant roles for structural variation in cell adhesion, neuro-synaptic
biology, and drug binding contrasting with a minimal role in olfactory systems. One
exception was immune response genes, which were only under-enriched in the frequent
variants subset, suggesting that high frequency structural variants in immunological genes

are actively selected against - perhaps due to hyper-variability.

Structural variants associated with blood groups and susceptibility to malaria

Given the broad scale of this study, we placed a specific focus on candidate regions
previously associated with malaria or erythrocyte surface exposure to allow for a more
in-depth, disease-relevant investigation. Malaria was selected due to its significant global
impact, recent interest in identifying variants associated with susceptibility to severe
subtypes, and our previous work using this dataset for imputation in a genome-wide

association study within a severe malaria context [14].

We considered structural variation for genes with established roles in malaria risk and
blood antigen groups, of these 15 contained a structural variant in at least one parent
(Table 2). Notable examples include A4GALT (which encodes the P* antigen of the P
blood group system), for which 17 individuals have a 369 bp deletion and 17 others have
a heterozygous 700 bp deletion, ATP2B4 (malaria risk factor), for which 24 individuals
have non-specific approximately 2,000 bp deletions, and ABCG2 (Junior (JR) blood

antigen), for which 26 individuals have a 336 or 337 bp deletion (Figure 3). No structural
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variants were identified in the Duffy gene, DARC, and a range of other blood group

antigens including CD44, CD55, and ART4. None of these variants were fully inherited.
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Discussion

Structural variation underpins a wide range of genetic variation, but few large-scale
investigations have been conducted, especially for African genomes. Endeavours such as
the 1000 Genomes projects and the African Genome project have sought to better
understand human genomics but tend to focus on smaller variants, such as SNPs and
indels, and include only a limited range of African populations [6,15]. To our knowledge
there has also been no specific consideration of the role of structural variation in blood

antigen systems, or the impact of SV inheritance.

We present an in-depth analysis of 156 Tanzanian parents, and further analysis of those
variants inherited by their children (n=78). The characterisation of these variants is key
to placing Tanzanian genomes within a global context and identifying novel variants.
Broadly, the Tanzanian population considered here showed few signs of stratification,
especially in relation to ethnicity. Structural variants also appear to be abundant, but
actively selected against in most cases. This is consistent with previous studies that found
an abundance of shorter and rarer variants, with a subset of variants being actively

selected for [16-18].

The vast majority of structural variants were infrequent, with 91.65% of variants being
present in only one individual. In contrast to the fully inherited variants that were found
in a median of 55 individuals. This is consistent with structural variants generally being
actively selected against with useful variants quickly being selected for. Broadly,
enrichment is observed for gene ontology terms relating to cell adhesion, intracellular
transport, and drug binding. Those variants that exist at higher frequencies within the
Tanzanian population tend to be deletions, though this is unsurprising given that they are

the most common form of variant.
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Whilst most SVs are non-specifically conserved in the general Tanzanian population,
several genes contain specific variants that appear to have become fixed, or near-fixed,
relative to the human reference genome. The most striking examples include a
heterozygous 220 bp deletion in BET1L (98.7%), a gene associated with ER-Golgi vesicle
transport-associated BET1 [19], and a 4,136 bp deletion in SNARE-complexing SEC22B
(98.7%) [20]. Notably BET1 and SEC22B both have roles relating to SNARE
functionality in the ER to Golgi transportation [21,22], suggesting that deletions in
SEC22B and BET1L may have a linked phenotypic impact. Similar deletions have also
been identified in samples from Nigeria, North America, and Kuwait, suggesting
widespread pseudogenisation of these genes [23-26]. Several other SVs are also present
within genes that encode surface-exposed proteins, such as GPR156 (probable G-protein

receptor, 29 bp insertion in 77.6%), and TSPANS8 (2,117 bp deletion in 72.4%).

Our focus on known malaria risk factors or blood group antigen genes led to the
identification of SV hotspots in PX antigen gene A4GALT, malaria risk factor ATP2B4,
and JR blood system antigen ABCG2, amongst others. Many of these have been identified
in broad studies of structural variation in several populations, though without phenotypic
context or specific investigation [23,24,27]. Interestingly, ABCG2 encodes a transporter
protective against xenobiotic molecules as well as the antigen of the JR blood system
[28,29]. The wild type Jr phenotype is found at high prevalence in all populations whilst
the Jr(a-) phenotype is a highly rare variant found, for example, in 0.05% of Japanese
blood donors [30]. Whilst null variants of ABCG2 can be caused through various short
variants [30], it is unclear whether the 336/7 bp deletions detected here reflect a rare JR

phenotype.

Several high frequency SVs are also present within genes that have been otherwise linked
to potential roles in malaria susceptibility and other diseases. For example, 84.6% of

parents have a 40 bp insertion in RAB7A, a key regulator of endosomal trafficking [31],
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with a similar insertion being present within the Venter genome [27]. RAB7A has been
found in P. berghei-containing host vesicles [32] and is a known target for microbial
survival strategies, such as with Salmonella, further supporting its role in general host-
pathogen interactions [33]. Our identified insertion may therefore convey a protective

effect, inhibiting Plasmodium invasion or intracellular survival.

Notably, all sampled genomes were aligned to the GRCh37 version of the human
reference genome, which was sourced from 13 anonymous individuals in New York [34].
As such, many of the structural variants identified in this study may represent fixed, silent
population differences between American and African genomes rather than recently

selected variants, although many such selection events likely exist.

Conclusions

Several novel structural variants were detected within the Tanzanian population, some of
which may have roles in intracellular transportation, cell-cell adhesion, and blood
antigens. The vast majority of variants were rare, though a significant number were near-
fixed or inherited without mutation from parent to child. Our findings are consistent with
previous studies that suggest structural variants are frequent to occur, but experience
limited positive selection. This work highlights the importance of continued, high-

throughput discovery in further populations.
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Methods

Dataset composition, collection, and sequencing

Our dataset included 247 anonymously sampled individuals, consisting of 78 healthy
parental and child trios (156 parents, 78 children); 80 Chagga, 77 Pare, 90 Wasambaa
(Parents: 48 Chagga, 48 Pare, 60 Wasambaa)). 13 singletons were also present but
excluded from primary analysis. Samples were collected between 2007 and 2008 villages
near the Kilimanjaro, Pare, and West Usambara mountains in the Tanga region of
Tanzania, a region with a low to medium level of malaria transmission. Preliminary
candidate region structural variation analysis was previously conducted to compliment a
genome-wide association study [14]. Samples were sequenced at the Sanger Institute
using Illumina HiSeq2500 technology and aligned to the GRCh37 build of the human
genome. All co-ordinates refer to the GRCh37.p13 build of the human genome, with

annotations being acquired from NCBI.

Variant Identification and Filtering

Structural variants were identified using DELLY version v0.7.3 with default parameters
[12]. High-throughput, post-discovery filtering and analysis was undertaken with SV-Pop
version 1.0 [13] (available at http://github.com/mattravenhall/SV-Pop) and through
manual curation. Variants were removed for overlapping known assembly gaps, being
abnormally long (>100,000 base pairs), and according to population-level DELLY scores
including quality (mean < 0.9), inferred percentage homozygous reference (>10%), and
inferred percentage homozygous missingness (>10%). SV discovery was performed for
parent and child groups separately, with the inherited subset being those found for both
parent and children without inter-generational mutation. Regional hotspots were
identified with SV-Pop using default parameters consisting of a sliding window count for

a 1000 bp window with a 500 bp step.

Gene Ontology
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Gene ontology analysis was performed separately for the parent variants and frequent
parent variants (>5%) datasets using the PANTHER classification system [35].

Significance was defined as a false discovery rate less than 0.05.
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Figure & Table Legends

Table 1: Summary statistics of identified structural variants by model.

. Length
Variant Total Mean per - 1 kbp Frequent . .
Type Count Sample (median bp Windows (>5%) Intergenic | Genic
(range))
Deletions | 161,223 | 1,9115 e 51123;;0 151,922 5,151 64,078 | 97,145
— 958 (138 to
Duplications | 17,543 128.5 99,394) 46,976 84 6,855 10,688
Insertions 5,686 365.8 21 (1510 138) 10,778 1,555 2,382 3,304
. 1,261 (95 to
Inversions 12,576 108.9 99,099) 29,212 142 4,588 7,988

Table 2: Specific forms of structural variants associated with malaria risk or blood

antigen genes.

Gene Qualification Location Total Deletions | Duplications Insertions Inversions
vonr | Pt | R [y | | - | . |
e | Mo | mmes || || |
ABCG2 Jr blood group 488991%%2144716 22 22 - - -
e e I N N R R
AQP1 Colton antigen 7:3?(’)%%%%03110- 1 1 ; ; ;
o | Swmwes | Tmmms || | - | |
RHD Rh Protein 1:2%%%%%83864' 3 - . - 3
RHCE Rh Protein 1:2%?*7%86%;%0' 3 - . . 3
o | P [wmmm |, | o | | |
XG XG antigen X227gz,05ggl 2 1 - 1 -
XK Kx antigen xgggﬁgf' 2 2 - - -
GYPB MNS antigen 4:1%1?6%%553%1547_ 1 1 - - -
SLC14Al | Kidd antigen 18;;‘%;’2%4;3)32' 1 1 - - -
o | O [ sasmes | | o | | |
BSG Ok blood group 19533?%1;37 1 - - 1 -
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Figure 1: Coverage plot confirming the 4,136 bp heterozygous deletion in SEC22B.

Blue represents the per base coverage, Orange indicates the predicted structural variant,

Green indicates the gene of interest, Grey indicates genomic features including genes

and enhancers.
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Figure 2: Coverage plot confirming the 336/7 bp deletions in ABCG2. Blue

represents the per base coverage, Orange indicates the predicted structural variant,
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Supplementary Figure & Table Legends

Supplementary Table 1: Full list of putative structural variants. [large file]
Supplementary Table 2: Per-sample ethnicity, model, and inheritance. [large file]

Supplementary Table 3: Significantly enriched gene ontology terms. [large file]
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Chapter 7:

SV-Pop: Population-based structural variant analysis and

visualisation
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Abstract

Motivation: Genetic structural variation underpins a multitude of phenotypes, with significant implica-
tions for a range of biological outcomes. Despite their crucial role, structural variants (SVs) are often
neglected and overshadowed by single nucleotide polymorphisms (SNPs), which are used in large-
scale analysis such as genome-wide association and population genetic studies.

Results: To facilitate the high-throughput analysis of structural variation we have developed an ana-
lytical pipeline and visualisation tool, called SV-Pop. Designed to facilitate downstream analysis and
visualisation post-discovery, SV-Pop allows for straight-forward integration of multi-population analy-

sis, method and sample-based concordance metrics, and signals of selection.
Availability: SV-Pop is available at https:/github.com/mattravenhall/SV-Pop.

Contact: matt.ravenhall@Ilshtm.ac.uk

Supplementary information: Supplementary data are available at Bioinformatics online.

1. Introduction

Structural variation (SVs) describes changes to a core genome beyond
single nucleotide polymorphisms (SNPs) or very short insertions and
deletions (indels). Typically, SVs are large (>500 bp) and consist of four
major types: deletions, insertions, duplications, and inversions. All play
an important contribution to human and pathogen diversity and disease
susceptibility. For example, duplications of the Plasmodium falciparum
malaria parasite gchl have been associated with antimalarial resistance
(Heinberg A and Kirkman L 2015), and deletions of the human Duffy
antigen convey resistance to malaria infection (Miller L et al. 1976).
Despite their significant implications, the role of SVs has been over-
shadowed by SNPs, which are easier and faster to identify. Various SV
discovery methods such as DELLY and CNVNator currently exist
(Rausch T er al. 2012, Abyzov A et al. 2011), but there is currently no
efficient tool for efficiently identifying concordance between models,
up-scaling analysis for multiple populations, or visualising that output.

To assist the identification and investigation of SVs, we have devel-
oped a bioinformatics pipeline for high-throughput post-discovery analy-
sis and visualisation.

2. Implementation

SV-Pop consists of two core modules: (i) population-based analysis
following individual SV discovery, and (ii) visualisation of those vari-
ants for dynamic, whole genome exploration. The analysis module is a
Unix command line tool built in Python (v3.3+) with Pandas (v0.18+),
and Numpy (v1.10.4+). The visualisation module is built using the R
Shiny web framework (Chang W et al. 2017), and requires R (v3.3+)
alongside the shiny, plotly, data.table, and dplyr packages. It can be
launched on command line using ‘Rscript easyRun.r’, then explored via
your default web browser. Input files should be pre-processed with SV-
Pop, using the PREPROCESS mode for full compatibility.

2.1 Analysis

Input to SV-Pop consists of an array of post-discovery files (vcf format),

one per-individual sample. These are typically the output of a run of
DELLY or similar (Rausch T er al. 2012). Variants across all samples
are then processed, identifying and combined those specific variants that
are shared across multiple samples and performing appropriate summary
statistics. If so desired, variants can be filtered according to their con-
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cordance with a secondary discovery method by supplying a csv file of
those variants with the dirConcordance argument. By default, variants
are matched if they overlap at least 80% of the region identified by the
primary method.
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Fig. 2. Screenshot of the visualization module displaying duplication frequencies for
Malawi, South America, Asia, and region-based Fsr values. a) Variant viewer, displaying
per-window frequencies and statistical metrics. The spike in the Malawi track (red) 1s the
previously identified gchil promoter region duplication, whilst the ridge in the Asia track
(cyan) indicates whole gene duplications. The Fsr track (purple) highlights frequency
differences between region groups. b) Region summary, statistics regarding the region
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Fig. 1. Overview of the full SV-Pop pipeline.

Once collated, we can consider a rolling window across the sample
genome and identify regions with high or low variant overlap. This pro-
duces a coverage-like statistic for those underlying SVs. We can then
further dissect according to sub-populations, as provided by the user.
Specific variant sets can also be annotated, subset, merged, and filtered
as required. In addition to this core analysis, we have structured the
pipeline to allow seamless integration of various filters and statistics,
including method concordance and fixation indexes (Fgr).

Typically, an analysis module run involves calling SVs across multi-
ple models for a population of samples, inputting those individual output
vef files into SV-Pop, and producing per-variant or per-window based
statistics (as csv files) for input into the visualisation module.

2.2 Visualisation

Post-analysis, per-window files can be brought forward to the visualisa-
tion module, facilitating dynamic investigation of whole genome struc-
tural variation. By default, the visualisation module will identify variant
frequencies and difference metrics (e.g. Fsr values) for all populations
within your provided files, allowing the user to easily specify which they
are interested in viewing. Similarly, the chromosomes and their sizes are
detected allowing the user to specity regions of interest. Users are also
able to subset and download specified genomic regions of interest for

further analysis.

3. Application to Plasmodium
falciparum

To demonstrate the utility of SV-Pop, P. falciparum malaria parasite
alignment files from 3,110 samples across 21 countries with published
sequence data (Ravenhall M et al. 2016) were processed with SV-Pop
and loaded into the visualiser. As shown in Figure 2, the previously
identified gch/ promoter duplication is found by both elevated frequen-
cies and a spike in the Fgy metric.

highlighted in the viewer. ¢) Variant and Chromosome selector. d) Population selection.
¢) Location selection and download.

4. Conclusion

SV-Pop dramatically increases the accessibility of large population-
based SV studies, allowing for a greater volume of downstream analysis
and visualisation. It also establishes a core pipeline upon which to incor-
porate existing and future metrics such as method concordance and se-
lection statistics. This implementation, which has been tested on a P.

Jfalciparum dataset, is also species-agnostic ensuring that it can be ap-

plied in a wide range of contexts.
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8.1 Discussion

The work presented here combines two similar approaches to identify and characterise
novel genomic variation relevant to host-pathogen interactions in malaria, one focused
on the P. falciparum parasite and the other on their human hosts. Both components began
with single context studies primarily exploring SNP-based variation, with the
incorporation of selection methods and candidate structural variation (Chapters Two and
Five). Having identified some key novel structural variants when using a candidate gene
approach, both human and parasite components progressed to large-scale explorations of
structural variation either globally (Chapter Three), in long-read assemblies (Chapter
Four), or with consideration of inheritance (Chapter Six). These SV-based studies
required the development of novel pipelines and software as detailed in Chapters Four

and Seven.

Beginning with the parasite component, Chapter Two covers my work investigating the
impact of sustained SP use on the Malawian P. falciparum population following fourteen
years of primary use following a switch from chloroquine in 1993 and to ACTs in 2007
[1], with those samples being collected between 2010 and 2012. Perhaps unsurprisingly
a high frequency of SP resistance associated SNPs remained within the population, with
these including classic variants such as dhps double mutants (A437G and K540E, 99.5%)
and dhfr triple mutants (N51I, C59R, and S108N, 97.7%). SNPs associated with
chloroquine resistance were entirely absent, suggesting that the P. falciparum population

was generally chloroquine susceptible, consistent with the existing literature [2].

These SNP-based findings were supported by signals of selection, as demonstrated by
extended haplotype homozygosity-based approaches. Within the Malawian population,

significant recent positive iHS selection signals were observed around dhps, dhfr, and
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gchl, reinforcing their roles in SP resistance [3]. Additional iHS signals, suggestive of
conserving selection, were observed around amal, trap, and rrfl, all of which encode
surface antigens crucial for erythrocyte and hepatocyte invasion [4,5]. Relative selection
signals between Malawi and other regions were also considered, with signals for Malawi
around gchl, dhps, and acs8 (acyl-coA synthase), and for non-Malawi around crt, trap,
and msp10. Relative selection for gchl and dhps is consistent with positive selection in
Malawi due to SP pressure, which neighbouring countries lack. Similarly, the reverse is
true for crt, as chloroquine use was halted early in Malawi [1]. Relative selection
elsewhere for the merozoite surface protein mspl0 is more curious and may underpin
regional differences in host-pathogen interactions. Structural variation was also
considered for candidate resistance genes, given the present of gchl duplications in
Southeast Asia [6]. Those whole gene duplications were found at a low frequency in
South (11.1%) and Southeast Asia (7.6%), but absent from Malawi. Instead, novel 436
bp duplications were identified immediately upstream of gchl within a probable TATA

box, suggesting a potential role in the expression of gchl.

For the human component, Chapter Five describes my initial focus on a genome wide
association study for a Tanzanian population (n=914) to identify SNPs associated with
susceptibility to, or protection against, severe malaria subtypes, such as respiratory
distress or cerebral malaria. This dataset included individuals from malaria-endemic
regions, divided into those who had experienced a severe response to malaria infection
(case), and those who had not (control). This case-control approach confirmed the
association of the sickle polymorphism rs334, and identified novel associations including
a pair of interleukin receptors IL-23R and IL-12RBR2. Together these suggest a potential
role for pro-inflammatory cytokines in severe responses to malaria which may be linked

to previous studies that found a protective role for IL-12 and IL-23 [7,8]. Crucially those
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novel SNPs found in association with severe subtypes were subtly different to variants
found in other populations, this being consistent with other GWASs that have identified
population-specific associations [9,10]. Many of these variants likely reflect SNPs within
local haplotypes that carry a causal variant, or causal variants that are not under strong
selection in other populations. As with the Malawian P. falciparum approach in Chapter
Two, signals of selection were detected using EHH-based iHS and XP-EHH. In this
context, iHS considered selection in the combined population, whilst XP-EHH considered
selection differences between the case and control group. Due to the high level of
relatedness within this dataset, XP-EHH signals were generally low but differential
selection signals were identified in SYNJ2BP, GCLC, and the MHC. Selective differences
within the MHC were expected given its key immunological role, however relative
selection for SYNJ2BP, which encodes a membrane trafficking protein, suggest possible
roles in parasite invasion of liver or red blood cells that require laboratory confirmation.
Candidate SV discovery was also considered for genes with the most significant
association or selection signals, with this work being expanded upon in Chapter Six. Here
a range of low frequency SVs were identified and imputed into the primary GWAS

dataset, with no SV being significantly associated with risk of severe subtypes.

As my project progressed, the impact of larger structural variation became more apparent,
so | sought to conduct large-scale discoveries of SVs in both parasite and human
populations. Chapter Three focused on global differences in the distribution of structural
variation in 3,110 P. falciparum samples from 21 malaria-endemic countries. Over one
million putative structural variants were identified, with this being filtered to a high-
quality subset of >70,000 specific deletions and >600 duplications. The majority of
specific variants were rare (48.5% of deletions and 94.7% of duplications are found in

single isolates), only 2.4% of deletions and 0.2% of duplications found in at least 5% of
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samples. This study allowed for a greater resolution for the global distribution of
previously identified duplications of mdrl and the gchl promoter region, the latter
initially being discovered in the work described in Chapter Two. This confirmed mdr1 as
a primarily Southeast Asian duplication, and the gchl promoter duplication as focused
within Malawi but also present in several Central and East African populations. A novel
22.9 kbp duplication of crt was also identified in West African samples primarily from
Burkina Faso and Ghana, but also Guinea and Mali. This large crt duplication is
particularly intriguing as it displayed high rates of diploid-type phasing, here being used
as an approximate proxy for mixed infections in the haploid samples. Follow up
haplotype-based analysis of the specific sequencing reads present for the region found
high conservation for reads containing both the chloroquine resistance and susceptible
types of crt. This suggested the presence of two copies of crt, one wildtype and one
conveying chloroquine resistance. Regional concordance between species, and
consistency in the read count ratios (1:1) for chloroquine resistant and susceptible types
mean that this in silico finding is highly robust. Presumably, carriage for both chloroquine
resistant and susceptible forms of crt allows the benefit of both phenotypes, perhaps
‘locking in’ chloroquine resistance whilst accounting for associated fitness costs. This
reflects similar hypotheses for the role of gchl whole gene, and presumably promoter,
duplications. By producing more GCH1, resistant but less efficient forms of DHPS and
DHFR may have their fitness costs counter-balanced, whilst two forms of crt may allow
for the expression of a more efficient wildtype CRT alongside or instead of a resistant

alternative.

Through investigating the use of short read-based approaches for the inference of

structural variation, it became apparent that some types of SV were less successfully

identified than others. Specifically, inversions have been poorly detected and
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characterised in P. falciparum despite several variants of interest, such as the inversion-
duplication of gchl in Dd2 [11]. To tackle this, | sought to develop a basic method for
inversion detection which utilised long sequencing reads. In theory, longer sequencing
reads such as PacBio and Nanopore should be able to identify variants in highly similar
or repetitive regions more accurately than short read-based methods [12].

Chapter Four details the development of a long-read alignment-based pipeline for the
identification of inverted sequences relative to the 3D7 reference genome. Many of the
inversions detected in this study were present within highly variable var, rifin, and stevor
genes or intergenic regions that are often excluded from short-read based SV discovery
due to difficulties resolving their sequences. The abundance of inversions in these highly
variable regions is consistent with the existing literature and probably relates to the highly
variable nature of these genes [13]. The presence of ancestral inversions was another key
finding, with key examples including the P. falciparum unique rh2a/b gene pair and a
pair of elongation factors 1l-alpha [14]. Phenotypically these are likely to be well
established and highly conserved but highlight inversion-deletions as a key combination
of structural variants. Similarly, ‘sandwich inversion’, in which a sequence exists inverted
between two other copies are a feature previously identified for gchl in the lab-derived
Dd2 strain of P. falciparum [11]. Alongside robustly discovering that feature in Dd2, a
novel ‘sandwich inversion’ of pidk in GB4 was identified. In this variant, the second
(inverted) and third copies of pi4k appear to contain truncating mutations or partial
deletions, likely leading to a complete loss of function. It therefore seems unlikely that
this variant produces an increase in relative PI4K expression but perhaps demonstrates a
process of pseudogenisation whereby P14K expression has been lost for all three copies.
PI4K itself is of interest as it is the target of imidazopyridines [15], loss of expression

may therefore represent an emerging form of resistance.
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In contrast, the study described in Chapter Six considered structural variation in 78 trios
from malaria endemic Tanzania with a focus applied to genes with known associations
with risk of severe malaria and roles in blood antigen systems. I also took this opportunity
to explore the role of inheritance in structural variation, finding that approximately 16.7%
of each parent’s specific structural variants were present without mutation in their
children. Broadly, SVs were diverse, but rare, with 91.7% of specific forms being found
only once. This low frequency partially reflects uncertainty around the specific position
of SVs but is also consistent with active selection against most variants, as has been
observed in other studies [16]. Nonetheless a few variants are present at near-fixation
suggesting previous selective pressure for these variants. In total only 0.17% (n=328) of
variants were found in at least 50% of parents. These include several genes with roles in
cell adhesion, intra-cellular transport, and drug binding. Notable examples include
SEC22B and BET1, both of which have significant roles in trafficking from the
endoplasmic reticulum to the Golgi complex [17,18]. Additional focus was placed on
genes with known roles in blood antigen systems or risk of severe malaria, leading to the
identification of SVs in the Junior blood group antigen encoding ABCG2, the P antigen
forming A4GALT, and malaria risk associated ATP2B4. Without phenotypic data for the
individuals utilised in this study, it was not possible to link these SVs with any specific
diseases or phenotypes, though their identification should initiate candidate exploration

within the field or laboratory.

In general, the exploration of SVs in the P. falciparum and human genomes both
identified many rare variants, the majority of which were deletions. A number of these
possible constitute false positives, which | sought to filter out via concordance in both
detection methods and independent samples. Notably insertions and inversions were

excluded from the P. falciparum SV project in Chapter Three due to significant levels of
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noise within those datasets. In general, the core detection method, DELLY, was more
robust for the diploid human genome rather than the haploid P. falciparum genome. This
distinction is also key to understanding the different uses of predicted phasing scores in
both studies. In Chapter Six, phasing is a classic prediction of the dosage for each SV
however in Chapter Three it represents a proxy for cryptic mixed infections or poorly
resolved loci, as heterozygous status should not be possible for a clonal sample of a
haploid species such as the blood stage P. falciparum. This hints at the potential for SV-
based mixed infection detection methods, similar in approach to existing SNP-based
methods such as estMOI [19]. One exception to filtering by predicted phasing was for
duplications within P. falciparum where the duplication was imperfect, here two copies
of a duplication may be assumed as heterozygous when they are highly divergent. This is
best demonstrated with crt, where divergence between the two copies was supported by

haplotype inspection.

Both Plasmodium and human focused branches of my work highlighted the poor scaling
of existing SV discovery methods, so | sought to develop a method to facilitate multi-
population investigation of structural variant in large sample sets. This method is
introduced in Chapter Seven in which | highlight the analysis and visualisation
components of the project, but partially underpins the work features in Chapters Three
and Six. SV-Pop consists of two components; an analysis module and a visualisation
model. The analysis module takes in structural variants predicted from several discovery
methods, integrates population level metadata, and applies both population-based filters
and statistical methods on those groups to enhance validity. Those variants can then be
passed to the visualisation module, which allows population-population comparison and
integration of statistics such as fixation indexes (Fst). All metadata is inferred from the

inputs provided, reducing the need for manual refinement and allowing the user to jump
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straight towards interpretation. The visualisation module can also be used as the
foundation for web resources should the user wish to share their dataset with the wider

scientific community.

8.2 Conclusions

Host-pathogen interactions between P. falciparum parasites and their human hosts are
underpinned by a range of genomic variation, from single nucleotide polymorphisms to
large structural variants. Much focus has been placed upon SNPs, and less on SVs, despite
potentially comparable impacts. The work presented here goes some way towards
highlighting the need for high-throughout, large-scale investigations of structural
variation, as currently occurs for SNPs, and developing methods that facilitate it. It also
demonstrates that large genomic changes can be geographically specific, and therefore

potentially used in species barcoding alongside SNPs.

For the P. falciparum parasite, the work described in Chapter Two, emphasised the ability
for chloroquine resistance to be eliminated from a population once that anti-malarial is
removed, raising the potential for carefully managed rotations of antimalarials to combat
rising resistance. However, the persistence of SP resistance traits several years after the
switch to artemisinin-based combination therapies suggests that rotation may not be
suitable for all drugs, with some forms of resistance persisting even after the removal of
the associated treatment. Novel structural variants were identified that may directly
convey antimalarial resistance or compensate for the fitness costs of other resistance
variants. Duplications of the gchl promoter and the region including crt represent
significant novel variants that require experimental follow up. Inversions were also
explored, with several novel forms potentially conveying resistance. The most significant

example of this is the sandwich inversion of pidk in a GB4 sample, which may represent
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a disruptive, rather than enhancing, feature given its association with multiple nonsense
mutations. Many of these novel findings may help inform future drug recommendations,
for example advising against SP use in regions with high levels of the gchl promoter

duplication if it is found to increase parasite resistance.

For the human studies, SNP associations beyond the well-established examples, such as
rs334, were rare and potentially unique to Tanzanians. Key associations were identified
between IL23R and IL12RBR2 that suggest a novel, possibly local, immunological
protective effect. In general, those variants identified in the GWAS likely reflect both
variants of reduced impact, and local responses to specific Plasmodium populations. For
SVs, many forms exist with only a few being actively selected for. Those at high
frequency feature robust signals and exist in roles relating to cell adhesion, intracellular
transport, and blood group antigens. Here significant findings were deletions in SEC22B
and BETLL, both of which imply a role in intracellular trafficking from the endoplasmic
reticulum to the Golgi complex, and in ABCG2 which may underpin the rare Jr(a-) blood
type. Together these findings may help inform resource allocation by identifying

populations at risk of severe response to malaria infection.

8.3 Future Work

Being a primarily computational body of work, there is a clear need for laboratory
exploration of the variants identified here. Prime examples include the 436 bp gchl
promoter duplication, sandwich inversions of pi4k in GB4, and SEC22B deletions in
Tanzania. The 436 bp gchl duplication is particularly striking as it appears at near fixation
in Malawi, whilst also being present at significant frequencies across several other Central
(Democratic Republic of Congo 26.3%) and East African populations (Tanzania 78.5%,

Kenya 31.6%). PCR confirmation of the duplication, and its specific structure, is required
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to confirm this finding in vitro. Given the role of gchl in the folate pathway, associations
of its duplication with SP resistance, and the heavy use of SP in Malawi, it seems likely
that this promoter duplication would also be associated with SP resistance. If duplication
of the promoter leads to increased expression of the protein, as it likely with gchl
duplication, this provides a phenotype of compensation for fitness costs associated with
dhps and dhfr mutations which can be experimentally validated. If mutations within dhps
and dhfr genes are associated with reduced efficacy of those proteins, duplications
associated with gchl may ensure that sufficient levels of folate are produced. Naturally
this cannot be properly investigated in silico, so classic laboratory-based exploration of
the impact of gchl promoter duplication on gchl expression, for example qPCR
comparisons with mutant strains containing zero, one, two or more copies of the promoter
region to determine their effect on levels of gchl transcription , should be undertaken. If
gchl expression is found to compensate for dhps and dhfr mutations, duplications may
relate to late-stage ‘locking in’ of SP resistance that would need to be included in active
surveillance given the critical role of SP in intermittent treatment of pregnant women and

of children (including seasonal malaria chemoprevention).

Another novel duplication identified in silico is the putative heterogeneous duplication of
the chloroquine resistance transporter, crt. Here we find a striking signal in West Africa,
and particularly Burkina Faso, where a large 22.9 kbp duplication appears to contain two
different forms of the crt gene in tandem, one being wildtype and one containing the
chloroquine-resistance associated K76 T mutation. Given the tendency for K76T to leave
Plasmodium populations following the removal of chloroquine use, as shown in Malawi
but also elsewhere previously, it seems likely that the variant conveys a fitness cost. The
presence of two copies of crt, one conveying resistance and being beneficial in a

chloroquine-rich environment and the other being wildtype and more beneficial in a non-
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chloroquine environment, might suggest a compensatory mutation for that fitness cost.
Again, follow up classic laboratory work is crucial for characterising this variant, with
targeted PCR sequencing being applied to better understand the specific local sequence
and its breakpoints, and competition assays to compare the impact of carrying both K76T-
positive and K76T-negative copies of crt against wildtype and K76T-positive strains in
the presence or absence of chloroquine. Tagging of those proteins is also key to
determining whether the pair are expressed in parallel, therefore producing heterogeneous
expression of CRT, or in response to the presence of chloroquine, suggesting the presence
of a potentially novel and complex response to antimalarial detection by the parasite.
Once better understood, surveillance of this duplication would need to be undertaken
particularly as the presence of both K76T-positive and K76T-negative sequences may
cause false positives for studies and diagnosis tests which test for the K76T-negative

sequence.

Several novel human variants were also identified in Tanzania, with some being
associated with blood antigen and malaria risk genes. These all require follow up
confirmation, perhaps through PCR sequencing or additional in silico detection, and
functional characterisation before further clinical work can be considered. Examples
include the 336/7 bp deletions in ABCG2, the gene encoding a xenobiotic transporter and
the JR blood antigen. Smaller nonsense mutations have been shown to cause the highly
rare JR(a-) phenotype [20], and it seems likely that larger deletions could produce a
similar phenotype. If so, there may be associations of Jr(a-) status with malaria or similar
blood-borne diseases. The GWAS approaches utilised here can also be enhanced through
the imputation of further putative SVs, and a move towards a host-pathogen paired-
genome analysis. This would require the sequencing of both individuals and the parasites

they are infected with. Sequencing both species allows for variation between infecting
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parasites, perhaps even for mixed infections, and between human hosts to be adequately
controlled for. This would therefore provide additional statistical power for the detection

of further novel significantly associated SNPs.

These broad structural variant discovery approaches clearly identify a wealth of novel
variants in significant genes. The development of SV-Pop has paved the way for other
multi-population studies of structural variation. One clear next step is to perform the
approaches utilised in Chapters Three and Six for other Plasmodium species, such as P.
vivax and P. knowlesi, and for further human populations. Chapter Seven lays the
groundwork for future analysis and exploration of global structural variation of this sort.
The same can be said for inversion discovery, as described in Chapter Four, using long-
read based assemblies with larger population datasets. Exploration of these datasets,
particularly using the SV-Pop visualiser, may help identify further copy number variants
with key roles in anti-malarial resistance, host susceptibility, or other disease-relevant
phenotypes. Any future studies should seek to integrate advances in long-read based
approaches; methods for their utilisation, such as the pipeline described in Chapter Four,

therefore need to be actively developed.
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