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Detection of Species-Specific Plasmodium Infection
Using Unmapped Reads From Human Whole Genome
Sequences

Abstract

by
JASMINE MARIE OLVANY

Whole genome sequencing (WGS) is an ever expanding tool in the field of
genetics, and is widely used to characterize human genetic variation. There are
multiple large-scale sequencing studies being conducted today worldwide, like All
of Us, Three Million African Genomes, and GenomeAsia 100k. The addition of
these diverse datasets alone can be transformative to our understanding of
genetics, but the increase in the diversity of populations sampled also has the
potential to reveal additional and novel information relevant to health and
disease. Specifically, whole genome sequence (WGS) analyses of DNA from
human whole blood may be able to capture genetic variation in other species that

can affect both individual and public health.

The research detailed in this dissertation aims to illustrate the utility of human
WGS data for infectious disease, by showing that the malaria causing parasite
Plasmodium can be sensitively detected from unmapped reads (UMRS) from

WGS data. Malaria has a significant global health burden, and elimination of the
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disease has been a goal since the 1950s. Recently, there have been roadblocks
in the progress of malaria elimination that can only be resolved through additional
research efforts. Development of this detection methodology could be the tool
required to better define the parasite population, identify problematic populations,

and solve the roadblocks limiting elimination success.
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CHAPTER I: Malaria epidemiology and elimination in Africa: the past, present,

and potential futures
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1.1 The parasite, host, and disease

Malaria, literally translated as “bad” or “evil air,” is a disease that predates
modern humans and is thought to have evolved in Ethiopia® 2. It has traveled and
colonized the world alongside its human host!. Prior to the discovery of the
disease agent, many things were attributed to being the cause of these periodic
fevers and enlarged spleens. Naturally, before science provided an evidence-
based explanation, many attributed the disease to the supernatural. A common
myth was to assign a demon to each of the symptoms now associated with
malarial. For example, in China, the headache, shudders, and fever were
described as three demons with weapons of a hammer, a pail of water, and a
stove that afflicted the sick. Another interesting myth assigned to this disease
was that in the highly affected city of Rome, people got the sickness from
pestilent air exhaled from a dragon living in a cave under the city. The idea that
bad air conveyed the disease was found in observational hypotheses as well, as
it was thought that breathing in or consuming marshy air caused a complex
chemical or small invisible animal to enter the body and cause disease® 3. While
misguided, both of these ideas are rooted in reality, as the marsh likely played a
role in the transmission of the disease as a breeding ground for mosquitos. The
earliest theory that came close to the truth was identified in China around 500

BC, which connected malaria with the bite of an insect®: 2.

In reality, the disease-causing parasite is a single cellular protozoan of the
Plasmodium genus, which infects a whole range of different vertebrae hosts*.

The parasite's transmission depends on the passage through a viable mosquito

17



vector from the genus Anopheles®. There are five species currently known to
infect humans, Plasmodium falciparum (PF), Plasmodium vivax (PV),
Plasmodium malariae (PM), Plasmodium ovale (PO), and Plasmodium knowlesi
(PK)®. The parasite lifecycles vary slightly between species but generally is as
follows: an infected mosquito takes a blood meal out of a host and deposits an
infective sporozoite. This sporozoite then migrates to the liver and differentiates
into a merozoite that can invade human red blood cells (RBCs). The merozoite
can reproduce asexually through immature trophozoite to mature trophozoite to
schizonts then back to merozoite to infect more cells, or it can differentiate into
male/female gametocytes that a mosquito will take up to develop into the
infectious form again®. The only deviation from this cycle occurs in PV and PO,
which can form dormant hypnozoites in the liver cells to reactivate at a later
date®. Generally understanding the life cycle is vital because detecting the
parasite in a human infection occurs mainly during the asexual blood stage when
the parasite circulates in peripheral blood and can be detected through
conventional methods®. Currently, three different types of diagnostic methods are
regularly employed either in the clinic or research field: light microscopy, rapid
diagnostic tests (RDTSs), or nucleic acid amplification technologies (NAATSs)’.
Each of these methods has different levels of sensitivity and specificity in
detecting the parasite or differentiating the species of infection, which will be

detailed later in section 1.58.

Determining the species of infection is extremely important when dealing with

malaria because not only does each species have different clinical implications,
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but the treatment protocol differs based on if the parasite can or cannot form
hypnozoites®. There are many ways to classify malaria clinically. For example,
the disease can be described by the presence or lack of symptoms (symptomatic
or asymptomatic), the density of the parasite in the blood (normal or
submicroscopic), or the severity of the disease (uncomplicated or severe), each
of which has different implications about the disease®1°. Clinically, the most
important descriptor is the severity because malaria can cause any of the
following complications: cerebral malaria, severe malarial anemia, renal failure,
or respiratory distress'® 11, PF is the parasite most frequently associated with
severe malaria outcomes, causing 95% of all malaria deaths, and children under
five are the most affected demographic for malaria mortalities worldwide®: 2.
Multiple publications theorize that PF parasites cause the most severe disease
and mortality because of a species' unique ability to cause RBCs to stick to
capillary walls, called sequestration® 1% 3, There are known cases of severe

malaria from other species, increasingly PV, but these are less common?? 14,

Additionally, severe malaria although considered dangerous, only leads to
death in 0.2% of all clinical malaria cases'® 12, The treatment recommendation
for all levels of malaria is intervention as quickly as possible with artemisinin-
based combination therapies (ACTSs) for parasites with no dormant stage and
with the addition of primaquine with dormant stage parasites® . Treatment
recommendations have changed throughout the years in response to parasites

gaining resistance to interventions, which will be detailed in later sections®>1’,
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Understanding that the parasite has evolved in response to selective pressure
via elimination interventions is extremely important. However, it is equally
important to acknowledge that the persistence of this disease throughout human
history has stimulated evolutionary changes in humans as well. The human
genome has evolved several genes to combat this parasite's efficacy and survive
through childhood, such as HBA, HBB, G6PD, and Duffy antigen receptor for
chemokines (DARC) variants'® 19, Many genes that protect against malaria affect

the RBC, which was noted above as a major part of the parasitic life cycle.

HBB is one of the most well-known loci connected to protection against
malaria, and single nucleotide polymorphisms (SNPSs) in this gene cause
structural modification of B-globin. There are currently five known variants of HBB
that have been associated with protection against malaria, hemoglobin S (HbS |
rs334), hemoglobin E (HbE | rs33950507), hemoglobin C (HbC | rs33930165),
hemoglobin D (HbD | ¢.364G>C), and hemoglobin O (HbO-Arab | ¢.364G>A)%% 21,
The Malaria Genomic Epidemiology Network (MalariaGEN) found that the HbS
variant provided greater than 80% protection against severe malaria for
heterozygotes in Africa. In contrast, HbC reduces the risk of severe malaria by
29% per gene copy?®. The three other hemoglobin variants have no reported

prevalence in sub-Saharan Africa or are not connected to resistance to malaria'®

21-23

Another hemoglobin-relevant gene, HBA, has multiple variants that cause
abnormal or absent alpha-globin chains resulting in the disease a-thalassemia,

which is highly prevalent in malaria endemic regions?*. For example, in one study
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in Africa, HBA had a specific 3.7kb deletion variant that causes the disease a3'-
thalassemia, which was found to reduce risk by 40% in homozygotes!®: 2% 25,
While these hemoglobin variants evolved for protection against malaria, inheriting
more than one copy of these alleles can lead to hemoglobin disorders, sickle cell

trait (HbS), and a type of a-thalassemia'®: 20: 25,

An additional locus of importance is the Duffy blood group antigens
(codominant alleles FYA or FYB) encoded by DARC (or ACKR1). This gene
produces two protein isoforms to create a glycoprotein on RBCs?6. There are four
major phenotypes of this locus: Fy(a+b+), Fy(a+b-), Fy(a-b+), and Fy(a-b-)?°.
This locus is important to malaria because the receptor is directly involved in
invasion of the cell by PV25. An individual with the phenotype (Fya-b-) is
considered Duffy—negative because it causes the absence of the glycoprotein on
the membrane wall, making individuals who carry this phenotypr highly resistant
to PV infection?® 27, Many of these variants mentioned above were originally
annotated in African populations and have affected the distribution and burden of

each parasite species worldwide.

According to an estimate published by the World Health Organization (WHO),
in 2021, nearly half of the world is still at risk for malaria?®. The most recent
estimates of the burden of malaria is 247 million cases and 619 thousand deaths
in 2021, with 95% of the cases coming from the 45 countries of the WHO Africa
region?®. These numbers highlight that this disease is still a monumental problem
for the global health community, and strides need to be taken to reduce the

burden, especially in Africa.
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1.2 Malaria Epidemiology across sub-Saharan Africa

Each Plasmodium species has a different geographical distribution based on
a combination of the Anopheles mosquito species available and the above-
mentioned human genetic variation. As this thesis is focused on sub-Saharan
Africa, there are only four species of consequence to this research (PF, PV, PM,
and PO). PK is excluded because it is currently limited to Southeast Asian
countries, based on its need for a macaque host to coexist with the human
population. Thus, it will not be mentioned in any following sections®. Other
distribution patterns will affect the frequency of each species in our data, such as
the Fya-b- phenotype, which dramatically reduces the prevalence of PV
infections in sub-Saharan Africa?”: 3132, Only recently has the field accepted that
Duffy-negative individuals can be infected with PV parasites; thus, it is crucial to
understand the general landscape of infection across the years in sub-Saharan

Africa to contextualize the following research33: 34,

PF is the dominant species of infection (99.7%) and mortality in sub-Saharan
Africa, and it is the species that all of the estimates of infection prevalence are
based upon?®®. Non-PF infections have significantly fewer reports and coverage ,
but there are many indications that PM, PO, and PV exist across sub-Saharan
Africa®s. There have even been indications of surges of non-falciparum species
becoming increasingly more prevalent as elimination efforts become more
successful in treating PF35-%°, The lack of focus on the other species is not
necessarily surprising because many country-wide reports on infection are

diagnosed by RDTs designed to only detect PF36. Research conducted country
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by country is the only way to unveil the epidemiology of the other species
because a molecular-based probe is the most reliable way to identify non-
falciparum species, or a highly trained microscopist that can differentiate them“©,
Regardless of these challenges, and while historically the epidemiology
surrounding malaria in sub-Saharan Africa has focused on PF, it is essential to

evaluate all species moving forward to understand the total burden of malaria3®

40

The general coverage of epidemiology in Africa pre-2000s is often country-
specific and sparse, but decent evidence that with the discovery and use of
chloroquine as a treatment, there was a decline in the parasite, followed by an
aggressive resurgence of strains with resistance!® 4142, A publication by Thomas
C. Nchinda cites that the parasite mortality was 1.5 to 2.7 million per year in
September of 1998, with 90% of that burden being on Africa*!. In the 1990s, as
discussed below, elimination efforts were finally being focused on sub-Saharan
Africa, and thus more research and better coverage of Plasmodium epidemiology
started with these efforts. Since this refocus of elimination efforts to Africa, there
have been measurable reductions in the burden of malaria. For example,
between 2000 and 2015 there was a 18% decrease in cases globally, a 37%
decrease in malaria incidence, and a 48% decrease in mortality*3. While these
numbers technically cover malaria globally, because Africa bore 88% and 90% of
cases and mortality, respectively, some reductions would have to be achieved in

Africa to be reflected in these mentioned global trends#4.
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The era of malaria elimination the field is currently in technically started in
1997, with the known elimination techniques being partnered with research to
help provide evidence-based feedback to efforts*> 46. However, the most recent
benchmark year is 2015, which was the year that the WHO and many financers
recommitted to elimination with the Global Technical Strategy*’. Despite the
renewed efforts, many countries in sub-Saharan Africa have plateaued in the
progress toward elimination, with only a reported 2% decrease in incidence since
201548, Similarly, there has been only a 2.9% decrease in deaths in populations
at risk since 2015, compared to the original 2000 baseline?®. Collectively, these
data suggest there has been a slowdown in the alteration of Plasmodium
prevalence across Africa, and it appears as if there are roadblocks, detailed later,

causing a marked reduction in elimination success worldwide.

1.3 Elimination efforts through the years

Malaria elimination has been a goal science has actively been working
towards since the 1950s, with one of the major pushes being the WHO Global
Malaria Eradication Program (GMEP est. 1955)#°. This initiative managed to
facilitate the elimination of malaria in multiple countries (n=15) through mass
spraying of dichloro-diphenyl-trichloroethane (DDT) and administering of
chloroquine (CQ)*% %°. However, GMEP was abandoned by 1969 due to rising
resistance to DDT and CQ and logistical challenges. One challenge of note
recognized that this type of short-term program could not flourish in Africa, the

highest-burden region, because it lacked the infrastructure for surveillance®°.
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It is important to note that the original goal for elimination, highlighted in the
name GMEP, was eradication of the parasite worldwide. Eradication would mean
no human-infecting Plasmodium exist in the natural world for transimission.
There has been one historic example of eradication actually occurring, with the
smallpox causing virus, variola. Smallpox was officially declared eradicated in
1980, shortly after the last natural case in Somalia in 197751, The majority of the
progress of smallpox eradication was due to aggressive immunization, infection
containment, and surrvelliance programs against variola, lead by the WHO from
1966-1980°1. Achieving malaria eradication is a much greater undertaking for
several reasons, like multiple infecting species, potential zoonotic infections,
more complex vaccine evasion mechanisms, and limited treatment options.
There has been plenty of research into developing a malaria vaccine, with some
marked successes, culminating in the first WHO recommended vaccine
(RTS,S/AS01) for children in moderate to high transmission regions in 202152 53,
This is implementation is the first major step towards full malaria vaccination, but
the current vaccination does not alter the infectivity of gametocytes so endemicity
is likely to continue undisrupted. Thus, true eradication has not been considered
a viable goal for the field since the 1950s, and currently the goal is elimination of
Plasmodium. In contrast to the strict definitions of eradication, elimination has
more limited definition of no local transmission occurring in a defined geographic
region. The slight difference between the two definitions allows for a country-by-
country tackling of the disease, which allows for smaller, more attainable goals to

be set towards the progress of ridding the world of Plasmodium.
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Along with revealing that eradication was not viable, the GMEP highlighted
that any additional strategies needed to be adaptable and realistic for local
capabilities. This perceived “failure” of a program and economic struggles led to
no other large-scale attempts for elimination and scaling back of control efforts in
the 1970s and 1980s*°. This lull in support, paired with rising CQ resistance, was
highly detrimental to the progress of elimination, leading to an extreme

resurgence of the parasite that peaked in 200015 54,

The 1990s was when governmental bodies and non-governmental
organizations (NGOs) rekindled the efforts for global-scale elimination (rather
than eradication) with initiatives like Global Malaria Control Strategy in 1993
(WHO), Roll Back Malaria in 1998, the Presidents Malaria Initiative, and more®®.
One of the major benefits of the renewed effort is the recognition that the region
with the highest burden should be the region leading efforts. This was solidified
when the WHO Africa Regional Office (AFRO) was tasked with heading the new
Roll Back Malaria campaign to direct the initiative in ways that would especially
benefit Africa>. The focus of this initiative for underserved populations and
developing countries was to heighten existing healthcare systems to provide
more access to services regardless of income status, better education to the
general public, and more trained staff>®. One particularly positive outcome of
AFRO leading the initiative was they understood the populations at highest risk
and refocused the efforts on them. For example, a strategic framework AFRO
published in 2004 outlined all of the challenges and presented solutions for

malaria in pregnant women®6. Malaria during pregnancy can be dangerous for
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both the mother and child because, in highly endemic regions, mothers can be
asymptomatically infected, which can cause severe maternal anemia for her and
low birth weight for the baby?®. Both conditions are known to contribute to higher
mortality in these populations. This document then suggested interventions such
as insecticide-treated nets (INTs) and intermittent chemoprevention for pregnant

mothers (IPTp), which are techniques still used in elimination today®®.

Several of these renewed elimination efforts made remarkable progress in the
field, guided mainly by the documents mentioned above, which caused malaria
incidence to decrease by 37% between 2000 and 201543, One of the most
successful initiatives was INT distribution in sub-Saharan Africa, which expanded
access to bed nets from 7% in 2005 to 67% in 2015°’. This increase indicates
substantial progress in efforts like the distribution of INTs in the regions
historically ignored by elimination programs. Still, no countries in this region
managed to eliminate the parasite entirely. Seventeen countries lost endemic
status outside of this region from 2000 to 2015, and four were considered
malaria-free by the WHO?®’. Despite this highlighted progress, the original goal for
the Roll Back Malaria initiative was to half the malaria burden by 2010; this goal
was not reached, especially in the Africa region®®. However, this initiative was
much more successful than the previous attempts and established the framework

for the current iteration of elimination that started in 2015.

1.4 Current state of elimination and roadblocks
Elimination is currently guided on a global scale by the WHO Global Technical

Strategy 2016-2030 (ratified in 2015). This section will discuss the currently
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active document updated in 202147, This document outlines the steps needed to
reduce local transmission of the disease globally by 90% by 2030. The process
of elimination is broken down into 5-year goals, where mortality and case rates
decrease by a specified amount, a certain number of countries eliminate the
parasite entirely, and all countries prevent reestablishment. Three pillars and two
supporting elements guide all efforts of the strategy and focus on the following:
the pillars include access to malaria care via universal healthcare, intensify
efforts for elimination, highlight malaria surveillance as an intervention method,
supported by the ideas to expand and utilize research, and expand efforts in a
sustainable and equitable manner4’. The document seems to call for two things:
to support and push interventions we know work like IPTp and INTs and scale up
research to understand malaria better on a global scale. Another note pervasive
throughout the document is acknowledging that the world did not meet the first
milestone in 2020, and was not projected to meet it even before the coronavirus
disease of 2019 (COVID-19) pandemic*’. This point is highly evident in the most
recent WHO World Malaria report as well, and several theories have been put

forth as to why interventions are not functioning as well as expected?®.

Antimalarial resistance is a major potential roadblock to elimination because,
unless handled with care, resistance to ACTs could cause a significant
resurgence of the parasite, undoing years of intervention work. The field has an
example of the damage wide-spread resistance can do because CQ resistance
was the primary cause of malaria deaths spiking to over 1 million in the 2000s°°.

The mechanism of ACTs is that the artemisinin derivative acts as a quick
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parasite clearance drug with a short half-life in the blood, paired with a longer
half-life drug to kill any remaining parasites® €. This type of combination therapy
was adapted to reduce the parasite's ability to evolve resistance after the 2000s
crisis of CQ. Regardless, there has been a rise in artemisinin resistance, which
started at the Thai-Cambodian borders in the 2000s%. When resistance is
detected or attempted to be contained, there are a few alternative options, like
Atovaquone-proguanil or oral quinine. However, both options are non-scalable,

have tolerance issues, and cannot be adopted widely®: 62,

Resistance to ACT treatments in the parasite generally evolves in genes
implicated in the drug mechanism of action. Specific examples of genes that
have mutations which confer resistance to at least one drug used in an ACT
treatment are as follows: PF Kelch-13 gene (pf-k13) to artemisinin, PF
dihydrofolate reductase gene (pf-dhfr) to pyrimethamine, PF dihydropteroate
synthase gene (pf-dhps) to sulfadoxine, and PF multidrug resistant 1 gene (pf-
mdr1) to mefloquine®?%°. As mentioned in later sections, genes that confer
resistance to current treatment (ACTSs) started to evolve resistance from older
monotherapies either because one of the two drugs in the combination is an
older monotherapy or the genes involved in new therapies have similar
underlying mechanisms for resistance. For example, pf-mdrl was initially
implicated in resistance to CQ monotherapy, which was used until 2004 as a
first-line treatment, and now also confers resistance to mefloquine® 7. The cross
resistance in this case is likely due to the gene encoding a digestive vacole which

has been shown to transport multiple antimalarial therapies and reduces efficacy
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with certain mutations®®. Another explanation is that this overlap occurs because
of the small number of effective drug classes against the parasite, thus many
combination therapies reuse older antimalarial drugs in combination with
artemisinin. In this case, the parasite already has resistance to one of the
therapies, which can circumvent the second stage in ACT action mechanism
leaving parasites alive in the bloodstream®!. Due to the pressure of no alternative
drugs for treating malaria ready for wide-scale production and distribution, the
WHO has called for more research on antimalarial resistance and surveillance

techniques to attempt to contain resistance until new therapies are available.

Paired with the constant evolution of the Plasmodium parasite, the rise of
evolving Anopheles vectors poses a risk to elimination efforts. Indoor residual
spraying (IRS) and ITNs are the two main mechanisms for vector control®’.
According to the most recent WHO Malaria Report, all four major classes of
insecticides are showing evidence of resistance in multiple countries, pyrethroids,
carbamates, organophosphates, and organochlorines?®. The pyrethroids are a
particular problem because this class is the only approved option for ITNs
treatment, and ITNs have been the most widely used vector control?®. Resistance
to this insecticide, detected in 87% of all countries at least once, arises in a
voltage-gate sodium channel gene. This locus has also been shown to confer
resistance to the spraying compound DDT, making it an extremely problematic
variant®®, Appearance of resistance to the other three classes of insecticides has
occurred in 60%-82% of countries, with the lowest amount of resistance being to

organophosphates?®. Overall, rising resistance must continue to be researched
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and documented because it undermines the efficacy of one of the major methods

of intervention for elimination, ITNs.

Another highly prevalent issue that impacts all stages of elimination is the
existence of a parasite reservoir in human populations, primarily as
asymptomatic carriers. Many of the canonical interventions put forth by the WHO
do not adequately address this reservoir population in endemic regions because
surveillance and treatment policies are generally focused on quickly identifying,
confirming, and treating symptomatic infections*’. While some of the more
passive interventions like ITNs and IRS may reduce the burden of asymptomatic
individuals by preventing infections in general, there are many reports that
asymptomatic infection is a significant problem for much of sub-Saharan Africa®®
3, Such individuals go completely undetected in many situations and act as a
constant resource for infecting more mosquitos, potentially increasing the
number of symptomatic cases, thus showing the slowing or halting of the
elimination process. We have highlighted how this entire cycle would look in

Figure 1.1.
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countries

Asymptomatic Malaria
Carrier

Figure 1.1 lllustration of the malaria transmission cycle with asymptomatic

carriers

Visual representation of the two cycles of malaria transmission, light blue:
illustrates the general symptomatic to mosquito cycle that has been of most
concern to the WHO, as intervention and most surveillance is only concerned
with this population, dark blue: the full cycle in most endemic regions where the
ignored asymptomatic population is contributing to infecting mosquitos which in

turn create more symptomatic cases.

There has been some discourse on whether asymptomatic individuals
contribute to ongoing transmission, or if their gametocyte density is too low. In
support of the former hypothesis, several studies have proven through feeding
assays that they contribute to transmission’? 7. Asymptomatic infections have

also been shown to be able to transition to active symptomatic infection or cause
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other detrimental health outcomes like placental infection or anemia in
populations at risk (children, pregnant women, or the elderly)®® 7577, This
roadblock was the only one not discussed in detail in the most recent WHO
report; the burden of this problem seems to be overlooked Progress towards
elimination will never reach its full potential until this population is thoroughly

evaluated and intervention methods are developed to address it.

It is impossible to discuss concerns for elimination without acknowledging the
COVID-19 pandemic and how it may have affected elimination measures for
years to come’®. Major setbacks in elimination efforts have occurred throughout
the COVID-19 pandemic. For example, the pandemic-caused disruption of
distribution of insecticide-treated bed nets and RDTs could lead to more malaria
cases through more infections and persistence of the parasite in endemic
populations from lack of detection®. While a portion of this disruption was due to
reduced human contact and travel, the COVID-19 crisis also diverted a
significant amount of malaria funding to dealing with this emergent health

challenge and severely reduced access to needed materials*’.

Another unexpected detriment of the COVID-19 pandemic was the implication
of antimalarials in the potential treatment and prevention of the disease. Some
studies have shown the effectiveness of certain artemisinin-derived compounds
against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in vitro,
but have not been confirmed by clinical trial®® 8!, Regardless, simply claiming
potential protection against SARS-CoV-2 could have spurred the usage of the

drug for this purpose, similar to the adoption of ivermectin in the US from
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unsubstantiated claims, which can severely increase antimalarial resistance to
current therapies®?. If the off-label use of artemisinin therapies could spur a rise
in resistance to the drug in endemic countries, the results could be disastrous
and worsen the state of elimination for years. Currently, the state of treatment
options is already limited, and new drugs are not in the immediate future, thus
artemisinin must remain effective®® 83, While no novel roadblocks have occurred
through the pandemic, countries working toward elimination may have the
amount they are off track from the WHO GTS goals exacerbated by COVID-19.
This exacerbation caused by COVID-19 has already been noted in the most
recent World Malaria Report, which indicated 13.4 million cases were from

different facets of pandemic disruptions?°.

As long as the effects of COVID-19 on malaria continue to be uncovered, and
the elimination goals are off track, the field will need to rise to the WHO call for
more research. Scientists need to understand all aspects of the disease and
parasite on the local, country, and global levels to truly define the problem and
implement the right interventions to solve them. As it stands right now, providing
that information to the WHO is a cumbersome process that requires extensive
financial support and manpower to overcome because recruiting and conducting
large-scale malaria projects is resource intensive. One way to circumvent the
cost of conducting the aforementioned research, and perhaps better define the
problems contributing to these roadblocks to elimination would be to develop a

method to retrospectively analyze populations for malaria.
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1.5 Diagnostic methods and how they shifted research

Each new era of malaria understanding and research was ushered in by a
new method of detecting the parasite in humans. Three main methods are used
for detecting Plasmodium in both the clinical and research setting; blood smear
microscopy and RDTSs are used in the clinic, and RDTs or NAATSs are used in

research.

The development of the blood smear method of diagnosing malaria cannot be
attributed to any one person. The obvious first step in the development was the
introduction of the microscope to the scientific community by Robert Hooke and
Antonj van Leeuwenhoek and the improvements introduced by Ernst Abbe and
August Kohler, which made light microscopy of biological samples possible®*.
This invention paved the way for the careful study of differently shaped
organisms with “pigment” in the blood sample of 200 military patients by
Alphonse Laveran in 18803. With this observation, Laveran uncovered that the
parasite resided within blood cells and determined that the parasite was
responsible for the disease®. The final step in curating the entire diagnostic
process was a more efficient stain that better differentiated the parasite from the
RBC cellular component, which Gustav Giemsa developed in 1902%. These
three components are the basis of the thin blood smear methodology, where
peripheral blood is smeared on a slide, the number of parasitized RBCs is
counted, and the parasite species is determined® . Obviously, before the
introduction of modern technologies, this methodology was the only way to

confirm an illness was due to Plasmodium infection. Until the 1990s, this method
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was the only way we researched, diagnosed, and tracked malaria worldwide.
One of the functions that microscopy still serves today is identifying neutrophils
with ingested pigment, which has prognostic value, along with identifying the
stage and species of parasite better than RDTs in the case of non-falciparum
infections®. As mentioned before, each parasite species has its own clinical
implications; thus, knowing which species is infecting an individual can help
determine which presentation of severe malaria is possible®. Complete species
identification paired with standard tests, like quantifying the blood count and
determining hemoglobin concentration, better determines if malaria is the root of
the illness or if the patient needs to be tested for alternative causes®. This
differential diagnosis is essential because, in the highly endemic regions of sub-
Saharan Africa, many people can be sick and positive with malaria, but the
underlying cause of their illness (and potential death) isn’t from severe malaria
but co-infected bacteria. Despite what this method has provided for the field, it
has several downfalls, like the need for trained staff, its unreliability for
guantifying PF infections because of sequestering, and relatively high limit of
detection (LOD)® 8. The need for trained staff has been highlighted as
particularly problematic for sub-Saharan Africa, as many rural areas do not have

the capital to maintain someone with these skills®®.

The invention of RDTs in the late 1990s ushered in the next wave of
understanding and progress for malaria because it eliminated the need for highly
trained microscopists to diagnose the parasite®’. Most RDTs function by

determining the presence of a PF specific protein called histidine-rich protein 2
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(PfHRP2) or a pan-malaria antigen like lactate dehydrogenase or adolase®’: &,
RDTs are the crux of understanding malaria epidemiology today because they
are the most readily used tool in diagnosing the disease across sub-Saharan
Africa®. According to the WHO, 3.5 billion RDTs were sold between 2010 and
2021, and 2.1 billion of those RDTs were distributed in sub-Saharan Africa by
national malaria programs, thus showing the substantial amount of utilization of
this tool?°. The advent of this device is one of the major interventions that made
tackling malaria in sub-Saharan Africa possible and continues to contribute to the
reduction of mortality of this disease today. The limitations to RDTs come from
the effectiveness of the test, its constrained ability to determine species of

infection, and its higher LOD?®: 86,

Up to this point in the technology, most cases detected by RDTs and blood
smears needed a high infection density because both methods have been shown
to miss submicroscopic and asymptomatic infections in endemic regions®. It was
not until the introduction of NAATSs could the field push the limits of detection into
fully characterizing the burden of malaria in sub-Saharan Africa. This fact is
becoming increasingly evident as countries continue showing a substantial
asymptomatic population or low-density infections missed by normal surveillance
procedures®. The research sector mainly utilizes it because the polymerase
chain reaction (PCR) assay does not need to happen at the collection site.
Deoxyribose nucleic acid (DNA) can be isolated in the field and frozen or dried
whole blood spots can be transported back to laboratories for processing later,

eliminating the need to transport laboratory equipment to remote locations®: %2,
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NAATS are also significantly more specific with respect to differentiating species
of infection and even calling mixed infections with high accuracy?® 3. While
NAATS are not used in point-of-care situations, it is one of the only reliable
methods to detect parasite other than PF or PV, because current RDTs for other
species have less than 50% sensitivity to PM and PO%* %, Thus, a major finding
of the assay was that the lesser-discussed parasites PO and PM are prevalent
across sub-Saharan Africa and need to be better detected and addressed by

elimination efforts alongside PF®6.

Additionally, because the assay targets the DNA instead of actively expressed
genes, this technique is also less sensitive to evolutionary changes by the
parasite in an attempt to avoid detection, unlike RDTs%. Overall, NAATSs are the
optimal tool for defining the composition and scope of Plasmodium species
worldwide. Unfortunately, it cannot be widely applied to the clinical sector
because it is considered prohibitively expensive compared to RDTs and requires

a laboratory setting and trained technicians.

1.6 Potential role of genomics in malaria

As highlighted above, the introduction of DNA-based methodologies was
revolutionary in the malaria research field. Outside of sensitive parasite
detection, genomics has played a much greater role in our understanding of
Plasmodium. For example, genomics has played a part in identifying where this
parasite may have evolved from, uncovering the two different species of
Plasmodium ovale (curtisi and wallikeri), determining which mutations confer

antimalarial resistance, and understanding multiplicity of infection and its impact
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on disease®1%3, And as sequencing studies become more prevalent and the
technology continues to become more affordable, there is no doubt that genomic

methodologies will continue to contribute to our understanding of malaria.

Recently, there has been an increase in publications focused on developing
new methods of detecting the parasite. There have been papers published this
year on electrochemical sensors, deep and machine learning processing of
microscopy slides, and metagenomics approaches queried for their ability to
detect the parasite without using traditional methods!%41%7. Genomics could play
an integral role in the next step of malaria detection, specifically from human
whole genome sequencing data that is processed via a PCR-free methodology.
Modern shotgun sequencing technology does not select for species, meaning
that any sequence present | isolated DNA has an equal chance to be captured by
the sequencer. There are two basic whole genome sequencing (WGS) types,
one with a final PCR amplification step before sequencing and one without08: 109,
Choosing the type of sequencing is of particular consequence to malaria for the
following reason: PCR-based sequencing has been shown to be poor at
capturing sequences with C+G-bias. This initial difficulty in capturing extreme
genomes is generally worsened by the final PCR amplification step of a general
flow, even though the universal primers are designed to this and capture all DNA
in a sample indiscriminately. This inability to capture extreme genomes has
historically made capturing the malaria parasite sequence difficult. However, the
original paper proves this issue has been solved in PCR-free sequencing by

testing G+C poor PF sequence as part of the method’s proof of concept, and
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highlighting how much better PCR-free performs in extreme conditions%®. With
the advent of PCR-free technology, the relative coverage of the PF (3D7)
genome went from missing 4.8% to 19.9% of its sequencing in coverage to less
than 4% having under 10x coverage!®. Many sequencing studies are now
utilizing this PCR-free method of sequencing for humans. For example, all
studies originating with the Trans-Omics for Precision Medicine (TOPMed)
project use WGS technology for analyzing their human populations*'°. Therefore,
all populations that are sequenced in this manner are now available to mine for
Plasmodium DNA, and are far more likely to capture the parasite when present in
endemic populations, making WGS studies a perfect candidate for developing a

computational detection pipeline.

1.7 Dissertation aims

In summary, malaria is a significant infectious disease that disproportionately
affects underserved populations in Africa, and the progress toward elimination
has slowied significantly in recent years. Most roadblocks highlighted in this
chapter have called for more surveillance and research to fully untangle the
intricacies of malaria on a global scale. Here | set out to develop a tool that will

facilitate the necessary research.

As studies of human genetic variation expand beyond a Eurocentric focus to
include a wider range of populations such as the Three Million African Genomes,
TOPMed initiatives, and the African Genome Variation Project, we will begin to fill
in gaps in our knowledge of patterns of human genetic diversity and how extant

variation affects disease risks and distributions as well as our evolutionary
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histories'19-14, The addition of these diverse datasets alone can be
transformative understanding human diversity, evolution, and discovery of
genetic variation underlying human health disorders, but the increase in the
diversity of populations sampled also has the potential to reveal additional and
novel information relevant to health and disease. Specifically, whole genome
sequence (WGS) analyses of DNA from human whole blood may be able to
capture genetic variation in other species that can affect both individual and
public health*>-117 However, most analyses from human next-generation

sequencing ignore this latter possibility.

The typical pipeline for processing human whole genome sequence data is to
align reads to the human reference genome(s) and discard all other or
unmapped reads (UMR)8. However, it is possible that sequence from many
potentially infectious agents can be evaluated using the UMRs. Here we
hypothesized that in malaria-endemic regions, UMRs would align with the
genomes of one of the parasites that can cause malaria in humans (Plasmodium
falciparum, P. malariae, P. ovale, and P. vivax)?®. As malaria is highly prevalent
in Africa and this region carries the majority of the malaria disease burden, it is
an ideal locale to see if human WGS can be used to detect Plasmodium
infections?® 93 | hypothesize that a combination of efficient genomic analyses
tools can adequately harness the information in these UMRs to detect the
parasite epidemiology from general human WGS studies, and even provide
information on relevant parasite antimalarial resistance genes. Determining if

Plasmodium sequence is present in the UMRs may provide insights on how to
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learn more about host-parasite interactions. Also, with further exploitation,
investigation of UMRs could provide insight for development of additional

molecular epidemiological approaches to study malaria epidemiology.

Therefore, my dissertation aims to identify the appropriate parasite target and
genomic tools to detect Plasmodium DNA in human WGS UMRs and
demonstrate that this novel detection method adequately captures the malaria
epidemiology across several populations in sub-Saharan Africa. To achieve this

goal, | will address the following specific aims:

Aim 1 - Develop a species-specific Plasmodium detection pipeline that utilizes

human WGS data and mines the UMRs.

1.) Determine which parasite genome (mitochondrial, apicoplast, or total) is
the best target for mining the UMRs.

2.) Compare the infection status indicated by this novel approach in Ghana
(n=1904) to a previously accepted NAATs diagnostic method to determine
assay specificity, sensitivity, and overall agreement.

3.) Check the following assumptions to ensure no bias exists in the novel
pipeline: a. sequencing across the Plasmodium genome is occurring
randomly with no hot spots, b. the number of unmapped reads that enter
the pipeline does not determine the infection call outcome, and c. each

species found is likely present in the sample.
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Aim 2 — Investigate how accurately our novel detection method characterizes
malaria epidemiology in different endemicity levels across seven sub-Saharan

African populations.

1.) Extend the pipeline to all other TOPMed Africa6k Populations to determine
the level of infection and species composition in the following populations:
Botswana, Cameroon, Ethiopia, Guinea-Bissau, Kenya, Tanzania

2.) Compare found values and estimates to well-known malaria epidemiology
databases, WHO and the Malaria Atlas Project (MAP), to determine if the
novel assay is performing reliably

3.) Investigate the utility of the mined Plasmodium genomic data to query for
known antimalarial resistance loci in the following genes: pf-mdrl, PF

chloroquine resistance transport gene (pf-crt), pf-dhps, pf-dhfr, and pf-k13.
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CHAPTER II: Development of a species-specific Plasmodium assay using

human whole genome sequencing reads from Ghana

Portions of this Chapter are under revision in the following manuscript:
Olvany JM, Chan ER, Martin WB, Hansen MEB, Harris DN, Tishkoff SA,

Williams SM, Zimmerman PA. Detection of species-specific Plasmodium
infection using unmapped reads from human whole genome sequences.
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2.1 Introduction

PCR-free sequencing methodologies offer a unique data mining
opportunity, as they can capture all DNA in a sample, regardless of the species
of origin. The typical pipeline for processing human whole genome sequence
data is to align reads to the human reference and discard all other or unmapped
reads (UMR). However, it is possible that sequences from many potentially
infectious agents can be evaluated using the UMRs. The potential for this
approach was recently demonstrated, as Plasmodium could be detected at the
genus, and sometimes species level, using metagenomics shotgun sequencing
of DNA from blood if host DNA was removed!?®. A few other attempts have taken
a metagenomics approach to detect Plasmodium, but those publications did not
use general WGS data meant to sequence the human genome without selecting
for the parasite genome prior to sequencing??°. Here we show that using only
human whole genome sequencing data, without selecting for or amplifying the
parasite genome, can inform infection status even in presumably low parasitemia
and asymptomatic infection. We do this by demonstrating the presence of
Plasmodium in Ghanaian UMRs from the greater TOPMed human whole

genome sequence project.

2.2 Methods for assay development

2.2.1 Rationale

It is essential to determine which species of Plasmodium is in an infection
to both the epidemiology of malaria and to design clinical treatment. There are

three different genomes in each Plasmodium parasite: the nuclear, the
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apicoplast, and the mitochondrial, all of which offer a potential target for capturing
sequencing reads'?!. We tested for the presence of these three genomes
independently to determine which was most sensitive for the resolution of the
species composition: mitochondria genome only, apicoplast genome only, and
the combination genome (all three combined). Once the best target was chosen,
we filtered each of the four Plasmodium species references through an artificial
reads methodology, detailed below, which eliminated any region which could
identify sequence from more than one species. We assessed the performance of
the resulting assay through comparison with an accepted methodology that uses
PCR amplification of the 18s ribosomal ribonucleic acid (rRNA) parasitic gene to

diagnose individual samples.
2.2.2 Unmapped reads isolation

All individuals (n=6,457) included in this study constitute the Trans-Omics
for Precision Medicine (TOPMed) sequencing project, Africa6k!1?, Individuals
were selected for sequencing from seven countries, and several pre-existing
studies collected by Dr. Scott Williams (Ghana) and Dr. Sarah Tishkoff
(Botswana, Cameroon, Ethiopia, Guinea-Bissau, Kenya, Tanzania). The selected
samples were whole genome sequenced (WGS) to a median depth of 30x using
DNA isolated from blood. For all samples, DNA isolation was performed on 5 mL
of whole blood drawn into EDTA-coated tubes (BD Biosciences) using the Gentra
Puregene Blood kit (QIAGEN) in accordance with the manufacturer’s protocol.
This protocol captures all DNA present in the sample. Sequencing was

completed using PCR-free library construction and Illumina HiSeq X technology,
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described fully in previous publications'% 122-125 Al cram files were provided by
The Broad Institute and connected to the cloud computation ecosystem, NHLBI

BioData Catalyst (BDC) Powered by Seven Bridges, for computation??®,

A portion (n=1904, Ghana, 29.5%) of the aforementioned Africabk
population was used for the data discussed in this chapter based on the
availability of frozen DNA samples. These samples could be evaluated for
Plasmodium infection using accepted methodologies, detailed below, serving as
a point of comparison for assay performance. All adult participants were recruited
as part of a larger (n= 3,782) cardiovascular study in and around Sunyani, the
capital of the Brong-Ahafo region of Ghana'?’. Individuals were collected
between 2002 and 2006; each participant was measured for cardiovascular
variables, medical history, current medications, and demographic and socio-
economic data. Exclusion criteria included acute illness in the previous two
weeks or a first or second-degree relative already enrolled in the study. A full
description of recruitment and the resulting study can be found in previous
publications (refs). Participants were asked to read and sign broad informed
consent forms prior to sample collection, which detailed the possibility of further
research being done on their collected samples. Institutional review boards at
Vanderbilt University, Dartmouth College, Regional Hospital, Sunyani, and Case

Western Reserve University approved all protocols

Prior to the cram files being joint called for human variation, all unaligned
UMRs were isolated using SAMtools v 1.6 on BDC-Seven Bridges using

common workflow language (CWL) as the base workflow language!?.
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2.2.3 PCR-based detection of Plasmodium infection

A preliminary Plasmodium infection screen on a portion of these samples
(n=1,090) was performed using the previously published PCR-based method that
amplifies species-specific 18S rRNA parasite gene from human whole blood
isolates, then uses a ligase detection reaction-fluorescent microsphere assay to
determine infection composition. This confirmed the presence of the parasite
prior to developing a computational detection protocol. The prior method can
detect all four species that cause disease, PF, PV, PO, or PM infections. Full
descriptions of the PCR primers, fluorescent probes, and other details can be

found McNamara et al®.
2.2.4 Mitochondrial reference genome

We chose the mitochondrial genome as the first target for the following
reasons: the mitochondrial DNA (mtDNA) is at a higher copy number than the
autosomal DNA, and it would have the lowest computational burden as it is the
smallest genome. We used the following mitochondrial references from
GenBank: PF (M76611), PM (LT594637), PO curtisi (HQ712052), PO wallikeri
(HQ712053), PV (NC_007243). We combined all of the mitochondrial reference
sequences of the four species into one NCBI MagicBLAST database!?®. A small
pilot study (n=600) was conducted by BLASTing UMRs against this new
database. To determine the viability of this target, we compared the small sample
to the PCR-based diagnostic methodology described above. To investigate the
cross-reactivity of the sequences, we evaluated the similarity of the mitochondrial

sequences through comparative genetics. Pairwise comparisons between the
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species were done using 200 bp sliding windows with 20 bp steps and calculated
using Hammings distance in Simplot**°. We estimated the total difference
between the genomes through Clustal Omega, using percent identity*3!.
Evolutionarily conserved regions, called local collinear blocks (LCBs), were
identified through Mauve multiple genome alignment**2, Two parameters can be
changed in the Mauve progressive alignment process, the LCB weight and seed
weight, which can alter how conservatively the algorithm calls sequence blocks
as a conserved region. We used the following parameters: seed weight at 11 and
minimum local collinear blocks LBCs weight at 477. The results of these

analyses were plotted using Circos!®,
2.2.5 Apicoplast reference genome

Because NCBI MagicBLAST aligner does not allow for customization of
the alignment parameters, from this point forward, we used Bowtie2 alignert3+.
We queried for the apicoplast genome of all four Plasmodium species to assess
the feasibility of detecting Plasmodium in UMRs without prior amplification using
the new alignment program. The apicoplast is an apicomplexan organelle
homologous to plant chloroplasts, with no human counterpart!?t. Therefore, the
detection of this genome is absolutely of non-human origin and demonstrates the
presence of Plasmodium. We combined all four species into one reference file
and used Bowtie2 to align with the thresholds mentioned below. Any apicoplast
(API) read, regardless of species, was considered likely positive for Plasmodium

infection. To reduce the likelihood of poor-quality reads aligning to the reference
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indices, we set the minimum length for alignment to 75 bp and used the “very-

sensitive” alignment scoring parameters described in the Bowtie2 manual.
2.2.6 Total reference genome

Our final goal was to develop a species-specific computational detection
methodology was the total Plasmodium genome (nuclear, apicoplast, and
mitochondrial). We used the following Plasmodium reference files (fasta) for each
of the four known species that exist in sub-Saharan Africa: PlasmoDB-

51 Pfalciparum3D7_Genome (GCA _000002765.3), PlasmoDB-

51 PmalariaeUG01_Genome(GCA 900090045.1), PlasmoDB-

51 PovalecurtisiGHO1 _Genome (GCA_900090035.2), and PlasmoDB-

55 PvivaxP01l_Genome(GCA _900093555.2), for PF, PM, PO, and PV,
respectively'3®, The human-infecting species of Plasmodium diverged relatively
recently and are therefore closely related enough to have high sequence
similarity in some regions based on 150 bp reads. Because the species of
infection is relevant to clinical outcomes and research, any detection method
must be able to resolve infection composition. For this purpose, we developed a
method to eliminate regions of high similarity across species (Figure 2.1). Using
the example of Plasmodium falciparum (PF), the methodology worked as follows:
all contigs in the PF reference file are broken down into 150 bp “reads” to mimic
the data coming from the sequencer. These 150 fragments are then sequentially
aligned to every other species of Plasmodium (Pv, Pm, Po) and human. We
aligned the fabricated reads to each alternative reference file using Bowtie2

aligner. Any reads that mapped to any other reference file were discarded at
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each step, leaving only portions of the original PF reference genome that are
unique to PF. The unique “reads” are then remapped to the original genome to
reassemble a PF reference file. This resulting filtered reference was used to

guery the unmapped reads isolated from the Ghanaian participants.
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Figure 2.1 lllustration of Plasmodium reference genome filtering.

Visual representation of segmenting the reference files into 150 bp fabricated
reads, aligning them sequentially to all other species, and removing any reads
that align to another species. After filtering, the pieces are reassembled to create

a species-specific reference file.

For any species that still showed non-specific binding, meaning an
unexpectedly high level of positivity, we used Mauve multiple genome aligner to

identify evolutionarily conserved LCBs and eliminated those regions from the
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reference file. To ensure elimination of all regions that could potentially produce a
false positive, we evaluated several different values for the LCB weight (10kb,
5kb, 2.5kb, and 1kb) parameter of Mauve to assess which one eliminated the
most regions. We found that an LCB weight of 1kb culled the most regions when
used with a seed weight of 15. After the LCBs were removed from the original,
unaltered reference files, the remaining genomic regions were subjected to the
fabricated reads methodology as described above. The complete list of retained
regions for each species of Plasmodium is in Supplemental Table 1. Each of the
four species were built into a DNA index using Bowtie2, for use as reference files
for mapping in future alignments. We used a threshold of 50 reads aligned

anywhere in the genome to consider a species positive.

As a negative control, the alignment process was repeated on the 1000
Genomes WGS samples on the BDC-Seven Bridges. This dataset covers
several endemic malaria populations that should be positive; however, the DNA
was isolated from cells that had been cultured prior to sequencing. Therefore,
even endemic regions should remain negative for Plasmodium DNA if the assay

performed reliably and in a parasite-specific manner.

2.2.7 Comparison to accepted methodologies

To assess the accuracy of our WGS analytical pipeline, results from the
sequencing data were compared to the PCR-based assay, the gold standard for
infection sensitivity. Using binary infected/uninfected coding, we calculated
percent agreement, sensitivity, specificity, positive predictive value, and negative

predictive value. After binary comparisons, each Plasmodium species was
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considered a single outcome, and we calculated species concordance using a
kappa-weighted percent agreement calculation, where a weight of 1.00 indicated
tests that were 100% concordant. Weights of 0.75, 0.5, and 0.25 were applied

when the tests agreed %, %2, and % of the time.

There were a handful of infection calls that seemed non-specific (i.e., all
species were considered positive), and we reevaluated the calls by calling the
species with the highest number of reads positive, and any other species with at
least 10% of the highest reads also positive. For example, if a Mixed (all)
infection had the following composition: PF 10,000 reads aligned, PM 200 reads
aligned, PO 1,000 reads aligned, and PV 100 reads aligned, then that infection
would be alternatively called as Mixed(Pf and Po). To investigate if the presence
of these infections was due to a difference in reads mapped to a single species,
we compared the mean amount of total reads mapped for the Mixed(all)

infections to all other infection types using a Welch’s t-test.

2.2.8 Assay Validation

Because there was a range in the number of mapped reads per individual,
it is possible that an individual with fewer unmapped reads would be more likely
to be assessed as negative. To ensure that this bias was not present we
compared the number of UMRs in the original unaligned files to the two-by-two
table designation (true positive, true negative, false positive, false negative) and

used an ANOVA to check for a significant difference in mean UMRs.
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After assessing the methodology using the above methods, we
determined the patterns of aligned reads in each Plasmodium genome. We first
determined which species had the highest coverage to evaluate the global
binding landscape. In our data, PF was the only parasite infection that occurred
frequently enough and had enough read coverage to evaluate the entire genome.
If reads were random, each region should have the same number of reads based
on the region length, thus indicating non-specific and random sequencing. To
understand what the alignment looked like across the genome, we used Circos to
plot the number of reads mapped to each of the filtered regions of Plasmodium
falciparum. We plotted the number of reads aligned versus the size of the region
to which the reads aligned and calculated the correlation of these two variables
using Pearson’s coefficient for PF. Finally, we performed one more Bowtie
alignment using an unfiltered Plasmodium falciparum reference genome
(PlasmoDB-51_Pfalciparum3D7_Genome). On the individual level, no single
infection captured enough reads to pass 1x coverage of the genome based on
coverage calculations. Therefore, we combined all aligned reads across the
entire population sample into a single global alignment file to visualize the
alignment landscape across the entire parasite genome. We used

WGSCoveragePlotter to generate a total coverage plot.

2.2.9 Data availability

All human genomic data utilized in this study can be accessed through the
TOPMed data exchange site under the Africa6k project if authorized. The UMRs

from this particular study are not a part of this publicly available data as they
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were retrieved from pre-processed files and are owned by Dr. Scott Williams and
Dr. Sarah Tishkoff. All index files needed to replicate this detection methodology
on alternative data are stored on Github, the pipeline published on GitHub, and
available for public use on the BioData Catalyst® (BDC) Powered by Seven
Bridges. The GitHub can be found at:

https://github.com/jolvany/plasmodium diagnostic.

2.3 Results

2.3.1 Mitochondrial genome results

In our sample from Ghana (n=1904), between 0.14% and 7.95% of the
total reads were unmapped. These represent from 1.01 million to 65.3 million
reads that could be queried for Plasmodium. Of the 600 (31.5%) that were
BLASTed against the mitochondrial references, 280 had PCR data. We found
that the mitochondrial genome target compared to the sensitivity gold standard
as such: 128 were positive with both assays and deemed true positives (TP), 92
were true negatives (TN), 21 were false positives (FP), and 39 were false
negatives (FN) for the overall binary infected/uninfected call. In comparison to the
gold standard, using UMR BLASTed to the mitochondrial genome was found to
have the following performance: 78.6% agreement for binary calls, 76.6%
sensitivity, 81.4% specificity, 85.9% positive predictive value (PPV), and 70.2%
negative predictive value (NPV). When we transitioned to looking at the infection
composition individual by individual, we began to doubt the efficacy of this

method. We found that in using the mtDNA, there were both more uninfected
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individuals (131mtDNA vs 113 PCR) than the PCR and more Mixed infections

(76 mtDNA vs 42 PCR) (Table 2.1).

Gold Standard
> B PCR+ PCR- Total
235 DNA+ 128 21 149
= DNA- 39 92 131
Total 167 113 n=280
Infection
status MtDNA (+) PCR
Uninfected 131 113
PF 63 116
PV 0 0
PM 6 3
PO 4 6
Mixed 76 42

Table 2.1 Performance of mtDNA target vs PCR-based assay

TOP: two-by-two comparison of the mitochondrial DNA (mtDNA) target and the
PCR assay. Bottom: Shorthand for the species is as follows: PF Plasmodium
falciparum, PV P. vivax, PM P. malariae, PO P. ovale, and mixed means a
combination of two or more of said species.

The increase in Mixed infections could indicate non-specific binding
between the different species mtDNA,; thus, we compared sequence similarity to

investigate this possibility.

In 200 bp increments and pairwise comparisons, we found that the

similarity across the mitochondrial genomes ranged from 72% to 100%. The PF
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mtDNA genome was the most divergent of the species with a percent identity
with other species from 87.5% with PV to 88.6% with PM. The most similar
sequence was found between the two subspecies of PO, which were so similar
that at no point in their mitochondrial genome were they less than 97% similar.
From this observation forward, we treated all species of PO the same and simply
reported PO positivity. Full details on the percent identity matrix can be found in
Chapter 2 Appendix: Supplemental Figure 1. We pushed this analysis further to
try and determine if any regions in the mtDNA could potentially be informative for
the species by identifying which blocks of the mtDNA were considered
evolutionarily conserved through Mauve. If there was a potentially informative
region, we would ideally see it somewhere where the LCBs do not touch, as it
would indicate a region that is not conserved. Once the Mauve data was plotted,
it became evident that the mtDNA is not a viable target for differentiating the
Plasmodium sequence, as the entire swath of the sequence is considered

mathematically conserved (Figure 2.2).
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Figure 2.2 Circos plot of mtDNA sequence comparison

Circle legend is reported from the outside in: first circle is species labels and are
as follows: pf_m Plasmodium falciparum mitochondria, pv_m Plasmodium vivax
mitochondria, pm_m Plasmodium malariae mitochondria, poc_m Plasmodium
ovale curtisi mitochondria, and pow_m Plasmodium ovale wallikeri mitochondria.
The second is a generic representation of each of the species mitochondrial
genome, with the size labels in bp, each species was assigned a color, and they
are as follows: dark blue (PF), pink (PV), teal (PM), orange (PO curtisi), red (PO

wallikeri). The third through sixth circles are a histogram plot of the pairwise
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percent similarity calculated by Simplot, the color represents the secondary
species that that column is compared against. The eighth and internal circle is a
ribbon plot showing where each of the evolutionarily conserved LCBs can be

found in each species mtDNA.

2.3.2 Apicoplast genome results

Through the above exploration of the mtDNA, we determined we needed an
alignment mechanism with more customization capabilities. We anticipated that
through the stringent parameters discussed above, bowtie2 would provide more
resolution power between the species than a general aligner like MagicBLAST.
All four apicoplast genomes were used for our initial scan in the entire Ghanaian
population, based on the knowledge that this organelle is unigue to the
Apicomplexan phyla and has relatively low similarity among the seven human
infecting parasite types (three major genera being Plasmodium, Toxoplasmosis,
and Cryptosporidium). We found that of the 1904 individuals in the Ghanaian
population, 706 individuals had evidence of the API genome in the UMRs. This
guery provided proof that Bowtie2 could adequately detect parasite genomes in
the sample using UMRs from whole blood DNA isolates as several individuals

had at least one read align to the APl genomes.

2.3.3 Full Plasmodium reference creation

While we originally pursued the other two genomes to reduce computational

burden based on reference size, we ultimately concluded that using the entire
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genome was the most accurate only way to make a species-specific detection

methodology.

We came to this conclusion because, compared to the APl DNA, each nuclear
genome is nearly 1000x larger than its API genome (~35 Kb) and have
approximately 277X the number of SNPs (11.6 kb vs 3.2 Mb), thus defining many
more variable regions that can be used for species designation. Additionally,
Bowtie2 could denote a large portion of each of the genomes as unique.
Specifically, 99.8% of the PF genome, 99.3% of PV genome on the first pass,
99.9% of PM genome, and 99.6% of the PO genome were designated as unique
and remained for subsequent analyses (Figure 2.3). For our purposes, the

reference genome refers to the unique sequence unless otherwise stated.
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Figure 2.3 Representation of all retained regions in the assembled

chromosomes of the four Plasmodium genomes

The concentric circles represent the following going from the outer circle: name
of organelle or chromosome, general representation of pan-Plasmodium
assembled chromosomes with size markers in 250kb increments (blue),
Plasmodium falciparum (pink), Plasmodium vivax (green), Plasmodium malariae
(orange), and Plasmodium ovale (purple). For each genome, the regions

removed are represented in white.



Coordinates of regions for each species that were used to detect species-
specific infection can be found in Chapter 2 Appendix: Supplemental Table 1.
The initial estimates of infection status were within expected ranges in three of
the four species, but PV had unexpectedly high levels of positivity, nearing 100%.
Such a high level of PV sequence and presumed infection could be due to
regions in PV with high similarity to other Plasmodium species. To reduce false
positive assignment to PV, we removed all unassembled contigs and performed
Mauve multiple genome alignment. After applying these procedures to create a
conservative reference genome for PV, the majority of the putatively unique PV
sequence was removed (only 42.5% of the genome remained and was called Pv

after refinement, Figure 2.4)
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Figure 2.4 Representation of the change in retained regions before

removing Mauve identified LCBs and after refinement

The concentric circles represent the following going from the outer circle: name
of organelle or chromosome attached with general species (PV), general
representation of pan-Plasmodium vivax assembled chromosomes with size

markers in 250kb increments (blue to white gradient), Plasmodium vivax before
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refinement (green), Plasmodium vivax after refinement (light blue). For each

genome, the regions removed are represented in white.

2.3.4 Comparison to PCR diagnoses

Using the reference genomes established above, infection prevalence
estimates were 40.5% (n=772) across all years. Of the individuals who were
positive based on the total reference genomes, 672 (87.0%) were in agreement
with the initial apicoplast status; 100 new individuals were determined to be
infection positive, and using a minimum 50 Plasmodium read threshold (versus
the original 1 read aligned to apicoplast) 34 individuals were considered

uninfected.

Among individuals who had both PCR and NGS results, with PCR being
considered the “sensitivity gold standard”, (n=1,090) 531 were positive with both
assays and deemed TP, 409 were TN) 66 were FP, and 84 were FN for any
Plasmodium species (Global estimates). In comparison to the gold standard,
using UMR from WGS performed reasonably well, with 86.2% agreement for
binary calls, 86.3% sensitivity, 86.1% specificity, 88.9% PPV, and 83.0% NPV.
The sequence-based assay was marginally better at detecting true negatives
versus true positives. We expected the rate of false positives and false negatives
to be approximately equal but found that there was a 30% higher rate of false
negatives than false positives (Table 2.2). Species agreement was evaluated
using a weighted kappa percent agreement. Concordance occurred 88.7% of the

time.
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Global two-by-two using 50 read threshold

PCR calls (Gold Standard)

Positive Negative Total:

m Positive 531 66 597

T

O

3

& Negative 84 409 493

<

Z

&

Total: 615 475 1,090
Assay performance by species
Measures Global PF PM PO PV
Percent Could not
agreement 86.2 87.3 81.5 83.9 be
Sensitivity 86.3 84.6 93.9 754 | CAlculated
based on
Specificity 86.1 90.7 80.0 84.3 N
e
PPV 88.9 91.6 35.4 21.0 | presence of
NPV 83.0 83.0 99.1 98.4 O cells

Table 2.2 Performance measures of the new methodology on the global and

individual species scale
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Analyses for PV were not possible because of the extremely low incidence
of this species in Ghana. There are no prior publications that report PV in Ghana.
As there has not been a validated case of PV infection in Ghana, and we
detected it as part of mixed infections, we evaluated the Mixed(all) (n=44)
infection read composition. We observed that it was possible that these results
were from cross-hybridization between the species that had not been completely
corrected out by our methodology. We therefore developed an alternative calling
method to deal with these non-specific infections detailed in the methods, and
the new calls being found in Chapter 2 Appendix: Supplemental Table 2. We
found that the threshold indicated above replicated the original PCR diagnoses in
the Ghanaian population, with a weighted kappa statistic for species
concordance of 97.1% between the new alternative calls and PCR. We
hypothesized that these infection types occurred more frequently in the infections
with an abnormally large number of reads binding to the reference, based on
observation of the infections. We found that the distribution of the number of
reads mapped in the Mixed(all) infections vs all other types of infection was
significantly different using a welch’s t-test (p=0.03), supporting our hypothesis.
This shows that both the global calling, and our alternative culling mechanism for

problematic infections, reliably replicate a previously accepted methodology.

Finally, we repeated the detection process on the 1000 Genomes Project
samples but did not find a single Plasmodium read, regardless of the endemicity
from which the sample was recruited. As all sequencing samples for the 1000

Genomes Project are cultured prior to sequencing, which would eliminate the
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parasite, these results support the conclusion that the sequence-based assay is

detecting Plasmodium only when truly present in the sequenced sample.

2.3.5 Assay validation

To assess the possibility of systematic bias in our assessment of
Plasmodium infection, we addressed if the number of UMRSs isolated from a
WGS file influenced the results with respect to being false negative, false
positive, true negative, or true positive. Specifically, the expectation is that there
would be a significant difference in the average number of reads from a sample
(positive samples being higher than negative) across categories if there was a
bias. If this bias was present in our sample, the two positive categories (FP and
TP) would be shifted up on the y-axis indicating higher in average read
distribution than the negative categories (FN, and TN), especially in the case of
false negatives.To test if this bias is present, an ANOVA analysis was performed
to test if the number of UMRs in the initial file was different between the four two-
by-two designations. There was no statistically significant difference in the mean

number of original UMRs among the categories (Figure 2.5).
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Distribution of log(unmapped reads) in original .cram file across 2x2 categories
Based on a 50 reads {+) threshold
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Figure 2.5 Violin plot of two-by-two designation versus log(number original

UMRS)

Plot created using ggplot in RStudio v3.6.21. Shorthand of the two-by-two
categories are as follows in order of the plot: true positives (TP), false positives
(FP), false negatives (FN), and true negatives (TN). The data was transformed

using log10 to illustrate the shape of the violins but not in the ANOVA analysis.

We found that the distribution of the initial UMRs was not differentially
distributed between the categories, meaning that the UMR number is not
influencing the eventual category designation of a sample. After validating that
the negative individuals did not associate with initial UMR numbers, we validated
that the reference genomes were aligning reads in a random manner. Under the

null hypothesis, the reference should be aligning reads to Plasmodium reference
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genomes randomly (i.e., without having significant hot spots for read depth); if
not, it may indicate a sink that is picking up non-specific or poor-quality reads. To
evaluate the global binding, we chose the species with the highest amount of
coverage in Ghana when all aligned reads were combined into one file, which
was PF at 103.2x coverage (PM=7.87x, PO=2.68x, and PV=0.074x). This new
file allows us to evaluate where the binding occurs to ensure no biases. Because
we are working with variable sizes of genomic regions to bind to after reference
genome creation, a direct number of reads to number of reads comparison will
inadequately represent the alignment across the genome. For example, a region
that is only 1000 base pairs after filtering has a much lower chance of aligning a
read than a region with 2.4 million base pairs. Therefore, if the binding is random,
we expect that regions should align reads proportionately to their size. This can
be seen in Figure 2.6, as the longer pieces seemingly have much larger
histograms. For example, the largest piece of retained reference is on
chromosome 13 (2.5 million bp) captured 1.75 million reads in the whole
population, whereas one of the smallest on chromosome 5 (1133 bp) captured

only 692.

69



I~ T50fkb Pf6
T lomp
= 2507

Figure 2.6 Representation of the number of reads captured by each piece of

the Plasmodium falciparum reference genome

The concentric circles represent the following going from the outer circle: name
of organelle or chromosome attached with general species (PF), general
representation of pan-Plasmodium falciparum assembled chromosomes with size
markers in 250kb increments (purple to pink gradient), Plasmodium falciparum
unique regions genome (dark pink), histogram of the number of reads captured
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by each genomic “piece.” White striped in the third circle represent removed

regions.

We tested this assumption computationally by correlating the two
variables. A plot of the number of reads a region aligned to versus the size in the
PF genome found the relationship to be highly linear with a Pearson’s correlation
coefficient of r=0.99. This indicates that these variables are highly related to each

other, and the assay is likely performing without obvious bias (Figure 2.7)

Distribution of size of region vs reads mapped

P. falciparum | Ghana Only
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Figure 2.7 Correlation plot between number of reads aligned vs length of

region in the Plasmodium falciparum genome
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Plot was generated in RStudio using ggplot2, using only the Plasmodium
falciparum aligned reads from Ghana, all correlation coefficients were generated

using Pearson’s!?,

Finally, to elucidate the true alignment landscape, we performed the
aforementioned Bowtie2 alignment with an unfiltered PF reference genome to
make plotting the entire genome possible. Using WGSCoveragePlotter, we found
that the median numbers of reads aligned to each chromosome were
approximately equal, and the only real dips in coverage happened near the
telomeric and centromeric regions which are known to be hard to sequence,

(Figure 2.8).

Global P. falciparum read coverage

Coverage in bp (median)

Pf3D7 reference genome (23,332,839 bp)

Figure 2.8 Global read coverage across the Plasmodium falciparum

genome

Plot was generated using WGSCoveragePlotter which is a function of the Jvarkit
Java tool. Each box across the x-axis represents one of the 14 nuclear
chromosomes, y-axis is number of aligned reads. Red line represents mean read

coverage, green represent median coverage.
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2.4 Discussion

Our results highlight the power of whole genome sequencing from whole
human blood to detect blood-borne Plasmodium infection. These results indicate
we can use previously ignored WGS data to improve knowledge of malaria
epidemiology even in the absence of malaria symptoms. There have been other
known attempts at detecting Plasmodium from originally human samples, like
Manske et al in 2013137, However, to the best of our knowledge, all other
attempts have either taken steps to eliminate human sequence prior to
processing or testing to ensure the Plasmodium read depths hit a certain level.
Our pipeline is the first of its kind to prove that infection information can be
gleaned from normal 30x human whole genome sequencing with a performance
comparable to previously accepted detection methodologies. Using untargeted
sequencing to detect the parasite can improve surveillance across Africa on the
species level. The one exception for several countries in our population was
Plasmodium vivax (PV), which showed potential false positivity in infections with
extremely high amounts of reads aligning to another species. This species was
problematic to resolve because there were not enough PCR-confirmed infections
in our pilot country, Ghana, to compare the two methods because PV is

extremely rare in this region of Africa®®.

Finding a genomic target that allows for sensitive species-specific
detection of Plasmodium was one of the most important goals of this research.
Each species has its own clinical presentation and research implication, and

while assays of this type will likely never be used at point of care, it is still
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important for surveillance efforts3°, One notable example of why species
differentiation is important has been mentioned directly above, the presence of
PV infection in many African populations4°. It was a long-standing belief in the
malaria field that Duffy-negative individuals cannot be infected with PV and thus
should be essentially absent from Africa, where the Duffy-negative (FYES) allele
originated and is highly prevalent33 141, This belief was challenged with the rise of
PCR-based diagnostic methods, which were shown to be more sensitive to
species identification and uncovered the parasite's ability to infect these
“immune” individuals!4!. Since the initial discovery, this topic is one of great
concern to the field as more and more evidence has contributed to overturning
this assumption. Our pipeline must then be at least as good at resolving between
species as the 18s rRNA methodology to be able to serve the field in this
manner. This is one of the reasons we chose to compare our results to the PCR

“gold standard”.

A limitation of this study is that because our population lacked an actual
PV infection when using only the Ghanaians, we cannot confirm that this pipeline
can accurately detrect this species'®®. However, the high concordance that the
pipeline shows with the PCR-based assay (81.5%-87.3% agreement), gives us
confidence that it will accurately detect the parasite when present. Additionally,
because this mechanism works with the discarded UMRs of human sequencing,
every individual tested will automatically have data on their Duffy status. We
expect a high level of Duffy-negative alleles in Ghana, as previous reports have

estimated the prevalence of the allele to be near fixation in the country'28, Taken
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together, the lack of detection of PV infection in this population is highly

expected.

While the density of information we found around PV infections through
our assay is poor due to the population's geographic location, having over 103x
coverage of the PF genome sequenced globally represents a potential source of
other knowledge we could glean from this assay. Understanding that this
research is meant to be a tool to further elimination goals leads us to the
possibility of querying thse data for antimalarial resistance genes. An obvious
roadblock in eliminating the parasite is its ability to circumvent traditional
treatment options and persist in humans. The first occurrence of this would be
the mutations in the pf-crt gene, which conferred resistance to chloroquine and
was extremely prevalent in Africa. One study found that the resistant allele
persists in up to 95% of cases queried in Ghana still in 2017, twelve years after
the removal of chloroquine monotherapy!® 142, Thus, this gene would be an
excellent candidate to explore in this population in future studies, as it is likely to
be highly present in our collection years. Based on treatment recommendations
during recruitment from 2002-2006, other genes to potentially query would be
known antimalarial resistance loci for sulfadoxine-pyrimethamine combination
therapy like pf-dhps and pf-dhfrl43 144 This therapy was used as a second-line
treatment until 2004 and is still used as chemoprevention in pregnant women
today?#3. Thus, we would expect to see resistance to this therapy in our parasite
population if the data could be utilized in this manner. Outside of important genes

for antimalarial resistance, it is also theoretically possible that we could query
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genes that are used for evaluating multiplicity of infection (MOI), like merozoite
surface protein 1 (MSP) and merozoite surface protein 2 (MSP2)45. Looking at
the diversity of infection in our population is potentially interesting because some

previous publications have tied the MOI to clinical outcomes in humans?100% 146; 147,

Implicating the human data in correlation to this newfound infection status
will likely open up many other avenues of research outside of simply contributing
to surveillance and epidemiology projects. One particular point of interest in the
utilized Ghanaian population, which is outside the scope of this research, is that
every individual collected was not thought to be acutely ill*?’. As part of
enroliment into the original study, individuals had to verbally confirm they were
not currently and had not in the past two weeks been infected with anything. Yet,
the assay found 40.5% (n=772) of the population was infected with the parasite.
One possible explanation for this is that some of these infections may be
individuals may have been recently inoculated with the parasite and have not
reached symptomatic parasite density. Or, some individuals were perhaps
missed by this exclusion criteria, both of which would contribute to the presence
of positivity in our population. We posit a third and more likely explanation: most

of these infected individuals were asymptomatic carriers of Plasmodium.

Asymptomatic carriers represent a real threat to the process of malaria
elimination because they act as a reservoir for the parasite that cannot easily be
targeted through normal interventions#8-150, While Ghana has made substantial
progress towards elimination by meeting the 2020 GTS milestone of 40%

incidence reduction in 2021, the country has seen a plateau in reduction since
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2018. There have been many explanations as to why countries are struggling to
continue towards 95% incidence reduction, and the presence of this
aforementioned asymptomatic reservoir is one of them. Specifically, publications
have shown that asymptomatic infections can replenish Anopheles mosquitos
and that traditional diagnostic techniques (RDT and microscopy) are not always
sensitive enough to pick these individuals up as positive'®°. These techniques
that miss these individuals show that continuing the research using DNA-based
detection, like PCR and our assay, is imperative to uncovering the full infection
scope of the population. A sizable asymptomatic adult population (73% of tested
individuals) has already been noted as problematic in a nearby region, Ashanti,
in Ghana previously’®. Another study by Okyere et al., shows that asymptomatic
infections exist within the younger population, albeit at lower levels (36.8%)*°2.
Because this study shows that children under five can maintain asymptomatic
status, the relationship between the ability to suppress symptoms and human
variation is likely more complex than just age-related acquired immunity, which
has been suggested in the past!®2. Therefore, creating a mechanism to intimately
tie the parasite with the entire human genome variation, as our assay does, to
investigate this relationship is genuinely beneficial to understanding this

population and potentially eliminating it.

In this discussion, we’ve highlighted the potential avenues of further
research that could be spurred from evaluating the UMRs from human WGS data
for Plasmodium sequence. This pipeline's successful construction highlights how

much useful information is discarded in best-practice WGS analyses. As more
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sequencing studies become readily available, like the Three Million African
Genomes and All of US, we may be able to understand the consequence of this
research3 153 |n the 2016 GTS, the WHO highlighted that finding ways to utilize
previously collected data is one avenue to contributing to our understanding of
malaria because we can investigate on a much larger scale precisely what is
happening with the parasite and why elimination roadblocks are occurring®’.
Through this pipeline, we have provided the field with an elegant way to
accomplish this and open up all present and future human WGS projects to

contribute to the end goal of global malaria elimination.
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CHAPTER llI: Exploring the epidemiology of TOPMed Africabk

Portions of this Chapter are under revision in the following manuscript:
Olvany JM, Chan ER, Martin WB, Hansen MEB, Harris DN, Tishkoff SA,

Williams SM, Zimmerman PA. Detection of species-specific Plasmodium
infection using unmapped reads from human whole genome sequences.
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3.1 Introduction

Having a functional pipeline to detect all Plasmodium infecitons opens the
possibility of exploring the Plasmodium epidemiology across the entire AfricabK
population. Africa continues to carry the majority of the malaria burden, making it
the prime place to study the parasite to further elimination goals. Each country in
Africa is differently affected by Plasmodium as there are several types of
endemicity and stages of elimination that result in highly variable epidemiology of
the parasite across the continent. As seven countries are represented in the
Africabk population, all with unique malaria fingerprints, the appearance of the
parasite should differ among the populations we tested, if our new detection
methodology is functioning correctly. Here we show that our novel pipeline can
accurately evaluate Plasmodium in many different contexts, exposing the
parasite's epidemiology across sub-Saharan Africa. As a further benefit to the
public health sector, this methodology can assess the antimalarial drug
resistance in the detected parasite population, which is of enormous
consequence to malaria elimination goals. We evaluated five PF genes of
relevance in Africa from 2000-2015 (dhps, dhfr, mdrl, crt, and k13) that confer
resistance to sulfadoxine-pyrimethamine (SP), chloroquine, and artemisinin,

respectively.

3.2 Methods for evaluating the epidemiology

3.2.1 Rationale

One of the core principles of many of the WHO malaria documents is

developing new tools to help further research. This was noted in the 2016 Global
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Technical Strategy, apropos to malaria epidemiology in general and in the most
recent World Malaria Report for antimalarial resistance genes?® 47, Our pipeline
offers utility to both of these calls. However, until methodologies of this nature, as
our pipeline and those prroposed in this recent Nature Microbiology perspective,
are popularized, the results will likely receive intense scrutiny?’. Therefore, we
explored the epidemiology of our population by contextualizing our estimates with
available databases for malaria prevalence, like the WHO or the Malaria Atlas
Project (MAP)¥4. Through these comparisons, we can argue that our results
reasonably represent the parasite state in our collected populations, thus making
the tool much more helpful in the field beyond our specific study. We extend this
estimate and apply the model to our antimalarial query by making country-by-
country comparisons to previously reported data from the years around our
collection time points. Our findings highlight the utility of evaluating
parasite/microbe populations through human WGS and could be of incredible

utility for public health researchers moving forward.
3.2.2 Checking assay assumptions

While the random binding appeared reliable in the Ghanaian population
where we explored the PF genome, we extended the analysis using all four
species and all populations. To test that all four genomes have random
sequencing patterns and no non-specific binding, using ggplot2 we plotted the
number of reads aligned to a region vs. the size of the region. We tested the

correlation between the variables using a Pearson’s coefficient!%®.
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To ensure any differences in infection prevalence was due to actual
differences in endemicity and not the density of UMRs available for query, we
isolated the total UMRs in the original .cram file for each individual and compared
the mean UMRs by country using ANOVA to check for significant differences. To
examine the distribution of UMRSs across our population, we graphed log(UMRS),
stratified by country of origin, using a violin plot in ggplot2%>. A summary of each
population, basic demographics, UMRs distribution, and infection prevalence can

be found in Table 3.1.
3.2.3 Epidemiology of Africabk

Once the detection assay was constructed and validated using the
Ghanaian population, we ran the remaining (n=4,553) TOPMed AfricabK
populations through the pipeline detailed above!'®. We called infections using the
same 50-read threshold for each Plasmodium species. Infection prevalence was
determined for each country separately, and collection sites were located at the
regional level plotted against infection data from the Malaria Atlas Project, using
the R package malariaAtlas v.1.0.11%. Regions of collection were highlighted
using longitude and latitude coordinates isolated from GADM in Rstudio and
plotted using ggplot2 geom_polygon®®®. Generated values were also compared
to the historical prevalence reported by country in World Malaria Reports from
2012 and 2016, based on which report covered the entire window of collection!®”:
158 We evaluated relative parasite species proportion through normalization of
percent prevalence on the population level and graphed each summary using

ggplot2 in Rstudio. The greater Africa map was also created through data built
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into ggplot2, and the infection prevalence was sourced through the previously
mentioned WHO World Malaria Reports. An average malaria prevalence was
calculated for any country’s collection period that spanned over more than one

calendar year.

Any mixed infection which called all four species queried was evaluated
more stringently to account for potentially missed cross-hybridization between
the species and were alternatively called using the following parameter: the
species with the highest amount of reads aligned was considered positive, and
any other species that had at least 10% aligned reads of the highest species was

considered positive
3.2.4 Evaluating antimalarial resistance genes

The coverage of the PF genome allowed for the examination of several
genes of clinical interest, specifically those that confer resistance to antimalarials
in use at the time of sample collection across sub-Saharan Africa (2000-2015).
We looked for variation in two chloroquine resistance genes, pf-mdrl and pf-crt,
and two for sulfadoxine-pyrimethamine (SP) resistance, pf-dhfr, and pf-dhps
using SAMtools mpileup 3 159-161 \We queried +/-500 bp around regions of
interest in each gene. We scanned each infected individual for coverage at each
position of interest. “Coverage” was defined as at least one aligned read covering
codons of interest based on variants in the literature. For each sample with
coverage, we counted each person with coverage only once towards the total,
regardless of read depth for each subject. If any individual had evidence of a

mutation, we counted them as a mutant individual at that position, regardless if
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some of that individual’s reads were the wild-type amino acid. For example, an
infected person who appeared to have a heterogeneous infection (wt/mut) at a
relevant site, one individual was added to the “Individuals with coverage” tally,
and one “Individuals with mutations” was added to the total. All regions of
variation were evaluated separately, other than amino acid positions 51 and 59 in
pf-dhfr, amino acid positions 436 and 437 in pf-dhps, and amino acid positions
72-76 in pf-crt, which were close enough to evaluate collectively in assigning
haplotypes 63 10, |n these cases, we estimated the prevalence of the mutant
alleles at both the individual and haplotype levels. Allele frequency estimates
included only mutations at the positions reported in the literature, and all
evidence of novel unreported mutations is noted separately. Variants in these
genes are well characterized, and details of the expected wild type and missense
mutations amino acids are presented in Chapter 3 Appendix: Supplemental
Table 1. In the case of pf-dhfr (51 and 59) and pf-dhps (436 and 437), we
investigated the collective inheritance of the alleles by calculating linkage
disequilibrium, D’, between the two codons in populations with coverage over 30
reads aligned®? 163, To determine if the haplotypes we observed significantly
differed from the expected proportions, we performed a chi-squared test of

independence (df=3).

Genes were chosen based on the predominant clinical care suggested for
Africa for malaria during the early 2000s; chloroquine was the first-line treatment,
and SP combination was the second-line treatment for uncomplicated malaria up

until 20056 164, We also queried the pf-k13 gene for artemisinin resistance, as

84



the drug was being transitioned into usage in the middle of the total collection
period and was recommended as a first-line treatment by the WHO starting in

2006Y7.

3.3 Results

3.3.1 Checking assay assumptions

Our original Ghanaian plot of the number of reads a region aligned versus
its size in the Plasmodium falciparum genome found the relationship to be highly
linear with a Pearson’s correlation coefficient of r=0.990. To see that these
validation mechanisms apply to all of our data, we extended this correlation
analysis to all four species across the entire TOPMed Africa6K population.
We found that the correlation between these two variables increases once
expanded, with PF now having a Pearson’s coefficient of 0.999. Both PM and
PO also had a highly linear relationship between genomic fragment size and
number of reads captures, at r=0.990 and r=0.831, respectively. Only PV had
a low correlation coefficient. We hypothesize that the observed low
correlation might be due to the extremely low density of infection information

that makes the relationship noisy (Figure 3.1).
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Figure 3.1 Correlation between size of genomic region used as a reference

and number of reads aligned, stratified by Plasmodium species

Plots were generated in RStudio using ggplot2, all correlation coefficients were

generated using Pearson’s!®. Species are indicated below the title and are

presented in the following order starting from the top left: Plasmodium falciparum

(A), Plasmodium malariae (B), Plasmodium ovale (C), Plasmodium vivax (D).
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We found a variable range of infection prevalence between our
populations (1.4%-40.5%). We noted in the rationale that this is not unexpected;
nevertheless, we sought to computationally confirm that this variation is not due
to a difference in the number of UMRs influencing the estimated infection rate.
That is, it could be that populations with a higher number of UMRs going into the
pipeline have higher levels of infection just because there were more sequencing
reads to query for Plasmodium. To ensure that the difference in population
measures was due to actual differences in inter-country variation in infection and
not introduced by the difference in initial amount of UMRs per country, we
determined the total UMRs available for query and plotted their distributions

against Infection positivity (Figure 3.2).
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Distribution of log(unmapped reads) across the different populations
Populations from TOPMed Africabk project

20+
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161

log(Number) of unmapped reads in unaligned .cram
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Botswana  Cameroon Ethibpia Ghana Guinea-Bissau Kehya Tanzania

Countries included in the study

Figure 3.2 Violin plot of log(total UMRSs) available for query vs country of

collection.

Plots were generated in RStudio using ggplot2.Boxplots inside the violins have a
middle line centered on each population’s average UMRs in the original .cram

file.
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As seen in the figure the number of reads, and distribution, vary by population.
There was a significant difference in the number of UMRs between the
populations (p<2x10-16). However, this is likely due to variations in the DNA
isolation process rather than just a larger number of reads (Cameroon and
Kenya). This assumption is supported by the fact that the lowest average number
of total UMRs (avg= 4,547,026) was the population with the highest Plasmodium

infection rate (Ghana)(Table 3.1) (Chapter 3 Appendix: Supplemental Table 2).

Number of
TOPMed Years of Years of
Individuals Number of unmapped Female Sex
Country sample age
(n(% reads (mean(range)) (n(%))
Designation collection (meantSD)
infected))
10,745,922
Botswana 653 (1.4%) 2013 38.3¥15.4 401 (61.4%)
(1,131,964-588,201,938)
172,816,097
Cameroon 1,110 (25.7%) 2015 42.3+18.8 703 (63.3%)
(1,672,016-541,892,254)
18,634,438
Ethiopia 620 (7.3%) 2010 36.0+14.3 269 (43.4%)
(758,702-158,646,922)
4,547,026 1108
Ghana 1904 (40.5%) 2002-2006  43.8+14.5
(1,012,360-65,293,224) (58.2%)
7,408,687
Guinea-Bissau 20 (20%) NA 30.9+17.9 7 (35%)
(1,871,744-17,346,606)
74,644,620
Kenya 1,485 (9.0%) 2000-2007  42.2+17.5 754 (50.8%)
(1,360,994-842,171,966)
6,899,562
Tanzania 665 (8.9%) 2011-2012 43.4+18.1 335 (50.4%)

(340,734-141,996,086)
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Table 3.1 Summary of Africa6K population demographics

NA Indicates that information was missing on all individuals in the population.

3.3.2 Epidemiology of Africabk

The Africa6k population was collected originally as multiple
separate studies, which were focused on ancestral population genetic surveys or
cardiovascular studies, and not for the purpose of studying malaria. As
mentioned before, endemicity varies greatly country-by-country, and even within
countries depending on elevation, standing water, and seasonality. Since all
collection was done without regard to malaria, it is possible that individuals
collected may not live in a region where the parasite is present. Therefore, to
confirm that all populations we collected hail from endemic regions we plotted the
region of collection against the MAP PrPf raster maps provided by the
malariaAtlas package in Rstudio. Through this we found that all individuals in our

population are eligible to be utilized in this study (Figure 3.3).
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Figure 3.3 Visualization of collection sites for the TOPMed Africabk
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The red-outlined regions are where collections took place. Malaria Atlas data was
sourced from RStudio, the heat map, and resulting PfPR (Plasmodium falciparum
parasite rate) scaled automatically with each map generation. For any collection
that spanned 2+ years, we plotted the first and final years of the collection. The
counties highlighted are as follows: A. Botswana (North-West and Ghanzi), B.
Cameroon (Nord-Ouest, Est, and Sud), C. Ethiopia (Amhara and Southern

Nations, Nationalities and Peoples), D. Tanzania (Arusha, Dodoma, Manyara,

92



and Simiyu), E. Ghana (Brong-Ahafo), and F.Kenya (Baringo, Bomet, Elgeyo-
Marakwet, Embu, Homa Bay, Kajiado, Kisumu, Laikipia, Lamu, Marsabit, Nakuru,

Taita Taveta, and Turkana)

Of the 6,457 individuals across all sites, 1,307 were infected (20.2%).
There was a wide range of prevalence across countries, ranging from 1.4%
(Botswana) to 40.5% (Ghana). In five of the seven countries, the PF was the
dominant species (range= 62.2%-92.4%), followed by PM (range=42.2%-54.2%),
then either PO (range=8.9%-31.3%) or PV (range=3.39%-14.3%). All countries,
except Guinea-Bissau, had a mixture of both single-species infections and mixed
(double, triple, quadruple) species infections. The complete distribution of
Plasmodium positivity by country is found in Figure 3.4. Each species was called
individually for infection positivity (>50 reads threshold) and then concatenated
together to call final composition. Prevalence for each species in the tables are
calculated as follows (# of that species infections/total infections)*100. As they
are calculated species by species, the percentages will not add up to 100%.
Species representation in the greater Africa map are relative proportions of each

species so that these values will total 100%.
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Figure 3.4 Visualization of Plasmodium species prevalence found in the
TOPMed Africabk UMRs

Each of the generated pie charts were created from the proportion of species
infections we found in our data, normalized to 100, by counting each species
positivity as one infection. For example, a single species Pf+ is one infection
contributing to total infections, but a mixed infection (Pf+ and Pm+) counts as two

towards the total, then the percentage was calculated as # of species
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occurrences/total *100. Each country is colored according to the average
reported infection prevalence across the entire collection window, found in either
the 2012 WHO World malaria report (Ghana and Kenya) or the 2016 WHO World
malaria report (Botswana, Cameroon, Ethiopia, Guinea-Bissau, and Tanzania).
Prevalence was calculated from "Reported malaria cases by method of

confirmation" and population totals from worldbank.org®>7: 158,

Our lowest prevalence found was in Botswana, where total infection
prevalence was 1.4%. In Botswana, there was an unusually high proportion of
PM infections, as it was found in all infections, but with only 9 positive individuals
in total, it could be by chance alone that this species was estimated to be
common (Table 3.2). Not all regions in Botswana are malaria endemic, but all
individuals in this population were collected from two regions that are naturally
malarious (Figure 3.3A). There is no occurrence of PV infection found in
Botswana. We found that our prevalence estimation for Botswana did fall within
the range between the MAP and WHO (1.63 and 0.024, respectively) (Table 3.3).
Unless otherwise noted, all following prevalence estimates for other countries fell

within expected ranges.
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Botswana (infected: 1.4%)
Jan 2013-Apr 2013

Distribution of Infections (DNA-based assay)

Type of Infection

Number of individuals

Pf only

Po only

Pm only

Pv only
Mixed (Pf and Po)
Mixed (Pf and Pm)
Mixed (Pm and Po)
Mixed (Pf, Pm, Po)

o

Total Infected

OO O kFr OO wo

Uninfected

644

Total

653

Parasite Species Prevalence in Infections

Plasmodium species Prevalence
P. falciparum 11.1%
P. vivax 0.0%
P. malariae 100.0%
P. ovale 0.0%

Table 3.2 Infection Composition Data for Botswana




Malaria Prevalence Comparison Table
Our Assay MaP Prevalence WHO Report

Country Years o +

Prevalence (avg) Prevalence (avg)*
Botswana 2013 14 1.63 0.024
Cameroon 2015 25.7 32.9 9.97
Ethiopia 2010 7.3 0.5955453 4.64
Ghana 2002-2006 40.5 58.1 16.04
Guinea-Bissau UNK 20 UNK UNK
Kenya 2000-2007 9.0 10.3 17.85
Tanzania 2011-2012 8.9 9.29 20.14

Table 3.3 Malaria Prevalence Comparison between our assay and two
known infection repositories

t+Calculated from "Reported malaria cases by method of confirmation" from WHO
World Malaria Report 2012 (Ghana and Kenya) and World Malaria Report 2016
and population totals from worldbank.org : °Taken from malariaAtlas
"Plasmodium falciparum PR2-10" average of the rasters used in the Figure 3.3.

All prevalences are percentages.

Based on the collection sites, we expected Cameroon to be among the
most infected populations in our population (Figure 3.3B). Our data agreed with
that assumption because Cameroon was the second-highest prevalence at
25.7%. Cameroon had a mix of single and multiple species infections at 56.5%
and 43.5%, respectively. Overall, the most common infection was single species
PF infections (n=109) (Table 3.4). As there were no single species PV infections,

and there were 17 of the Mixed (all) infections, we assumed they might be the
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result of non-specific binding and alternatively called these infections using the

method detailed above (Chapter 3 appendix: Supplemental table 3).

Cameroon (infected: 25.7%)
Feb 2015-Aug 2015

Distribution of Infections (DNA-based assay)

Type of Infection Number of individuals

Pf only 109

Po only 16

Pm only 36

Pv only 0
Mixed (Pf and Po) 22
Mixed (Pf and Pm) 55

Mixed (Pm and Po) 5
Mixed (Pf, Pm, Po) 25
Mixed (All) 17
Total Infected 285
Uninfected 825

Total 1,110

Parasite Species Prevalence in Infections

Plasmodium species Prevalence
P. falciparum 80.1%
P. vivax 6.3%
P. malariae 48.6%
P. ovale 30.1%

Table 3.4 Infection Composition Data for Cameroon

Ethiopia was an important country for the implications of our assay, as it

was the population that provided validity of PV detection. There were 3

98



occurrences of single species PV infections, two mixed infections, and no
occurrences of the problematic Mixed(all) infections. Thees data pointed to the
ability of the pipeline to detect real PV infections when the parasite is truly there
and not just non-specific binding noise. Overall, there was a higher prevalence of
single species infections in Ethiopia versus the mixed species (80% vs. 20%),
and as most other populations in our data, single-species PF infections were the
most common. The proportions of each species deviated from the trend in this
country, as PV infections were more common than PO infections (Table 3.5).
Finally, we found a higher infection prevalence level than the WHO and MAP

estimates (Table 3.3).
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Ethiopia (infected: 7.3%)
Feb 2010-June 2010

Distribution of Infections (DNA-based assay)

Type of Infection Number of individuals
Pf only 21
Po only 1
Pm only 11
Pv only 3
Mixed (Pf and Po) 0
Mixed (Pf and Pm) 4
Mixed (Pf and Pv) 1
Mixed (Pm and Po) 2
Mixed (Pf, Pm, Pv) 1
Mixed (Pf, Pm, Po) 1
Mixed (All) 0
Total Infected 45
Uninfected 575
Total 620

Parasite Species Prevalence in Infections

Plasmodium species Prevalence
P. falciparum 62.2%
P. vivax 11.1%
P. malariae 42.2%
P. ovale 8.9%

Table 3.5 Infection Composition Data for Ethiopia

The entire assay was built on this population; however, the epidemiology
of it generally was not discussed in the last chapter. Ghana was our most

infected population, which aligns with what is seen in the collection graph
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because that graph had the highest upper limit for the heat map and dense
infection coloration (Figure 3.3E). The data found in Ghana mimicked much of
the other information we found, where the split between mixed infections and
single-species was similar (46.5% and 53.5%, respectively), and single-species
PF infections were the most common. Ghana also had the highest prevalence of
Mixed(all) infections but was the only country where we could validate the
alternative calls with PCR. As stated, the weighted kappa statistic for species
concordance was 97.1% between the alternative WGS calls and PCR. Thus, the
high correlation provides evidence that these problematic infections can be better
understood through alternative calling. Overall, the ability to discern what these
infections contain is of little consequence because all occurrences of Mixed(all)
infections represent only 1.2% of all individuals in the entire Africa6k population

(total n=77)(Table 3.6).
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Ghana (infected 40.5%)
2002-2006

Distribution of Infections (DNA-based assay)

Type of Infection Number of individuals
Pf only 364
Po only 17
Pm only 32
Pv only 0
Mixed (Pf and Po) 38
Mixed (Pf and Pm) 134
Mixed (Pm and Po) 10
Mixed (Pf, Pm, Po) 133
Mixed (all) 44
Total Infected 772
Uninfected 1132
Total 1904

Parasite Species Prevalence in Infections

Plasmodium species Prevalence
P. falciparum 92.40%
P. vivax 5.70%
P. malariae 45.70%
P. ovale 31.30%

Table 3.6 Infection Composition Data for Ghana

Guinea-Bissau had 4 individuals that were Plasmodium positive, and all
were PF infections (Table 3.7). We could not compare this population to other
known databases as collection information was missing year data. As there were

only 20 individuals from Guinea-Bissau, and all were from the Fulani population,
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this would likely not reflect the actual epidemiology of the greater country
regardless. Previous publications have shown that the Fulani have some natural
resistance to infection, making them a poor representation of the general public,
and infection prevalence estimated from a small group is likely to be more

volatile6s,

Guinea-Bissau (infected: 20%)

Distribution of Infections (DNA-based assay)

Type of Infection Number of individuals
Pf only 4
Total Infected 4
Uninfected 16
Total 20

Parasite Species Prevalence in Infections

Plasmodium species Prevalence
P. falciparum 100.0%
P. vivax 0.0%
P. malariae 0.0%
P. ovale 0.0%

Table 3.7 Infection Composition Data for Guinea-Bissau

Kenya was our second largest population, and as it was collected in the
early to mid-2000s, we initially expected it to be our second most infected
population. However, once we plotted the collection sites, we noticed that most of

our individuals were recruited from areas of lower malaria endemicity (Figure
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3.3F). Thus, it was not unexpected that our prevalence estimation was under
both the MAP and WHO estimates for the same years. Kenya also had slightly
more single-species infections than the other two larger populations (Ghana and
Cameroon) at 59.4%. However, as in other countries, PF single-species
infections were the most prevalent. PV infections in Kenya were the most unique
out of all populations because, other than Ethiopia, it is the only population where
the parasite was present in infections other than Mixed(all). There were no
occurrences of single-species PV infections, so these infections do not provide

as much proof the assay is adequately picking up PV as those in Ethiopia.
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Kenya (infected: 9.0%)
Mar 2000-July 2007

Distribution of Infections (DNA-based assay)

Type of Infection Number of individuals
Pf only 58
Po only 3
Pm only 18
Pv only 0
Mixed (Pf and Po) 2
Mixed (Pf and Pm) 15
Mixed (Pm and Po) 5
Mixed(Pm,Po, and Pv) 4
Mixed(Pf, Pm, and Pv) 1
Mixed (Pf, Pm, Po) 13
Mixed (All) 14
Total Infected 133
Uninfected 1352
Total 1485

Parasite Species Prevalence in Infections

Plasmodium species Prevalence
P. falciparum 77.4%
P. vivax 14.3%
P. malariae 52.6%
P. ovale 30.8%

Table 3.8 Infection Composition Data for Kenya

Our final population, Tanzania, also had an infection prevalence lower
than the MAP and WHO. Single-species infections in this population were more

prevalent than mixed-species infections at 76.3% and 23.7%, respectively. Of the
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14 mixed infections, 2 were Mixed(all), and there were no other occurrences of
PV infections in this population. All mixed infections contained PF; the most
common infection was single species PF infections. A low prevalence of infection
aligns with expectations based on the collection map generated in Figure 3.3D,
as all individuals were collected in the middle of the country where malaria is less

endemic.

Tanzania (infected: 8.9%)
Nov 2011-Mar 2012

Distribution of Infections (DNA-based assay)

Type of Infection Number of individuals
Pf only 25
Po only 1
Pm only 19
Pv only 0
Mixed (Pf and Po) 2
Mixed (Pf and Pm) 7
Mixed (Pm and Po) 0
Mixed (Pf, Pm, Po) 3
Mixed (All) 2
Total Infected 59
Uninfected 606
Total 665

Parasite Species Prevalence in Infections

Plasmodium species Prevalence
P. falciparum 66.1%
P. vivax 3.39%
P. malariae 54.2%
P. ovale 13.6%
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Table 3.9 Infection Composition Data for Tanzania

PV is of particular interest in sub-Saharan Africa because the Duffy
negative allele that confers resistance to infection with this species is very
common'®, As stated above, Ethiopia was the only country where we detected
pure PV infection (n=3). We observed that it was possible that these results
were from cross-hybridization between the species that had not been completely
corrected out by our methodology*38. Data from a region where PV infections are
common and extremely endemic would be the easiest way to identify the regions
of our reference genome that are non-specific. If the 1000 Genomes Project
populations were sequenced directly from the sample, this would have been an
excellent addition to these analyses. Alternative calls for the Africa6K population

can be found in Chapter 3 Appendix: Supplemental Table 3.
3.3.3 Evaluating antimalarial resistance genes

We found that we can evaluate antimalarial resistance allele frequencies among
our PF-positive individuals, especially in countries with higher infection burdens.
Alleles that confer resistance to the combination sulfadoxine-pyrimethamine (SP)
and chloroquine were expected among our samples as these were the standard
of care either during (Ghana and Kenya) or directly before sample collection
(Botswana, Cameroon, Ethiopia, Guinea-Bissau, and Tanzania)'%¢. Because the
WHO recommended the use of artemisinin-based therapies starting in 2006, it
was possible that some of the later collected samples carry alleles known to
confer resistance to these drugs. The following genes were queried in the

UMRs: p-dhps (sulfadoxine), pfdhfr (pyrimethamine), pfcrt and pfmdrl
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(chloroquine), and pfk13 (artemisinin)®3 160: 161 Qnly three of our populations had
>30 reads across the queried genes and therefore are the three populations with
the most reliable measures of resistance (Cameroon, Kenya, and Ghana). The
Guinea-Bissau population had only one read of partial coverage in the p-mdrl
gene and thus was excluded from further consideration. A detailed report of
coverage across the genes can be found in Chapter 3 Appendix: Supplemental

Tables 4-9.

The SP treatment genes showed the highest frequencies of resistance alleles,
with only one position out of nine known sites, pfdhfr 1164L, having no evidence
of mutant alleles across the populations (Table 3.10). Mutant alleles were found
in all positions across the pfdhps gene in at least one population. The highest
frequency mutant allele proportion was A437G, ranging from 0.50-1, and the
three populations with the most coverage had mutant frequencies above 0.80.
The haplotype frequency in the three populations of high coverage was also
assessed for codons close enough to be on the same read, i.e., pfdhps 436 and
437 and pfdhfr 51 and 59. For Cameroon and Ghana, the double mutant
haplotype of pfdhps 436/437 was the most prevalent at 0.538 and 0.665,
respectively. In contrast, Kenya had a low frequency of the mutant allele at
position 436 despite high frequencies at 437, making the mut/mut haplotype rare
at 0.083. Conversely, for the haplotype at pfdhfr 51/59 the mut/mut haplotype
was the most frequent for Cameroon and Kenya (0.90 and 0.80), while it was
only the second most prevalent haplotype in Ghana at 0.275. For any position

that had a mixture of both wild-type and mutant alleles, we investigated further by
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determining the linkage disequilibrium across those two positions and tested for
deviation from the expected haplotype distribution16% 163, We found extremely
high levels of co-inheritance for the alleles at pfdhps for Ghana and Kenya
(D’=0.91 and 1.0, respectively), but neither passed the threshold for significance
using the chi-squared test. In contrast, haplotypes in Ghana at 51/59 pfdhfr,

revealed evidence of linkage disequilibrium (D’=0.98, p < 0.005).
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Resistant allele frequency (%) by country

wild- [
Gene Codon type amino
amino acid .
acid Cameroon | Ethiopia | Ghana %?:;23 Kenya | Tanzania
sulfadoxine-pyrimethamine
436 S A 53.8 0 80.4 0 9.1 0
437 A G 100 50 82.7 0 90.9 571
pfdhps | 540 K E 0 0 0 0 100 100
581 A G 18.2 0 0 0 0 25
613 A S 154 0 17.1 0 0 0
51 N I 100 100 43.8 0 100 100
59 C R 90 0 62.7 0 80 66.7
pfdhfr
108 S N 100 100 74 0 100 100
164 | L 0 0 0 0 0 0
chloroquine
86 N Y 50 50 25.3 0 61.5 25
184 Y F 55 100 61.6 0 57.1 33.3
pfmdrl | 1034 S C 0 0 0 0 0 0
1042 N D 0 0 0 0 0 0
1246 D Y 0 33.3 4.7 100 47.1 0
72 C S 0 0 0 0 0 0
73 \/ A 0 0 0 0 0 0
pfcrt 74 M I 12.5 0 2.9 0 33.3 0
75 N E 0 0 0 0 0
76 K T 0 0 0 33.3 0
artemisinin
446 F I 0 0 0 0 0 0
476 M I 0 0 0 0 0 0
ofk13 493 Y H 0 0 0 0 0 0
539 R T 0 0 0 0 4.76 0
543 | T 0 0 0 0 0 0
553 P L 0 0 1.35 0 0 0
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Table 3.10 Summary of antimalarial resistance allele prevalence across all

relevant genes in the Africa6k populations

Our expectation of high resistance frequency in chloroquine-relevant genes,
based on it being the first-line treatment until 2004, was not necessarily reflected
in the data. There was some evidence of chloroquine resistance found in pfmdrl
at positions N86Y (range= 0.25-0.615) and Y184F (range= 0.333-1). We found
no evidence of resistance at positions S1034C and N1042D across all Africa6k
populations. Surprisingly, the wild-type haplotype at pfcrt, CVMNK, was the most
frequent haplotype across all populations at 0.957, with the most evidence of
resistance happening at position M74l in three samples. The overall estimation of
the mutant haplotypes at these positions may be underestimated because the
gene overall had low coverage at positions 74-76, which we have detailed in

Chapter 3 Appendix: Supplemental Table 10.

As expected, we also saw minimal variation in the artemisinin gene pfk13,
regardless of population collection years. Only two of the variants of known
consequence R539T and P553L were detected, and both of these mutations

occurred in only one individual in the entire dataset.

Several of our genes in multiple populations had novel variations in the positions
we queried. If novel variation was seen in an individual with no other evidence of
previously noted alleles, meaning that all aligned reads had only this previously

unreported, novel variation, that individual was not included in the summary table
above, and they were noted in Chapter 3 Appendix: Supplemental Table 11. If an

individual had a mixture of known allele variants and novel variants, the known
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variation was included in the table above, and the novel variation was noted in
Chapter 3 Appendix: Supplemental Table 12. The lack of density of coverage
made stringent filters for calling variants impossible to apply, therefore, novel

variation could not be validated for reporting as a true result.

3.4 Discussion

Extending our pipeline to the greater Africa6K population provided much-
needed validity to our assay and revealed the utility of this analysis. One of the
main benefits this data brought is the confirmation that the pipeline can detect
true PV infection because in Ethiopia where the species was detected in an
infection other than Mixed(all). The presence of PV in this population is known,
thus showing that our assay can detect true infections, if present. We also
showed that we could detect the allele frequencies of anti-malarial resistance
alleles among infecting Plasmodium falciparum (PF). This observation is

important for policy with respect to drug recommendations at the population level.

The majority of our prevalence estimates fall within the range between two major
sources of malaria epidemiology, the WHO and the MAP. It is extremely
encouraging that the numbers are within realistic bounds>#% 157158 \We would not
expect either end of this range of prevalence (MAP generally high | WHO
generally low) to match exactly with our estimates, because malaria infection
rates are highly influenced by several factors that cannot be completely corrected
for in this study. Our measures were unlikely to reach the level of infection rate
reported by the Malaria Atlas Project, because their R package models their

raster maps off of infection surveys in children 2-10%%4. Children are the
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demographic in endemic regions who carry the most morbidity and mortality of
malaria, and as people age they gain acquired immunity to the parasite, which
generally reduces the amount of infection in the population, specifically
symptomatic. Since our population focuses on adults, we would expect to find
less infection than the MAP, which is how most of our data trends. We had one
population that was lower than the WHO estimate for the same year, Tanzania,
which was shown in our data to have a prevalence of infection at 8.9% (reported
ranges: 9.29%-20.1%). A potential culprit of this lower estimate is the location
and time of collection (November-March) because the individuals from this
country were collected mainly from the north/eastern part of this country which
has a low transmission season during most of the collection window starting in
December and ending in March'6’. Conversely, the only higher prevalence outlier
is Ethiopia, which had higher measures of infection than both the WHO and MAP
estimate for the same year. There are several reasons why this might be true:
Ethiopia has seasonal transmission of malaria, with the spring peak being from
March to May, only a portion of the country is considered to be malarious, and
the possibility of collecting a large portion of asymptomatic individuals who are
often missed in traditional surveys'®. The Ethiopia collection was done not only
through the entire seasonal window but also partially in the region of the highest
prevalence of at least one species (SNNPR), according to a recent meta-
analysis'®9. All of these factors could contribute to why our prevalence was
higher than both other sources. Our three largest populations, which fell within

the range between the MAP and WHO, were collected over the longest spans of
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time, from 6 months to several years. A more consistent collection process is
likely to better capture what a population looks like throughout an entire year,
which could better estimate important epidemiological variables like level of

asymptomatic infection, differences in seasonal transmission, a more detailed

look into species composition, and unusual outbreaks of infection.

Interestingly, our data seems to highlight that the lesser discussed
species, such as Plasmodium malariae (PM) and Plasmodium ovale (PO), exist
in quite high levels in the adult population. Botswana, in particular in our data,
had a high proportion of PM infection at 9/9 having the species in the
composition. A deviation from expected ratios of Plasmodium species is
documented previously in Botswana, as the prevalence of all species varies
substantially between publications. For example, in two studies in children, one
study showed a PF prevalence of 52.4% and a PM prevalence of 6.78%,
whereas a similarly conducted study found the prevalences to be 2.23% and
3.35%, respectfully’’® 171, Both papers also noted a much higher rate of PV
infection in their study, which was absent from this country in our study entirely.
With such low infection rates in our population (prevalence= 1.4%), however, the
high prevalence of one species versus another could be by chance. Additionally,
one of the two regions our samples were collected from, Ghanzi, which is
considered epidemic rather than endemic. Thus, we could have captured a local
outbreak which may have further inflated the prevalence of PM in our
population'’t. Botswana was not the only country with unexpected levels of the

lesser studied PM and PO; Ghana also showed significant deviation from the
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levels noted by other malaria resources. In our data, the relative frequency of PM
and PO was 45.7% and 31.3%, respectively, which is much higher than the
National Malaria Programme numbers (2.7% and 0.7%, respectively)'’2. This
could be due to molecular and nucleic methods of detection providing better
resolution to the species composition than the commonly used RDTs or blood
smears in the clinic8. This potential underestimate based on detection
methodology is highlighted when comparing our data to an epidemiology study
done in the same Ahafo region of Ghana in 2006, which found the adult
prevalence to be only 22.8% by smear, whereas we had a prevalence of 52.1%
in that same year'’3. Not all results differed with previously reported literature;
however, one highly encouraging trend in our data that agrees with the general
consensus of malaria epidemiology in Africa, is that in all countries except
Botswana, PF is the dominant infecting species (range=62.2%-100%)"4. Our
results, and cited papers, seem to point to the fact that our understanding of
parasite prevalence is highly variable and needs additional research in all
affected populations. Expanding these types of casual estimates to larger
populations through mechanisms such as our assay may help in clarifying the
ratio of each species present in populations, which is incredibly important to

moving forward in the process of malaria elimination.

Another equally important outcome of this research is the ability to
evaluate possible anti-malarial resistance in parasites on a global scale. It is
important to note that this type of analysis seems to be only possible in

populations with a high enough density of infection (n~100) based on our data. It
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seems that this threshold is easily overcome as long as at least 1,000 individuals
are collected in the country of interest, which we successfully passed in
Cameroon, Kenya, and Ghana. Our expectation for what mutations will be
present in each of these countries changes based on years of collection and the
corresponding therapy recommendations. There was a considerable shift in
treatment recommendation that occurred in 2004 (enacted 2006), which moved
chloroquine (CQ) out of the first-line treatment to artemisinin-based combination
therapy (ACTs)'’>. Two of our populations were collected mostly before this
switch, and possibly entirely before the recommendation was put into practice,
Ghana and Kenya. In these populations, we expect a high level of resistance
accumulating in both the CQ and SP drugs as they were the primary drugs
utilized in these years. These mutations may also be present in the later
collected Cameroon population as well, especially in SP-related genes, which is
still used as a preventative for pregnancies. Still, we expect genes like pf-crt to

revert to wild-type as it has been reported to do so after pressure is removed?!’®.

As expected, we saw a significant amount of resistance in SP-relevant
genes, pfdhps and pfdhfr, across our populations. And generally, we found that
our results are in high concordance with previous studies that used more
traditional methods of querying antimalarial resistance, like PCR amplification.
Our results for Cameroon closely mimic another study done three years after our
collection, which has a major collection site, Mfou, in the Equatorial Facies where
all our samples were recruited!’’. This study genotyped all four SNPs of interest

that we evaluated in pfdhfr (51, 59, 108, and 164) and found that the first three
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had mutation rates at or approaching 1.0, and residue 164 had only wild-type
alleles. A result almost completely replicated in our own data; the only slight
variation is in position 59, we found only 0.90 mutant allele prevalence versus
their reported 0.993. As for the other SP-related gene pfdhps this article only
evaluated three of the five alleles of interest we queried (437, 540, and 581).
Their report generally agrees with our findings, with the highest amount of
mutation accumulated on 437, then 581, then 540 at 0.948, 0.0185, and 0.0012
respectively, whereas we found 1.0, 0.182, and 0.0 mutant alleles at that same
positions!’?. As with Cameroon, both Ghana and Kenya mutant allele
frequencies fall in line with previously reported literature in these two genes. A
publication by Duah et al. estimated the prevalence of mutant alleles in the same
capital city, Sunyani, during a very similar timeframe, from 2003-2008'#4, The
only results we had that differed from the estimates in this publication were we
found a slightly higher level of mutation for both pfdhfr 108 and pfdhps 437, but
both estimates were less than 0.05 different!#4. For Kenya, a study was done in
two cities, Kombewa and Kakamega, over many years, focused on several of the
same resistance alleles we have in this study (pfdhfr 51,59, and 108 | and pfdhps
437 and 540). All mutant allele prevalences we found fell within their reported
range from 2003-2008, except one pfdhps 540, where we found a 1.0 prevalence
of the mutant allele, and they found only up to 0.971 in Kakamega in 200578,
Several reports show the absence of the pfdhfr 164 mutation in Western Africa,
which is replicated across all three of our populations. There were some variants

that we chose to evaluate that were consistently unreported in pfdhps (436 and
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613), but this could be because they arose as alleles of interest more recently in

the field, as evidenced by their presence in a publication from Ghana in 202042,

Unlike the SP-relevant genes, our results for CQ resistance differ from the
historically reported prevalence. In the most dramatic case, our near total
absence of pfcrt mutant haplotypes, specifically K76T, was shown to be at nearly
1.0 prevalence in the late 1990s'°. This allele is often used as a marker for
treatment failure because it has been shown to be a highly sensitive marker of
resistance. Thus, many earlier publications use this allele exclusively rather than
looking at the entire haplotype over the 72-76 codon window. In our data, we
found the presence of this K76 T mutation only in the Kenyan population at 0.333
prevalence. Our estimation was substantially lower than both the 0.50-0.912
prevalence found in Hemming-Schroeder et al. and the >0.80 estimates by
Frosch et al. in the same time frame!"® 17°. Outside of Kenya, this marker is not
found in any of our other populations, despite reports showing the allele existed
at greater than 0.60 frequency in the early 2000s Ghana and 0.115 prevalence in
2018 Cameroont’”: 180 We assume that, based on our reported systematic
sequencing errors across the haplotype, our estimates are deflated, but the lack
of mutation seen in what data we do have is unexpected. Issues genotyping this
locus are known to the field, as it can be highly polymorphic, so while our lack of
coverage in this region is discouraging, it is not entirely unexpected?6.
Conversely, pfmdrl showed sustained resistance across our populations,
specifically at positions 86,184, and 1246. In our population, position 184 has the

most evidence of mutant allele prevalence. At this position, our prevalence in
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Cameroon was smaller than previous reports, 0.55 versus 0.72, but the later
study was collected several years earlier'!, Similarly, while position 184 had the
highest frequency of the mutation in Ghana in our study, our estimated 0.616
was lower than a similar study done in 2007 in Ghana, which reported 0.87982,
Our Kenya estimates did fall within the range reported in other articles'’8. Despite
our estimates not aligning perfectly with other reports, continued CQ resistance
was not expected to be present in similar levels in populations collected later in
the 2000s because of the removal of the drug as a treatment. However,
according to several of the publications discussed above, the persistence of
mutation in the pfmdrl is not unexpected as certain combinations of mutant
genotypes (N86Y-Y184F-D1246Y triple) are being connected to resistance to
modern therapies like lumefantrinel’6: 178 182 Thus, even if the initial pressure of
chloroquine was removed long before our collection of this population, these loci

are still likely to be selected for and be present.

Here we have shown that you can accurately estimate the prevalence of
all four species of Plasmodium and uncover potentially relevant parasite gene
mutations through human whole genome sequencing data. Our results fit well
within expected values for multiple levels of endemicity, transmission, and
infection compositions of malaria across sub-Saharan Africa. We believe that it is
incredibly important to revisit data from endemic malaria regions- because the
analyses can fill in local data gaps on malaria prevalence and antimalarial
resistance gene transmission that may have been missed on the country-level

reports or may not have been well documented at all. In reaching for a goal of a
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world free of malaria, the field and the governmental bodies taking on the task,
must know exactly what they are up against, and providing more information can
only help fill in the picture further. While our study focused solely on creating a
mechanism for specifically detecting Plasmodium parasites and their anti-malaria
genes, this type of data mining could be applied to the entirety of the microbiome
of any sequenced tissue. Other diseases of consequence to Africa which could
potentially be assessed in this way are tuberculosis, sleeping sickness, and
filariasis!®-185, Taken together, our results highlight how successful utilization of
previous data can be an extraordinary tool for malaria, and public health, moving

forward.
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CHAPTER IV: Discussion, Conclusions, and Future Directions
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4.1 Discussion

4.1.1 Overview

As human genome sequencing technology continues to develop and
decrease in cost, the number of individuals sequenced will continue to grow. With
each individual sequenced, researchers will uncover more about human genetic
variation and global health. One particular global health issue that could benefit
from this type of data that was highlighted in this thesis is malaria; a disease that
half of the world’s population is still at risk for despite many continuing efforts to
reduce malaria burden. Consequentially, since 2015 the elimination of malaria
has seemingly reached a standstill in progress. To better understand why these
roadblocks are occurring, the WHO determined that more research needs to be
conducted on the problem. In this dissertation, we aimed to utilize the expanding
field of genetics to develop a tool capable of fostering more malaria research. We
proposed that the discarded UMRs that result from normal WGS harnessed the
ability to detect malaria in endemic populations in a species-specific manner
retrospectively. My results demonstrate that PCR-free WGS data can be mined
adequately to determine species of Plasmodium infection compared to already
accepted methodologies and can evaluate the parasite for relevant antimalarial
genes. Thus opening a whole new type of data in previously collected endemic
populations to elucidate the true burden of malaria and contribute to elimination

efforts.

4.1.2 Summary
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In Chapter 2, we identified which genomic target from Plasmodium
(mitochondrial, API, or total) performed the best compared to the 18s rRNA
NAAT assay. Using a portion of the TOPMed Africa6k population (Ghana -
n=1904) and a threshold of 50 reads aligned to call positivity, we found that the
total genome distinguished between the four species the best and agreed with
the accepted methodology 86.2% of the time. The novel diagnostic assay had no
obvious biases, such as infection outcome being determined by the raw number
of UMRs, and reliably detected both single species and mixed infections in our
population. One exception to the performance was no validated PV infections,
which are known to be absent in Ghana, and therefore were expected to be
missing. Additionally, a small portion of the population (n=44 - 2.3%) had
evidence of remnant non-specific binding, as they were called Mixed(all)
infections, but we found these could be corrected by using an alternative calling

mechanism.

This study highlights the underappreciated UMRSs in sequencing studies and
their utility in furthering malaria research. Comparing our novel assay to the
sensitive NAAT showed that we have successfully developed a retrospective
method in determining Plasmodium infection from WGS data. Despite these
advances, the utilization of this method is highly dependent on the expansion of
sequencing studies worldwide, which could be a challenge in underserved
populations. The pipeline has to be expanded to other populations to better

characterize its performance, specifically in the case of PV infections. Regardless
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of these limitations, advances in the tools to assess the true malaria burden is

the only way to understand the roadblocks to elimination better and adjust efforts.

In Chapter 3, we extended the novel detection assay to the entire TOPMed
Africabk population and investigated its ability to capture malaria epidemiology in
seven countries. We found that our estimated parasite prevalence generally fell
within previously reported ranges defined by the WHO and MAP. As expected,
the novel assay also detected PF as the dominant species of infection across
Africa, which aligned with expectations. We also uncovered a significant portion
of the underrepresented PM and PO infections, therefore adding to the burden of
proof these parasites need to be added to general surveillance mechanisms. The
last conclusion that could be made about our pipeline in the extended population
is that it can adequately detect PV infections, which could not be validated in our
first chapter because Ethiopia had three single species infections of PV. Overall,
our pipeline seems to produce results that fit within the historical context of
malaria and offer a novel tool to extend to other sequencing studies in endemic

regions.

Along with the parasite prevalence, we proved the assay has the additional
utility of evaluating antimalarial resistance genes in our three largest populations
(Cameroon, Ghana, Kenya). We found significant evidence of resistance to SP-
therapies in related genes, which aligned with our expectations because the drug
was used through the entire collection timeframe thus keeping these regions
under evolutionary pressure. Conversely, our findings for the CQ-related genes

were unexpected, as we found less resistance than expected in our populations.
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However, especially in the case of pfcrt, this locus has been historically difficult to
characterize. This known difficulty may have contributed to the low coverage of

the gene via sequencing.

Further studies are necessary to fully understand the burden of malaria
worldwide to develop the best methods of elimination and potentially reaching

malaria eradication.

4.2 Future Directions

4.2.1 Extend the novel detection method to other malaria-endemic regions

This dissertation showed that our novel computational method could
adequately detect malaria in several different levels of endemicity; however, all
data used in this study were from sub-Saharan Africa. Certain limitations are
placed on this research based on the geographic distribution of several
Plasmodium species. In particular, there are still concerns about how efficiently
the methodology can detect PV infections, as we only found 3 single-species
infections in Ethiopia in our data. The original purpose of including the 1000
Genomes Project in this research was to evaluate populations that may have a
different distribution of the parasite species, but the passage of the cells used for
sequencing through culture eliminated the possibility of assessing Plasmodium.
Including studies from South America or Asia, where PV is more prevalent, will
better elucidate the assay’s ability to detect this species and identify regions that
are still binding non-specifically. Additionally, it would be possible to include the
detection of zoonotic species, like PK, in the methodology to inform malaria

burden in populations where the species is relevant.
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Expanding to other African sequencing studies will also have utility within the
continent. For example, where this research had inconsistencies with WHO and
MAP reported prevalence values, it mostly came from the collection being from a
low-burden region or during the off-season in seasonally endemic countries.
Including large-scale studies such as the Three Million African genomes will
better elucidate the performance of the assay and allow for more in-depth
comparisons of the data. One question that could be investigated in more
extensive studies is the difference in infection composition between areas of high
endemicity versus low endemicity because there have been some recent studies
suggesting that PM and PO infections become problematic when PF is
controlled!8-188 A higher density of information could also allow for more
granular comparisons in the antimalarial resistance genes further to understand
the regional transmission and spread of these genes®®. Extending the scope of
the assay by including diverse populations from different endemic regions, both
inside and outside of sub-Saharan Africa, will only improve its utility as a tool in

research for the malaria field.
4.2.2 Further assess Plasmodium genes relevant to malaria epidemiology

Throughout this dissertation, I've discussed other genes that may be relevant
to understanding Plasmodium epidemiology, like the mspl and msp2 genes for
MOI. While we focused on antimalarial-resistant genes for a proof of concept,
with the type of data captured in the pipeline, there is no limit to the number of
genes that can be queried using the same methodology highlighted in Chapter 3.

One gene family of interest that could be evaluated are the var genes, such as
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erythrocyte membrane protein 1 (PfEMP1), which are often characterized for
their high level of diversity in single infections and populations*®°. These genes
are important in understanding the pathogenesis of PF infection because some
variants are associated with different severities of infection®°. Another extension
of this research could occur if the pipeline was paired with malaria disease
outcome because a recent study by Band et al. discovered that SNPs in the
parasite genome correlate with the parasite overcoming HbS human resistance
and causing disease (termed PF sickle-associated alleles), thus indicating more
ways the parasite is co-evolving in response to the human host*!. Adding to the
burden of proof of how widespread these problematic variants are could identify

more populations at risk for malaria than previously thought.

As more populations are evaluated with this mechanism, especially in regions
with different densities of parasites, the number of genes consequential to the
greater malaria field which can be evaluated will grow to include other species. In
this dissertation, it was only prudent to investigate genes important to PF
infections because that was the only species prevalent enough to have
reasonable genome coverage. However, where PV infections are more
prevalent, like in Asia and South America, that genome could be better covered
and open for investigation. Several candidate genes of interest in antimalarial
resistance have known orthologs to the PF loci in alternative species. For
example, in PV the ones that would be important to investigate are PV kelch-12
(pvk12), pvert, pvmdrl, pvdhps, and pvdhfri®? 193 Paijred with better malaria data

collected with the original population, the parasite genetics could theoretically be
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investigated for novel resistance alleles through an association study using a
resistant/susceptible outcome. This is important as it has been noted that less is
known about resistance in PV infections because PF infections have always
received more focus in research!®?. Although it is important to note that variant
discovery analyses could be at the data limits, because there would have to be a

high coverage of the PV genome for associations to be reasonably detected.
4.2.3 Evaluate the utility of this assay to capture the total blood microbiome

The natural progression of this research would first query the UMRs for known
co-infections of malaria to determine which portion of the population was actively
carrying other parasites. The greatest concern is co-infections that can
complicate diagnoses or facilitate severe disease outcomes, like Streptococcus
pneumoniae, Leptospira, and schistosomiasis®41%, Taking a closer look at the
prevalence of these co-infections is important clinically because many of these
diseases have overlapping symptoms, but divergent treatments, and treating only
one infection can lead to unexpected mortality®. In addition to understanding the
frequency of these co-infections, our data may help expose which co-infections
are less harmful because most of our participants were collected under the
assumption of no acute infection. Despite this thesis focusing only on the benefits
UMRs can provide to malaria research and elimination, the pipeline can be
adapted to detect any microbe. As mentioned previously in the discussion of
Chapter 3, there are plenty of other parasitic diseases that circulate within the

blood system that could be investigated in this manner.
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The connection between a WGS pipeline and infectious disease is
established in this research; however, there could be other interesting
implications about the blood microbiome uncovered through UMRs. While the
blood has historically been considered a “sterile” environment, there have been
some indications that non-parasitic microbes may also circulate within the system
and have consequences for non-communicable diseases'%’. In multiple recent
publications, bacteria like Porphyromonas gingivalis, Firmicutes, Proteobacteria,
were discovered in tissue traditionally considered to lack a microbiome and were
connected with diseases like atherosclerosis, obesity, and cardiovascular
disease'%200, Because at least one of the Africa6k original populations (Ghana)
was collected as a cardiovascular study, these data would be ideal for exploring
the potential for the novel detection method and adding to the burden of proof for
the mentioned associations. This revolution in thinking surrounding the blood
microbiome was led by molecular-based methods, making this type of analysis

perfect to further our new understanding of the total human microbiota®®®.

4.2 .4 Utilize this new infection status to elucidate the correlation between human

genetic variation and asymptomatic infection status

Prior to the completed sequencing of the Africa6K population, | conducted a
small pilot study using the PCR-generated Plasmodium data as an infection
outcome for logistic models in Ghana. As mentioned previously, the Ghanaian
population was collected under the presumption that subjects had no acute
illness at the time of enrollment. Therefore, a large portion of the n=696 PCR+

individuals in that population are likely asymptomatic parasite carriers. |
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investigated the association between PCR infection status and several

demographic and cardiovascular variables.

A first look into the data compared the distribution of the variables between
the infected and uninfected populations and found (using chi-squared tests for
categorical variables and ANOVA for continuous) that the following variables
were significantly different (p<0.01) between the two populations: age, body
mass index (BMI) category, blood pressure, fasting glucose, cholesterol, and
high density lipoprotein cholesterol (HDL-C). Additionally, | found that many of
the logistic regressions tested, being found categorically “healthy” in the
cardiovascular variables mentioned made an individual more likely to be
asymptomatically infected. Our theory of why this could be true is that these
individuals who have no other cardiovascular health challenges, like diabetes or
high blood pressure, have immune systems that can suppress the canonical
symptoms of malaria, and therefore are more likely to be carrying the parasite
aymptomatically. This could indicate that people who are not “healthy” are more
likely to become symptomatic when challenged with the parasite, thus leading to
rapid treatment. If that speculation is true then unhealthy individuals would
statistically appear protected against asymptomatic infections, but this type of
assumption cannot be adequately assessed in this data. The breakdown of the
associations is as follows: protective against being PCR+ in our population
(p<0.05): BMI category underweight (OR=0.623), BMI category overweight
(OR=0.523), BMI category obese (OR=0.499), cholesterol over 200 mg/dL (OR=

0.545), glucose over 100 mg/dL (OR=0.675), and triglycerides over 110 mg/dL

130



(OR=0.703). While these findings are preliminary and need to be validated using
the novel method across the populations, it highlights the utility of uncovering

what allows individuals to remain asymptomatic.

There are two ways these associations can be explored in this population, the
first being a complete look into the association with demographic variables, and
more consequential to the type of data used here is the investigation into the
human genetic variation. Throughout this thesis, several known loci were
described which contribute to the susceptibility of disease, like HBB, G6PD, and
Duffy, but our understanding of what contributes to asymptomatic disease is still
evolving?%% 292 A recent study between an asymptomatic and uninfected
population has associated SNPs in CD36 and IL10 with infection status?°3. The
sample size for this study was small (n=300); therefore, only candidate genes
were assessed. Our population, Africa6k, has 20 times more individuals and is
likely more powered to investigate the association landscape on the genome-
wide scale. Studies of this type could be very informative in defining the
asymptomatic population, and the information could then inform how best to

target and treat them.

4.3 Conclusions

All research in this dissertation provides evidence of the utility of discarded
UMRs from human WGS data. It shows that UMRs can be harnessed to assess
malaria epidemiology across multiple populations and levels of endemicity.
Additionally, it shows that the captured parasitic data can be used to investigate

important antimalarial resistance genes. Development of this assay was the first
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step in truly impacting the malaria field, but the assay needs to be applied to
more extensive and geographically diverse populations to understand its full
impact. Overall, this assay could be the next tool that spurs the research needed
to solve roadblocks in malaria elimination, as called for by the WHO and provide
the field with a path forward in finally targeting the parasite and significantly

reducing the burden it has on sub-Saharan Africa.
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Appendix
Chapter 2 Appendix

Supplemental Figure 1. Percent identity matrix generated by Clustal Omega

Percent Identity Matrix - created by ClustalZ.l

1: PVmitochondria 100.00 93.78 93.69 87.46 92.13
2: PoOCmitochondria 93.78 100.00 98.44 87.90 92.86
3: POWmitochondria 93.69 98.44 100.00 87.65 92.47
4: PFmitochondra 87.46 87.90 87.85 100.00 88.56
5: PMmitochondria 92.13 92.86 92.47 88.56 100.00

Pairwise comparison of percent identity of each mtDNA sequence compared to
all other species. Row number corresponds with column number. Shorthand
representations are the same as the body, but POC is Plasmodium ovale curtisi,
and POW is Plasmodium ovale wallikeri.

Supplemental Table 1: Retained Regions of the Plasmodium sequence by
species

| P. falciparum
Pf3D7_01_v3 199 475065
Pf3D7_01_v3 475153 478298
Pf3D7_01_v3 478370 478654
Pf3D7_01_v3 478669 479902
Pf3D7_01_v3 480109 480493
Pf3D7_01_v3 480873 640538
Pf3D7_02_v3 78 334
Pf3D7_02_v3 583 767
Pf3D7_02_v3 1010 946686
Pf3D7_03_v3 0 305
Pf3D7_03_v3 609 764
Pf3D7_03_v3 1658 1888
Pf3D7_03_v3 3343 1063367
Pf3D7_03_v3 1066536 1066686
Pf3D7_04_v3 249 1199939
Pf3D7_04_v3 1200067 1200426
Pf3D7_05_v3 200 820934
Pf3D7_05_v3 820988 1289934
Pf3D7_05_v3 1290143 1290519
Pf3D7_05_v3 1290612 1290861
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Pf3D7_05_v3
Pf3D7_05_v3
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Pf3D7_08_v3
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Pf3D7_09 _v3
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Pf3D7_09 _v3
Pf3D7_09 v3
Pf3D7_10_v3
Pf3D7_10_v3
Pf3D7_10_v3
Pf3D7_10_v3
Pf3D7_11_v3
Pf3D7_11_v3
Pf3D7_11_v3
Pf3D7_11 v3
Pf3D7_11 v3
Pf3D7_12 v3
Pf3D7_12 v3
Pf3D7_12_v3
Pf3D7_12_v3
Pf3D7_12_v3
Pf3D7_13 v3
Pf3D7_13_v3

1290961
1291572
1293491
1293773
1295135
1295893
1343209
524
223962
816407
816881
817220
1417690
1417975
985
1516
1084297
1084768
1085115
1085723
1087649
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1089294
1090052
29
718197
933709
1113866
1288733
1472632
146

333
460452
1048781
192

709
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965026
678
1927408
1931900
1932701
2037910
196
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1356043
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633
2490925
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1295445
1343190
1343471
223752
816302
816614
817106
1416628
1417840
1418242
1218
1084092
1084677
1085017
1085668
1087554
1087816
1089069
1089602
1444842
718122
933687
1113820
1288636
1472379
1472782
308
460401
1048737
1541089
423
812732
965014
1686963
1927321
1931763
1932437
2037267
2038340
346
502403
1356012
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2801332



Pf3D7_13 v3 2801418 2805775
Pf3D7_13 v3 2805913 2806456
Pf3D7_13 v3 2806713 2922604
Pf3D7_13 v3 2922805 2922965
Pf3D7_13 v3 2923585 2924299
Pf3D7_14 v3 885 1036
Pf3D7_14 v3 1254 757526
Pf3D7_14 v3 757760 1503157
Pf3D7_14 v3 1503204 1508916
Pf3D7_14 v3 1508944 2125199
Pf3D7_14 v3 2125217 3291769
Pf3D7_API_v3 61 1234
Pf3D7_API_v3 1520 8534
Pf3D7_API v3 8824 9219
Pf3D7_API v3 9383 9888
Pf3D7_API v3 10077 12615
Pf3D7_API v3 12845 14501
Pf3D7_API_v3 14701 16725
Pf3D7_API_v3 16791 17009
Pf3D7_API_v3 17269 17609
Pf3D7_API_v3 17843 18013
Pf3D7_API v3 18170 18707
Pf3D7_API v3 18755 19219
Pf3D7_API v3 19445 20438
Pf3D7_API v3 20536 23442
Pf3D7_API_v3 23478 23695
Pf3D7_API_v3 23804 24068
Pf3D7_API_v3 24670 24868
Pf3D7_API_v3 25213 25500
Pf3D7_API v3 26042 26297
Pf3D7_API v3 26320 26832
Pf3D7_API v3 27078 27428
Pf3D7_API v3 27457 27718
Pf3D7_API_v3 28436 28620
Pf3D7_API_v3 28764 29427
Pf3D7_API_v3 29570 29822
Pf3D7_API_v3 30472 30735
Pf3D7_API v3 30762 31112
Pf3D7_API v3 31359 31869
Pf3D7_API v3 31893 32149
Pf3D7_API v3 32689 32977
Pf3D7_API_v3 33321 33521
Pf3D7_MIT _v3 103 302
Pf3D7_MIT _v3 575 1840
Pf3D7 MIT v3 1909 4851
P.vivax before further refinement
PvP01_01_v2 0 3206
PvP01 01 v2 3207 6976
PvP01 01 v2 6977 31364
PvP01 01 v2 31664 34472
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Transfer.PvP01_00_16.final
Transfer.PvP01_00_16.final
Transfer.PvP01_00_16.final
Transfer.PvP01_00_160.final
Transfer.PvP01_00_161.final
Transfer.PvP01_00_162.final
Transfer.PvP01_00_163.final
Transfer.PvP01_00_164.final
Transfer.PvP01_00_166.final
Transfer.PvP01_00_167.final
Transfer.PvP01_00_169.final
Transfer.PvP01_00_17.final
Transfer.PvP01_00_17.final
Transfer.PvP01_00_17 final
Transfer.PvP01_00_17 final
Transfer.PvP01_00_17 final
Transfer.PvP01_00_17 final
Transfer.PvP01_00_170.final
Transfer.PvP01_00_171.final
Transfer.PvP01_00_172.final
Transfer.PvP01_00_173.final
Transfer.PvP01_00_174.final
Transfer.PvP01_00_175.final
Transfer.PvP01_00_176.final
Transfer.PvP01_00_177 .final
Transfer.PvP01_00_178.final
Transfer.PvP01_00_179.final
Transfer.PvP01_00_18.final
Transfer.PvP01_00_18.final
Transfer.PvP01_00_18.final
Transfer.PvP01_00_18.final
Transfer.PvP01_00_18.final
Transfer.PvP01_00_18.final
Transfer.PvP01_00_18.final
Transfer.PvP01_00_18.final
Transfer.PvP01_00_18.final
Transfer.PvP01_00_180.final
Transfer.PvP01_00_181.final

22474
26335
31012
33571
35568
71722
80975
87720
89116
96966

P FRPOOOFR, OOLPR

49381
52536
55471
61465
93478

P RPPFPORFPOOOOODO

3007
5338
9474
11921
43003
44859
57818
88942

142

1516
1514
1437
1499
22111
26334
30950
33361
35567
71373
80673
87719
88816
96962
98334
1479
1499
1469
1457
1442
1425
1342
1315
49081
52173
54698
61460
92190
94527
1405
1390
1382
1381
1353
1359
1357
1373
1353
1351
1620
5038
9174
11918
43002
44559
56593
88940
91632
1346
1335



Transfer.PvP01_00_182.final
Transfer.PvP01_00_183.final
Transfer.PvP01_00_184.final
Transfer.PvP01_00_185.final
Transfer.PvP01_00_186.final
Transfer.PvP01_00_187.final
Transfer.PvP01_00_188.final
Transfer.PvP01_00_189.final
Transfer.PvP01_00_19.final
Transfer.PvP01_00_19.final
Transfer.PvP01_00_19.final
Transfer.PvP01_00_19.final
Transfer.PvP01_00_19.final
Transfer.PvP01_00_19.final
Transfer.PvP01_00_190.final
Transfer.PvP01_00_191.final
Transfer.PvP01_00_192.final
Transfer.PvP01_00_193.final
Transfer.PvP01_00_194.final
Transfer.PvP01_00_195.final
Transfer.PvP01_00_196.final
Transfer.PvP01_00_197 .final
Transfer.PvP01_00_198.final
Transfer.PvP01_00_199.final
Transfer.PvP01_00_2.final
Transfer.PvP01_00_2.final
Transfer.PvP01_00_2.final
Transfer.PvP01_00_20.final
Transfer.PvP01_00_20.final
Transfer.PvP01_00_20.final
Transfer.PvP01_00_20.final
Transfer.PvP01_00_200.final
Transfer.PvP01_00_201.final
Transfer.PvP01_00_202.final
Transfer.PvP01_00_203.final
Transfer.PvP01_00_204.final
Transfer.PvP01_00_206.final
Transfer.PvP01_00_207.final
Transfer.PvP01_00_208.final
Transfer.PvP01_00_209.final
Transfer.PvP01_00_21.final
Transfer.PvP01_00_21 final
Transfer.PvP01_00_21 final
Transfer.PvP01_00_21 final
Transfer.PvP01_00_21 final
Transfer.PvP01_00_21.final
Transfer.PvP01_00_210.final
Transfer.PvP01_00_ 211 .final
Transfer.PvP01_00_ 212 .final
Transfer.PvP01_00_213.final

oON B O

196676
203617
0
41822
47843
69098

OOPFrPROO0OO0OO0OO0OO0oOOo

13454
17436
39196
43705
61942

N O O

143

1267
1308
1306
1295
1290
1289
1287
1274
24617
55053
65296
70829
73884
86105
1271
1263
1257
1243
1241
1248
1212
1209
1203
1200
196673
203316
329406
41518
47543
68798
72855
1200
1191
1191
1191
1173
1142
1139
1104
1062
13453
17434
38896
43704
61642
71880
1136
1131
1130
1054



Transfer.PvP01_00_214.final
Transfer.PvP01_00_215 final
Transfer.PvP01_00_216.final
Transfer.PvP01_00_ 217 .final
Transfer.PvP01_00_218.final
Transfer.PvP01_00_219.final
Transfer.PvP01_00_22.final
Transfer.PvP01_00_22.final
Transfer.PvP01_00_22.final
Transfer.PvP01_00_22.final
Transfer.PvP01_00_22.final
Transfer.PvP01_00_22.final
Transfer.PvP01_00_22.final
Transfer.PvP01_00_22.final
Transfer.PvP01_00_220.final
Transfer.PvP01_00_ 221 .final
Transfer.PvP01_00_222 final
Transfer.PvP01_00_223.final
Transfer.PvP01_00_224.final
Transfer.PvP01_00_225.final
Transfer.PvP01_00_226.final
Transfer.PvP01_00_228.final
Transfer.PvP01_00_229.final
Transfer.PvP01_00_23.final
Transfer.PvP01_00_23.final
Transfer.PvP01_00_23.final
Transfer.PvP01_00_23.final
Transfer.PvP01_00_23.final
Transfer.PvP01_00_23.final
Transfer.PvP01_00_23.final
Transfer.PvP01_00_23.final
Transfer.PvP01_00_23.final
Transfer.PvP01_00_23.final
Transfer.PvP01_00_230.final
Transfer.PvP01_00_231.final
Transfer.PvP01_00_232.final
Transfer.PvP01_00_233.final
Transfer.PvP01_00_235.final
Transfer.PvP01_00_236.final
Transfer.PvP01_00_ 237 .final
Transfer.PvP01_00_238.final
Transfer.PvP01_00_24 final
Transfer.PvP01_00_24 final
Transfer.PvP01_00_24 final
Transfer.PvP01_00_24 final
Transfer.PvP01_00_24.final
Transfer.PvP01_00_24.final
Transfer.PvP01_00_25.final
Transfer.PvP01_00_25.final
Transfer.PvP01_00_25.final

O OO oOoONO

2393
4981
9404
13138
22800
40551
44722
46700

OFRPFP NOPFPOOODO

\I
N
o
a1

9213
11064
16320
19533
25247
31078
58820
63448

OOPFr ONOOO

252385
2592
7816

54430
60103
62208

7980
39994

144

1124
1113
1107
1100
1092
1088
3927
9101
12838
22781
39773
44421
46400
61457
1084
1073
1072
1070
1070
1063
1061
1056
1055
7463
8913
11063
16317
19233
24947
31074
57863
62799
64741
1053
1053
1041
1039
1020
1017
1015
1011

7514
53855
60102
61480
64543

7680
39993
50290



Transfer.PvP01_00_25.final
Transfer.PvP01_00_25.final
Transfer.PvP01_00_25.final
Transfer.PvP01_00_26.final
Transfer.PvP01_00_26.final
Transfer.PvP01_00_26.final
Transfer.PvP01_00_26.final
Transfer.PvP01_00_26.final
Transfer.PvP01_00_26.final
Transfer.PvP01_00_26.final
Transfer.PvP01_00_26.final
Transfer.PvP01_00_26.final
Transfer.PvP01_00_27.final
Transfer.PvP01_00_27.final
Transfer.PvP01_00_27.final
Transfer.PvP01_00_27.final
Transfer.PvP01_00_28.final
Transfer.PvP01_00_28.final
Transfer.PvP01_00_28.final
Transfer.PvP01_00_28.final
Transfer.PvP01_00_28.final
Transfer.PvP01_00_28.final
Transfer.PvP01_00_28.final
Transfer.PvP01_00_29.final
Transfer.PvP01_00_29.final
Transfer.PvP01_00_29.final
Transfer.PvP01_00_29.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_3.final
Transfer.PvP01_00_30.final
Transfer.PvP01_00_30.final
Transfer.PvP01_00_30.final
Transfer.PvP01_00_30.final
Transfer.PvP01_00_300.final
Transfer.PvP01_00_300.final
Transfer.PvP01_00_300.final
Transfer.PvP01_00_300.final
Transfer.PvP01_00_300.final
Transfer.PvP01_00_300.final
Transfer.PvP01_00_300.final

50291
54040
57503
0

1388
31883
33976
36471
41331
45382
53477
54750
71
45610
47456
49646
1

1858
4677
16838
19226
29815
39372
68
2568
41413
43265
0

7286
38422
51577
68332
72987
110675
148324
176274
201927
204916
206696
0
36708
38398
41065
3

1819
5952
8276
29591
31078
35188

145

53740
56991
59933
1387
31581
33975
36171
41030
44452
51895
54748
58046
45609
47156
49643
55477
1857
4327
16538
19225
29513
39072
47196
2567
41113
42965
45364
6969
38421
51276
67972
72986
110375
148024
175959
201925
204615
206383
213262
36707
38171
40765
43143
1519
5951
7924
29214
30778
35187
43799



Transfer.PvP01_00_301.final
Transfer.PvP01_00_31.final
Transfer.PvP01_00_31.final
Transfer.PvP01_00_31.final
Transfer.PvP01_00_31.final
Transfer.PvP01_00_31.final
Transfer.PvP01_00_31.final
Transfer.PvP01_00_31.final
Transfer.PvP01_00_31.final
Transfer.PvP01_00_32.final
Transfer.PvP01_00_32.final
Transfer.PvP01_00_32.final
Transfer.PvP01_00_32.final
Transfer.PvP01_00_32.final
Transfer.PvP01_00_32.final
Transfer.PvP01_00_32.final
Transfer.PvP01_00_33.final
Transfer.PvP01_00_33.final
Transfer.PvP01_00_33.final
Transfer.PvP01_00_33.final
Transfer.PvP01_00_33.final
Transfer.PvP01_00_34.final
Transfer.PvP01_00_34.final
Transfer.PvP01_00_34.final
Transfer.PvP01_00_35.final
Transfer.PvP01_00_35.final
Transfer.PvP01_00_35.final
Transfer.PvP01_00_35.final
Transfer.PvP01_00_35.final
Transfer.PvP01_00_35.final
Transfer.PvP01_00_35.final
Transfer.PvP01_00_35.final
Transfer.PvP01_00_36.final
Transfer.PvP01_00_36.final
Transfer.PvP01_00_36.final
Transfer.PvP01_00_36.final
Transfer.PvP01_00_36.final
Transfer.PvP01_00_36.final
Transfer.PvP01_00_37.final
Transfer.PvP01_00_38.final
Transfer.PvP01_00_38.final
Transfer.PvP01_00_38.final
Transfer.PvP01_00_38.final
Transfer.PvP01_00_38.final
Transfer.PvP01_00_38.final
Transfer.PvP01_00_38.final
Transfer.PvP01_00_39.final
Transfer.PvP01_00_39.final
Transfer.PvP01_00_4.final
Transfer.PvP01_00_4 final

8

10756
18680
22354
25699
29100
34243
39831

14904
16881
20488
24490
32127
35787

6783
23350
31017
37419

2428
19156

11138
19074
22474
24540
27561
32700
35506

1303
11471
15894
18023
26078

1546
7295
10573
20213
26789
32735

1727

2647

146

1608
10755
18679
22353
25395
28800
33305
39828
41255
14903
16880
18292
24488
32124
35428
40940

6422
23270
31015
36946
39245

2388
18856
39018
10838
19071
22473
24539
26958
32699
35135
36874

1302
11171
15893
18022
25778
34801
34237

1542

7294
10551
19913
26487
32429
33746

1726
30627

2645

3793



Transfer.PvP01_00_4.final

Transfer.PvP01_00_4.final

Transfer.PvP01_00_4.final

Transfer.PvP01_00_4.final

Transfer.PvP01_00_4.final

Transfer.PvP01_00_4.final

Transfer.PvP01_00 4.final

Transfer.PvP01_00_4.final

Transfer.PvP01_00 4.final

Transfer.PvP01_00_4.final

Transfer.PvP01_00_4.final

Transfer.PvP01_00_40.final
Transfer.PvP01_00_40.final
Transfer.PvP01_00_40.final
Transfer.PvP01_00_41.final
Transfer.PvP01_00_41.final
Transfer.PvP01_00_41.final
Transfer.PvP01_00_41 final
Transfer.PvP01_00_41 final
Transfer.PvP01_00_42.final
Transfer.PvP01_00_42.final
Transfer.PvP01_00_42.final
Transfer.PvP01_00_42.final
Transfer.PvP01_00_43.final
Transfer.PvP01_00_43.final
Transfer.PvP01_00_43.final
Transfer.PvP01_00_43.final
Transfer.PvP01_00_44 final
Transfer.PvP01_00_44 final
Transfer.PvP01_00_44.final
Transfer.PvP01_00_44.final
Transfer.PvP01_00_45.final
Transfer.PvP01_00_45.final
Transfer.PvP01_00_45.final
Transfer.PvP01_00_45.final
Transfer.PvP01_00_46.final
Transfer.PvP01_00_46.final
Transfer.PvP01_00_46.final
Transfer.PvP01_00_46.final
Transfer.PvP01_00_46.final
Transfer.PvP01_00_46.final
Transfer.PvP01_00_46.final
Transfer.PvP01_00_47 final
Transfer.PvP01_00_47 final
Transfer.PvP01_00_47 final
Transfer.PvP01_00_47 final
Transfer.PvP01_00_47 final
Transfer.PvP01_00_48.final
Transfer.PvP01_00_48.final
Transfer.PvP01_00_48.final

3794
12471
51286
54300
76282
77959
81757
83143

116530
153530
162550
1
14508
20006
0

9013
12749
16592
25913

0
18770
22088
24474

0

1510

9104
12490

59

2525
21121
22963

1

2108

6474

9955

0

1753

6976
11816
15558
19148
22775

0

2548

4247

5975
19957

0

6109

9059

147

12468
50985
54000
75982
77955
81756
83141
116230
153529
162249
167607
14208
19705
27412
8713
12449
16589
25912
27035
18410
22086
24174
26582
1209
8804
12477
26325
2258
21120
22962
25707
1807
4879
9655
24787
1751
6887
11515
15557
19147
22475
24221
2248
4189
5675
19938
21500
5809
8759
12520



Transfer.PvP01_00_48.final
Transfer.PvP01_00_48.final
Transfer.PvP01_00_49.final
Transfer.PvP01_00_49.final
Transfer.PvP01_00_49.final
Transfer.PvP01_00_49.final
Transfer.PvP01_00_5.final

Transfer.PvP01_00_5.final

Transfer.PvP01_00_5.final

Transfer.PvP01_00_5.final

Transfer.PvP01_00_5.final

Transfer.PvP01_00_5.final

Transfer.PvP01_00_5.final

Transfer.PvP01_00_5.final

Transfer.PvP01_00_5.final

Transfer.PvP01_00_5.final

Transfer.PvP01_00_5.final

Transfer.PvP01_00_50.final
Transfer.PvP01_00_50.final
Transfer.PvP01_00_51 final
Transfer.PvP01_00_51 final
Transfer.PvP01_00_51.final
Transfer.PvP01_00_51.final
Transfer.PvP01_00_51.final
Transfer.PvP01_00_52.final
Transfer.PvP01_00_52.final
Transfer.PvP01_00_52.final
Transfer.PvP01_00_52.final
Transfer.PvP01_00_52.final
Transfer.PvP01_00_52.final
Transfer.PvP01_00_52.final
Transfer.PvP01_00_53.final
Transfer.PvP01_00_53.final
Transfer.PvP01_00_53.final
Transfer.PvP01_00_53.final
Transfer.PvP01_00_54 final
Transfer.PvP01_00_55.final
Transfer.PvP01_00_55.final
Transfer.PvP01_00_55.final
Transfer.PvP01_00_55.final
Transfer.PvP01_00_56.final
Transfer.PvP01_00_57 final
Transfer.PvP01_00_57 final
Transfer.PvP01_00_57 final
Transfer.PvP01_00_57 final
Transfer.PvP01_00_59.final
Transfer.PvP01_00_6.final

Transfer.PvP01_00_6.final

Transfer.PvP01_00_6.final

Transfer.PvP01_00_6.final

13700
17333
0

8986
10528
20083
45
14280
54460
58263
66996
70417
143290
146545
149247
150509
152245
0

1710
77
1984
5341
9499
10871
0

3181
5784
6819
8504
14137
16153
60
1596
5893
15595
0

0

4422
5821
8562
112

2533
5640
9862

15172
43728
49912

148

17032
21425
8683
10228
19783
21386
13980
54160
57156
66995
70416
143287
146543
148947
150508
152244
153550
1709
20857
1334
3910
9199
10571
20797
1957
5243
6818
8139
13837
15852
20050
1595
5889
15594
19057
17847
2518
5522
8560
10811
16781
2532
5340
9856
16268
14706
15171
43678
49610
50954



Transfer.PvP01_00_6.final

Transfer.PvP01_00_6.final

Transfer.PvP01_00_6.final

Transfer.PvP01_00_6.final

Transfer.PvP01_00_60.final
Transfer.PvP01_00_61.final
Transfer.PvP01_00_61.final
Transfer.PvP01_00_61.final
Transfer.PvP01_00_63.final
Transfer.PvP01_00_64.final
Transfer.PvP01_00_64.final
Transfer.PvP01_00_64.final
Transfer.PvP01_00_64.final
Transfer.PvP01_00_64.final
Transfer.PvP01_00_64.final
Transfer.PvP01_00_64.final
Transfer.PvP01_00_65.final
Transfer.PvP01_00_65.final
Transfer.PvP01_00_66.final
Transfer.PvP01_00_66.final
Transfer.PvP01_00_67.final
Transfer.PvP01_00_67.final
Transfer.PvP01_00_67.final
Transfer.PvP01_00_67.final
Transfer.PvP01_00_69.final
Transfer.PvP01_00_69.final
Transfer.PvP01_00_69.final
Transfer.PvP01_00_69.final
Transfer.PvP01_00_7.final

Transfer.PvP01_00_7.final

Transfer.PvP01_00_7.final

Transfer.PvP01_00_7.final

Transfer.PvP01_00_7.final

Transfer.PvP01_00_7.final

Transfer.PvP01_00_7.final

Transfer.PvP01_00_70.final
Transfer.PvP01_00_70.final
Transfer.PvP01_00_71.final
Transfer.PvP01_00_71.final
Transfer.PvP01_00_71.final
Transfer.PvP01_00_73.final
Transfer.PvP01_00_73.final
Transfer.PvP01_00_73.final
Transfer.PvP01_00_74 final
Transfer.PvP01_00_74 final
Transfer.PvP01_00_74.final
Transfer.PvP01_00_75.final
Transfer.PvP01_00_75.final
Transfer.PvP01_00_ 77 .final
Transfer.PvP01_00_77 final

50959
97015
128825
132233
0

0

6656
9006

0

45
1689
3428
5454
6859
8106
10568
97
10303
0

6561
68
1963
3824
9636

0

1745
4396
8566

0

3450
42560
45839
129601
131298
136970
1317
4200
2027
7220
8752

0

2405
7786

0

2412
6045

0

7828

0

1019

149

97014
128822
131930
148257

14647

6655
9005
13203
5760
1389
3049
5153
6526
8105

10566

12076

10230

11608

6261
9704
1107
3823
9635
10706
1743
4096
7203
10408
3376

42260

45539
128805
131297
135793
138489

3897
10338
7215
8751
10042
2105
7485
9681
2111
6044
8944
7203
8855
1018
4425



Transfer.PvP01_00_77.final
Transfer.PvP01_00_78.final
Transfer.PvP01_00_78.final
Transfer.PvP01_00_78.final
Transfer.PvP01_00_78.final
Transfer.PvP01_00_79.final
Transfer.PvP01_00_79.final
Transfer.PvP01_00_79.final
Transfer.PvP01_00_8.final
Transfer.PvP01_00_8.final
Transfer.PvP01_00_8.final
Transfer.PvP01_00_8.final
Transfer.PvP01_00_8.final
Transfer.PvP01_00_8.final
Transfer.PvP01_00_8.final
Transfer.PvP01_00_8.final
Transfer.PvP01_00_8.final
Transfer.PvP01_00_80.final
Transfer.PvP01_00_80.final
Transfer.PvP01_00_80.final
Transfer.PvP01_00_80.final
Transfer.PvP01_00_81.final
Transfer.PvP01_00_81.final
Transfer.PvP01_00_82.final
Transfer.PvP01_00_82.final
Transfer.PvP01_00_82.final
Transfer.PvP01_00_83.final
Transfer.PvP01_00_83.final
Transfer.PvP01_00_84.final
Transfer.PvP01_00_85.final
Transfer.PvP01_00_85.final
Transfer.PvP01_00_85.final
Transfer.PvP01_00_86.final
Transfer.PvP01_00_87 final
Transfer.PvP01_00_88.final
Transfer.PvP01_00_88.final
Transfer.PvP01_00_88.final
Transfer.PvP01_00_89.final
Transfer.PvP01_00_89.final
Transfer.PvP01_00_9.final
Transfer.PvP01_00_9.final
Transfer.PvP01_00_9.final
Transfer.PvP01_00_9.final
Transfer.PvP01_00_9.final
Transfer.PvP01_00_9.final
Transfer.PvP01_00_9.final
Transfer.PvP01_00_90.final
Transfer.PvP01_00_90.final
Transfer.PvP01_00_90.final
Transfer.PvP01_00_92.final

4727

0

1926
4152
6856
69
2331
6344

0

9091
10765
19501
47790
49135
116707
130216
131974
0

1890
3684
4986

0

2352

0

4474
5862

0

5008
57

1

2340
4320

0

0

1

2604
4618

0

3202

0

2577
16808
69638
99037
127472
129511
0

2782
3871
2716

150

8140
1626
3852
5468
8043
2258
4055
7952
8791
10761
19500
46570
48835
116665
129916
131973
136931
1889
3675
4985
7518
2351
7437
3229
5562
7384
3642
6875
6603
1342
3959
6500
5134
1731
1752
4317
5908
2901
4577
1428
16506
69338
98737
127172
129210
132465
1853
3870
5572
5003



Transfer.PvP01_00_93.final 78 2012
Transfer.PvP01_00_93.final 2013 4744
Transfer.PvP01_00_94.final 1 1642
Transfer.PvP01_00_94.final 2915 4551
Transfer.PvP01_00_95.final 0 2865
Transfer.PvP01_00_95.final 3012 4453
Transfer.PvP01_00_96.final 0 1803
Transfer.PvP01_00_96.final 2986 4291
Transfer.PvP01_00_98.final 3 1181
Transfer.PvP01_00 98.final 3157 4312
Transfer.PvP01_00_99.final 0 1240
Transfer.PvP01 00 99.final 1540 4222
P. malariae
PmUGO01_01_v1 0 1035821
PmMUGO01 01 _vi1 1035843 1381516
PmUGO01_02_vl1 0 813519
PmMUGO01 03 vi1 0 315512
PmUGO01_03 vl 315536 320552
PmMUGO01 03 vi1 320561 456935
PmUGO01_03 vl 456947 1103899
PmMUGO01 03 vi1 1105585 1109031
PmUGO01_03 vl 1111668 1341934
PmMUGO01 04 vi 0 655294
PmUGO01_04 vl 655350 1076789
PmMUGO01 05 vi1 0 388125
PmUGO01_05 vl 388310 390062
PmMUGO01 05 vi1 390747 595498
PmUGO01_05 vl 505681 748463
PmMUGO01 05 vi1 748472 1039880
PmUGO01_05 vl 1039926 1887012
PmMUGO01 06 vi1 0 25910
PmUGO01_06_v1 25978 338986
PmMUGO01 06 vi1 339297 862290
PmUGO01_07_vl 0 379469
PmUGO01_07_v1 379595 417547
PmUGO01_07_vl 417550 464502
PmUGO01_07 vl 464532 665384
PmUGO01_07_vl 665421 667248
PmMUGO01 07 _vi1 667355 1039372
PmUGO01_07_vl 1039381 1159499
PmMmUGO01_07_v1 1159534 1255677
PmUGO01_07_vl 1256011 1384395
PmUGO01_07 vl 1384439 2080591
PmUGO01_08 vl 0 617251
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PmUGO01_08_v1
PmUGO01_08_v1
PmUGO01_08_v1i
PmUGO01_08_v1
PmUGO01_08_v1i
PmUGO01_09_v1
PmUGO01_09 vi
PmUGO01_09_v1
PmUGO01_09 vi
PmUGO01_09_v1
PmUGO01_09 vi
PmUGO01_10_v1
PmUGO01_10 vi1
PmUGO01_10_v1
PmUGO01_10 vi1
PmUGO01_10_v1
PmUGO01_10 vi1
PmUGO01_10_v1
PmUGO01_10 _vi1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmUGO01_11_v1
PmMUGO01_12_vi
PmUGO01_12_v1
PmMUGO01_12_vi
PmUGO01_12_v1
PmUGO01_12_vi
PmUGO01_12_v1
PmUGO01_12_vi

617297
879561
939210
1068931
1612088
0
441572
747703
1331346
2252096
2283933
0
162042
167233
238596
685125
842627
1342349
1788713
0
506396
532351
732057
742437
949080
1011700
1097595
1186897
1230464
1281348
1287496
1468299
1629837
1695788
2145505
2376330
0
246022
1283264
1562613
2231842
2557815
2922083

152

879253
939195
1068928
1612055
2818518
441567
747653
1331298
2252078
2283786
2312277
159404
165547
238593
685119
842485
1342291
1788676
2219075
506323
532276
732030
742432
949073
1011644
1097559
1186889
1230414
1281303
1287390
1468290
1629830
1694848
2145503
2376120
2721162
245939
1283254
1562601
2231838
2557787
2921088
3436066



PmUGO01_13_vi1

PmUG01_13_v1

PmUGO01_13 v1

PmUG01_13_v1

PmUGO01_13 v1

PmUG01_13_v1

PmUGO01_13 v1

PmUG01_14_vi

PmUGO01_14 v1

PmUG01_14_vi

PmUGO01_14 v1

PmUG01_14_vi

PmUGO01_14 vi

PmUG01_14_vi

PmUGO01_14 vi

PmUG01_14_vi

PmUGO01_14 vi

PmUG01_14_vi

PmUGO01_14 vi

PmUG01_14_vi

PmUGO01_14 vi

PmUG01_14_vi

PmUGO01_14 vi

PmUG01_14_vi

PmUGO01_14 vi

PmUG01_14_vi

PmUGO01_14 vi

PmUG01_14_vi

PmUGO01 00 vl archived_contig 1
PmUGO01_00_v1_archived_contig_10
PmUGO01_00_v1_archived_contig_11
PmUGO01_00_v1_archived _contig 12
PmUGO01_00_v1_archived_contig_13
PmUGO01_00_v1_archived_contig_14
PmUGO01_00_v1_archived_contig_15
PmUGO01_00_v1_archived_contig_16
PmUGO01_00_v1_archived_contig_17
PmUGO01_00_v1_archived_contig_18
PmUGO01_00_v1_archived_contig_19
PmUGO01_00_v1_archived_contig_2
PmUGO01_00_v1_archived_contig_20
PmUGO01_00_v1_archived_contig_21
PmUGO01_00_v1_archived_contig_22

1
662001
1507164
1756945
1920882
1962469
2397295
0
506712
625485
667493
674969
792397
808351
1050969
1109069
1380610
1383849
1487250
1574457
1717124
1946569
2228417
2295954
2604345
2822103
3113754
3194915

661992
1506937
1756911
1920857
1962451
2397222
3023686

506697

625478

667429

674936

792351

808349
1050843
1108964
1380598
1383834
1487217
1574454
1717092
1946514
2228404
2295865
2604312
2822028
3113433
3194890
3563816

127265

16069
94367
23069
78380

186045

64661
95107
78840
45685
59998
86103
56448
134984
94729



PmUGO01_00_v1_archived_contig_23 0 80088
PmUGO01 00 _vi1_archived_contig 24 0 31906
PmUGO01_00_v1 archived_contig_25 0 148497
PmUGO01 00 vl archived contig 26 0 58220
PmUGO01_00_v1_ archived_contig_27 0 224922
PmUGO01 00 vl archived contig 28 1 102704
PmUGO01_00_v1 archived_contig_29 0 38860
PmUGO01 00 vl archived_contig 3 0 249876
PmUGO01_00_v1_archived_contig_30 0 39249
PmUGO01 00 vl archived contig 31 0 79282
PmUGO01_00_v1_ archived_contig_32 0 20830
PmUGO01 00 vl archived contig 33 0 23913
PmUGO01_00_v1_archived_contig_34 0 52785
PmUGO01_00_v1_archived_contig_35 349 27403
PmUGO01_00_v1_archived_contig_36 0 120189
PmUGO01_00_v1_archived_contig_37 0 51630
PmUGO01_00_v1_archived_contig_38 0 31656
PmUGO01_00_v1_archived_contig_39 0 310300
PmUGO01_00_v1_archived_contig_4 0 35798
PmUGO01_00_v1_archived_contig_40 0 32467
PmUGO01 00 vl archived_contig 41 0 95717
PmUGO01_00_v1_archived_contig_42 0 118421
PmUGO01_00_v1_archived_contig_43 0 33409
PmUGO01_00_v1_archived_contig_44 0 43071
PmUGO01_00_v1_archived_contig_45 0 51766
PmUGO01_00_v1_archived_contig_46 0 48291
PmUGO01_00_v1_archived_contig_47 0 174589
PmUGO01_00_v1_archived_contig_5 0 39871
PmUGO01_00_v1_archived_contig_6 1019 41200
PmUGO01_00_v1_archived_contig_7 314 37286
PmUGO01_00_v1_archived_contig_8 0 256666
PmUGO01_00_v1_archived_contig 9 0 94428
PmUGO01_API v1 6338 7827
PmUGO01_API_v1 8181 12880
PmUGO1_API_vi1 14827 16845
PmUGO01_API_v1 17662 19457
PmUGO01_API_v1 19871 21786
PmUGO01 APl vl 25442 27453
P. vivax after refinement
PvP01_01_v2 0 3206
PvP0O1 01_v2 3207 6976
PvP0O1 01 v2 6977 31364
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PvP0O1_01_v2
PvPO1_01_v2
PvP01_01_v2
PvPO1_01_v2
PvP01_01_v2
PvPO1_01_v2
PvP01_01_v2
PvPO1_01_v2
PvP01_01_v2
PvPO1_01_v2
PvP01_01_v2
PvPO1_01_v2
PvP01_01_v2
PvP0O1_01_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_02_v2
PvP01_03_v2

31664
34774
115427
643034
942854
964560
974288
976021
995783
997701
999997
1012218
1017831
1020318
0

2379
99970
146416
147106
147440
148009
335645
337110
829735
832483
836025
845662
851184
861066
868907
881784
892603
894714
906986
908338
911394
927320
928817
929868
930851
940343
955295
0

155

34470
115127
642734
942527
964260
974163
976017
995782
997578
998563

1011915
1017531
1019642
1021661

2342

99670
146372
147013
147274
147820
335626
337079
829342
832181
835724
845659
851180
861061
868604
881783
892300
894689
906901
908337
911330
927319
928814
929867
930845
940342
954995
956327
144623



PvP01_03_v2
PvPO1_03_v2
PvP01_03_v2
PvPO1_03_v2
PvP01_04_v2
PvP0O1_04_v2
PvP01_04_v2
PvP0O1_04_v2
PvP01_04_v2
PvP0O1_04_v2
PvP01_04_v2
PvP0O1_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_05_v2
PvP01_06_v2
PvP01_06_v2
PvP01_06_v2
PvP01_06_v2
PvP01_06_v2
PvP01_06_v2
PvP01_06_v2
PvP01_06_v2
PvP01_07_v2
PvP01_07_v2
PvP01_07_v2
PvP01_07_v2

144645
535858
554827
774997
0

61531
395082
787057
890933
1002519
1010383
0

2559
13977
14729
15718
35717
39263
41586
42278
195659
196195
197744
198198
207912
208260
208890
577007
1016604
1273201
1508716
2
494505
524978
784456
928783
1035120
1038356
1040073
0

3842
8260
345089

156

535558
554727
774697
896704
61228
394779
786757
890633
1002219
1010083
1012024
2259
13976
14728
15642
35237
37955
41585
42204
194891
195968
197720
198178
207882
208253
208740
576707
1016299
1272901
1508416
1524814
494205
524678
784156
928771
1034761
1038056
1040072
1042791
3841
7960
344789
933225



PvP01_07_v2
PvPO1_07_v2
PvP01_07_v2
PvPO1_07_v2
PvP01_07_v2
PvPO1_07_v2
PvP01_07_v2
PvPO1_07_v2
PvP01_07_v2
PvPO1_07_v2
PvP01_07_v2
PvPO1_07_v2
PvP01_07_v2
PvP01_08_v2
PvP01_08_v2
PvP01_08_v2
PvP01_08_v2
PvP01_08_v2
PvP01_08_v2
PvP01_08_v2
PvP01_08_v2
PvP01_08_v2
PvP01_08_v2
PvP01_08_v2
PvP01_09_v2
PvP01_09_v2
PvP01_09_v2
PvP01_09_v2
PvP01_09_v2
PvP01_09_v2
PvP01_09_v2
PvP01_09_v2
PvP01_09_v2
PvP0O1_10_v2
PvP01_10_v2
PvP01_10_v2
PvP01_10_v2
PvP01_10_v2
PvP01_10_v2
PvP01_10_v2
PvP01_10_v2
PvP01_10_v2
PvP01_10_v2

933525
956195
1413701
1433464
1481188
1502809
1517487
1518270
1550293
1562584
1583493
1637635
1647819
0

12832
1204420
1346597
1395334
1440943
1698498
1702352
1729496
1745973
1757097
0

20775
717472
740678
822900
912977
2201901
2232518
2235771
0

49303
130658
312537
760759
775814
914822
932761
1090151
1516348

157

955895
1413401
1433164
1481187
1502507
1517429
1517970
1550283
1562284
1583193
1637330
1647486
1652210

12805
1204120
1346297
1395034
1440643
1698198
1702052
1729093
1745673
1756760
1761288

20756

717172

740397

822600

912677
2201900
2232517
2235644
2237066

49000

130266

312501

760454

775516

914665

932461
1090051
1516346
1517239



PvP01_10_v2
PvPO1_10_v2
PvP01_10_v2
PvPO1_10_v2
PvPO1_11_v2
PvPO1_11_v2
PvPO1_11_v2
PvPO1_11_v2
PvPO1_11_v2
PvPO1_11_v2
PvPO1_11_v2
PvPO1_11_v2
PvPO1_11_v2
PvPO1_12_v2
PvP01_12_v2
PvPO1_12_v2
PvP01_12_v2
PvPO1_12_v2
PvP01_12_v2
PvPO1_12_v2
PvP01_12_v2
PvPO1_12_v2
PvP01_12_v2
PvPO1_12_v2
PvP01_12_v2
PvP0O1_12_v2
PvP01_12_v2
PvP0O1_12_v2
PvP01_12_v2
PvP0O1_12_v2
PvP01_12_v2
PvP0O1_13_v2
PvP01_13_v2
PvP0O1_13_v2
PvP01_13_v2
PvP0O1_13_v2
PvP01_13_v2
PvP0O1_13_v2
PvP01_13_v2
PvP01_13_v2
PvP01_14 v2
PvP01_14_v2
PvP01_14 v2

1517240
1522451
1524372
1525499
20
198932
1550820
1734273
1757483
2121406
2124096
2126419
2129668
0

2257
5528
6445
7665
10382
35837
38380
40104
542610
574180
1565391
1583403
2273199
3086160
3087697
3106086
3120715
0

1727
11623
1115722
1282876
1898991
2082820
2090614
2092318
0
716627
790817

158

1522150
1524306
1525498
1548844
198598
1550516
1733918
1757183
2121405
2124095
2126418
2128606
2131221
1957
4302
6444
7328
10377
35836
38078
39804
542310
573880
1565091
1583103
2272899
3085860
3087397
3105785
3120412
3182761
1290
11323
1115322
1282576
1898691
2082519
2090613
2092018
2093554
716327
790517
841487



PVPO1_14 v2
PVPO1_14 v2

PVPO1_14 v2

PVPO1_14 v2

PVPO1_14 v2

PVPO1_14 v2

PVPO1_14 v2

PVPO1_14 v2

PVPO1_14 v2

PVPO1_14 v2

PVPO1_14 v2

PVPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2
PvPO1_API_v2
PVPO1_API_v2

841865
852013
994593
1269728
1345493
2043000
2103089
2104981
3109055
3131464
3133800
13

239

641
1621
3153
3499
8207
8922
9539
10298
10945
12552
13025
15194
17263
17494
17828
18370
19013
19362
19756
20460
20826
21232
22902
23376
24044
25178
25721
26248
26463
26812

159

851713
994293
1269383
1345193
2042700
2102789
2104681
3108753
3131164
3133798
3153342
231

629
1324
3146
3491
8204
8689
9387
10057
10937
12367
13023
14919
17222
17425
17724
18008
18716
19359
19539
20372
20635
21203
22887
23143
23941
24232
25333
25933
26402
26729
27330



PvP0O1_API v2 27586 27876
PvP0O1 _API v2 29233 29582
PvP01 MIT v2 1848 2219
PvPO1 MIT v2 2231 2759
PvP01 MIT v2 3234 4004
PvPO1 MIT v2 4150 4333
PvP01 MIT v2 4366 4650
PvP0O1 MIT v2 5416 5602
P.ovale
PocGHO1 01 v2 0 13146
PocGHO1 01 v2 13248 46100
PocGHO1 01 v2 46211 119342
PocGHO1 01 v2 119441 123227
PocGHO1 01 v2 123341 130686
PocGHO1 01 v2 130743 142800
PocGHO1 01 v2 142900 188405
PocGHO1 01 v2 188510 199091
PocGHO1 01 v2 199198 201585
PocGHO1 01 v2 201694 219008
PocGHO1 01 v2 219118 226679
PocGHO1 01 v2 226789 255086
PocGHO1 01 v2 255195 276177
PocGHO1 01 v2 276274 289048
PocGHO1 01 v2 289156 307255
PocGHO1 01 _v2 307335 310482
PocGHO1 01 v2 310592 362376
PocGHO1 01 v2 362480 461292
PocGHO1 01 v2 461394 476859
PocGHO1 01 v2 476956 482705
PocGHO1 01 v2 482800 581150
PocGHO1 01 v2 581250 608522
PocGHO1 01 v2 608630 639025
PocGHO1 01 v2 639142 648383
PocGHO1 01 v2 648501 666026
PocGHO1 01 v2 666117 671996
PocGHO1 01 v2 672099 739435
PocGHO1 01 v2 739557 750489
PocGHO1 01 v2 750607 755941
PocGHO1 01 v2 756050 760950
PocGHO1 01 v2 761059 762909
PocGHO1 01 v2 762969 784857
PocGHO1 02 v2 969 47047

160



PocGHO01_02_v2
PocGHO01_02_v2
PocGHO01_02_v2
PocGHO01_02_v2
PocGHO01_02_v2
PocGHO01_02_v2
PocGHO01_02_v2
PocGHO01_02_v2
PocGHO01_02_v2
PocGHO01_02_v2
PocGHO01_02_v2
PocGHO01_02_v2
PocGHO1_02_v2
PocGHO01_02_v2
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PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11 v2
PocGHO1_11 v2

0
57951
109007
131557
140879
157762
209598
234885
250417
322540
333253
348691
351530
364935
377193
389709
397799
428522
454630
458793
471350
490609
494221
544353
549101
560892
573086
596277
621147
623659
713784
746223
799251
858174
859817
864612
886793
900048
904733
908445
969677
990041
1002971

171

57850
108934
131438
140771
157647
209490
234775
250308
322411
333248
348582
351426
364826
377084
389601
397691
428414
454522
458685
471244
490486
494112
544245
549018
560797
572983
596158
621055
623549
713672
746114
799145
858079
859703
864503
886679
899926
904644
908325
969659
989931

1001965
1022489



PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11_v2
PocGHO1_11_v2
PocGHO1_11_v2
PocGHO1_11_v2
PocGHO1_11_v2
PocGHO1_11_v2
PocGHO1_11_v2
PocGHO1_11_v2
PocGHO1_11_v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO1_11_v2
PocGHO1_11 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2

1022598
1030233
1049604
1080155
1084931
1093327
1106589
1116520
1127732
1132645
1149327
1176487
1177924
1195246
1231772
1268696
1286477
1293553
1332943
1365084
1386160
1412503
1417996
1432765
1468164
1478939
1483242
1486879
1527923
1549915
1646790
1653433
1656877
1659760
1751476
1770848
1785020
1802437
1892485
0

66261
76359
87723

172

1030125
1049494
1080045
1084821
1093219
1106479
1116412
1127623
1132535
1149090
1176465
1177819
1195131
1231665
1268596
1286366
1293439
1332834
1364980
1386051
1412395
1417888
1432677
1468056
1478831
1483147
1486770
1527828
1549806
1646702
1653331
1656751
1659651
1751368
1770744
1784908
1802329
1892419
1909907
66153
76250
87612
127691



PocGHO01_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12_ v2
PocGHO01_12_v2
PocGHO1_12_ v2
PocGHO01_12_v2
PocGHO1_12_ v2
PocGHO01_12_v2
PocGHO1_12_ v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_ v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2

127799
159533
181676
199751
217528
223993
248389
276754
281312
289090
301178
305941
330920
366498
429551
435014
461752
500165
510696
514297
522305
569455
583678
633729
671958
714289
737217
756063
763375
823678
859539
870638
876176
883960
887230
896875
901893
919280
968012
993916
1009370
1012116
1016045

173

159426
181567
199641
217419
223885
248280
276646
281210
288986
301087
305826
330822
366386
429442
434906
461644
500056
510577
514188
522197
569347
583581
633611
671848
714171
737119
755954
763261
823568
859427
870427
876066
883843
887122
896766
901773
919169
967762
993807
1009262
1012106
1015936
1040490



PocGHO01_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12_ v2
PocGHO01_12_v2
PocGHO1_12_ v2
PocGHO01_12_v2
PocGHO1_12_ v2
PocGHO01_12_v2
PocGHO1_12_ v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_ v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2

1040600
1062218
1096390
1105619
1125966
1149005
1170803
1173909
1175909
1182621
1199416
1200721
1210988
1221043
1230011
1233090
1246250
1249817
1279345
1295697
1378963
1411597
1433077
1437955
1466255
1478032
1543287
1549711
1575629
1604942
1628614
1675192
1683923
1688827
1750392
1764685
1832043
1847661
1874692
1881714
1883140
1894578
1960759

174

1062106
1096280
1105509
1125858
1148893
1170695
1173812
1175812
1182512
1199315
1200612
1210880
1220940
1229902
1232984
1246139
1249805
1279237
1295587
1378853
1411488
1432971
1437837
1466175
1477922
1543169
1549601
1575519
1604834
1628510
1675097
1683823
1688717
1750272
1764575
1831935
1847553
1874582
1881613
1883136
1894469
1960651
2012770



PocGHO01_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12_v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12 v2
PocGHO01_12_v2
PocGHO1_12_ v2
PocGHO01_12_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2

2012870
2057900
2070794
2082534
2187502
2216781
2225297
2286668
2306921
2320038
2326135
2330950
2362462
2372972
2393521
2416491
2426096
2428771
2445901
2467690
2518919
2606032
2652312
2710266
2772664
2843582
0

96342
158252
180780
192201
213780
230112
244630
249485
309125
342225
360681
399662
439801
441566
445903
496339

175

2057792
2070686
2082430
2187492
2216356
2225252
2286613
2306843
2319929
2326034
2330855
2362348
2372886
2393415
2415500
2425987
2428652
2445793
2467581
2517924
2605916
2652210
2710158
2771558
2843522
2945718
96235
158145
180670
192093
213688
230004
243796
249361
309004
342107
360572
399543
439683
441457
445794
496228
531749



PocGHO01_13_v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO0O1_13 v2
PocGHO01_13_v2
PocGHO0O1_13 v2
PocGHO01_13_v2
PocGHO0O1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2

531860
562463
568840
611546
620634
651310
697833
700633
716672
842240
863996
889635
898567
1008354
1015176
1040209
1056698
1093391
1106539
1136438
1143752
1185076
1191133
1228101
1238660
1261162
1279814
1281007
1365841
1395537
1396669
1518554
1571598
1579048
1591689
1609833
1614965
1617749
1679796
1687140
1718575
1748037
1768177

176

562354

568748

611438

620587

651202

697737

700518

716564

842123

863887

889526

898458
1008246
1015068
1040085
1056590
1093296
1106429
1136334
1143632
1184972
1191020
1227992
1238568
1261050
1279722
1280899
1365731
1395427
1396559
1518446
1571486
1578939
1591581
1609733
1614856
1617624
1679769
1687046
1718557
1747920
1768073
1783478



PocGHO01_13_v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_13_v2
PocGHO0O1_13 v2
PocGHO01_13_v2
PocGHO0O1_13 v2
PocGHO01_13_v2
PocGHO0O1_13 v2
PocGHO01_13_v2
PocGHO1_13 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2

1783588
1785059
1799828
1841063
1848281
1855585
1915638
1930279
1946007
2006067
2056349
2061103
2078564
0

31754
56213
125299
152806
177950
194693
201816
281231
322004
328480
338101
379875
413995
459526
465812
500102
535064
541979
557058
582660
601385
614092
641469
674752
743540
750199
753878
766743
770188

177

1784941
1799730
1840950
1848174
1855475
1915529
1928710
1945897
2005957
2056254
2060994
2078504
2107900
31739
56103
125187
152799
177842
194629
201705
281139
321962
328380
338099
379767
413898
459439
465695
499992
534967
541867
557007
582552
601275
613987
641359
674643
743415
750090
753765
766635
770070
775241



PocGHO01_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2

775351
793429
829423
869952
873345
890509
900692
923612
933116
937037
938658
955968
973566
986888
1002797
1019069
1042483
1044225
1048440
1068143
1076659
1101335
1116679
1129217
1134651
1221449
1224601
1254660
1288242
1303115
1341729
1359216
1373715
1376350
1385902
1392358
1405144
1410836
1414139
1417749
1499465
1506658
1523972

178

793315
829315
869047
873330
890399
900584
923503
933008
936968
938550
955860
973448
986791
1002687
1018959
1042126
1044109
1047410
1068033
1076551
1101228
1116566
1129122
1134537
1221344
1224492
1254552
1288127
1303007
1341620
1359119
1373607
1376242
1385794
1392252
1405044
1410728
1414084
1415618
1499355
1506548
1523863
1529442



PocGHO01_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2

1529552
1532717
1583228
1609457
1618406
1624839
1670199
1683507
1749762
1753943
1765054
1778354
1793191
1806390
1826364
1864825
1877303
1940717
1948928
1969139
1978497
1994069
2016836
2019574
2034498
2060456
2067517
2075804
2080638
2084678
2098709
2127907
2131563
2207576
2213979
2225179
2251371
2259210
2261285
2292956
2299916
2307357
2331196

179

1532591
1583114
1609349
1618296
1624721
1670104
1683489
1749654
1753835
1764958
1778274
1793080
1806281
1826302
1864714
1877200
1940612
1948820
1969022
1978389
1993961
2016728
2019539
2034388
2060342
2067408
2075696
2080616
2084570
2098591
2127793
2131468
2207490
2213871
2225083
2251253
2259121
2261176
2292848
2299807
2307267
2331087
2336078



PocGHO01_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO1_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO01_14_v2
PocGHO1_14 v2
PocGHO1_API_v2
PocGHO1_API_v2
PocGHO1_API_v2
PocGHO1_API_v2
PocGHO1_API_v2
PocGHO1_API_v2
PocGHO1_API_v2

2336187
2340974
2351462
2356094
2460258
2466296
2468116
2492224
2496886
2500797
2504012
2538888
2544838
2547761
2598674
2599905
2663127
2665051
2671610
2695145
2707447
2725269
2728114
2740703
2745878
270
1946
3501
11309
13389
15587
21338

2340866
2351359
2355986
2460148
2466188
2467992
2492107
2496777
2500673
2503903
2538774
2544820
2547653
2598645
2599795
2663027
2664949
2671501
2695036
2707348
2725162
2728008
2740584
2745759
2854760
1860
3473
9017
12633
15035
17247
23208

Supplemental Table 2: Alternative calls for Mixed(all) infections

180

Alternativ
pf_read po_read pm_read pv_read e
broad_id S s s S total Diagnosis | PCR
NwWD94209
6 97726 202 979 63 98970 Pf+ Pf+



NWD62059
4

NWD19713
2
NWD30173
8
NWD61644
2

NWD59449
5

NWD56291
2
NWD38604
0

NWD89626
5
NWD95950
4

NWD89963
ﬁIW D77749
ﬁIW D66469
ﬁIW D99466
iIW D27539
iIW D23004
§IW D38308

NWD84645
4
NWD36674
6
NWD14195
2

NWD36369
3

2327

114611

29091

62546

74335

24554

143828

43719

2035274

259148

108684

40225

913728

88073

162730

186888

130553

79398

539173

27440

37229

6698

105

153

410

79

338

224

4548

869

366

946

2055

236

389

468

373

196

1269

315

146

436

152

501

5383

2484

584

34210

8208

6741

384

181

31002

296

533

729

24895

286

1879

66039

181

115

86

87

53

79

52

78

76

1013

99

70

140

480

50

101

100

95

57

312

120

39817

121831

29435

63253

80207

27169

144828

78229
204904
3

266857

109504

41492

947265

88655

163753

188185

155916

79937

542633

93914

Po+

Pf+
Pf+

Pf+

Pf+

Mixed (Pf
and Pm)

Pf+

Mixed (Pf
and Pm)

Pf+

Pf+
Pf+
Pf+
Pf+
Pf+
Pf+

Pf+

Mixed (Pf
and Pm)

Pf+

Pf+

Mixed (Pf
and Pm)

Mixe
d (Pf+
and
Po+)
Mixe
d (Pf+
and
Po+)

Pf+

Pf+
Mixe
d (Pf+
and
Pm+)
Mixe
d (Pf+
and
Pm+)

Pf+
Mixe
d (Pf+

and
Pm+)

Pf+
Mixe
d (Pf
+Pm)
Pf+
PF+
Pf+
Pf+
Pf+
Pf+
Mixe
d (Pf+
and
Pm+)

Pf+

Pf+

Pf+



NWD70222
1
NWD76725
0

NwWD43614
EVVD33406
&VVD60332
LVVD27691
ZVVD45263
&VVD90180
LVVD92815
zVVD35668
§VVD89849
4

NWD34530
8
NWD90804
3
NWD11513
7

NWD98664
4

NWD26588
6

NWD25106
3

NWD88779
7

NWD85753
4

NWD49227
4

NWD10409
0

126951

182814

15172

406729

147332

853131

107054

165714

516

337792

411

36899

630756

802083

90345

126014

101981

136501

183288

115008

498172

273

593

249

942

362

1877

221

673

486

1294

239270

219

1424

1664

236

285

239

291

390

260

1166

395

662

41612

1406

553

2906

379

5352

165499

4276

668

46714

2135

2626

339

2202

351

508

651

402

1788

182

65

97

71

185

92

434

61

66

206

178

235

70

301

364

60

64

58

50

109

54

326

127684

184166

57104

409262

148339

858348

107715

171805

166707

343540

240584

83902

634616

806737

90980

128565

102629

137350

184438

115724

501452

Pf+
Mixed (Pf
and Pm)
Pf+

Pf+

Pf+

Pf+

Pf+

Pm+

Pf+

Po+
Mixed (Pf
and Pm)
Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+
Pf+
Mixe
d (Pf+

and
Pm+)

Pf+
Pf+
Pf+
Pf+
Pf+
Pm+
Pf+
Po+
Mixe
d (Pf+
and
Pm+)

Pf+

Pf+
not
teste

not
teste

not
teste

not
teste

not
teste

not
teste

not
teste



NWD75639
4

NWD35535
8

278525

165627

601

351

885

588

183

165

82

280176 Pf+

166648 Pf+

not
teste

not
teste



Chapter 3 Appendix

Supplemental Table 1: Exact nucleotide position of literature-back variation
in important antimalarial resistance genes

pfdhps
Wt amino Mut amino

acid Codon acid Codon Position
T GYT+ 549681

S C A'JF* cYT+ 549682
T YT+ 549683

G G 549684

A C G G 549685
T T 549686

A G 549993

K A E A 549994
A A 549995

G G 550116

A C G G 550117
G G 550118

G T 550212

A C S C 550213
C C 550214

pfdhfr
Wt amino Mut amino

acid Codon acid Codon Position
A A 748238

N A [ T 748239
T T 748240

T C 748262

C G R G 748263
T T 748264

A A'JA* 748409

S G N/T* AYYCt 748410
C c'/ct 748411

A C 748577

I T L T 748578
A A 748579
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pfmdrl

Wt amino Mut amino
acid Codon acid Codon Position
A T 958145
N A Y A 958146
T T 958147
T T 958439
Y A F T 958440
T T 958441
A T 960989
S G C G 960990
T T 960991
A G 961013
N A D A 961014
T T 961015
G T 961625
D A Y A 961626
T T 961627

pfcrt

Wt amino Mut amino
acid Codon acid Codon Position
T T 403612
C G S C 403613
T T 403614
G 403615
\ T * 403616
A 403617
A A 403618
M T I T 403619
G A 403620
A G 403621
N A E A 403622
T G/A 403623
A A 403624
K A T C 403625
A A 403626

pfk13

Wt amino Mut amino
acid Codon acid Codon Position
F T | A 1725662
T T 1725661
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T T 1725660
A A 1725572
M T T 1725571
G T 1725570
T C 1725521
Y A H A 1725520
C Cc 1725519
A A 1725383
R G T C 1725382
A A 1725381
A A 1725371
| T T C 1725370
T T 1725369
C C 1725341
P C L T 1725340
G G 1725339

Supplemental Table 2: Total unmapped reads (avg,range) available for
qguery broken down by population

Country Unmapped Unmapped Reads
Reads (Avg) (Range)

Ghana 4,547,026 (1,012,360-65,293,224)

Ethiopia 18,634,438 (758,702-158,646,922)

Guinea-Bissau 7,408,687 (1,871,744-17,346,606)
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Botswanna 0745922 e
Tanzania 6,899,562 (340,734-141,996,086)

Kenya 74,644,620 g‘i;‘f’f?fié‘g)

Cameroon 172,816,097 s(jf;:i?zlsi)

Supplemental Table 3: Alternative calls for Mixed(all) infections

Alternative
country pf reads po reads pm reads pv_reads Diagnosis
Cameroon 1771 1438 500958 1094 Pm+

Mixed (Pf and
Cameroon 25176 264 69604 227 Pm)
Cameroon 3022 1917 699621 1009 Pm+
Cameroon 1170 209 69613 89 Pm+
Cameroon 134 103 40594 76 Pm+
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Cameroon

Cameroon
Cameroon
Cameroon

Cameroon
Cameroon
Cameroon
Cameroon
Cameroon
Cameroon
Cameroon
Cameroon
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana

Ghana
Ghana

Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana

Ghana
Ghana
Ghana

Ghana
Ghana
Ghana

Ghana
Ghana
Ghana
Ghana

27672

63461
2159
277

21256
3525
229927
171919
482
1606
111643
134660
97726
2327
114611
29091
62546
74335

24554
143828

43719
2035274
259148
108684
40225
913728
88073
162730
186888

130553
79398
539173

27440
126951
182814

15172
406729
147332
853131

34524

205
779
145

174
334
568
409
376
57
269
537
202
37229
6698
105
153
410

79
338

224
4548
869
366
946
2055
236
389
468

373
196
1269

315
273
593

249
942
362
1877

188

241

19658
261963
37141

18587
73117
856
5864
123997
19542
403
920
979
146
436
152
501
5383

2484
584

34210
8208
6741

384
181
31002
296
533
729

24895
286
1879

66039
395
662

41612
1406
553
2906

80

72
321
87

64
235
140
147
277

51

70
187

63
115

86

87

53

79

52
78

76
1013
99
70
140
480
50
101
100

95
57
312

120
65
97

71
185
92
434

Mixed (Pf and
Po)

Mixed (Pf and
Pm)

Pm+

Pm+

Mixed (Pf and
Pm)

Pm+

Pf+

Pf+

Pm+

Pm+

Pf+

Pf+

Pf+

Po+

Pf+

Pf+

Pf+

Pf+

Mixed (Pf and
Pm)

Pf+

Mixed (Pf and
Pm)

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Mixed (Pf and
Pm)

Pf+

Pf+

Mixed (Pf and
Pm)

Pf+

Pf+

Mixed (Pf and
Pm)

Pf+

Pf+

Pf+



Ghana
Ghana
Ghana
Ghana
Ghana

Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Kenya
Kenya
Kenya

Kenya

Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya

Kenya
Kenya
Tanzania
Tanzania

107054
165714
516
337792
411

36899
630756
802083

90345
126014
101981
136501
183288
115008
498172
278525
165627
201126
164776

83734

262950

15120
46783
12341
849461
81917
377496
175867
474231

50574
215467
157418
853881

221
673
486
1294
239270

219
1424
1664

236

285

239

201

390

260
1166

601

351

458

339

220

2260

141
42254
471
1794
596
853
589
1082

256
478
472
1895

379
5352
165499
4276
668

46714
2135
2626

339
2202
351
508
651
402
1788
885
588
872
532
576

605249

30892
14909787
153759
2818
2028
1399

808

1805

46107
764
791

2839

61
66
206
178
235

70
301
364

60

64

58

50
109

54
326
165

82
132

67

56

880

53
23475
329
458
51
162
133
275

80
136
112
441

Pf+

Pf+

Pm+

Pf+

Po+

Mixed (Pf and
Pm)

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Pf+

Mixed (Pf and
Pm)

Mixed (Pf and
Pm)

Pm+

Pm+

Pf+

Pf+

Pf+

Pf+

Pf+

Mixed (Pf and
Pm)

Pf+

Pf+

Pf+

Supplemental Table 4: Cameroon Breakdown of coverage across all
antimalarial resistance genes at positions of historical interest
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Cameroon

Y;//gcel MuIant Indivi.duals Indivi_duals Col?/?airigge
Gene | Codon ) amino with with )
amino : . in pooled
acid acid Mutations Coverage samples
sulfadoxine-pyrimethamine
436 S A 7 13 43
437 A G 13 13 44
df]';s 540 K E 0 17 46
581 A G 2 11 41
613 A S 2 13 40
51 N I 12 12 32
59 C R 9 10 31
prdnft ) 108 | s N 16 16 51
164 I L 0 16 50
chloroquine
86 N Y 6 12 41
184 Y F 11 20 47
mpg;l 1034 | S C 0 13 45
1042 N D 0 12 43
1246 D Y 0 17 55
72 C S 0 10 19
73 \Y N 0 10 19
pf-crt 74 M I 1 9 16
75 N E 0 8 16
76 K T 0 8 16
artemisinin
446 F I 0 19 72
476 M I 0 20 62
of-k13 493 Y H 0 14 48
539 R T 0 15 58
543 I T 0 15 59
553 P L 0 16 63

Supplemental Table 5: Ethiopia Breakdown of coverage across all
antimalarial resistance genes at positions of historical interest
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Ethiopia

}[/;//;)Ig Mut_ant Indivi_duals Indivi_duals CoF\Q/Z?gge
Gene | Codon . amino with with .
amino . . in pooled
acid acid Mutations Coverage samples
sulfadoxine-pyrimethamine
436 S A 0 2 3
437 A G 1 2 3
d'ﬂgs 540 K E 0 1 1
581 A G 0 2 2
613 A S 0 1 1
51 N I 1 1 1
59 C R 0 1 1
prdhfr |1 08 S N 1 1 1
164 I L 0 1 1
chloroquine
86 N Y 1 2 3
184 Y F 1 1 1
mpg;l 1034 | s C 0 2 3
1042 N D 0 2 2
1246 D Y 1 3 3
72 C S 0 1 5
73 V A 0 1 5
pf-crt 74 M I 0 0 0
75 N E 0 0 0
76 K T 0 0 0
artemisinin
446 F I 0 3 3
476 M I 0 2 2
of-k13 493 Y H 0 2 3
539 R T 0 3 6
543 I T 0 3 5
553 P L 0 2 5

Supplemental Table 6: Ghana Breakdown of coverage across all

antimalarial resistance genes at positions of historical interest
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Ghana

Y)\//;olg Mut_ant Indivi_duals Indivi_duals CoF\Q/Z?gge
Gene | Codon . amino with with .
amino . : in pooled
acid acid Mutations Coverage samples
sulfadoxine-pyrimethamine
436 S A 41 51 134
437 A G 43 52 135
dﬁgs 540 K E 0 37 172
581 A G 0 37 160
613 A S 6 35 149
51 N | 21 48 111
59 C R 32 51 114
PRt 108 | s N 40 54 127
164 I L 0 66 158
chloroquine
86 N Y 19 75 189
184 Y F 45 73 166
nﬁ;1 1034 | s C 0 71 162
1042 N D 0 68 163
1246 D Y 3 64 184
72 C S 0 51 88
73 Vv A 0 50 82
pf-crt 74 M | 1 34 51
75 N E 0 34 50
76 K T 0 34 48
artemisinin
446 F | 0 69 160
476 M I 0 68 152
of-k13 493 Y H 0 67 138
539 R T 0 76 162
543 I T 0 78 167
553 P L 1 74 164

Supplemental Table 7: Guinea-Bissau Breakdown of coverage across all

antimalarial resistance genes at positions of historical interest
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Guinea-Bissau

Y;//;)lg Mu‘gant Indivi.duals Indivi.duals Col?/?e?gge
Gene | Codon ) amino with with .
amino : : in pooled
acid acid Mutations Coverage samples
sulfadoxine-pyrimethamine
436 S A 0 0 0
437 A G 0 0 0
dﬁgs 540 K E 0 0 0
581 A G 0 0 0
613 A S 0 0 0
51 N I 0 0 0
pf- 59 C R 0 0 0
dhfr 108 S N 0 0 0
164 | L 0 0 0
chloroquine
86 N Y 0 0 0
184 Y F 0 0 0
m%f;l 1034 S C 0 1 1
1042 N D 0 1 1
1246 D Y 1 1 1
72 C S 0 0 0
73 \% A 0 0 0
pf-crt 74 M I 0 0 0
75 N E 0 0 0
76 K T 0 0 0
artemisinin
446 F I 0 0 0
476 M I 0 0 0
of-k13 493 Y H 0 0 0
539 R T 0 0 0
543 I T 0 0 0
553 P L 0 0 0

Supplemental Table 8: Kenya Breakdown of coverage across all

antimalarial resistance genes at positions of historical interest
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Kenya

Y;//;)lg Mut_ant Indivi_duals Indivi_duals Col?/ee}?gge
Gene | Codon ) amino with with )
amino . : in pooled
acid acid Mutations Coverage samples
sulfadoxine-pyrimethamine
436 S A 1 11 89
437 A G 10 11 94
dﬁgs 540 K E 12 12 70
581 A G 0 10 84
613 A S 0 9 96
51 N I 15 15 69
of-dhfr 59 C R 12 15 67
108 S N 19 19 89
164 I L 0 17 75
chloroquine
86 N Y 8 13 78
184 Y F 8 14 63
n§;1 1034 | s C 0 20 77
1042 N D 0 21 86
1246 D Y 8 17 88
72 C S 0 13 55
73 \% A 0 13 52
pf-crt 74 M I 1 3 4
75 N E 0 2 4
76 K T 1 3 5
artemisinin
446 F I 0 15 133
476 M I 0 19 109
of-k13 493 Y H 0 19 101
539 R T 1 21 93
543 I T 0 21 94
553 P L 0 18 87
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Supplemental Table 9: Tanzania Breakdown of coverage across all

antimalarial resistance genes at positions of historical interest

Tanzania
Y;/gg Mutlant Indivi_duals Indivi_duals Col?/?e?gge
Gene | Codon ) amino with with .
amino : : in pooled
acid acid Mutations Coverage samples
sulfadoxine-pyrimethamine
436 S A 0 4 12
437 A G 4 4 12
dﬁgs 540 K E 2 2 24
581 A G 0 4 28
613 A S 0 4 20
51 N | 3 3 6
59 C R 2 3 4
pdhfr ] 10 | s N 1 1 3
164 I L 0 2 7
chloroquine
86 N Y 1 4 12
184 Y F 1 3 9
mpJ;l 1034 | s C 0 3 13
1042 N D 0 4 13
1246 D Y 0 6 10
72 C S 0 2 4
73 Vv A 0 1 3
pf-crt 74 M I 0 1 1
75 N E 0 1 1
76 K T 0 1 1
artemisinin
446 F | 0 3 8
476 M | 0 3 6
pf-k13 | 493 Y H 0 3 6
539 R T 0 2 12
543 I T 0 3 12
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| s53 | P L 0 3 | 12

Supplemental Table 10: Systemic sequencing error found in pfcrt across
populations

Pf3D7_07_v3  Pf3D7_07_v3  Pf3D7_07_v3

403612 403613 403614
T G T
<*> <*> <*>
PL:DP:AD PL:DP:AD PL:DP:AD

0,3,40:1:1,0 0,3,40:1:1,0 0,3,40:1:1,0
0,3,40:1:1,0 0,3,40:1:1,0 0,3,40:1:1,0

72
Pf3D7_07_v3 Pf3D7_07_v3 Pf3D7_07_v3
403615 403616 403617
G T A
<*> <*> <*>
PL:DP:AD PL:DP:AD PL:DP:AD

0,3,40:1:1,0 0,3,40:1:1,0 0,3,40:1:1,0
0,3,40:1:1,0 0,3,40:1:1,0 0,3,40:1:1,0

73
Pf3D7_07_v3 Pf3D7_07_v3 Pf3D7_07_v3
403618 403619 403620
A T G
<*> <*> <*>
PL:DP:AD PL:DP:AD PL:DP:AD
0,3,40:1:1,0 0,3,40:1:1,0 0,3,40,3,40,40:1:1,0
0,3,40:1:1,0 0,0,0:0:0,0 0,3,30,3,30,30:1:1,0
74
Pf3D7_07_v3 Pf3D7_07_v3 Pf3D7_07_v3
403621 403622 403623
A A T
<*> <*> <*>
PL:DP:AD PL:DP:AD PL:DP:AD
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0,3,40:1:1,0 0,3,40:1:1,0 0,3,40:1:1,0

0,3,23:1:1,0 0,0,0:0:0,0 0,0,0:0:0,0

75
Pf3D7_07_v3 Pf3D7_07_v3  Pf3D7_07_v3

403624 403625 403626

A A A
<*> <*> <*>
PL:DP:AD PL:DP:AD PL:DP:AD
0,3,40:1:1,0 0,3,40:1:1,0 0,3,40:1:1,0
0,0,0:0:0,0 0,0,0:0:0,0 0,3,21:1:1,0

76

Normal coverage is represented by colored in cells, the repetitive systemic error
is represented by white cells.

Supplemental Table 11: Variation in antimalarial resistance genes that are
not supported by previous literature which eliminated the individual

Individuals not included in estimates

Mutation Found Gene Position Read Coverage Country Synonymous

TTC (F) pfk13 446 4 Cameroon Y
TTA (L) pfert 73 1 Cameroon N
ATT () pfcrt 75 1 Cameroon N
AAT (N) pfert 76 1 Cameroon N
TTC (F) pfk13 446 2 Ghana Y
TGT(C) pfk13 446 1 Ghana N
AGG (R ) pfk13 476 1 Ghana N
CAT (H) pfmdrl 1042 3 Ghana N
AAA (K) pfmdr1 1042 1 Ghana N
TTA (L) pfcrt 73 1 Ghana N
ATT (1) pfcrt 75 1 Ghana N
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AAT (N)
ATT (1)
TTC (F)
TGT(C)
CCA (P)
TAA (STOP)
GGT (V)
GAA (1)

pfcrt

pfmdrl

pfk13
pfki3
pfk13
pfcrt
pfert
pfcrt

76
1034
446
446
553
75
72
73

R R R U R R R

Ghana
Ghana
Kenya
Kenya
Kenya
Kenya
Tanzania
Tanzania

222 < 2<2z22

Supplemental Table 12: Variation in antimalarial resistance genes that are
not supported by previous literature which eliminated the read

Reads not included in estimates

Mutation Found Gene

TCG (S)
GAC (D)
GAT (D)
TAG (STOP)
AGT (S)
ATA (1)
AAA (K)
TAA (STOP)
AAA (K)
ACT (T)
GTC (V)
GCG (A)
ATT (1)
CGC (R)
TGA (STOP)
TAT (Y)
TGT(C)
AGT (S)
CTA (L)
AAA (K)
TTA (L)

pfk13
pfdhps
pfmdrl
pfk13
pfk13
pfk13
pfmdrl
pfmdri
pfdhfr
pfk13
pfk13
pfdhps
pfdhps
pfdhps
pfdhps
pfdhps
pfdhps
pfdhfr
pfdhfr
pfdhfr
pfcrt

Position Read Coverage Country

553
581
86
493
539
543
1042
86
164
476
543
613
613
581
540
437
436
51
59
108
72
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Cameroon

Cameroon

Cameroon
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya

Synonymous
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TTT (F)
AGT (S)
CAT (H)
CAT (H)
GAT (D)
ACC (T)

pfcrt

pfert
pfmdrl

pfmdrl
pfmdrl

pfdhps

73
72
1042
1246
86
613
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Kenya
Kenya
Kenya
Kenya
Tanzania
Tanzania
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