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Abstract

The malaria parasite, Plasmodium falciparum, is one of the deadliest human
protozoan parasites largely due to its rapid adaptation to overcome antimalarial
drug treatment. Work from our group and others have shown that resistance can
be accomplished by copy number variations (CNVs) and single nucleotide
polymorphisms (SNPs) in the malaria genome. Little is known about how these
genetic alterations arise and are propagated to confer enhanced parasite drug
resistance. In order to address these gaps in research, this thesis is divided in two
parts: resistance and transmission. Chapter 2 highlights the novel detection of
extra-chromosomal(ec) DNA in highly resistant P. falciparum parasites. Employing
specialized PCR (droplet digital(dd) PCR) and lllumina sequencing we observed
high copy numbers over genomic copies, uniquely associated with resistant
parasites. The innovative detection strategies outlined in this thesis provided the
opportunity to detect an otherwise, invisible molecule. We hope that the data
presented in this thesis will lead to new discoveries of ecDNA in other well
characterized resistance models. Furthermore, ecDNA provides a new, targetable
approach to disrupt transmission of antimalarial resistance. Chapter 3 investigates
for the first time, extracellular vesicles (EVs) harboring endogenously-derived
dhodh amplicons used by resistant Plasmodium parasites. We combined
ImageStreamX flow cytometry with cryogenic electron microscopy to characterize
vesicle morphology. Also, we used ddPCR to characterize the DNA contents found
within EVs. We detected CNVs found in genomic DNA and vesicle-contained DNA.

The discovery of genetic material harboring resistance-conferring genes found in
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vesicles indicates a novel mechanism of genome evolution adapted by P
falciparum. Our results suggest vesicle exchange between a resistant donor and
a sensitive recipient parasite may also emerge as a new targetable mechanism to
inhibit resistance propagation. Chapter 4 focuses on the surveillance of molecular
markers of chloroquine (CQ) resistance in an endemic country to determine
whether or not an antiquated antimalarial, CQ, will be effective once again.
Returning to an antiquated antimalarial provides an alternative to our current
frontline, artemisinin, aimed to dampened resistance. Resistance profiling in
Southwest Uganda during 2010 and 2015 revealed a slow reversal to CQ
sensitivity via high resolution melt analysis (HRM). We concluded that the
significant regional variation in Uganda as well as other areas of the world
emphasizes the need to perform local assessment of resistant profiles.
Investigating resistance profiles can be used to inform treatment policies and drug
implementation. Overall, we hope that the data generated in this thesis can be
used to uncover the Achille’s heel of malaria and move the scientific community

closer to malaria eradication.
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Chapter 1: Introduction

Malaria, or bad air, is named after the Italian term “mal‘aria.” It has plagued the
world for over thousands of years. Some of the earliest historical records date back
to 2700 BC from China and 2000 BC from Mesopotamia (Cox, 2010). In 1880,
Charles Louis Alphonse Laveran discovered the causative agent of malaria
(Manson-Bahr, 1938). “He had the good fortune wilst watching a pigmented body
in the blood, to witness the eruption of long motile filaments, and thus was able to
recognize its living parasitic nature,” recalled by Sir Patrick Manson (Manson-Bahr,
1938).

Since then, the protozoan Plasmodium parasites responsible for malaria
has consistently evolved to spread in this current day. This phenomenon has been
exemplified by the vast diversity of its hosts including apes, reptiles, birds, and
humans to name a few ((Faust and Dobson, 2015; Kariuki and Williams, 2020;
Martinsen et al., 2008; Prugnolle et al., 2011). Since malaria’s discovery, it has
been quite the evolutionarily arms race between the parasite and its human host
(Kariuki and Williams, 2020). Human malaria is caused by five different
Plasmodium protozoan parasites, Plasmodium falciparum being the most virulent
and deadly (Kariuki and Williams, 2020). Remarkably, P. falciparum, has continued

to adapt to overcome selective drug, or antimalarial, pressure.



J. M. McDaniels 2

Summary

This thesis will summarize the key aspects in understanding molecular strategies
of resistance used by P. falciparum. To this end, | will delineate: 1) the generation
of extra-chromosomal(ec) DNA amplicons, defined as a region of DNA that is
amplified, in highly resistant DSM1 parasites, 2) a role for extra-cellular vesicles in
carrying resistance-conferring genes, and 3) the importance of resistance
surveillance in malaria endemic countries. | will describe ecDNA in great detail as
it is the first report of endogenously derived genetic elements in response to drug
resistance in this organism. Uncovering a mechanism of ecDNA generation and
segregation will uncover a new targetable resistance strategy. Previous EV
research typically only investigate proteins and RNAs packaged into vesicles, | will
address how parasite-derived vesicles carry DNA. This thesis will also shed light
on the importance of surveillance of resistance genes in clinical samples. |
specifically focus on CQ resistance patterns in Southwestern Uganda. Results
produced from this study have the ability to influence drug policies regarding
stricter regulations of antimalarial use, distribution, and production. Our findings
can also be expanded to other malaria endemic countries to influence antimalarial

stringency although Uganda is highlighted.

Aims
Aim 1: To determine ecDNA topology and its sequence

Aim 2: To determine whether parasite-derived DNA can be packaged within EVs
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Aim 3: To assess the resistance profile of pfcrt mutations in study areas around

Mbarara and across Uganda using high resolution melt assays

To reflect the research scope presented in this thesis, the introductory
chapter has 4 sections. In the first part, | will provide general background on
malaria biology. In the second part, | provide a brief review of antimalarials and
effective strategies used by Plasmodium to overcome drug challenge with an
emphasis on CNVs. Thus, the third part reviews CNV detection methods. In the

fourth part, | will describe EVs and its role in malaria pathogenesis.

1.1 Intracellular development of Plasmodium parasites

P. falciparum has a complex life cycle, developing in both humans and female
Anopheles mosquitos (Cowman et al., 2016) (see life cycle, Figure 1). When an
infected mosquito bites a person, parasites make its way to the human liver. There,
they undergo schizony, or will be amplified many-fold before bursting into the
bloodstream to cyclically infect and destroy red blood cells (RBCs) (Wiser, 2011).
A selection of parasites undergoing the asexual erythrocytic cycle transitions to the
sexual cycle, forming gametocytes. Mature gametocytes are then taken up by
another mosquito during a blood meal. Within the mosquito, male and female
gametocytes fuse together forming a zygote. The zygote further develops in
oocytes and, eventually, sporozoites. The sporozoites make their way to the
mosquito salivary glands. The cycle will continue as the infected mosquito releases

sporozoites into another human host (Center for Disease Control and Prevention,
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2019). Research in this thesis focuses on the asexual stage that occurs within the
RBCs.

The RBC imposes many challenges for the Plasmodium parasite, another
factor in its complex life cycle. RBCs are terminally differentiated. They are devoid
of subcellular organelles and de novo lipid and protein biosynthesis machinery
(Mohandas and Chasis, 1993). To satisfy the parasite’s high nutritional demand
and rapid development, it must acquire nutrients from the RBC or the extracellular
environment. Although hemoglobin is the parasite’s primary source for amino
acids, the parasite must also transport isoleucine, L-glutamate, and other solutes
(Lauer et al., 1997). Additionally, the parasite must acquire host lipids to support
its cellular growth.

Limited biosynthesis of fatty acids occurs in an organelle called the
apicoplast, which also contributes isoprenoid precursors and heme (Mitamura and
Palacpac, 2003). The parasite has limited nucleotide metabolism and must
synthesize pyrimidines de novo. For pyrimidine biosynthesis, the parasite can only
use glutamine or bicarbonate. One essential step in pyrimidine synthesis involves
the transfer of elections to ubiquinone by dihydroorotate dehydrogenase, DHODH
in the mitochondria (Gutteridge et al., 1979).

In turn, the malaria parasite forces many functional and morphological
changes upon RBCs. The parasite resides within a protective parasitophorous
vacuole (PV) within the RBC, providing yet another transport challenge; cargo
needs to be transported across the parasitophorous membrane (PVM), the RBC

cytosol, and the RBC membrane.
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Figure 1. Malaria life cycle. To complete its complex life cycle, P. falciparum

parasites requires both human and mosquito hosts. When in the human, there are

2 important stages, the asexual (inner ring) and sexual stages (outer ring). During

the sexual stage, a female Anopheles mosquito bites the human host and the

parasite continues the sexual stage within the mosquito. Image created by Michelle

Warthan, 2017.
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In less than two hours following invasion, the malaria parasite strategically
remodels the RBC to induce new pathways to acquire nutrients and export proteins
from RBC cytosol as well as the extracellular environment. The parasite inserts
organelles, increases rigidity and alters RBC permeability to allow the transport of
nutrients (Lanzer et al 2006, Rug et al 2014). This includes the formation of
Plasmodium-specific Maurer’s clefts (MCs), which are flat, disc shaped secretory
organelles that are about 30nm in diameter (Hanssen et al. 2008). MCs were first
thought to resemble Golgi cisternae but do not contain COPII proteins (PfSarp1,
PfBet3p, and PfTrs31p) (Adisa et al 2007). The origins of the MCs are unknown
but it is thought that MCs can be derived from the PVM or the TVN, which is
another proposed mechanism for nutrient uptake (Wickert and Krohne 2007).
Furthermore, the dynamics of protein secretion in Plasmodium are still poorly
understood. The complexity of the Plasmodium life cycle leads to an important

question: How does trafficking occur over several membranes?

1.2 Antimalarials and resistance

Malaria currently pervades Southeast Asia and the sub-Saharan Africa (World
Health Organization, 2018). While the development of a malaria vaccine has made
recent strides (Adepoju, 2019; Center for Disease Control and Prevention, 2019;
RTS,S Clinical Trials Partnership, 2014; van den Berg et al., 2019). We typically
rely on antimalarials, drugs that specifically target the malaria parasite, for
treatment and control of this disease. Specifically, antimalarials are used in

combination—the pairing of 2 or more drugs.
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Our current frontline drug is artemisinin (Meshnick, 2002). Artemisinin has
an endoperoxide ring and when cleaved, it is activated (Meshnick, 2002; O’Neill et
al., 2010). Artemisinin unleashes reactive oxidative species, ROS (Meshnick,
2002; O'Neill et al., 2010); It oxidizes proteins, lipids, and DNA, which eventually
leads to the death of the parasite. Southeast Asia has reported the emergence of
artemisinin resistance between 2002-2004, specifically located at Myanmar and
the Thailand-Cambodia border (Ashley et al., 2014; Muller et al., 2019; Tun et al.,
2015). Resistance is characterized by a delay in parasite clearance after ACT
treatment and most notably, linked to a kelch13 mutation in the propeller domain
(Ashley et al., 2014; Rosenthal, 2018; Tun et al., 2015). There has been a growing
concern regarding the spread of artemisinin resistance to Africa, where there is the
highest rate of mortality and malaria cases (Rosenthal, 2018; World Health
Organization, 2018). Thus, a large effort is being made to create new antimalarials,
revisit former antimalarials (explored in Chapter 4), and discover new parasite-
specific targets to kill the parasite (explored in Chapters 2 and 3).

Prior to artemisinin use, our former frontline drug was chloroquine, CQ. After
its development in the 1940s, CQ was particularly effective (Slater, 1993). Coupled
with its low cost and ease of manufacturing, it was used in multitudes leading to
the first report of resistance in 1959 (Slater, 1993). CQ mode of action involves
complex formation with toxic heme moieties that in turn prevent the degradation of
hemoglobin to heme (Birnbaum et al., 2020; Burrows, 2015; Sidhu et al., 2002;
Tilley et al., 2016). The accumulation of toxic heme intermediates causes swelling

and vesiculation of the food vacuole (Langreth et al., 1978). Non-synonymous
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SNPs in the P. falciparum chloroquine resistance transporter, pfcrt, gene are
linked with CQ resistance (Bray et al., 2005; Krogstad et al., 1992, 1992; Sidhu et
al., 2002).

Generally, alteration of the parasite’s genome confers resistance and two
types of changes have been observed: 1) SNPs or 2) CNVs (Cheeseman et al.,
2009; Cowman et al., 2016, 1994; Dharia et al., 2009; Foote et al., 1990; Guler et
al., 2013; Kidgell et al., 2006; Koenderink et al., 2010; Kondrashov, 2012; Ribacke
et al., 2007; Sidhu et al., 2006; Singh and Rosenthal, 2004). For example, CQ
resistance is mediated by SNPs that result in a missense mutations, changing
amino acids residues at the 72-76 position (Bray et al., 2005; Sidhu et al., 2002).
Functionally, PfCRT is an efflux pump that drains CQ at the food vacuole (Bray et
al., 2005; Krogstad et al., 1992). Other SNPs are linked to many other antimalarials
like sulfadoxine, pyrimethamine, and atovaquone to name a few (Beghain et al.,
2016; Duraisingh and Cowman, 2005; Mita et al., 2009; Roper et al., 2014).

On the other hand, artemisinin resistance is much more complicated due to
its broad effects on the parasite (Burrows, 2015; O’Neill et al., 2010). As previously
mentioned, a highly conserved gene, kelch13, mediates ART resistance (Ashley
et al., 2014; Birnbaum et al., 2020; Mbengue et al., 2015; Tun et al., 2015). More
recently, it has been shown that kelch13 mutations impact endocytosis, controlling
the amount of hemoglobin available for digestion and the amount of drug that is
activated the parasite (Birnbaum et al., 2020). More studies are being done to

elucidate artemisinin’s mode of action.
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CNVs are gains or deletions of genes or groups of genes within the genome.
Changes in gene copy number can be either deleterious or provide fitness
advantages to an organism that harbors them.

As previously mentioned, P. falciparum thrives in a variety of environments
throughout its life cycle and exhibits remarkable genetic adaptability in the face of
selective pressures. CNVs range in size from a few hundred basepairs to hundreds
of kilobase pairs (Cheeseman et al., 2016; Kidgell et al., 2006; Ribacke et al.,
2007). The most well-studied example of a P. falciparum clinical resistance-
conferring genome amplification involves the multidrug resistance 1 gene, madr1.
This gene is located on chromosome 5 and encodes for a P-glycoprotein efflux
pump (Cowman et al., 1994; Foote et al., 1990; Nair et al., 2007; Triglia et al.,
1991; Wilson et al., 1989). Additionally, amplification of a region on chromosome
12 that includes GTP cyclohydrolase 1 gene (gch1), although not directly
responsible for resistance, may help compensate for point mutations conferring
clinical antifolate resistance (Guler et al., 2013; Kidgell et al., 2006; Nair et al.,
2008a). The importance of genome amplification in parasite survival is further
emphasized when resistant clones are studied following selection with
experimental antimalarials such as inhibitors of cysteine proteases (Singh and
Rosenthal, 2004), isoprenoid biosynthesis (Dharia et al., 2009), protein synthesis
(Rottmann et al., 2010), and pyrimidine biosynthesis (Guler et al., 2013; Phillips et
al., 2015, 2008; Ross et al., 2014). Many questions remain about the genetic basis

of CNV formation.
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CNVs offer both disadvantages and advantages. CNVs poses vast
disadvantages such as alterations in gene dosage, gene expression levels, or
neighboring regions, but can also cause gene disruption or fusion (Li and Olivier,
2012). It is also proposed that CNVs offer a stepwise advantage in which the
parasite is able to first tune-up its CNVs, subsequently accumulate advantageous
SNPs, and finally tune-down CNVs (Guler et al., 2013). Harboring increased copy
numbers of certain genes first increases the parasites survival during stochastic
SNP accumulation; this means that even if a SNP is deleterious, its impact is
diminished due to pseudoheteroploidy.

The Plasmodium parasite is highly adaptive and has ability to generate
various CNVs as a mechanism of resistance. Until now, there has been no
previous investigations linking CNVs to ecDNA in malaria. Thus, the role of ecDNA
in resistance remains to be elucidated. More research is needed to map the
pathways of resistance in great detail so we can identify an Achille’s heel of

Plasmodium.

1.3 Detection of copy number variations (CNVs)

It is important to choose the appropriate technique and platform for detection. In
this section, | discuss common methodologies and their shortcomings, which also
covers the methodologies | used throughout the thesis. At the end, | discuss the
method that | implemented for my studies.

Quantitative PCR (gPCR) is one method that is commonly used for targeted

locus studies (Li and Olivier, 2012). gPCR compares the cycle threshold (Ct) value
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of an unknown sample to a reference sample with known copy number (Li and
Olivier, 2012; Mehrotra, 2016). One limitation is DNA input is about 5-10ng
(Cantsilieris et al., 2013). A newer derivative of qPCR using droplets, called
ddPCR, emerged as another CNV detection technique. Using droplet formation,
ddPCR allows the end point measurement of ~20,000 individual PCR
amplifications from a very small amount of DNA (<0.1ng). The random distribution
of DNA into individual droplets facilitates highly accurate quantitation of DNA copy
number and enables a smaller fold change measurement compared to qPCR
(Hindson et al., 2011; Pinheiro et al., 2012; Whale et al., 2012). Thus, ddPCR is a
more sensitive CNV detection method (Weaver et al., 2010; Whale et al., 2012).
Comparative genome hybridization (CGH) and next generation sequencing
(NGS) has been an invaluable tool used to determine CNV level over genome-
wide targets with high sensitivity. Contrary to gPCR and ddPCR, CGH and NGS
require higher DNA inputs (between 0.5-1ug and 1-2ug for CGH arrays and NGS,
respectively (Cantsilieris et al., 2013)). CGH arrays compare target DNA to
reference DNA by measuring the fluorescent ratio along each chromosomal
location (Tim J. C. Anderson et al., 2009; Carret et al., 2005; Li and Olivier, 2012).
It has been previously described that one assay is equivalent to thousands of
fluorescent in situ hybridization experiments (Theisen, 2008). NGS involves
alignment of newly synthesized sequence to a reference genome. Most commonly,
read depth analysis is used to determine CNV locations (Tim J. C. Anderson et al.,
2009). As you scan through an entire genome for imbalances, there is a chance

for impactful false positives and negatives (Dennin, 2018).
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Combining pulse field gel electrophoresis (PFGE) with Southern blot
analysis is another low throughput method to determine copy number. PFGE is
used to resolve large chromosomes in the megabase size range (Khan and
Kuzminov, 2013; Turmel et al., 1990). Southern blotting is a powerful technique
that involves DNA transfer to a nylon membrane followed by the use of specific
labelled DNA probes for visualization. Copy number is inferred by the human eye,
but post analysis methods used to quantify radiolabeled or fluorescent band
intensities normalized to the reference genome are available. DNA input is high at
2-5ug (Cantsilieris et al., 2013).

Overall, CNV detection methods can be used to identify new and novel
antimalarial drug targets as it has been done in the past. In this investigation, we
propose a novel pipeline modifying from Thuring paired with ddPCR to identify
ecDNA (Thuring et al., 1975). This detection pipeline has been manipulated to
overcome the limitations of CNV detection. Past studies of ecDNA that involved
genome-wide detection like CGH and NGS often overlooked the presence of
ecDNA due to: 1) the lack of separation from the chromosomal DNA and 2) the
lack of knowledge about its existence (Dennin, 2018). Due to the low sensitivity
and high DNA input required for CGH and NGS, | developed an original pipeline
of multiple CNV detection methods to study a new form of CNVs; | preformed
PFGE, Southern blotting, ddPCR, and genome sequencing after isolating ecDNA
away from chromosomal DNA to improve the performance of low- and high-
throughput methods. This pipeline can be easily adapted to conduct a wide range

of ecDNA studies in the presence of a selective driver, not just in Plasmodium.
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1.4 Extra-cellular vesicles

Cell-to-cell communication is mediated by secreted vesicles termed extra-cellular
vesicles (EVs). EVs are small membrane-derived vesicles that are 0.1-1um in
diameter that carry cell-type specific RNA, protein, and DNA that can induce
signals in targeted cells. Nomenclature is often misused but EV size and origin are
two common ways to distinguish types of vesicles. There are three classes of EVs
including microvesicles and exosomes (both <0.1um), and apoptotic bodies
(>0.1um in size) (Delabranche et al., 2012). Another distinction between these
classes of vesicles are how they are formed. While apoptotic bodies are vesicles
that are released during apoptosis, microvesicles shed and bud directly from the
plasma membrane (Johnstone et al, 1987). In contrast, exosomes are formed from
late endosomes and are released when multivesicular bodies fuse with the plasma
membrane. Exosomes were first discovered while studying maturing reticulocytes
(Johnstone et al 1987).

Since 1987, the study of EVs and their role in malaria has been an area of
active research. EVs has been associated with P. falciparum commitment to the
sexual cycle through gametocyte development, which will ultimately assist in the
transmission to mosquitos (Mantel et al., 2013a; Regev-Rudzki et al., 2013)
(Figure 1).

Regev-Rudzki et al. uncovered the use of DNA packaged into exosomes
involved in the parasite commitment to sexual differention (Regev-Rudzki et al.,
2013). These EVs provided a survival advantage. Resistance-conferring genes

were transmitted to neighboring parasites under drug selection. EVs were parasite-
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derived and were 80-120nm in size. This study prompts a follow up question: Are
endogenously-derived resistant genes packaged into vesicles and transmitted to
neighboring parasites? Here, researchers transferred an episomal plasmid.
Although this study was the first to implicate EVs in the transfer of drug resistance
genes, many questions remain. How are nucleic acids packaged into vesicles?
The investigators effectively showed using in situ hybridizations that recipient
parasites contained newly transferred drug resistance genes; however, they did
not show that those necessary genes conferring drug resistance were indeed
contained in the EVs. Besides the size, functional characteristics of these EVs
including proteins, lipids and structural biology remains to be characterized.

EVs playing an important role malaria pathogenesis is also evident in of
Mantel et al. Researchers identified MVs of 100-400nm in size that were released
during the asexual cycle prior to egress, a process characterized by mature
parasites rupturing their current RBC and invading a new RBC. They showed that
the MVs contained parasite material indicating that they are parasite-derived.
Remarkably, they found that the parasites can internalize vesicles through
immunofluorescent microscopy displaying vesicles located at the nuclear
periphery. There are important observations published by Mantel et al. that are in
agreement with data previously described by Regez-Rudski et al.: 1) parasites can
transmit information into vesicles to neighboring parasites and 2) parasites can
internalize vesicles from donator parasites using a trafficking mechanism that is

not yet defined.
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A number of studies have examined EVs in clinical malaria. The number of
EVs are increased with patients that have severe malaria (Combes et al., 2004;
Mantel et al., 2013a; Nantakomol et al., 2011; Pankoui Mfonkeu et al., 2010;
Sampaio et al., 2017). More recently, it has been shown that vesicle production is
amplified during artemisinin resistance; vesicles derived from resistant parasites
are inferred to play a role in RBC remodeling and trafficking more protein to the
RBC surface membrane (Bhattacharjee et al., 2018).

In general, prior EV work on malaria has been limited to: 1) a small subset
of characterized proteins necessary for trafficking i.e. PfPTP2, 2) cargo studies
precluding DNA, and 3) the transfer of genes on episomal plasmids, which are not
native to the parasite. There is still a great deal of work that needs to be in this
area.

In this thesis, | will focus on the first report of endogenously-derived genes
packaged into vesicles with a possible role in further propagating resistance. Thus,
this study will open up a new avenue for DNA to be further studied in vesicles
derived from parasites.

A common challenge when studying vesicles is the lack of standardization
in reporting vesicle properties (i.e. size, markers, buoyant density, and so on) and
the myriad of isolation methods reported. This may have led to some differences
in reports of EV origin and EV occurrence during infection (Sampaio et al., 2017).
In the papers | described in detail, exosomes where isolated using density gradient
centrifugation by Regev-Rudzki et al. and MVs were isolated using a combination

of sucrose differential centrifugation and filtration by Mantel et al. The isolation
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methods in the general EV field also vary widely, which results in numerous vesicle
related studies with little overlapping characteristics. For example, centrifugation
at 2000xg can isolate apoptotic vesicles, 10,000-20,000xg can isolate
microvesicles and 100,000-200,000xg can be used to isolate exosomes (Szatanek
et al., 2015). Ultracentrifugation, which is the most commonly used method, can
isolate all 3 different type of vesicles; however, physical damage to the vesicles
can occur (Konoshenko et al., 2018). Density gradient ultracentrifugation
(facilitated through the use of sucrose or iodixanol) is inefficient at isolation large
vesicles (Szatanek et al., 2015).

The current literature reports that Plasmodium secretes both exosomes and
microvesicles. However, Plasmodium is devoid of major exosome proteins
involved in its biogenesis from multivesicular bodies (ESCRT | and Il, (Mantel and
Marti, 2014)), which introduces doubt about the presence of canonical exosomes
despite the appropriate size range of the vesicles. The general lack of EV markers
and proper sizing guidelines leads to difficulties with EV characterization.

A well-recognized issue for the study of EVs in malaria is that uninfected
RBCs (URBCs) release EVs. This ‘background’ source of EVs necessitates a
better approach to distinguish uRBCS from parasite-infected RBCs (iRBCs) (Kuo
et al., 2017). To complicate this issue further, parasite-derived vesicles also
contain host-specific markers such as stomatin, a lipid raft protein (Babatunde et
al., 2018) or human nucleic acids (Babatunde et al., 2018; Mantel and Marti, 2014).
There are also a few parasite-specific markers available. One way to overcome

these issues, lies in expanding studies with Plasmodium-derived vesicles, which



J. M. McDaniels 17

is explored in Chapter 4. Here, | present new EV research that specifically
distinguishes vesicles from iRBCs and uRBCs.

It is a long journey for vesicles, as they are transported across various
organelles of the parasite including the Golgi, endoplasmic reticulum, tubular-
vesicular network (TVN) to the plasma membrane, the parasitophorous vacuole
(PV) and the PV membrane (PVM), finally to the Maurer’s cleft (MC) of the RBC
before export through the RBC membrane (Martin et al., 2009; Soni et al., 2016)
(referenced in Chapter 1). Most of what we know is centered around the secretion
of PfEMP1, an essential virulence protein found on the surface of RBCs involved
in cytoadherence (Baruch et al., 1995; Boddey et al., 2009; Kraemer and Smith,
2006; Smith et al., 1995).

There are two proposed models for protein export and thus, these models
can be extended to vesicles export in Plasmodium (Boddey et al., 2009). The first
model makes use of processing a transmembrane PEXEL-like sequence found on
vesicles to be sorted to the Golgi and the parasitophorous vacuole using a general
secretory pathway involving COPII machinery. Then, vesicles are transported to
MCs and then to the RBC membrane. The second model suggests the use of a
different PEXEL-like sequence and its complementary receptor that directly sorts
vesicles to the PVM. In general, an export pathway to the host RBC remains
speculative (Boddey et al., 2009; Crabb et al., 2010; Haase and de Koning-Ward,
2010; Mundwiler-Pachlatko and Beck, 2013). Another important consideration is
the possibility of exported vesicles devoid of a PEXEL sequence, as many

characterized proteins that takes residency in the MCs are PEXEL-negative
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(Mundwiler-Pachlatko and Beck, 2013). This then begs the question: are there
other key proteins, lipids, etc. required for the efficient sorting of vesicles that are
undiscovered?

In either case, after vesicles leave the PVM, vesicle may stop at MC
transiently. Vesicles to be exported are found to have PFPTP2, a MC protein
deemed to be essential (Babatunde et al., 2020; Maier et al., 2008; Regev-Rudzki
et al., 2013). Another family of proteins, SNAREs, are predicted to play a role in
trafficking; however, once again, little is known about their role in the unique
trafficking pathways found in P. falciparum (Parish and Rayner, 2009). It is
suggested that an endocytosis-like pathway is one way for the vesicles to be
internalized but on its own, a mature RBC is devoid of any internal membranes to
assist in endocytosis (Mantel and Marti, 2014).

So why study vesicles? Despite many unknowns, P. falciparum vesicular
research is an exciting area due to its potential for identifying new therapeutic
approaches. Vesicles can be loaded with antimalarials or vaccines for long lasting
effects reviewed in (Sampaio et al., 2017). Transmission-blocking approaches,
which prevent cell-to-cell communication between parasites, also presents itself
as a new resistance strategy. Furthermore, there has been no published studies
that addresses whether or not endogenously-derived DNA is packaged into
vesicles.

We aimed to expand on the previous results of Regev-Rudzki et al. while
determining if endogenously-derived, resistance-conferring genes are packaged

into vesicles. | hope this study will lead to new insights of parasite-specific proteins
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to further elucidate the trafficking pathways used in malaria. | also hope these
studies can assist in the development of a likely mechanism in support of horizontal
gene transfer, which can be a valuable method applied in vivo. These studies
warrant a better understanding of why increased levels of EVs are linked to
severity of disease. One possible explanation is that parasites are increasing their
communication using genetic material, which confers enhanced survival for the
parasite. To conclude, EV studies similar to this one will help to disrupt a resistance

strategy used by the P. falciparum.
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2.1 Introduction

A major factor that contributes to genome plasticity in a variety of organisms is
extra-chromosomal (ec)DNA. EcDNA contains extra gene copies that exist outside
of the genome and are often observed at high copy numbers in organisms under
strong selection. As evidence for their contribution to genome plasticity, genes that
confer fitness benefits are enriched in ecDNA (Beverley et al., 1984). Although
pioneer works in Leishmania protozoan parasite (Beverley et al., 1984), ecDNA
has now been reported in various eukaryotes including yeast (Mgller et al., 2015)
human cancers (Albertson, 2006; Hastings et al., 2009; McGill et al., 1993;
Verhaak et al., 2019; Wu et al., 2019), mammalian cells (Dillon et al., 2015), and
another protozoan species Trypanansoma (Wagner and So, 1992). The diversity
of ecDNA is exemplified in the reported sizes that range from a few hundred base
pairs to mega base pair molecules (Dennin, 2018; Paulsen et al., 2018a). Although
their size and composition vary depending on the organism, one consistent theme
is the importance of ecDNA in rapid adaptation.

Plasmodium falciparum, the deadliest malaria parasite, killed ~435,000
people in 2018 (World Health Organization, 2018). This organism is known for its
adaptability, both in response to the human immune system (Scherf et al., 2008)
and drug treatment (Qidwai, 2020). However, the presence of endogenously-
derived ecDNA after drug selection has never been reported in any Plasmodium
species.

During our studies of a family of parasites that were selected with the novel

antimalarial, DSM1 (Guler et al., 2013), a few key observations led us to
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hypothesize that ecDNA may be present in highly resistant P. falciparum. First, we
observed genomic copy number variations of the target gene, dhodh, (termed
dhodh amplicon) located on chromosome 6 and these resistance-conferring
amplicons were rapidly gained with elevated antimalarial pressure. Second, the
amplified unit was precisely conserved during subsequent selections, providing
evidence that they were not generated de novo at every step. Lastly, the resistance
level, although correlated, was not directly proportional to the detected amplicon
copy number; two DSM1 resistant clones exhibited ~10 amplicon copies as
detected by qPCR, but one of them (termed H1 for high level resistance) showed
~10-fold higher ECso than the other (termed M1 for mid-level resistance, Figure
2). Overall, these observations indicated the presence of an independent DNA
element that contributes to resistance yet can be rapidly increased or decreased
in order to balance benefit with fitness effects.

Upon further study of this experimental system, we definitively identified
ecDNA in highly DSM1 resistant P. falciparum parasites. We used an
electrophoresis-based purification scheme combined with a variety of highly
sensitive DNA analysis methods to expose resistance-conferring genes outside of
the chromosomal genome. We then employed enzymatic digestions to explore the
structure of multiple forms of ecDNA; Interestingly, two forms were detected,
although we speculate that only one (a large complex circular form) is biologically
relevant. The carriage of resistance genes on ecDNA has wide-reaching

implications, as it provides a new target to limit the development of resistance.
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Understanding how these ancillary forms of DNA are generated and their function

holds high importance for our understanding of adaptation in general.

2.2 Results

In our initial study of drug resistance mechanisms in Plasmodium, we selected for
resistant parasites using multiple levels of DSM1 selection (Guler et al., 2013) (see
schematic in Figure 2 showing the relationship between L, M, and H clones). In
order to investigate the physical nature of genomic amplicons, we assessed the
chromosomal pattern of DSM1 resistant clones using pulse field gel
electrophoresis (PFGE) (Figure 3A). Although chromosomes 6-10 are similar in
size (predicted to be 1.4-1.7Mb based on the 3D7 genome (PlasmoDB,
(Aurrecoechea et al., 2009)) a shift in position of chromosome 6 in the resistant
clones was evident (Figure 3A and 4A). Chromosome 6 from the DSM1-resistant
clone, termed “L1” for low level resistance, appeared slightly larger due to the
predicted insertion of amplicons into the native genome location (Figure 3A).
However, in another DSM1-resistant clone, termed “H1” for high level resistance,
the pattern of chromosomes in this area of the gel was completely altered (Figure
3A). Prompted by this result, we ran the gels under a number of additional PFGE
conditions. Those that allowed visualization of the broadest range of DNA sizes
revealed an additional element of DNA present in the H1 clone (Figure 3B). This
“gel-competent” ecDNA element runs independently from intact chromosomes as
a heterogeneous smear regardless of PFGE run parameters (see various run

conditions in Materials and Methods).
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Figure 2. Summary of parasite clones used in this study. Wild type (WT1) P.
falciparum was selected with 0.3uM of DSM1 in two steps; the first step selected
for low level (L) resistant parasites and the second step selected for moderate (M)
or high level (H) resistant parasites. ECso values and amplicon copy numbers are
as follows: L1 (1uM, 4), L2 (1M, 4), M1 (7uM, 8), H1 (62uM, 10), H2 (85uM, 12),
H3 (36uM, not determined), H4 (49uM, 12). Values were previously reported in
and clone names adapted from (Guler et al., 2013). Not shown: Wild type 2 (WT2)

represents Hb3 (0.1uM, no resistance).
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Figure 3. Gel electrophoresis revealed aberrant DNA elements are confined

to resistant parasites. A. Altered pattern of chromosomes from resistant clones
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(L1 and H1) compared to wild type 1 (WT1) migrated from agarose plugs. PFGE
running conditions: 50hr, 3V/cm, 250-900sec switch rate, stained with 1ug/mL
ethidium bromide and imaged on a UV transilluminator. M, marker (1-3.1Mb,
BioRad 170-3667). *Chromosome 13 and 14 ran above chromosome 12 and
appeared as expected in all clones. B. Detection of extra-chromosomal(ec) DNA
in the H1 clone from agarose plugs. PFGE running conditions: 17hr, 6V/cm, 1-
10sec switch rate, stained with 1XSYBR Safe DNA stain and imaged using the
Typhoon 9410 Variable Mode Imager (see Materials and Methods for settings). M,
marker (0.05-1Mb, BioRad 170-3635); chr, chromosome; L1, low level resistant

clone; H1, high level resistant clone; WT1, Dd2.
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Figure 4. Southern blot detection of dihydroorotate dehydrogenase (dhodh)
in ecDNA derived from highly resistant parasites. Agarose plugs with low (L1),
moderate (M1), and highly resistant parasites (H1) are displayed after a PFGE run.
A. Southern blot is probed with the dhodh amplicon probe (Table 1). The expected
size of WT1 chromosome is 1.5Mb and WT2 chromosome 6 is 1.4Mb (PlasmoDB
(Aurrecoechea et al., 2009)). Exposure time: 8hr. B. Southern blot probed with
single copy reference gene 1 (Table 1). An additional housekeeping gene was also
performed (single copy reference gene 2, Table 1, data not shown). The expected
size of WT2 chromosome 11 is ~2Mb (PlasmoDB, PlasmoDB (Aurrecoechea et
al., 2009)). DNA size was determined with 1-3.1Mb and 0.05-1Mb markers (Bio-
Rad 170-3667 and 170-3635). Exposure time: 7hr. PFGE running conditions: 50hr,

3V/cm, 250-900sec switch rate. WT1, Dd2; WT2, 3D7; White dashed box, ecDNA.
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To further investigate the origin and size of the putative ecDNA, we
performed Southern blot analysis on PFGE gels using probes for gene sequences
within the amplified region from chromosome 6 (dhodh amplicon, Table 1) as well
as those outside the amplicon (external, single copy reference gene 1 and 2, Table
1). Using this approach, we determined that the gel-competent ecDNA was only
detected when probing for a gene within the amplicon from high level resistant H
clones (Figure 4A and Supplemental Figure 1). We did not detect the gel-
competent ecDNA when probing for 2 genes located on chromosomes 7 and 11
(Figure 4B and Supplemental Figure 1). Because of this result, we ruled out
general genome degradation as the source of the observed smear. We conclude

that the gel-competent ecDNA is derived from amplified regions of the genome.

During these studies, we made additional informative observations. Firstly,
using the dhodh amplicon probe, we determined the relative sizes of chromosome
6 in wild type and resistant parasites (see summary in Table 2). Chromosome 6
from low and moderate L and M clones, which are expected to have ~4 and ~8
copies of the amplicon, respectively (Figure 2 and Table 3), migrated at the
expected size on the PFGE gel (Figure 4A). However, chromosome 6 from the H1
clone, which is predicted to harbor ~10 copies of the amplicon (Figure 2 and Table
2), runs well below the predicted size. In fact, the observed H1 chromosome 6
band ran below that from the M clone with fewer predicted amplicon copies (Table
2, Figure 4A). This inconsistency indicated that both ecDNA and chromosomal

amplicons were contributing to the high level of resistance in H clones.



Table 1. Details of primers used in Southern blot analysis and digital droplet PCR (ddPCR)

PlasmoDB Gene

Method Probe Name D Gene Name Chr CN Sequence
dhodh PF3D7_ Dihydro-orotate 6 Multico F-TTGGTACCATAACCCCAAGG
amplicon 0603300 dehydro-genase PY  R- CCCTCCTGATGCAATAATGG
Southern  gjngle copy PF3D7_ H protein 11 Single  F-AAGTGCTTCTTCCCAGTTGTG
blot ref. gene 1 1132900 P copy  R- CCCTTGCCCTTTATTTTCAA
Sin| PF3D7_ seryl tRNA . Single  F- TGCCGAACTTGATGACTTTG
g'e copy 07177700 synthetase copy R- TGCGTTGTTTAAAGCTCCTG
ref. gene 2
dhodh PED7 Dihydro- F-TCCATTCGGTGTTGCTGCAGGATTT GATT
(IJ. 0603300 orotate dehydro- 6 Multicopy R-TCTGTAACTTTGTCACAACCCATATTAT
amplicon genase 56F AM/CATTATTGCATCAGGAGGGA/MGBNFQ
. . F- GGAACAATTCTGTATTGCTTTACCT
Single copy PF3D7_ seryl tRNA 7 Single R- AAGCTGCGTTGTTTAAAGCTC
ref. gene 2 0717700 synthetase copy VIC/ACATGAAGAAATGATACAAACA/3MGBEC
- Single co heat shock protein Single F- GAATCGGTTTGTGCTCCAAT?
refg enep:}” PF3D7_0831700 o P 8 Cog R- CAACTGTTGGTCCACTTCCA *
-9 PY  BHEX/AGCAGGAATGCCAGGAA/3MGBEC
F- AGCAAGTCGATATACACCAGATG
mt-cyb mal_mito_3 cytochrome b Mito.  Multicopy R- CAAGAGAAGCACCTGTTCCG

56-FAM/AAGAGAATTATGGAGTGGATG
GTGTTT/3MGBEc

TOriginal primer reference (Guler et al., 2013).

*Original primer reference (Ngwa et al., 2013).

Chr, chromosome



Table 2. Comparison of expected and observed band sizes from Southern

blot analysis using the dhodh probe (Figure 5B)

, Predicted
Resistance Average # of . : Expected  Observed
I : ; .
level Clone amplicons 'rs]g;a(sl\ﬁb")] size (Mb)  size (Mb)
_ WTA1 1 - 1.5¢ ~1.8
Wild type
WT2 1 - 1.4* <1.8
Low L1 4 0.292 ~2.1 1.8-2.4
Moderate M1 8 0.584 ~2.4 1.8-2.4
Hiah H1 10 0.730 ~2.5 1.8-2.48
g H4 12 0.876 ~2.6 1.8-2.4

TqPCR # of amplicons x amplicon size (Guler et al., 2013).

*The size of WT1 (Dd2) chromosome 6 was estimated after alignment of

sequencing reads ((Guler et al., 2013) to the WT2 (Hb3) chromosome 6

(PlasmoDB) (unpublished data)).

SH1 chromosome 6 appears smaller than that from M1, despite an increased

number of amplicons. Next Generation Sequencing revealed a ~10kb deletion on

chromosome 6 in a related clone (H2, Guler et al., 2013), but this does not account

for the size difference.



Second, we routinely observed DNA remaining in the well of the PFGE gel
(Supplemental Figure 2A). Since previous studies found that circular DNA of
230kb in size is readily trapped in the loading well and the region immediately
below called the compression zone (Cole and Tellez, 2002; Gurrieri et al., 1999;
Khan and Kuzminov, 2017, 2013; Turmel et al., 1990), we investigated the
presence of larger sized ecDNA elements. Indeed, if we used a different grade of
agarose (that allowed larger DNA fragments to enter the gel, see Materials and
Methods), we detected amplicon specific supra-chromosomal DNA in all of the H
clones by Sothern blotting (Supplemental Figure 2B and C). This observation
suggested that there is a second form of ecDNA that is termed “gel-incompetent”
because it is well-bound under standard PFGE conditions.

Next, we used restriction digestion analysis followed by PFGE and Southern
blot analysis to further investigate the structure of genomic amplicons and the two
ecDNA forms (see Figure 5A for digestion schematic). We chose restriction sites
both within (Nhel) and outside (BamH]I) of the amplified region with probes that are
complementary to sequence both inside (termed dhodh amplicon, Table 1) and
outside of the amplicon (termed external, Table 1). Overall, the detected fragments
were of the expected size and pattern from both dhodh and external amplicon
probes (Table 3 and Figure 5B). The most significant observation during these
studies was that the gel-competent ecDNA remained intact after digest for all H

clones (Figure 5C); thus, it was resistant to restriction digestion.
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Table 3. Comparison of expected and observed band sizes from restriction
digestion analysis

Clone Expected band Observed band size
Probe Category (# of size (kb) (approximate) (kb)
amplicons) B B+N B B+N
No CNV WT1 79.2 554 80 50
L1(4) 298" 734/554 200 b o0
Amplicon- )
epesific Llclone 1 (10) 736" 73.4/55.4 200 b SO0
(dhodh, Table y .<80
1) H2 (12) 882" 73.4/55.4 >200 5 50%
L2 clone L2 (4) 79.2 554 80 50
derived H4(12) 792 554 80 50
No CNV WT1 79.2 554 80 50
Clone-specific | 4 cione L1 (4) 298" 55.4 ND ND
(External derived H1(10) 7367 554 >200 50
probe, Table H2 (12) 882t 55.4 >200 50
1) L2 clone L2 (4) 79.2 554 80 50
derived H4(12) 792 554 80 50

TThis value is dependent on the number of amplicons present in the genome.
Those listed assume 4 (L2) and 10 or 12 (H1 and H2 clones) copies of the L1
amplicon, respectively.

*This band is only present once in genome despite amplicon, so band intensity is
lower than band 1

CNV, copy number variation; B, BamHlI restriction enzyme; N, Nhel restriction

enzyme; ND, not determined.



A : 79.2 kb

 954Kb
Wild type B| _N Bl
genome e’
~ (73.4 kb x (Copy number - 1)) + 61.2 kb
734 kb : 554 kb
B N N N B*
Amplified
genome - e e O
N
Putative
ecDNA
N
B
WT1 L2 H4 H1 H1
B+N B B+N B B+N B B+N B B+N
Kb
242
194
97
C

1 2 3 4 5 6 7 8 9

DHODH amplicon probe External probe



Figure 5. Southern blot analysis following restriction digestion revealed

ecDNA is resistant to digest. A. Schematic of digestion pattern in wild type and

amplified genomes for L1-derived clones only (H1) and ecDNA (expected and

observed band sizes are also displayed in Table 3). All restriction sites were

predicted from the WT2 reference genome but confirmed in sequencing reads from

WT1 and L clones. For the L2-derived clones (L2 and H4), all probes and cut sites

are contained within the amplicon from L2-derived clones. B and C. Two

exposures of a Southern blot hybridized with the dhodh amplicon probe (Table 1,

lanes 1-7) and the external probe (Table 1, lanes 8-9). WT1 (B alone) has been

omitted for simplicity, but appears the same as L2 (B, lane 2). Digest of clones L1

and H2 (B and B+N) appear the same as H1 (lanes 6 and 7). B. Exposure times:

Lanes 1-7, 30min; Lanes 8-9, 3hr. C. Exposure time: Lanes 1-7, 15hr; Lanes 8-9,

17hr. PFGE running conditions: 50hr, 3V/cm, 250-900sec switch rate; DNA source:

parasite agarose plugs; B, BamHI; N, Nhel; B+N, double restriction digest; grey

square, dhodh amplicon; black ellipse, dhodh probe; white ellipse, external probe

located outside dhodh amplicon (H1 only); B*, due to varying lengths of the dhodh

amplicon (Guler et al., 2013), the B* site is located within L2 and H1 clones; White

asterisk, ecDNA that is resistant to restriction digest; WT1, Dd2.



Further proof of the resistance of ecDNA to restriction digestion came from
experiments with another set of H clones that were derived from a distinct L clone
(L2, Figure 2). The amplicon in these clones is longer than those from L1-derived
clones and therefore, includes a unique BamHI site within the amplicon (see
digestion schematic in Figure 5A). After BamHI digestion, ecDNA from L1- and
L2-derived H clones showed the same ‘smear’ persistence (Figure 5C, lanes 5
and 7); this result indicates that this effect is restriction site-independent and
confirmed that cutting did not occur in either sample. As expected, the persistent
gel-competent ecDNA was not detected when DNA from H clones was hybridized
with the external probe (Figure 5A and C, lanes 8 and 9). Furthermore, since we
did not detect an increase in the intensity of bands beyond what is expected from
digestion of chromosomal copies alone (i.e. 4-fold for the L clone and 10 to 12-fold
for H clones, Figure 5B and Table 2), we conclude that the well bound, gel-

incompetent ecDNA is also not impacted by these enzymes.

Since other methods were not effective in isolating DNA away from
chromosomal DNA (Supplemental Figure 3), we took advantage of the
electrophoretic separation of these elements from the chromosomes and purified
the DNA elements directly from the PFGE agarose gels. We then used droplet
digital(dd) PCR to quantitatively measure enrichment of the resistance-associated
gene in three gel regions of interest: the loading well (location of gel-incompetent
ecDNA), the chromosomal region (location of previously described tandem
amplicons), and the smear (location of gel-competent ecDNA). This method was

particularly useful for our studies for several reasons: 1) the yield of ecDNA from
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the PFGE gel was below levels required to run conventional quantitative PCR, 2)
ddPCR assays can be multiplexed to accurately assess multiple loci within a single
reaction, and 3) droplet partitioning diluted contaminating material from
purifications (i.e. agarose). Using this approach, we calculated a ratio between
resistance-conferring (dhodh, termed D) and single copy genes (seryl tRNA
synthetase termed S). For this study, we hypothesized that samples with enriched
numbers of ecDNA will generate a D:S ratio that is greater than the chromosomal
copies of the amplicon. While chromosome material from an H clone yields a mean
D:S ratio of ~8 (i.e. 8 copies of dhodh to one copy of seryl tRNA synthetase), we
measured an enrichment for both the gel-incompetent and -competent ecDNA
elements (average D:S ratio of 20 and 106, respectively, Figure 6). In comparison,
wild type samples generated a consistent copy number of ~1, with no amplicons
detected in either the extracted gel and loading well region (Figure 6). The highly
sensitive ddPCR analysis unequivocally shows that the ecDNA elements are

enriched in the resistance-conferring gene.

We utilized the Plasmid Safe (PS) ATP-dependent DNase to gain additional
structural insight into the different ecDNA elements isolated from the gel. This
enzyme preferentially digests linear DNA, while leaving circular DNA mostly intact.
To examine its specificity on Plasmodium DNA, we PS-treated genomic DNA
purified from cell lysates, linear chromosomal DNA isolated from gels, and complex
structural forms of the mitochondrial genome that are also entrapped in the gel

loading well and evaluated the remaining material with ddPCR (Figure 7A).
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Figure 6. Highly resistant parasites carry multiple copies of ecDNA enriched
in dhodh amplicons. A box and whisker plot summarizing the observed ratio of
dhodh gene copies (denoted as D, a multicopy gene in the amplicon) to seryl tRNA
synthetase gene copies (S, a single copy reference gene) as measured by droplet
digital (dd)PCR. Samples were extracted from 3 regions of the PFGE gel prior to
ddPCR: 1) the loading well, which following electrophoresis, retains gel-
incompetent DNA (i), 2) the chromosomal (chr) region where chromosomes 1-14
are expected to run using specific parameters, and 3) the lowest region that
harbors gel-competent DNA (c) that runs between 50-200kb. Average ratio (line in
the center of the box) measured in the H1 well, chr, and smear regions are 20,
7.95, and 106, respectively. Average ratio measured in the WT1 well, chr, and
smear regions are 1.06, 0.85, and 1.0, respectively. Expected chromosomal copy
number is shown in Figure 1. WT1, Dd2; H1, high level resistant clone; i, gel-
incompetent DNA; chr, chromosome; c, gel-competent DNA; ****, p<0.0001
significance; n/s, not significant; Error bars represent Poisson confidence intervals

(upper hinge, 75" percentile; lower hinge, 25" percentile); n=3.
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Here, in addition to dhodh, we probed for a known multicopy gene,
cytochrome b, located on the mitochondrial genome; once again, we compared
these multicopy genes to single copy genes (hsp70 or seryl tRNA synthetase) to
determine a C:S or C:H ratio, respectively. We included one other single copy gene
as a control, heat shock protein 70. This experiment showed that the PS enzyme:
1) indiscriminately degrades genes that sit on the linear chromosomes (i.e. genes
on chromosomes 6, 7, and 11 were degraded equally well, averaging 91%
degradation at three separate loci, Supplemental Figure 4A-D) and 2) leaves
complex/circular forms of DNA mostly intact (average of 36% degradation at the
cytochrome b mitochondrial locus, Figure 7B). When we assessed the impact of
the PS enzyme on isolated ecDNA, we observed almost complete digestion of the
gel-competent form (smear, average of ~93% degradation at the dhodh locus,
Figure 7C). When performing the PS digestion on gel-derived DNA in wild type
parasites, the enzyme performed equally well at two different loci; there was no
significant difference between dhodh and a single copy reference gene after PS
digestion (mean of 79% and 84% degradation, respectively, Figure 7D).
Importantly, the PS enzyme displayed limited digestion of gel-incompetent ecDNA
(average of ~42% degradation at the dhodh locus, Figure 7E). This latter result is
not due to a general lack of PS digestion since assessment of a single copy gene
in the same sample showed high levels of degradation (76%, Figure 7D). From
this experiment, we concluded that gel-competent ecDNA is largely linear due to
high levels of PS degradation and gel-incompetent ecDNA is mostly

complex/circular due to PS protection.
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insight into ecDNA structure. A. Schematic of DNA digestion approach. PCl,
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resistant clone; ddPCR, droplet digital PCR. B-D. Percent of DNA degradation is
calculated by dividing the number of DNA positive droplets after digestion as
measured by ddPCR by the number of DNA positive droplets before digestion then
multiplying by 100. Each sample is probed for a multicopy gene (mt-cyb or dhodh)
and a single copy gene (hsp70 or seryl tRNA synthetase) to determine enzyme
susceptibility of each type of locus. B. DNA derived from the loading well of WT1.
n=3 C and D. DNA derived from the loading well of H1 (n=3) or lower region of the
H1 gel (n=1), respectively. Both locations are thought to contain ecDNA. Note: the
analysis presented in panel D was only completed once due to difficulties in
purifying enough material. WT1, Dd2; H1, high level resistant clone; mit-cyb;
cytochrome b; dhodh, dihydroorotate dehydrogenase; hsp70, heat shock protein;

error bars denote standard error; ****, p<0.0001; n/s, not significant, p > 0.05.
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To explore the sequence of the gel-incompetent ecDNA elements, we
amplified DNA isolated from the PFGE well and performed short read sequencing
on the resulting material (see basic sequencing statistics in Supplemental Table
1). Base calling accuracy (i.e. Q scores) and the mean library insert size of the
amplified material was equivalent to that from a non-amplified genomic DNA
sample from the same clone. While levels of contaminating bacterial reads were
similar between the two samples (18% and 21% of total reads for H1 genomic DNA
and H1 gel-incompetent ecDNA, respectively), the well-derived material had a
drastically lower level of human read contamination (87% vs 0.02% of total
unmapped reads for H1 genomic DNA and H1 gel-incompetent ecDNA,
respectively, Supplemental Table 1). These results are likely due to 1) an equal
contribution of bacterial products from reagents to each sample type and 2)
electrophoretic depletion of degraded human DNA from the well DNA. After the
removal of non-Plasmodium reads, >75% of the reads from both samples aligned
to the P. falciparum genome and these reads represented a similar range of total

A/T content (78.7 and 80.9%, Supplemental Table 1).

Reads from the amplified well-entrapped material covered the maijority of
the P. falciparum genome (Supplemental Figure 5, >90% of the genome was
covered by >1 read). This result is not surprising given that 1) chromosomal
sequence is detected in the loading well during the ddPCR assays (i.e. single copy
genes on chromosome 7 and 11, Figure 6) and 2) whole genome amplification
using multiple displacement amplification (MDA) is effective at amplifying very low

amounts of DNA (Hosono et al., 2003; Wang et al., 2009). However, much less of
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the genome is covered by higher levels of reads in the gel-incompetent ecDNA
(Supplemental Figure 5, ~50% less of the genome is covered by 10-reads), which
is either due to the biased nature of MDA amplification or the limited representation
of the genome in the well. We detected an enrichment of the mitochondrial genome
in the gel-incompetent material (>75-fold enrichment over the nuclear genome
compared to ~30-fold enrichment in the genomic DNA sample, Table 4). Read-
based enrichment of the mitochondrial genome in the loading well agrees with our

ddPCR analysis (Figure 7B) and previous reported studies (Preiser et al., 1996).

When comparing the read coverage across the dhodh amplicon relative to
that from the entire chromosome 6, we observed very high enrichment of the
amplicon in the gel-incompetent material (a mean of ~170-fold, Table 4) and
conservation of the amplicon boundaries with those from genomic DNA (Figure
8). Additionally, we discovered an A/T-rich (88.2%), 714bp sequence found
specifically within the dhodh amplicon of the gel-incompetent ecDNA,; this region
is drastically over-enriched (Figure 8 and Supplemental Table 3). We termed this
the “super-peak” due to a maximum coverage of >36,000-fold and a mean
coverage of >25,000-fold (Figure 8 and Supplemental Table 3). The coverage of
the full ~70kb dhodh amplicon including the super-peak is 604x (Table 4) and
excluding the super-peak is 55x (Table 4, see footnote). Initially, we suspected
that the extremely high coverage at this region is due to an artifact of the DNA
amplification method; if we exclude this particular region, we estimated a similar

number of dhodh amplicons as for ddPCR (~15 copies, Table 4 and Figure 6).



Table 4. Summary of coverage enrichment at known CNVs

Mitochondrial

Chromosome 6 Chromosome 5

coverage Cgoflr;?;ngee coverage
Samples dhodh mdri
Chré amplic CN mtcyp CN' Chr5 amplic CN
on on

H1
genomic 6.5x 79x 12 286.6x 32 8.6x 29x 3
DNA

H1 gel-
incompet 3.6x 604x* 1708 683.5x 76 5x 14x 3
ent DNA*

Samples were aligned to the WT1 (Dd2) reference genome using Geneious
analysis (Geneious Prime 2019). CN, copy number (calculated by dividing mean
coverage of the amplicon by the coverage of the remainder of the chromosome);
dhodh, dihydroorotate dehydrogenase; published copies 8-10 (Guler et al., 2013);
mt-cyb, mitochondrial cytochrome b; published copies 20-150 (Lane et al., 2018);
mdr1, multidrug resistance protein 1, published copies 2-3 (Triglia et al., 1991).
Chromosome (chr) 5 and 6 coverage is calculated as the mean across the
chromosome, excluding amplified regions.

TCopy number of mitochondrial genome relative to nuclear genome.

*This sample was isolated form the loading well of a PFGE gel and amplified using
a DNA amplification kit to generate enough material for sequencing.

$This amplicon includes the super-peak region detailed in Supplemental Table 2.

Without this region, the estimated CN is 15 copies.
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Figure 8. Deep sequencing reveals conservation of amplicon boundaries and
ecDNA-specific sequence. A. Visualization of H1 genomic DNA (black line)
compared to H1 gel-incompetent DNA (blue line) coverage using Integrative
Genomics Viewer Software (IGV 2.4.10). Enrichment of a <1kb region partially
spanning the sac3 gene (PlasmoDB ID: PF3D7_0602600) is overrepresented at
36,636-fold (asterisk, termed super-peak). Samples were aligned to the WT1 (Dd2)
reference genome. The inset (right) emphasizes the super-peak found within the
dhodh amplicon and the shared amplicon boundaries. B. Schematic displaying
relative gene locations (black boxes) and the super-peak location (blue shaded
region) within the full dhodh amplicon (grey box, top) adapted from (Guler et al.,
2013). H1, high level resistant clone; red box, dhodh gene, grey circles, location of

long A/T tracks involved in CNV formation; black boxes, genes with +/- orientation.
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Indeed, other small regions of the genome are over-amplified in the well-
derived sample (Figure 8A and Supplemental Table 3), although not to the same
extent (mean of ~240-fold). Analysis of discordant reads at this location revealed
that copies of the amplified region that make up the super-peak are arranged in a
tandem head-to-tail orientation (Supplemental Table 4, Supplemental Figure 6A
and C). This result is similar to the known orientation of chromosomal copies of the
dhodh amplicon ((Guler et al., 2013) (Supplemental Figure 6D)). However, we do
not detect this pattern in other over-amplified regions (data not shown), likely
because MDA tends to create chimeric reads or randomly connected sequences
that occur due to template switching during high polymerase processivity (Lasken
and Stockwell, 2007). Due to the extreme level of over-amplification and read
orientation across this region, the super-peak is likely to represent a sequence that
was present prior to WGA steps and therefore, may hold biological significance. A
targeted analysis of this region in non-amplified sample is precluded by the high
A/T content of this region (88.2%), which makes the design of specific PCR primers

impractical.

Finally, in order to understand whether the ecDNA phenomena is restricted
to the dhodh amplicon in H clones, we evaluated the level of other known copy
number variations in the well-derived material. We observed similar enrichment
levels between genomic DNA and gel-incompetent material for mdr1 amplicons
located on chromosome 5 (expected: 2-3-fold, (Triglia et al., 1991), observed: 3-
fold for both sample types, Table 4). The gch1 amplicon on chromosome 12,

however, was drastically underrepresented in the gel-incompetent material and
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overrepresented in the genomic DNA (expected: ~2-fold, (Tim J. C. Anderson et

al., 2009; Guler et al., 2013), observed 6-and 0-fold, respectively, Table 4).

2.3 Discussion

We have identified ecDNA in DSM1 resistant P. falciparum parasites; this is the
first observation of endogenously-derived ecDNA in any Plasmodium species
generated after drug selection. By combining the physical separation of DNA
elements directly from the parasite with sensitive DNA analysis methods (i.e.
Southern blots and ddPCR), we revealed two different migration patterns: one
ecDNA element readily entered the gel and another remained trapped in the
loading well. Although detected separately, we predict that there is a single ecDNA
element that becomes fragmented during electrophoresis to generate the two
forms. This element, and its degradation products, are only detectable in highly
DSM1 resistant parasites (Supplemental Figure 1) and they are confined to
genes within the dhodh amplicon (Figures 4, 5, 6, and 7). This latter finding
suggests that ecDNA is derived from the original chromosomal 6 location of the
amplicon and thus, likely contributes to resistance. This contribution is bolstered
by the additive effect between ecDNA and genomic copies in the highest level of
resistance (Figure 2, clones H1-H4). Since we observed it in all of the H clones
tested, including those from independent selections (Figures 4, 5B, and
Supplemental Figure 1 and 2), ecDNA may also be required for high level

resistance. Below, we summarize information on various characteristics of P.
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falciparum ecDNA. Additionally, we discuss potential mechanisms for the

generation of ecDNA in malaria as well as the implications of their role in malaria.
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Figure 9. Summary of DNA structures predicted by PFGE location and
enzymatic analyses. A. After PFGE electrophoresis, the loading well contains
complex circular forms of the mitochondrial genome (Figure 6) and a small
proportion of entrapped nuclear chromosomes and their replication intermediates.
B. The prominent chromosomal band contains linear chromosomes 1-14. Under
these PFGE conditions, individual chromosomes are not resolved (Figure 2B). B*.
For highly resistant clones, the size of chromosome 6 varies due to the presence
of multiple dhodh amplicons (blue boxes) (Figure 2). C. The location of small
nuclear DNA fragments by stochastic breakage from chromosomes by
electrophoresis. D. In highly resistant parasites, the loading well contains complex

circular forms of ecDNA along with accompanying replication intermediates

(Figure 6), which may contain stretches of fragile linear DNA. E. Location of linear
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ecDNA elements that break from complex circular forms. WT1, Dd2; H1, high level

resistant clone.

Gel-competent ecDNA. We first observed the gel-competent ecDNA in H
clones as a heterogenous smear of <200kb (Figures 3B, 4A, 9C and E). Since
the boundaries of the smear vary depending on the PFGE conditions (compare
Figure 4A to Supplemental Figure 1), it was difficult to assign an exact size range
to this element. ddPCR analysis after purification from the PFGE ‘smear’ showed
a high enrichment of the dhodh amplicon relative to a single copy gene on a
different chromosome (106 copies to 1, Figure 6). We presume that smaller
fragments of chromosomes break off during electrophoresis at a low rate, but
exacerbated breakage from the large ecDNA element lead to the detection of
higher levels of dhodh in this gel region (see Relationship Between Two ecDNA
Forms below). By digesting this fragmented ecDNA form with enzymes, we gained
information about its structure (Figures 5 and 7); gel-competent ecDNA was
resistant to restriction digestion, which indicated either a: 1) supercoiled
conformation, 2) single-stranded sequence, 3) a modification (i.e. methylated), or
4) tight association with a protein (i.e. histones or single-stranded binding proteins).
The latter two possibilities were less likely because the BamHI restriction enzyme
is not blocked by DNA methylation and we performed extensive detergent lysis
and proteinase K digestions prior to PFGE analysis (see Materials and Methods).
Furthermore, the high susceptibility to PS, which selectively digests linear DNA

over circular elements, precluded a supercoiled circular structure. Therefore, we
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conclude that gel-competent ecDNA is a linear, single-stranded DNA element
(Figure 9E). Although we propose that this ecDNA form is not biologically relevant
(i.e. it is an artifact of our separation method), cellular single-stranded ecDNA may
impact gene expression (Dillon et al., 2015; Paulsen et al., 2019; Sun et al., 2019).

Further investigations are required to determine its role in malaria.

Gel-incompetent ecDNA. We identified another form of ecDNA in H clones
that is distinct from the gel-competent ecDNA described above. Instead of entering
the gel, this ecDNA form remains in the PFGE loading well (Figure 9D). This
phenomenon, termed ‘entrapment’, was previously described during PFGE
analysis of large (=230kb), circular or highly branched recombination intermediates
from other species (Beverley, 1988; Gurrieri et al., 1999; Khan and Kuzminov,
2017, 2013; Turmel et al., 1990) (Figure 9A). In P. falciparum, some forms of the
mitochondrial genome are also entrapped in the PFGE well (Preiser et al., 1996).
Due to this characteristic, as well as its enrichment over the nuclear genome (Lane
et al., 2018; Preiser et al., 1996; Vaidya and Arasu, 1987), we were able to use
entrapped mitochondrial DNA as an internal control during our studies. When
digesting well material with PS, we observed partial protection from enzyme
degradation for both the mitochondrial genome (inferred by cytochrome b
detection, Figure 7B) and gel-incompetent ecDNA (inferred by dhodh detection,
Figure 7D). The conserved structure between the gel-incompetent ecDNA and the
mitochondrial genome in this organism indicates that there may be conserved
replication strategies to effectively generate high numbers of circular DNA

elements.
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Relationship Between the Two ecDNA Forms. Our studies show that both
types of ecDNA are derived from the resistance amplicon and, therefore, they
either share a common origin or one is generated from the other. Since linear DNA
elements are not maintained in replicating parasites and transfection of P.
falciparum is only possible with supercoiled, circular episomes (O’Donnell et al.,
2001a; Donald H. Williamson et al., 2002; Wu et al., 1995), we propose that the
linear ecDNA element is generated after breaking from the more complex gel-
incompetent element (Figure 9D and E). In preparation for PFGE analysis,
parasites are embedded within agarose without any DNA purification steps and
therefore, DNA breakage occurs during electrophoresis steps. Given the parallels
with the structure of the mitochondrial genome mentioned above, it is possible that
the gel-incompetent ecDNA contains stretches of fragile single-stranded DNA.
Random breakage across these regions to generate a heterogeneous mixture of
sizes also explains the diffuse nature of the gel-competent elements (Figures 3B,

4A, and 9E).

ecDNA Sequence. A number of techniques, including deep sequencing,
show that the gel-incompetent ecDNA element shares major homology with the
amplicon on chromosome 6 (Figures 4-8). Additionally, the chromosomal
amplicon and the enriched ecDNA amplicon show no detectable differences in
their boundaries or orientation, indicating that the full 75kb dhodh amplicon is
conserved on the ecDNA molecule (Figure 8, Supplemental Table 4, and
Supplemental Figure 6). This result indicates that the amplified locus may be

protected in a specified location in the nucleus or through epigenetic marks that
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limit further recombination. On the other hand, these shared features add to the
difficulty in purifying ecDNA away from the genome and the recognition of unique
features.

Deep sequencing of this region did reveal one feature that was unique to
ecDNA: a small highly A/T-rich region of the amplicon was greatly overrepresented
in well-derived material (asterisk, Figure 8B, 8C, and Table 7, termed the super-
peak).

This region encompassed a portion of the upstream UTR and 5’ end of the
gene for the SAC3 domain-containing protein (PlasmoDB gene ID:
PF3D7_0602600), which possess phosphoinositide phosphatase activities
(Wengelnik et al., 2018). While it is possible that the super-peak is an artifact of
the sample preparation (as introduced in the Results), we are confident of its
biological importance due to the excessive overrepresentation of this region
combined with the predicted head-to-tail orientation of the copies (Supplemental
Table 4 and Supplemental Figure 6).

The high A/T-richness (~90%) and tandem arrangement of the super-peak
sequence is reminiscent of Plasmodium replication origins and centromeres, which
are both short A/T-rich repeats that are arranged in tandem (Agarwal et al., 2017;
Gardner et al., 2002; lwanaga et al., 2010; Matthews et al., 2018; Singh et al.,
2003). Although, replication origins used by Plasmodium have not been
extensively explored, 400-500bp intergenic sequences of >75% A/T-content can
serve as replication initiation sites (Agarwal et al., 2017; Matthews et al., 2018).

The average centromere in Plasmodium is 4-4.5kb in length containing a 2-2.5kb
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A/T-rich repeat (Verma and Surolia, 2018). Perhaps the super-peak sequence
serves as a binding scaffold to increase the translation rate of a nearby protein

target (Davies et al., 2017), such as SAC3 itself or nearby DHODH.

Alternatively, this sequence may have a role in the maintenance of the
ecDNA element. Past studies linked the stability of transfected episomes in malaria
parasites with A/T-rich centromere-like elements, which increases the efficiency of
mitotic segregation (lwanaga et al., 2012, 2010; Verma and Surolia, 2018). It is
conceivable that the super-peak sequence (<1kb and ~90% A/T-content) can

function in a similar manner during segregation of ecDNA.

ecDNA Generation. Previous studies have defined two common
mechanisms for ecDNA generation: replication-dependent or replication-
independent. There is robust evidence linking ecDNA generation with replication
errors such as polymerase stalling or replication fork stalling (Bzymek and Lovett,
2001; Coquelle et al., 1998; Dennin, 2018; Paulsen et al., 2018b; Schimke et al.,
1986; Toledo et al., 1993; Varshavsky, 1981; Vogt et al., 2004; Wolfson et al.,
1991). More recently, polymerase slippage at short repeats followed by a
microdeletion at the chromosome have been implicated in ecDNA generation
(Dillon et al., 2015); however, this mechanism appears to produce small single-
stranded DNA of <400bp and is therefore not likely contributing to our large single-
stranded ecDNA (Figure 3B). On the other hand, replication-independent
mechanisms show the production of ecDNA through excision and ligation of
chromosomal DNA irrespective of replication activities (Cohen, 2001; Cohen and

Segal, 2009; Cohen and Lavi, 2009; Gresham et al., 2010; Hull et al., 2019;
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Paulsen et al., 2018b). One outcome of replication independent generation is the
loss of genetic material as ecDNA is formed through excision from the
chromosome; one study found that it's the repetitive sequences are lost at the
chromosomal location (Cohen and Lavi, 2009). To investigate this further, more
work will be targeted to finding deletions.

While we cannot say for sure which of the above mechanisms is contributing
to the generation of Plasmodium ecDNA, we propose a model that integrates our
previous studies on chromosomal amplicons (Guler et al., 2013; Huckaby et al.,
2019) with the current experimental validation of ecDNA structure (Figure 10).
After the formation of amplicons (Figure 10, Part 1), large stretches of homology
between the amplicons mediate recombination. This process can lead to the
expansion of amplicons (as described in (Guler et al., 2013), Figure 10, Part 1),
as well as the formation of ecDNA (as described here, Figure 10, Part 2). For the
latter, excision of variable sized portions of the chromosome that contain few or
multiple amplicons followed by ligation of the molecule produces a circular form.
As mentioned above, the excision step is supported by evidence of deletion in this
genomic region. Additionally, the circularization step is supported by the resistance
of the gel-incompetent ecDNA form to nuclease degradation (Figure 7E).

While the paths to more amplicons or ecDNA may not be mutually
exclusive, this stochastic model indicates that ecDNA may be generated more
often than it can be detected. Although we have not been able to visually detect
signs of ecDNA in parasites other than the highly resistant H1-4 clones

(Supplemental Figure 1) or computationally detect the presence of amplicons at
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lower levels in the genome (i.e. mdr1, Table 3), improved detection methods,

including new efforts to computationally identify circular DNA from sequencing
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Figure 10. A model of ecDNA generation and maintenance in Plasmodium
falciparum. Part 1 summarizes the paths to generate few to many tandem dhodh
amplicons on chromosome 6 (blue boxes) under drug selection. Dhodh amplicons
do not contain known centromere sequences (red circle) but they do harbor a
short, highly AT-rich sequence in the center of the amplicon that is expanded in

ecDNA molecules (yellow region). Part 2 illustrates the generation of ecDNA by
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intramolecular recombination followed by excision and ligation. Based on previous
studies and PFGE/ Southerns, we predict that excised ecDNA can contain few or
many amplicons (although higher numbers may facilitate segregation) and that
some amplicon copies remain on chromosome 6 after excision. Part 3 highlights
proposed mechanisms of replication that may contribute to maintenance of
ecDNA. We speculate that the expansion of the short, highly AT-rich sequence
(yellow region, >35,000-fold enriched over other sequences, termed “super-peak”)
may occur during replication. Additionally, this sequence constitutes large portions
of the ecDNA molecule and may contribute to ecDNA stability through enhanced
segregation or impact gene expression from the molecule. Part 4. The presence
of ecDNA dictates the level of resistance achieved by the parasites (H, high level
resistance; M, mid-level resistance; L, low level resistance). Unequal segregation
of ecDNA into daughter parasites, even in a clonal parasite line, likely contributes

to the growth phenotype observed in highly resistant parasites (Guler et al., 2013).
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data, hold promise for future studies of malaria ecDNA (Deshpande et al., 2019;
Prada-Luengo et al., 2019; Wu et al.,, 2019). Improved detection methods,
including new efforts to computationally identify circular DNA from sequencing data
are promising for future studies of malaria ecDNA (Deshpande et al., 2019; Prada-

Luengo et al., 2019; Wu et al., 2019).

ecDNA Maintenance. In considering the maintenance of ecDNA, we once
again draw on parallels with the mitochondrial genome. A recombination-
dependent mechanism is responsible for the replication of the mitochondrial
genome and maintenance of transfected episomes in P. falciparum (O’'Donnell et
al., 2001a; Preiser et al., 1996). A conserved mechanism may participate in the
replication of ecDNA,; on the other hand, D-loop and/or rolling circle replication, as
used for the P. falciparum apicoplast genome (Milton and Nelson, 2016; D. H.
Williamson et al., 2002), may be acting on ecDNA. Either process would explain
two prominent characteristics of P. falciparum ecDNA: 1) the entrapment in PFGE
gels due to the formation of massive complexes of single- and double-stranded
DNA (Viret et al., 1991) and 2) the heterogeneity of the smear due to the creation
of varying lengths of linear tails during active replication (O’'Donnell et al., 2001a).
Furthermore, the complex non-linear nature of replication intermediates would
confer partial susceptibility to PS and the creation of single-stranded DNA would
confer resistance to restriction enzymes. For these reasons, we propose that these

pathways are also involved in replication of ecDNA (see Figure 10, Part 3).
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Once replicated, ecDNA must be segregated during cell division so that
daughter cells can maintain their selective advantage. Although ecDNA shares
close identity to a region of chromosome 6 (position 61,619-158,072 (Guler et al.,
2013)), this region does not contain a centromere (predicted position at 477,751-
482,751 (Hoeijmakers et al., 2012)). Other possibilities for segregation include: 1)
direct tethering as has been reported in other organisms (Guler et al., 2013; Kanda
et al., 2007; Kanda and Wahl, 2000; Sau et al., 2019), 2) hitchhiking due to it large
size as has been observed for P. falciparum episomes (O’'Donnell et al., 2001b),
and 3) use of repetitive regions as pseudo-centromeres, as we suggest above for
the super-peak (see ecDNA Sequence above). In all of these cases, unequal
segregation is likely (Figure 10, Part 4). This characteristic could contribute to the
growth phenotype observed for H clones (Guler et al., 2013); only the proportion
of parasites that receive enough ecDNA survive in the highest levels of the
antimalarial.

Implications of ecDNA in malaria. In light of the identification of ecDNA in
highly DSM1 resistant parasites, it is important to consider whether ecDNA
generation could contribute to resistance in other antimalarial contexts. Due to its
effect on DNA synthesis, DSM1 inhibits likely causes replicative stress, which
could trigger pathways that drive copy number variations and/or ecDNA generation
(as in (Arlt et al., 2009, 2009; Bindra et al., 2004)). However, copy number
variations are not specific to this drug resistance model; amplicons are observed
in parasites resistant to a range of antimalarials with a number of cellular targets

(Tim J.C. Anderson et al., 2009; Cheeseman et al., 2009; Cowman et al., 1994;
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Foote et al., 1990; Kidgell et al., 2006; Nair et al., 2008a, 2008b; Triglia et al., 1991;
Wilson et al., 1989). Therefore, we speculate that ecDNA would be present in
these cases as well but perhaps harder to detect. ECDNA abundance, strength of
selection, as well as the methods employed (single cell verses population-based),

will certainly affect the detection of this DNA element in other contexts.

2.4 Materials and methods

2.4.1 DSM1 and parasite clones.

DSM1 is a triazolopyrimidine that specifically and potently inhibits the P. falciparum
dihydroorotate dehydrogenase enzyme of pyrimidine biosynthesis (Phillips et al.,
2008) DSM1 resistant parasites were previously selected according to the scheme
depicted in (Figure 2) (Guler et al., 2013). For this manuscript, we simplified the
naming scheme to represent low, medium, and high levels of resistance (Figure

2).
2.4.2 Parasite culture.

P. falciparum parasites were grown in vitro at 37°C in solutions of 2-3% hematocrit
(serotype A positive human erythrocytes) in RPMI 1640 (Invitrogen, Waltham,
Massachusetts, USA) medium containing 28mM NaHCO3 and 25mM HEPES, and
supplemented with 20% human type A positive heat-inactivated plasma in sterile,
sealed flasks, flushed with 5% O, 5% CO2, and 90% N2 (Haynes et al., 1976;
Rathod et al., 1992; Trager and Jensen, 1976). Cultures were maintained with
media changes 3 times each week and sub-cultured as necessary to maintain

parasitemia below 5%.
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2.4.3 Pulse field gel electrophoresis (PFGE).

Parasites embedded in agarose plugs for PFGE electrophoresis were made from
synchronized trophozoite-schizont P. falciparum parasites according to previous
protocols (Hernandez-Rivas and Scherf, 1997). Briefly, erythrocytes were lysed
with 0.15% saponin (Acros Organic™, Thermo Fisher Scientific, Waltham, MA,
USA), parasites were washed in sterile phosphate buffered saline, and 5 x 108
parasites/mL were resuspended in 1.6% certified low melting point agarose (Bio-
Rad Laboratories Inc., Hercules, MA, USA) at 37°C (2.5 x 108 parasites/mL final).
100pI aliquots were cooled in plug molds before transferring to cell lysis buffer
(10mM Tris-HCI pH 8, 0.5M EDTA, 1% sodium lauryl sarcosinate) for storage. To
eliminate parasite proteins prior to PFGE analysis, parasite plugs were incubated
with 2mg/ml proteinase K (Thermo Fisher Scientific) in cell lysis buffer at 37°C for
two 24hrs incubations (with a buffer replacement between each). Plugs were
loaded into the well of 1% pulse field-certified gel in 0.5X Tris/Boric acid/EDTA
buffer (Bio-Rad Laboratories, Inc.) and run at 14°C on the PFGE-DR system with
PFGE DNA standards (Bio-Rad Laboratories, Inc.) at various conditions (see
figure legends for marker information and running conditions for each gel).
Completed gels were stained with either ethidium bromide (1pg/ml, Bio-Rad
Laboratories, Inc.), SYBR Safe DNA Gel Stain (1:10,000, Life Technologies,
Carlsbad, CA, USA) or SYBR Gold Nucleic Acid Gel Stain (1:10,000, Invitrogen,
Carlsbad, CA, USA). Gels were visualized using either UV transillumination,

Typhoon 9410 Variable Mode Imager (SYBR settings: fluorescence, Laser: blue
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(488nm), Emission filter: 520BP40), or Gel Doc XR+ Gel Documentation (Bio-Rad

Laboratories, Inc.).
2.4.4 DNA transfer, probe labeling and Southern blot analysis.

Following PFGE, ethidium bromide-stained DNA embedded within the gels was
nicked by UV treatment (60mJ/ 600 x 100pJ on a short wave/ 254nm UV
transilluminator). Gels were soaked in 0.4N NaOH/ 1.5M NaCl for 15min prior to
24-48hrs alkaline transfer to nylon (Zeta-Probe membrane, BioRad). Membranes
were rinsed in 2x saline sodium citrate and dried before probing. Candidate probe
sequences were amplified from the WT1 P. falciparum genome using primers
listed in (Table 1). The PCR protocol was 94°C for 3min, followed by 30 rounds of
94°C for 30sec, 55°C for 1.5min, and 68°C for 1.5min and an extension step of
68°C for 5min. PCR products were cloned into TOPO-TA (Life Technologies) and
confirmed by lllumina sequencing. Confirmed probes were labeled with
digoxygenin (DIG): dNTP (1:6-1:9) using the PCR DIG Probe Synthesis Kit (Roche

Applied Science, Indianapolis, IN, USA) at the cycling conditions listed above.

For Southern blotting, membranes were pre-hybridized in DIG Easy Hyb™
(Roche Applied Science) for 30min at 42°C. Probes were denatured for 5min at
95°C and immediately chilled in ice water prior to being added to pre-warmed
hybridization buffer at a concentration of 500-800ng/mL. Following an 18-24hrs
incubation at 42°C, probed membranes were washed twice for 5min in 2X SSC/
0.1% SDS at room temperature and then twice more for 15min in 0.5X SSC/ 0.1%
SDS at 50°C. DIG-labeled probe was detected on the membrane using the DIG

Luminescent Detection Kit (Roche Applied Science) according to the
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manufacturer’s instructions. Membranes were exposed to film and developed to
visualize probe pattern. Prior to re-probing, membranes were stripped twice for

15min in 0.2M NaOH/ 0.1% SDS at 37°C and washed for 5min in 2xSSC.
2.4.5 Restriction digestion prior to Southern blot analysis.

Restriction sites were predicted from the WT2 reference genome, but confirmed in
sequencing reads from WT1, L1, and L2 clones generated during a previous study
(Figure 2) (Guler et al., 2013). Restriction digest of parasite plugs was performed
as previously described (Hernandez-Rivas and Scherf, 1997). Briefly, plugs were
washed three times in TE buffer (10mM Tris-HCI pH8, 1mM EDTA), treated with
1mM phenylmethanesulfonylfluoride (Sigma-Aldrich, St. Louis, MO, USA ) for 2hrs
at room temperature to inactivate proteinase K (Thermo Fisher Scientific), and
washed three additional times in TE for 30min. Plugs were then equilibrated in
restriction endonuclease buffer (with bovine serum albumin) prior to incubation
with 200U/mL of enzyme (BamHI and/or Nhel, New England Biolabs) at 37°C for
18hrs. Digestion was stopped by adding 50mM EDTA prior to running on PFGE,

transferring, and probing as above.
2.4.6 Standard DNA isolation.

Genomic DNA (gDNA) and other sources of DNA (see below) were purified for
prior to ddPCR as done previously (Guler et al., 2013). Briefly, parasites were lysed
with 0.1% L-loril sarkosil (Teknova) in the presence of 200ug/mL proteinase K
(Thermo Fisher Scientific) overnight at 37°C. Nucleic acids were then extracted
with phenol/chloroform/isoamyl alcohol (25:24:1), pH 7.8-8.1 (Invitrogen, Waltham,

MA, USA) using Phase Lock Gel, Light tubes (5 Prime Theaetetus Inc, San
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Francisco, CA, USA). Following RNA digestion with 100pug/ml RNAse A (Thermo
Fisher Scientific) for 1hr at 37°C, gDNA was extracted twice more as above, once
with chloroform, and, then ethanol precipitated using standard methods. DNA
quantitation was performed using the Qubit double-stranded DNA High Sensitivity

kit per the manufacturer’s instructions (Thermo Fisher Scientific).
2.4.7 DNA isolation from agarose gels.

Regions of the gel with target DNA were excised from the PFGE agarose gels
using a sterile razor and purified using a modified “freeze and squeeze” method
(Thuring et al., 1975). The agarose block was placed in a sterile microcentrifuge
tube with 500ul of nuclease-free water. Samples were heated for 65°C for 20min
and transferred to a -80°C freezer. Following an overnight incubation, the samples
were thawed at room temperature and centrifuged for 30min at 20°C at 17,000xg
(instead of physically squeezing the gel between thumb and index finger, as
performed in the original protocol). The supernatant was transferred to a new tube
and DNA was purified using phenol/chloroform/isoamyl alcohol (Invitrogen)
followed by ethanol using standard methods (see Standard DNA Isolation above).
Purified DNA was quantified before use in downstream analyses by Qubit DNA
quantitation (Qubit Fluorometer, Thermo Fisher Scientific, see section on
Genomic DNA Purification).

2.4.8 Droplet digital PCR and analysis.

Droplet digital (dd)PCR was used to investigate the success of ecDNA purification.
The PCR step was performed using QX200™ EvaGreen® ddPCR™ Supermix

(Bio-Rad Laboratories, Inc.) or ddPCR probe Supermix (Bio-Rad Laboratories,
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Inc.) with 5pg- 1ng of DNA. The EvaGreen® assays used 75-150nM multiplexed
primers (a single copy reference gene was run in the same reaction as the multi-
copy gene by varying the primer concentrations (McDermott et al., 2013; Miotke et
al., 2014)) (Table 1). The PCR protocol for EvaGreen® assays was 95°C for
10min, followed by 39 rounds of 94°C for 30sec and 60°C for 1min, 4°C for 5min
and 90°C for 5min. The TagMan probe assay used 600nM for VIC probes and
900nM for FAM probes (final) multiplexed primers combined with a 50uM (final)
probe (McDermott et al., 2013; Miotke et al., 2014) (Table 1). The reactions also
contained one of the following detection probes: Cytochrome b probe 56-
FAM/AAGAGAATTATGGAGTGGATGGTGTTT/3MGBEc, Dihydroorotate
dehydrogenase (dhodh) probe 5-56-
FAM/CATTATTGCATCAGGAGGGA/3MGBECc-3’, heat shock protein 70 (hsp70),
and seryl tRNA synthetase probe-5’-
S5HEX/ACATGAAGAAATGATACAAACA/3BMGBEc-3'. The PCR protocol for
probe-based was 95°C for 10min, followed by 40 rounds if 95°C for 30sec and
60°C for 1min. Seryl tRNA synthetase and heat shock protein 70 and served as a
single copy reference gene 2 and 3, respectively; Cytochrome b and
dihydroorotate dehydrogenase served as multicopy genes (Table 1). Droplet
generation (prior to PCR cycling) and fluorescence readings (post-PCR cycling)
were performed per the manufacturer’'s instructions. The majority of samples
measured fluorescence from a minimum of 8000 droplets, although droplet counts
below this were allowed for crude lysate material or digestion analysis. The ratio

of positive droplets containing an amplified gene (dhodh, D or cytochrome b, C)
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versus a single-copy gene (seryl tRNA synthetase, S or hsp70, H) was calculated
by Quantasoft (BioRad Laboratories, Inc., D:S, C:S, or C:H ratio) and averaged
between replicates. Poisson confidence intervals were provided by the software

and the extreme values were reported (i.e. min and max across all experiments.
2.4.9 Digestion of linear DNA with Plasmid Safe ATP-dependent DNase.

To increase the efficiency of linear DNA degradation, samples were first treated
with a double restriction digest using Nhel (10,000 units/mL, New England Biolabs
Inc.) and Ndel (10,000units/ mL, New England Biolabs Inc.) at 37°C for 30min to
expose more free ends and to shorten linear DNA fragments. To remove residual
protein and restriction buffer, samples were purified post-digestion using
phenol/chloroform/isoamyl alcohol (Invitrogen) followed by ethanol using standard
methods (see Standard DNA Isolation above). Purified samples were then treated
with 1 unit of Plasmid safe ATP-dependent DNase (Epicentre Technologies Corp.,
Madison, WI, USA) per 10ul reaction for 30min at 37°C, followed by an inactivation
step at 70°C for 30min according to the manufacturer’s instruction. Samples were

evaluated by ddPCR for Plasmid Safe activity.
2.4.10 DNA amplification, lllumina sequencing, and analysis.

To reach an optimal concentration for sequencing (>10ng), we purified DNA from
the PFGE loading well and we amplified the DNA first using the Repli-g Mini Kit
(Qiagen). Repli-g was chosen as a strategy to achieve multiple displacement
amplification (MDA), which is a common strategy for extra-chromosomal DNA
studies (Jargensen et al., 2015). The following components were added per 50l

reaction: 5pl of template DNA (<10ng), 5pl of denaturation buffer, 10pl of
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neuralization buffer, and a 30ul reaction mix (of 1ul of Repli-g Phi 29 polymerase
and 29ul of Repli-g Mini reaction buffer) per manufacturer’s instructions. Samples
were then incubated at 30°C for 16-18hrs and, then, heat inactivated at 65°C for
3min. Genomic DNA from wild type and highly resistant parasites was purified as
described above (see Standard DNA Isolation above). Prior to sequencing, dhodh
amplicon in the range of 7 to 10 was confirmed using ddPCR. Also, no DNA
amplification (ie MDA methodology) and no enzymatic digestions was performed
on genomic DNA used in these studies. In preparation for lllumina sequencing, all
DNA samples were sonicated in 50 ul screw cap tubes (microtube-50, Covaris Inc.)
using the Covaris M220 Focused Ultrasonicator (Covaris, Inc, Woburn,
Massachusetts, USA). Specific settings achieved an average fragment size of
300bp (Duty cycle: 10%, Intensity: 4.5, Cycles per burst: 200, Time: 120sec), as
assessed using the Agilent High Sensitivity DNA 1000 Kit on an Agilent 2100
Bioanalyzer (Agilent Biotechnologies, Santa Clara, CA, USA). Fragmented
samples were prepared for sequencing using the NEBNEXT® Ulta™ Il DNA
Library Prep Kit (NEB, Inc.) for the lllumina MiSeq platform with paired end reads
(2x150bp). After library construction, DNA size and concentration were assessed

again using an Agilent 2100 Bioanalyzer (Agilent Biotechnologies).

First, we used a pairwise alignment to a WT1 (Dd2) reference genome (PlasmoDB
release 20190829) using the Geneious® and Integrative Genomics Viewer (IGV
2.4.10) Software. % mapped reads to reference genome, Q score, average read
length, and depth of coverage was used to evaluate reads and the alignment. We

removed contaminants using Geneious® paired with BLAST searches. In parallel,
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BBtools (38.33) and FastQC (Version

0.11.8, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was also used

to evaluate reads in the same manner. We used BBtools to trim adapter sequences
and low-quality reads. Remaining unmapped reads that did not align to the
Plasmodium falciparum Dd2 genome, was then blasted (NCBI database) to
determine % contamination with sequences that aligned to other organisms using
Geneious®. After evaluation, human and bacterial read contamination were
removed by aligning the reads to the human hg19 and top 3 bacterial genomes
from BLAST using BBMAP (version

38.33, https://sourceforge.net/projects/bbmap/). Unmapped reads from this step

were used for alignment and CNV analysis. BBmap alignment options included a
minimum of 95% identity, max indels of 3, a minimum of two seed hits, and quick
match and fast modes enabled. An example command is as follows: bbmap.sh
minid=0.95 maxindel=3 bwr=0.16 bw=12 quickmatch fast minhits=2
path=/path/to/masked/genome -Xmx32g in=input.fastq.gz
outu=reads_of interest.unmapped.fastq.gz outm=contaminating_reads.fastq.gz
(Huckaby et al., 2019).

Two algorithms, CNVnator, which call CNVs using read-depth, and LUMPY, which
calls CNVs using discordant reads, was used to further evaluate copy number
variations after BWA-MEM was used to align reads with default settings to the Dd2
genome (PlasmoDB release 32). QualiMap 2 was also used to evaluate the quality
of reads and the number of reads that aligned to the Plasmodium genome (see

Supplemental Table 1). The LUMPY algorithm offered location of CNV, length of
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CNV, and pieces of support its calling, paired ends, and split reads (see
Supplemental Table 4). The CNVnator algorithm offered location of CNV and an
estimation of copy number using 1000bp bins to calculate read depth (see
Supplemental Table 4). Methods for these algorithms were followed and
previously reported in (Huckaby et al., 2019). Lastly, to determine the orientation
of the amplicon (tandem or reverse tandem duplication) discordant reads were

visually inspected at the breakpoints using IGV 2.4.10 (Supplemental Figure 6).



Supplemental Table 1. Summary of sequencing results

% Unmapped

. % Mapped to P. % Unmapped . % of genome
Q score Insert size . . reads that align to
Samples % AT Total reads falciparum reads that align to covered by >1
(mean) (mean bp) i the human
genomef bacterial genomes read
genome
H1 genomic 36.4 1445 78.7 1,559,730 95.9 18 87 91
DNA
H1 gel-
incompetent 36.3 142.2 80.9 1,198,484 96.4 21 0.02 90
DNA?

Sequencing reads were mapped to the WT1 (Dd2) reference genome (PlasmoDB release 20190829) using two independent
algorithms; the Geneious alignment algorithm (Geneious Prime 2019) and BBMap alignment algorithm (version 38.33)
produced similar results for contaminating bacterial and human genomes (Geneious results are presented here). 'Reads
were mapped to the P. falciparum genome following removal of contaminating reads. *This sample was isolated from the
PFGE well and amplified using multiple displacement amplification in order to generate enough material for sequencing. %

genome covered by >1 read was determined using Qualimap 2.2.1.



Supplemental Table 2. Summary of coverage enrichment at chromosome 6
amplicon

Chromosome 6 Coverage

Chr. 6
Samples Minus dhodh  Super-peak

Estimated CN % AIT?

amplicon only™
H1 genomic
DNA 6.5x 42x 6.58 791
H1 gel-
incompetent 3.6x 25,641x 7,223 85.8
DNA'

Geneious analysis (Geneious Prime 2019) of super-peak inclusion and exclusion
is presented. The super-peak is defined by location 86,429-87,143bp (-) (aligned
to the WT1(Dd2) genome) on chromosome 6, which is also found within the dhodh
amplicon. This specific 714bp region covers an intergenic region and as well as
part of a genic region corresponding to the sac3 domain-containing, putative
protein, (PF3D7_0602600). TThis sample was isolated form the loading well of a
PFGE gel and amplified using a DNA amplification kit to generate enough material
for sequencing. *For comparison, the H1 super-peak A/T content is 88.2%. CN,
copy number; dhodh, dihydroorotate dehydrogenase. SThis region is

underrepresented compared to the CN of 12 for the dhodh amplicon.
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Supplemental Table 3. Summary of highly enriched chromosomal locations

from H1 gel-incompetent DNA sample

Chromosome Location Size (bp) Covear);ge Ccl)\\/lnggge

32,130-37,106 4,985 151 150.4

wE o ow ow W
LA e w
86,429-87,143 714 36,636 25,641
COWE w m m
2,794-6,432 3,653 151 146.7

116761,,6;4;11- 4,906 151 142.8

2,794-6,432 3,653 151 146.7

116761,,6;4;11- 4,906 151 142.8

R
14 426,901- 334 665 377.8

427,229
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Mean (minus super-peak) 1,505 336.5 238.975

The dhodh amplified region termed super-peak is bolded. Highly enriched
locations are defined as coverage regions above the respective chromosome

coverage (mean of 5.5X coverage across the whole genome).



Supplemental Table 4. Summary of LUMPY and CNVnator algorithm analysis

Orientation of LUMPY p|ec§s of LUMPY start LUMPY end CN number
Clone Chr D amplicon support/ paired site (bp) site (bp) (CNVnator)
P end/ split read P P
H1 gDNA 6 DHO.DH Tandem 34;23;11 53,835 127,352 8.5
amplicon
SAC3 domain
H1 gDNA 6 containing Tandem 4:1;3 86,429 87,143 N.D.
protein, putative
H1 gel-incompetent 6 DHO.DH Tandem 32;25;7 53,835 127,352 N.D.
amplicon
SAC3 domain ) )
H1 gel-incompetent 6 containing Tandem 22’314;123;;947’ 86,429 87,143 N.D.

protein, putative

LUMPY and CNVnator are algorithms used to call copy number variations and breakpoint locations (Layer et al., 2014 and
Abyoz et al., 2011). CNVnator was unable to call read depth analysis but visual inspection of bam file showed an increase
in coverage indicating the presence of copy number variations. N.D., not determined.
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Supplemental Figure 1. Southern blot analysis of additional DSM1 resistant
clones all harbor ecDNA with the dhodh gene. A. Southern blot hybridized with
dhodh amplicon probe (Table 1). Exposure time: 11.5hr. White asterisks, putative
ecDNA. B. Southern blot hybridized with single copy reference gene 2 (Table 1).
Exposure time: 16.5hr. The expected size of WT1 chromosome is 1.5Mb
(PlasmoDB (Aurrecoechea et al., 2009)). DNA size was determined with 0.05-1Mb
and 5-120kb markers (BioRad 170- 3635 and 170-3624). DNA source: parasite
agarose plugs made from wild type (WT1), low level resistant clone (L2), and high
level resistant clones (H1-H4). CHEF running conditions: 17hr, 6V/cm, 1-10sec

switch rate. dhodh, dihydroorotate dehydrogenase; WT1, Dd2.
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WT1 H3 H4 H1 H2

Supplemental Figure 2. Identification of slow-migrating material using an
alternative agarose type during PFGE harbors the dhodh gene. Only the top
portion of the gel including the well and larger chromosomes are displayed. A. A
PFGE gel stained with 1ug/mL ethidium bromide. Chromosomes 6-10 has co-
migrated at chosen electrophoresis parameters. B. Southern blot hybridized with
dhodh amplicon probe (Table 1). Exposure time: 6hr. White asterisks, putative
slow-migrating extra-chromosomal amplicons restricted to resistant parasites (H3,
H4, H1, and H2). C. Southern blot hybridized with single copy reference gene 2
(Table 1) absent of high molecular weight DNA element. Exposure time: 16hr. DNA
source: parasite agarose plugs made from wild type (WT1) and high level resistant
clones (H1-H4 clones). Type of agarose used: 1% pulse field certified agarose
(instead of megabase-certified agarose compare to Figure 3. PFGE running

conditions: 24hr, 6V/cm, 60-90sec switch rate. WT1, Dd2.
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Supplemental Figure 3. Alternative methods for the purification of ecDNA in
highly resistant DSM1-resistant parasites. Note: These methods were
considered unsuccessful at enriching DNA because we did not detect enrichment
levels beyond what is expected from chromosomal amplicons. A. Experimental
scheme for the isolation of ecDNA. Parasites were isolated from red blood cells
and then treated with a detergent and Proteinase K to release DNA in a 24hr
incubation. Parasite lysate was subjected to Hirt Extraction, when DNA is purified
using sodium dodecy! sulfate (SDS) and high concentration of salts, or CsCI
centrifugation, when DNA is purified using isopycnic separation. B and C. Box and
whisker plots depicting D:S ratio (dhodh: seryl tRNA synthetase) measured using
ddPCR. Both isolation methods produced reproducible results that matched
chromosomal estimates (Guler et al. 2013). n=6. C. Cesium chloride-ethidium
bromide centrifugation of WT1 and H1 parasites produced a single visible band.

The below band, band, and above band fractions (inset) were isolated, purified,
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and measured. WT1, wild type 1, Dd2; H1, high level resistant clone; ddPCR,
droplet digital PCR. Error bars represent Poisson confidence intervals (upper
hinge, 75th percentile; lower hinge, 25th percentile). ****, p<0.0001; n/s, not

significant.
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Supplemental Figure 4. Plasmid Safe (PS) ATP-dependent DNase did not
exhibit loci preference. No significant differences after PS digestion were
observed at 3 different loci across the parasite genome. DNA samples were either
extracted directly from red blood cells as genomic DNA (gDNA, A and C) or

extracted from the chromosomal region of PFGE agarose gels (B and D). The
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percent of DNA degradation is calculated by dividing positive droplet counts after
digestion as measured by ddPCR by the number of positive droplets before
digestion then multiplying by 100. Each sample is probed for a multicopy gene
(dhodh) and a single copy gene (hsp70 or seryl tRNA synthetase) to determine
enzyme susceptibility. gDNA, genomic DNA; chr, chromosome; dhodh,
dihydroorotate dehydrogenase, chromosome 6; seryl tRNA synthetase,
chromosome 7, and hsp70, chromosome 11; WT1, wild type 1, Dd2; H1, high level

resistant clone; n=3.
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Supplemental Figure 5. Histogram of sequencing coverage of H1 genomic(g)
DNA and gel-incompetent DNA compared to the reference genome. Plot was

created using Qualimap 2.2.1.
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Supplemental Figure 6. Orientation of discordant reads at sac3 super-peak
position and dhodh amplicon is indicative of tandem duplication. A.
Schematic of a tandem duplication, which illustrates paired-end reads pointing
outwards and an inverted duplication, which illustrates paired reads pointing in the
same direction. B. IGV image of paired reads at the super-peak. The super-peak
includes the sac3 domain-containing, putative protein found on chromosome 6 at
position 86,429 - 87,143bp. H1 gel-incompetent DNA is sequenced and the paired
ends are aligned to the WT(Dd2) reference genome. C. IGV image of paired reads

of the dhodh breakpoints matches previously reported tandem duplication (Guler
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et al., 2013). Due to size of the amplicon, boundaries of reads are shown in a split
screen. Reads were analyzed using Integrative Genomics Viewer Software (IGV
2.4.10) and does not depict the total reads at those locations. Colored arrows,
discordant reads; green arrows depict tandem duplications and blue and teal

arrows depict an inverted duplication.



J. M. McDaniels 82

Chapter 3: Extra-cellular vesicles containing antimalarial
resistance-conferring genes found in Plasmodium

falciparum parasites

Jennifer M. McDaniels', Jessica Pancake', Sabrina Carter?, Jennifer Kniss',
Audrey Francis', and Jennifer L. Guler'?

'Department of Biology, University of Virginia, Charlottesville, Virginia 22903 USA,
2Division of Infectious Diseases and International Health, Department of Medicine,
University of Virginia, Charlottesville, Virginia 22903 USA

Author Contributions:

Conceived and designed the experiments: JMM JP JLG

Performed the experiments: JMM JP SC JK AF JLG

Analyzed the data: JMM JP SC JK AF JLG

Contributed reagents, materials, and/or analysis tools: JLG

Wrote the paper: JMM JLG



J. M. McDaniels 83

3.1 Introduction

Extra-cellular vesicles (EVs) are membranous structures secreted from
intracellular organelles or the plasma membrane. There are 3 classes of EVs: 1)
exosomes, which are formed from late endosomes and are released when
multivesicular bodies fuse with the plasma membrane, 2) microvesicles, which
shed and bud directly from the plasma membrane, and 3) apoptotic bodies, which
are vesicles released during apoptosis (Johnstone et al 1987). They serve as a
mode of communication between cells, and are considered transport “containers”
for different signaling molecules such as proteins, nucleic acids, lipids, metabolites
and other small molecules.

A number of human pathogens have co-opted EVs for disease propagation
and life cycle progression (Mantel and Marti, 2014; Montaner et al., 2014; Ofir-Birin
et al., 2018; Regev-Rudzki et al., 2013; Sampaio et al., 2017; Schorey et al., 2015).
Interestingly, drug resistance can be transferred using EVs in response to different
cellular stressors, providing a fitness advantage. Alteration of gene expression,
reduction of drug effectiveness at target sites, and sequestration of cytotoxic drugs
to limit bioavailability has been directly (or indirectly) mediated by EV-carried
signaling molecules (Maacha et al., 2019; Regev-Rudzki et al., 2013; Sisquella et
al., 2017; Soekmadji and Nelson, 2015).

One pathogen that produces EVs is P. falciparum, the protozoan parasite
responsible for malaria. In 2018, there was an estimated 228 million cases and
405,000 deaths (World Health Organization, 2018). EVs and their role in malaria
has caused considerable interest within the community due to the observation of

elevated EV levels in patients with severe malaria (Combes et al., 2004; Mantel et
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al., 2013a; Nantakomol et al., 2011; Pankoui Mfonkeu et al., 2010; Sampaio et al.,
2017). Recent studies have also shown that P. falciparum can transfer episomal
plasmids in EVs, transferring drug resistance to sensitive parasites (Regev-Rudzki
et al., 2013). This is particularly interesting because the successful transfer of an
episomal plasmid suggests a new molecular mechanism of resistance. We
hypothesize that endogenous resistance-conferring genes are a likely EV-bound
component associated with drug resistance and increased parasite fitness. There
has been a concerted effort to limit and control resistance in Plasmodium. One
emerging strategy is to prevent cellular communication between parasites via
vesicles, ultimately blocking the transfer of drug resistance.

There have been two seminal works (Mantel et al., 2013a; Regev-Rudzki et
al., 2013) that described the mechanism of how EVs influence the parasite
transition from the red blood cell (RBC) asexual stage to the sexual stage, which
can be transmitted to mosquitoes. It is proposed that EVs aid in density sensing
amongst parasites (Mantel et al., 2013a; Regev-Rudzki et al., 2013); however, the
exact mechanism of how this process is activated or regulated is not known. The
difference in these two studies lies in its cargo: study one describes protein cargo
that is enriched in parasite proteins with minimal red blood cell (RBC)-specific
proteins, suggesting that the RBC plays a small role in EV biogenesis and
gametocyte production (Mantel et al., 2013b; Mantel and Marti, 2014). Study two
describes that transfer of a Maurer’s cleft (MC) protein and DNA cargo to parasites
under drug pressure, suggesting that environmental stressors are involved in EVs
production and, ultimately causes increased levels of gametocytes.

Previous work sheds light on how Plasmodium parasites are able to

communicate with each other and continue to cause disease. Work from Regev-
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Rudzki et. al. also highlighted an important discovery; parasites were able to
transmit resistance genes carried on episomal plasmids. This is important due to
the possibility that information can be readily passed between parasites to avoid
the harmful effects of drug pressure. One thing that is unclear is how much
information one parasite is able to communicate with another via EV transport. To
date, little is known about the storage limitation of DNA when found in vesicles and
secretory pathway that allows genetic material flow to from parasite to parasite.
Here, we collected EVs derived from in vitro cultures of RBCs infected with
sensitive and drug resistant P. falciparum parasites (iRBCs) with uninfected RBCs
(URBCs) serving as a control. We combined ImageStreamX flow cytometry
(ImageStream) and cryogenic electron microscopy (Cryo-EM) technologies to
uniquely distinguish EVs derived from iRBCs and uRBCs. We found, on average,
the IRBC-derived vesicles are larger and have higher granular complexity than the
uRBC-derived vesicles. This might suggest more (and larger) cargo is being
exchanged between parasites. We also assessed the vesicular content derived
from drug resistant iRBCs by droplet digital(dd) PCR. To our surprise, vesicles
from drug resistant parasites concealed DNA with copy number variations (CNVs)
in addition to harboring CNVs at its home chromosomal location. In this report, we
present the novel finding that Plasmodium parasites are able to transfer
endogenous resistance-conferring genes without the use of an episomal plasmid.
Taken together, these results are significant due to implications that EVs may be
involved in the propagation of resistance. This work furthered our knowledge from

prior work in the field.
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3.2 Results

In an effort to investigate the diverse nature of EVs, we assessed 2 different
approaches to examine vesicle morphology derived from uRBCs and iRBCs. We
aimed to capture the highest, and most diverse population of EVs. We collected
EVs from transwell plates (used similarly in (Regev-Rudzki et al., 2013)) and
directly from large culture flasks. Transwell plates contained multiple wells with a
porous insert separating parasites from vesicles. The insert has a 0.4um filter.
Large culture flasks do not have a barrier to limit dispersion of larger cellular
components; thus, this method leads to contamination with cellular debris and
small invasive parasite stages (termed merozoites). Gating strategies used are
described in the Results section and see Supplemental Figure 6. Following,
vesicles were purified using the Invitrogen Total Exosome Isolation Reagent Kkit.
To more directly identify DNA associated with vesicles, we also assessed the
proportion of vesicles staining positive with SYBR DNA binding fluorescent dye
prior to ImageStream analysis.

ImageStream was used to analyze and compare the physical properties of
the vesicles isolated from culture flasks and transwell plates. ImageStream has the
capabilities to quantify vesicles that are <1uym and detect fluorescent markers
(Lannigan and Erdbruegger, 2017). Given the same starting volume and
parasitemia, we found that culture flasks provided the highest number of EVs per
volume. On average, the density measured were ~5,000,000 and ~10,000,000

objects/mL for transwells and flasks, respectively (Figure 11B and C).
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Figure 11. Isolation of extra-cellular vesicles (EVs) resulted in a higher
density of vesicles. A. Overview of isolation scheme using Total Exosome
Isolation Reagent Kit. B-E. Representative summaries and plots of vesicles
isolated from culture flasks and transwell plates. Density is represented as
objects/mL. EVs positively stained for SYBR DNA fluorescent dye (green) are
derived from (D) culture flasks or (E) transwell plates. Merozoites are shown in
(yellow) at lower density. . Forward intensity scatter represents heterogeneity of

observed EV population. Higher heterogeneity is shown in panel (D). Speed beads
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scatter signals are used to calibrate the flow of the samples for camera

synchronization (Erdbrugger et al., 2014). n=2.
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We concluded that vesicles harvested from ~2 transwell plates are
equivalent to the density of vesicles harvested from 1 flask; this result was
observed regardless of the smaller filtration pore size used following propagation
in flasks.

From visual interrogation, it is also clear that we have isolated more EVs of
higher heterogeneity starting from culture flasks than transwell plates (compare
Figures 11D to 11C). EVs derived from culture flasks showed low SYBR
fluorescence intensity with mid to high scatter. On the other hand, EVs derived
from transwell plates showed low SYBR fluorescence intensity with majority low
scatter (Figures 11D to 11C). As mentioned, we also detect more merozoites that
co-purified with our vesicles using culture flasks. Merozoites are distinctly
displayed as high SYBR fluorescence intensity and high scatter using
ImageStream (compare Figures 11D to 11C). Through gating, we eliminated the
characterization of merozoites from our studies by precluding particles falling in
the merozoite gate and particles that overlapped with our merozoite and EV gate
(pink, Figures 11D and 11E). Gates are used to distinguish specific populations
based on 2 dimensions of scatter or fluorescence (Dominical et al., 2017). For
downstream applications, we only investigated vesicles isolated from culture
flasks.

Next, we investigated morphological differences between uRBCs and
iRBCs using cryo-EM and ImageStream. In our uRBCs and iRBCs samples, we
also detected vesicles heterogonous in nature. On average, isolated vesicles were
predominantly 200-300nm; although small EVs of 50-100nm were detected
(Figure 12). Most EVs were smooth and round in appearance with a discernible

lipid bilayer present (Figure 12). We also detected a smaller fraction of vesicles
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containing an intracellular compartment with another discernible lipid bilayer
(Supplemental Figure 7). Although vesicles harboring other vesicles were
reported in Sisquella et al., we are uncertain if they are biologically relevant or an
artifact of the isolation methodology. In a large proportion of the vesicles, we
observed an electron dense area within the EVs (Figure 12). Based on previous
studies, this dark area is predicted to be lipoproteins such as very low density
lipoproteins (VLDL), low density lipoproteins (LDL) or high density lipoproteins
(HDL) (Lazaro-Ibanez, 2019; Poliakov et al., 2009; Yuana et al., 2013).

Flow cytometry revealed a similar heterogenous population of vesicles;
however, we detected a distinct population iRBC-derived EVs that were
distinguishable by its large side scatter (Figure 13). Side scatter is fluorescent
measurement taken when the laser beam perpendicularly intersects the vesicles;
while forward scatter and size may be roughly correlated, side scatter roughly
correlates with cellular granularity (Basiji et al., 2007). We noticed a distinct
shoulder specific to EVs derived from parasite (Figure 13, white arrow). Our data
indicates that iRBC-derived vesicles have a higher internal complexity, possibly
due to internal structures and other particulates. Thus, vesicles that fall in the range
of side scatter of 1e4-1e5 may be used differentiate iRBC-derived vesicles from

uRBC derived vesicles.
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Figure 12. Morphology of vesicles derived from parasites and uRBCs by
Cryo-EM. Each individual panel exemplifies the typical vesicle morphology for the
group specified to the left. Dark areas, areas of low-high electron density; scale

bar, 100nm.
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Next, we investigated the DNA content of vesicles released from uRBCS
and iRBCs (Figure 14). We hypothesized that vesicles derived from iRBCs contain
more DNA than uRBCs because mature RBCs lack nuclei. We measured the
fraction of vesicles that positively stained for SYBR using ImageStream. This
experiment illustrated that iRBCs derived vesicles had a higher concentration of
DNA associated with its vesicles (Figure 14B). We expect that the low fraction of
vesicles that are SYBR-positive is due to the fact that vesicles were cultured in
human serum, a large contributor of contaminating human DNA (Figure 14A).
Again, merozoites were precluded from our studies after gating, and thus, were
not contributing the SYBR-positive vesicles we observed.

In order to differentiate the topology of DNA from SYBR-positive vesicles,
we investigated whether DNA is contained within vesicles or associated with its
outer membrane. For these experiments, we assessed vesicles derived from a
DSM1 drug-resistant parasite. The resistant parasite line H1 (C710-1a) harbored
copy number variations for the dihydroorotate dehydrogenase gene (dhodh) (Guler
et al., 2013). Note: This parasite line was renamed for thesis consistency; for
further details see Guler et al, 2013. To perform this experiment, we incubated
vesicles in the presence of a DNase for 140min (Ronquist et al., 2012). After the
enzyme was inactivated and removed using phenol-chloroform extraction, we
lysed the vesicles, releasing its inner contents. We predicted two different results.
If the DNA is located within the vesicle, the DNA should be protected against

DNase degradation; therefore, detectable by ImageStream and ddPCR.
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Figure 13. ImageStream revealed that parasite-derived EVs were of a distinct
size. Overlaid histogram showing the population of parasite-derived vesicles
(orange) and uRBC-derived vesicles (white). Arrow (shoulder), a unique EV

population derived from parasitized red blood cells. n=3.
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Figure 14. Infected RBCs (iRBCs) secrete vesicles with higher scatter and
higher levels of SYBR-positive staining. ImageStreamX flow cytometry is used
to characterize vesicles derived from (A) uninfected RBCs (uRBCs) and (B)
iRBCs. Larger vesicles scatter more light and appear further along the y-axis. The
x-axis detects the SYBR-fluorescent dye that binds to DNA. As the concentration
of DNA increases, the further it will appear along the x-axis. Two gates were
created to differentiate EVs from merozoites. Merozoites are gated by size and

DNA content. n=2.
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If the DNA is associated with the outside of the vesicle, the DNA should be
susceptible to DNase degradation; therefore, not detectable by ImageStream and
ddPCR. In a preliminary experiment, we first assessed the quality of the DNA that
remained following DNase treatment of vesicles by qPCR. We also sought to
investigate the origin of DNA found within vesicles. We assessed two different
Plasmodium genes at two different loci (18s ribosomal DNA, chromosome 1 and
dhodh, chromosome 6) and two different human genes at two different loci (gapdh,
chromosome 12 and beta tubulin, chromosome 6) (Figure 15A). We detected both
pairs of genes. To highlight, Plasmodium genes found inside of the parasite-
derived vesicles provides further support that genomic DNA is packaged into
vesicles (Sisquella, 2017). The Plasmodium genes were distinguished by their
relatively low Ct values while the human genes were distinguished at higher Ct
values (Figure 15A). This result implies that Plasmodium DNA is of higher quality
and concentration over human DNA. The human host DNA that we detected in this
study is contributed by human serum (Babatunde et al., 2020; Sisquella, 2017).
We believe that it is highly degradable and its properties are reflected by the result
of >1000-fold lower concentrations following DNase treatment.

We predict that Plasmodium DNA is protected from DNase treatment
because majority is located inside of vesicles and human DNA is susceptible to
DNase treatment because majority is located on the outside of vesicles, perhaps
bound to the outer membrane of RBCs. Without the untreated qPCR control
conclusions are loosely stated; however, we have reason to believe the DNase
enzyme is highly active and does indeed degrade human DNA (Supplemental
Figure 8). In a separate control, it is clear from visual interrogation that the DNase

enzyme decreases the number of SYBR-positive vesicles (Supplemental Figure
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8). Vesicles derived from uRBCs are displayed; vesicles falling into the merozoite
gate are vesicles with high SYBR intensity and not merozoites (Supplemental
Figure 8A). In the absence of parasites (merozoites), we are certain that the
source of DNA is: from human contamination and readily degraded in the presence
of DNase, which further supports our claim.

Next, we aimed to expand on the results of a previous study conducted by
(Regev-Rudzki et al., 2013) in which an episomal plasmid was transmitted
between parasites under drug selection. We hypothesized that resistant parasites
can package endogenously-derived resistance conferring genes in vesicles to
communicate with neighboring parasites also under selection We utilized ddPCR
to measure CNVs (Figure 15B). ddPCR is a specialized form of PCR that is used
to measure a gene of interest (dhodh, D) relative to a single copy reference gene
(seryl tRNA dehydrogenase, S), generating a ratio that indicates enrichment (D:S).
As a control, we utilized extracted genomic DNA from resistant (RT, C710-1a) and
DNA from WT1 (Dd2). The published dhodh gene copy number is 7-10 and 1 for
RT and WT1, respectively (Guler et al., 2013).

When we measured the vesicle DNA from resistant parasites, we observed
a copy number of 6.0 (Figure 15B). This result indicates that parasites are capable
of harboring endogenous resistance-conferring genes into vesicles. Second, we
observed dhodh CNVs presumably found within the vesicle as CNVs are also
present in the resistant parasite genome. Interestingly, after performing a DNase
treatment, copy number declines to almost half at 3.6 copies. This is also ~2-3 fold

lower than genomic DNA copies (7-10) (Guler et al., 2013).



J. M. McDaniels 97

A B
35 8 7] *%
o 30 6 T
= B-tublin
z 25 = J_
© e 0 44
% 20 la
= 18s rDNA dhodh - e
o | =
10 0 i
! ! | T T T i T
-10 95 9 85 -8 -75 -7 - + -
WT RT
Log DNA amount DNase
C
M RT
W oy

bp

10,000 —g  ©
4,000—;! :
3,000 — === -

2,000—:

Figure 15. Analysis of DNA located inside of wild type (WT) resistant (RT)
parasite-derived vesicles A. gPCR analysis was used to estimate parasite and
human DNA located within vesicles using the standard curve method. Prior, DNA
associated with the outer membrane of vesicles and free DNA was removed using
a DNase enzyme. After digestion, WT DNA was probed for parasite specific genes:
dihydroorotate dehydrogenase (dhodh, lower black line) and 18s ribosomal DNA
(18s rDNA, blue line) and human specific genes: tubulin beta-1 chain (B-tubulin,
higher black line) and glyceraldehyde 3-phosphate dehydrogenase (gapdh, green
line). Ct, cycle threshold. B. Box and whiskers plot summarizing copy number
variation analysis of DNA found within vesicles using droplet digital (dd) PCR. DNA

was treated with DNase as in (A). Then, vesicle-bound DNA was extracted and
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treated in the presence (+) or absence (-) of DNase. The observed ratio is
calculated using the number of dihydroorotate dehydrogenase, dhodh, gene
copies (denoted as D, a multicopy gene in the dhodh amplicon) to the number of
seryl tRNA synthetase gene copies (S, a single copy reference gene). DNA derived
from WT vesicles displayed a mean of 0.80 when absent of digestion and 0.15
when digestion was performed. DNA derived from RT vesicles displayed a mean
of 6.0 when absent of digestion and 3.60 when digestion was performed. Analysis
of ddPCR was performed using the QuantaSoft Bio-Rad Software. ***, p=0.0003;
** p=0.0047; Error bars represent Poisson confidence intervals (upper hinge, 75%
percentile; lower hinge, 25™" percentile); n=5. C. Preliminary study of an observed
~4kb DNA fragment detected in RT parasite-derived vesicles. DNA was assessed

using pulse field gel electrophoresis and stained with 1xSYBRSafe.
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The decrease in copy number suggests that Plasmodium parasite DNA is
located partially protected in vesicles. While majority of parasite DNA is found
inside the vesicle, perhaps, some fragments of DNA is bound to the membrane or
span the membrane. On the other hand, wild type parasite DNA is significantly
degraded (mean of 0.80 to 0.15, Figure 15B), implying that wild type DNA is not
preferentially packaged into EVs. These experiments have also illustrated that with
the detection of seryl tRNA synthetase, genomic DNA is found within vesicles.

Further analysis of the EV-DNA derived from resistant Plasmodium
parasites led to a preliminary result assessing the size of DNA contained vesicles
revealed that DNA of ~4kb in length (Figure 15C). The size of the DNA may
indicate that there is a size limitation for cargo enforced by the vesicle. More
detailed analyses are required to determine the average size of DNA located within
vesicles derived from iRBCs compared to uRBCs with a higher sample size.

Lastly, we aimed to visualize the EVs by ImageStream before and after
DNase digestion (Figure 16). We report a 79.7% reduction in the number of SYBR-
positive vesicles derived from uRBCs (compare Figure 16A to 16B and Figure
16D). Unfortunately, the sample consisting of vesicles derived from iRBCs that
were treated in the absence of DNase was lost. It prevents us from extrapolating
any major conclusions from this preliminary experiment despite having a number
of SYBR-positive vesicles remaining after DNase treatment (Figures 16C and
16D). We also noticed that after digestion there a shift in the EV population, outside
of the EV gate. We believe that the new population defined by high SYBR intensity
and high side scatter population is due to the DNase enzyme remaining associated

with the vesicles.
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Figure 16. Visualization of EVs treated in the absence and presence of DNase
by ImageStream. Samples were stained with SYBR before analysis on
ImageStream. DNA derived from uRBCs in the (A) absence and (B) presence of
DNase. C. DNA derived from iRBC vesicles treated in the presence of DNase.
Note: 2D plot displaying absence of DNase is not included due to loss of sample.
D. Quantification of the number of vesicles stained SYBR-positive and the
reduction percentage of SYBR-stained vesicles after DNase treatment. DNA

derived from uRBCs was reduced by 79.7%. N.D, not determined; n=1.
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Future studies will explore the removal of the enzyme using standard
purification methods and observing the presence or absence of the new population

observed in Figure 16B.

3.4 Discussion

Our present study extends prior studies of EVs that contribute to malaria
biology and pathogenesis (Combes et al., 2004; Mantel et al., 2013b; Nantakomol
et al., 2011; Pankoui Mfonkeu et al., 2010; Regev-Rudzki et al., 2013; Sampaio et
al., 2017; Sisquella et al., 2017). Here, we sought to characterize and distinguish
vesicles from parasite or host origin. From our preliminary data, we hypothesize
that parasite-derived vesicles are larger in size and closely reflect the genotype of
it chromosomal origin. We provide in vitro evidence that drug resistant Plasmodium
parasites are able to generate vesicles carrying endogenous, resistance-
conferring genes. While the mechanisms delineating the secretory pathway in
Plasmodium is unclear, our results suggest that vesicle exchange between a
resistant donor and a sensitive recipient parasite may emerge as a new targetable
mechanism to inhibit resistance propagation.

Using EM, we observed vesicles that were between 50-300nm in both iRBC
and uRBC populations (mean of 200-300nM). This finding agrees with the previous
observation that the Total Isolation Reagent recovers a broad range of EVs (Lobb,
2015; Tang, 2017). The larger vesicles are in the range of microparticles (100-
1000nm), while the smaller vesicles fall within the classification of exosomes (50-
100nm) (Szatanek et al., 2015). Compared to previous studies in malaria (Mantel
et al., 2013b; Regev-Rudzki et al., 2013; Sisquella et al., 2017), our vesicles are

larger compared to Regev-Rudzki et al. studies, but are similarly sized compared
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to Sisquella et al. and Mantel et al studies. These differences are presumably due
to varying isolation techniques and different commercial kits (i.e. Total Exosome
Isolation Reagent v OptiPrep Density Gradient Medium) (reviewed in greater detail
in Chapter 1 (Szatanek et al., 2015)). These results emphasize that classifying
vesicles by size alone is not sufficient due to a variety of isolation methods. One
limitation of this study is the lack of RBC-specific and parasite-specific markers
e.g. CD235a and PfPTP2, respectively (Babatunde et al., 2020; Regev-Rudzki et
al., 2013).

The vesicles isolated in our studies contained a lipid bilayer, which is in
agreement with other EM studies (Babatunde et al., 2020; Nantakomol et al., 2011;
Sisquella et al., 2017) and suggests that they are not simply lipoproteins
(Zaborowski, M et al., 2015). We did detect what we speculate to be lipoproteins
(dark spots) within our vesicles (Figure 12). More experiments are required to
identify lipoproteins with specific protein markers and, thus, these results should
be interpreted with caution.

A key finding from our studies is that mutated DNA harboring CNVs is found
within vesicles derived from Plasmodium parasites (Figure 15). While it is unclear
how DNA is packaged into vesicles, this finding extends a previous study
conducted by Regez-Rudzki et al. that provided support for episomal transmission
(Regev-Rudzki et al., 2013) and a recent study by Sisquella et al. that provided
support of genomic DNA transmission (Sisquella et al., 2017). In complement of
these studies, we attempted to purify and amplify DNA before and after DNase
treatment (Figure 15). High quality parasite DNA is found within the vesicles, as
assessed by the presence of purified products after gPCR and ddPCR (Figure

15). One advantage of packaged DNA over cell free DNA is that package DNA can
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evade degradation from cellular DNases while traveling between different
organelles.

Although Sisquella et al. primarily focused on the stimulation of an immune
response via RNA, our studies both demonstrate that DNA is indeed packaged
inside of vesicles. In a similar fashion, we discovered genomic DNA inside of the
vesicles confirmed using DNases and various DNA stains. An important result from
their studies revealed that once internalized, cargo found within vesicles are
biologically relevant and functional. Vesicle-derived DNA elicited a DNA sensing
response that led to cytosolic signaling (Sisquella et al., 2017). Alternatively, we
suggest that our endogenous EV-DNA has a role in resistance propagation i.e. the
transmission of resistance-conferring genes. Our studies both agree that EV
transmission is important for social interaction between parasites and, presumably,
provides a fitness advantage.

Researchers also found that their iRBC-derived vesicles are between 50-
300nm with a peak of 107nm and uRBC-derived vesicles are between 125-225nm
(Sisquella et al., 2017). Our vesicles were also in that range, but majority of our
iRBC-derived EVs were about 300nm in diameter. Some differences in size may
reflect the employment of different vesicle isolation schemes as well as differences
in the type of vesicles released during different parasitic stages. We isolated
vesicles of mixed cultures (rings, trophs, and schizonts) and Sisquella et al.
focused on the release of vesicles from rings. The group suggests only early
stages during invasion including rings are responsible for DNA packaged vesicles
and delivery (Sisquella et al., 2017). This finding warrants further investigations
regarding whether or not different parasitic stages release different sized vesicles

and cargo.
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In the same study, researchers reported EV-DNA to be double-stranded,
15kb in length, and wrapped around histones (Sisquella et al., 2017). In this study,
we observed a 4kb DNA fragment (Figure 15C). Vesicles devoid of full
chromosome sized DNA implies some tightly ordered structure and compaction
enforced by the vesicle itself. We also hypothesize that the difference in size may
be due to differences in technical approaches; we employed PFGE for detection
and Sisquella et al employed Agilent Tapestation.

The EV route is another major difference between the studies. We propose
that our DNA cargo travels parasite to parasite to elicit natural transformation. We
believe the vesicles investigated in our studies must reach the nucleus as its final
destination to possibly alter gene expression as a result of harboring CNVs.
Sisquella et al. investigated DNA cargo travelling from parasite to monocyte to elicit
an immune response. In both cases, there may be some overlapping pathways to
reach the cytosol to be further investigated. We are uncertain of full the details
required to make the journey, but work from Mantel et al. has shown that vesicles
concentrate at the recipient parasite nucleus by fluorescence microscopy.

The DNA investigated in our EV studies was dhodh-positive and harbored
a similar copy number found in the genome at 6 copies, implying conservation of
gene copy mutation. Interestingly, after DNase treatment, the copy number
decreased to 3.6 copies. This result suggests that only a few copies are needed in
the propagation of resistance. More research will focus on the characterization of
DNA found within vesicles using other copy number analysis tools and next
generation sequencing.

The oncosome field, which focuses on cancer-derived EVs, was the first to

identify DNA in vesicles. A myriad of studies has provided support for EV-DNA that
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contains mutations, both single nucleotide polymorphisms and CNVs (Kawamura,
2017). It is proposed that mutated genes found within oncosomes induces tumor
favorable effects such as genetic instability in recipient cells (Kawamura, 2017).
Drawing from this field, our next experiments will be designed to uncover the
function of Plasmodium DNA contained in vesicles and assessment of its ability to
transform sensitivity parasites to resistant parasites.

In conclusion, a thorough understanding of the biological mechanisms used
by P. falciparum to communicate intercellularly to neighboring parasites will
provide a useful mechanism to manipulate and disrupt highly adaptive messages

for increased fitness.

3.3 Materials and methods

3.3.1 P. falciparum culture conditions.

Cells were grown in complete media containing 2.5g of AIlbuMAX Il (Abll) Lipid-
Rich BSA (ThermoFisher Scientific, Waltham, MA, USA) and 0.05g of
hypoxanthine (Sigma-Aldrich, St. Louis, MO, USA) with final parastemia 2-3% and
3% final hematocrit (Corning, Costar, Fisher Scientific). Subsequently, the parasite
culture was diluted to about 1% and 2% hematocrit before transferring to transwell
plates. A defined volume of the diluted culture was transferred to the upper
chamber of each transwell. Cells were incubated 37°C (5% CO2, 5% O3) for 72hrs
before collection. Parasite lines used were Dd2 (WT) and H1 (C710-1a , DSM1-
resistant) (Guler et al., 2013).

3.3.2 Isolation of EVs from P. falciparum.

Instructions were followed according to manufacturer’s instruction. After removing

the media from lower chamber of the transwell or removing media directly from
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culture flasks, 0.5x volume of Total Exosome Isolation Reagent (ThermoFisher
Scientific, Waltham, MA, USA) was added to the media and stored overnight at
4°C. Samples were then filtered using a 0.1um filter (Nalgene, ThermoFisher
Scientific) to remove contamination prior to purification. Vesicles were recovered
by centrifugation at 10,0000xg for 1hr at 4°C in Oakridge tubes (Nalgene,
ThermoFisher Scientific). An optional clearance step was used to remove any
contaminating particles that may have co-purified. The supernatant was decanted
and the pellet was resuspended in 250yl 1xfilter-sterilized PBS for downstream
applications (i.e. flow cytometry or electron microscopy) or a DNA resuspension
buffer (150mM NaCl and 50mM Tris, pH 7.5) for DNA analysis.

3.3.3 Cryo-EM of EVs.

Cryo-EM was performed with Tecnai F20 Twin transmission electron microscope
(FEI, Hillsboro, OR, USA) electron microscope. Sample preparations for cryo-
transmission electron microscopy (TEM) imaging of exosomes were based on a
previously established protocol (Banizs et al., 2014). All EVs were embedded and
sectioned by the Molecular Electron Microscopy Core at University of Virginia.
Approximately number 25 images were taken per vesicle derived from iRBCs or
uRBCs.

3.3.4 ImageStreamX flow cytometry.

Samples were stained with 2xSYBR Green Nucleic Acid Stain (ThermoFisher)
DNA stain for 20min at room temperature prior to imaging on the Amnis
ImageStreamX Mark Il Flow Cytometry (Luminex, Austin, TX, USA). A PBS buffer
only and buffer and SYBR control sample was also performed with each run (data
not shown). Laser settings were adjusted to detect SYBR green channel (488nm).

For every sample a collect >10,000 events were applied. Samples were stored on
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ice (4°C) until they were ready to be analyzed using ImageStream. Gating
strategies were used to distinguish EVs from merozoites. On overage, a single
merozoite is small, ~Tuym in diameter and have a single genome of DNA. The
merozoites also produced large scatter and were visible under brightfield
microscopy, EVs were not (Supplemental Figure 6). The shift of large side scatter
with positive SYBR stained was enough to gate the complete merozoite
population. The EVs were gated due to its uniformity (SYBR staining), low scatter
(Supplemental Figure 6). Particle concentration (particles/mL) was calculated by
the ImageStream instrument.

3.3.4 DNA extraction for electrophoresis.

After resuspension of the pellet, DNase was added to remove any contaminating
DNA associated with the outer membrane of the vesicles. To do so, 5U of
Benzonase (Sigma-Aldrich, St. Louis, Missouri, USA) was incubated with samples
for 140mins at 37°C while shaking (Ronquist et al., 2012). A final concentration of
10mM of EDTA was used to inactivate the DNase. Following, 1/100 of 10%
Sarkosyl (L-loril sarcosil) (Teknova Inc, Hollister, CA, USA) and 200ug/mL
proteinase K (Thermo Fisher Scientific) was added to the total volume and
incubated overnight at 37°C. Nucleic acids were then extracted from vesicles with
phenol/chloroform/isoamyl alcohol (25:24:1), pH 7.8-8.1 (Invitrogen, Waltham, MA,
USA). DNA was extracted twice more as above, once with chloroform, and, then
ethanol precipitated using standard methods.

3.3.5 Pulse field gel electrophoresis (PFGE) of vesicle-derived DNA.

DNA extracted in section 3.3.3 were loaded into the well of 1% pulse field-certified
gel in 0.5X Tris/Boric acid/EDTA buffer (Bio-Rad Laboratories, Inc.) and run at

14°C on the PFGE-DR system with PFGE DNA standards (Bio-Rad Laboratories,
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Inc.) at 6V, 1-10s switch rate, for Shr. Completed gels were stained with SYBR
Safe DNA Gel Stain (1:10,000, Life Technologies, Carlsbad, CA, USA). Gels were
visualized using a Typhoon 9410 Variable Mode Imager (SYBR settings:

fluorescence, Laser: blue (488nm), Emission filter: 520BP40).

3.3.6 Quantitative RT-PCR.

To measure the parasite DNA associated with vesicles, absolute quantitative real
time (RT) PCR was used. The following reaction mixture went as follows: 5pl of
template (50ng total), 0.1ul of forward and reverse primers (final concentration of
0.1uM), and 25ul of 2xSYBR green PCR Master Mix (ThermoFisher) for detection.
The reaction mix was brought up to a final reaction volume of 50ul in nuclease free
water. A negative control (no DNA template) was also added. Next, the reaction
was moved to an Eppendorf Mastercycler pro PCR system thermocycler
(FisherScientific). The reaction conditions involved initial denaturation for 15
minutes at 95°C, 50 cycles of denaturation for 15 seconds at 94°C, and annealing
for 60 seconds at 60°C. Samples were ran in triplicate.

3.3.7 Copy number analysis with droplet digitial(dd) PCR

The PCR step was performed using ddPCR probe Supermix (Bio-Rad
Laboratories, Inc.) with 5pg- 1ng of DNA. The TagMan probe assay used 600nM
final (using Seryl tRNA synthetase probe) and 900nM final (dhodh probe)
multiplexed primers combined with a 50uM (final) probe (McDermott et al., 2013;
Miotke et al., 2014). The reactions also contained the following detection probes:
Dihydroorotate dehydrogenase (dhodh) probe 5-56-
FAM/CATTATTGCATCAGGAGGGA/3MGBECc-3' and seryl tRNA synthetase

probe-5'-5HEX/ACATGAAGAAATGATACAAACA/3MGBECc-3’. The PCR protocol
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for probe-based was 95°C for 10min, followed by 40 rounds if 95°C for 30sec and
60°C for 1min. Droplet generation (prior to PCR cycling) and fluorescence readings
(post-PCR cycling) were performed per the manufacturer’s instructions. The
majority of samples measured fluorescence from a minimum of 8000 droplets. The
ratio of positive droplets containing an amplified gene (dhodh, D) versus a single-
copy gene (seryl tRNA synthetase, S) was calculated by Quantasoft (BioRad
Laboratories, Inc., D:S, ratio) and averaged between replicates. Poisson
confidence intervals were provided by the software and the extreme values were

reported (i.e. min and max across all experiments.
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Supplemental Figure 6. Gating of EVs and merozoites using ImageStream.
Representative images of single EVs (A) or merozoites (B) captured by
ImageStream. A. The lack of a detectable image via brightfield, uniform
appearance shown by SYBR fluorescence, low scatter was characteristic to EVs.
B. Observable images via brightfield, high fluorescent SYBR intensity, and high
side scatter was characteristic to merozoites. Columns (I-r) brightfield, SYBR, and

side scatter.
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Supplemental Figure 7. Parasite derived EVs appeared to contain vesicles
bound vesicles. A representative vesicle image derived from Dd2 parasite line.

Scale bar, 100nm.
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Supplemental Figure 8. Assessment of DNase activity on DNA associated
from uRBCs vesicles. Visualization of DNA associated with vesicles without (A)
and with (B) DNase treatment. A. Vesicles that displayed a higher SYBR intensity
appeared in the merozoites gate although no merozoites were present. Analysis

was performed using ImageStream.
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4.1 Introduction

In 2017, the World Health Organization (WHO) reported over 7 million annual
cases of malaria and over 5 thousand attributable deaths in Uganda (WHO 2017;
WHO 2018), which has the 6th highest number of malaria related fatalities per year
in Africa (Ministry of Health 2016). The treatment of malaria is complicated on a
global scale due to increased drug resistance to antimalarials including
chloroquine (CQ), sulfadoxine-pyrimethamine (SP), mefloquine, and most
recently, artemisinin (WHO 2015). CQ resistance is associated with mutations in
the P. falciparum CQ resistance transporter (pfcrt) gene, which encodes a
transmembrane protein localized to the parasite’s digestive vacuole membrane
(Djimde, et al. 2001). Mutations in residues 72-76 of PfCRT contribute to altered
efflux of CQ from the vacuole, its site of action (Ecker, et al. 2012). The K76T
mutation is a well-known marker of CQ resistance in Uganda (Dorsey, et al. 2001).
While the normal haplotype across residues 72-76 is CVMNK, the mutant
haplotype CVIET, confers the highest level of resistance (Fidock, et al. 2000a) and
is the most common in Africa (Khalil, et al. 2005). The mutant SVMNT haplotype
that is most common in South American isolates (Fidock, et al. 2000b; Keen, et al.
2007; Mehlotra, et al. 2001; Wellems and Plowe 2001) has a lower level of
resistance compared to the CVIET haplotype (Sa and Twu 2010). This haplotype
has recently been detected in Africa and surveillance of SVMNT is important due
to possible cross-resistance to amodiaquine (Alifrangis, et al. 2006; Gama, et al.

2010).
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Cessation of CQ use has led to the re-emergence of CQ-sensitive parasite
populations in Malawi (Kublin, et al. 2003), Kenya and Tanzania (Mohammed, et
al. 2013), Papua New Guinea (Sekihara, et al. 2018), and Eastern regions of
Uganda (Mbogo, et al. 2014). Our goal in this study was to measure the prevalence
of CQ resistance in Southwestern Uganda by assessing the pfcrt haplotypes using
a PCR-based high-resolution melt (HRM) assay (Daniels, et al. 2012). HRM is a
useful method in resource-limited settings due to its simplicity, cost, and sensitivity
(Life Technologies Corporation 2009). HRM vyields few false positives (Li, et al.
2011; Vossen, et al. 2009), exhibits high sensitivity and specificity (Kassaza, et al.
2018), and can be employed inexpensively to screen samples prior to sequencing
(Vossen, et al. 2009).

Due to reports of artemisinin resistance in Southeast Asia, there is a need
to find alternative effective antimalarial drugs (Ashley, et al. 2014; Dondorp, et al.
2010). One alternative therapy may be to revisit the once highly-effective
antimalarial, CQ, and to pair it with new drug combinations (Untaroiu, et al. 2019;
White 2016; Wirjanata, et al. 2017). We report 1) the persistence of CQ resistance
in 2010 and 2015 and 2) significant regional variation across Southwestern
Uganda. These results emphasize the need for local surveillance before CQ-based

therapies are employed.
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Figure 17. Clinical sample collection sites in Uganda and schematic overview

of methods for detection of pfcrt resistant and sensitive genotypes. A.

Samples were collected in Southwest Uganda in the districts of Ibanda, Isingiro,

Kiruhura, and Mbarara in 2010 (orange stars) and the district of Kasese in 2015

(black star). B. Work flow of DNA isolation methods extracted from Giemsa stained

thick blood smears, blood smears, and blood pellets used for 2010 samples or

dried blood spots used for 2015 followed by HRM high resolution melting. Samples

were omitted if DNA did not amplify, their Ct score was greater than 38, or

confidence % was below a specific threshold, or genotype was incorrectly called

as no template control (NTC). Of the 2015 samples, 10 were omitted and 118

samples were analyzed in this study.
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Figure 18. PCR and HRM analysis. Representative graphs of real time PCR and

HRM of clinical samples (thin colored lines) and control samples (bold lines, blue:

wild type control (CVMNK), red: mutant haplotype (SVMNT), and purple: mutant

haplotype control (CVIET). A. Fluorescence-based real time detection of DNA

amplification of clinical samples, genomic DNA, and no template controls.

Horizontal red line denotes threshold, which was determined for each assay. B. A

derivative plot displaying the melt analysis curve highlighting probe dissociation

between normalization regions (denoted by dashed lines at 51°C and 71°C). The

change in fluorescence was recorded in 0.2°C increments every 2sec. C.
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Difference curve normalized to the no template control (NTC). All analysis was

made using the Rotor-Gene Q software.
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4.2. Results

4.2.1 Prevalence of CQ resistant genotypes in Southwestern Uganda
A total of 248 total clinical samples were analyzed by HRM in this study (see results
summarized in Table 5). A large majority of the 2010 samples were positive for the
mutant, CVIET genotype (94.6%; 123/130 samples). Only ~5% (6/130 samples)
showed the wild type, CVMNK haplotype. The CVIET genotypes were detected in
39% (46/118) of the 2015 samples. More than half of the 2015 samples (57.6%;
68/118) were positive for the CVMNK genotype. A single 2015 sample (1/118;
0.85%) was found to have a mutant SVMNT haplotype. However, due to a low
confidence percentage (33.64%), we were unable to ensure accurate classification
of this sample. Overall, only 4 clinical samples were detected as variations (1/130
and 3/118 from 2010 and 2015 samples, respectively); they had an unknown
melting profile that was not identified to be CVMNK, SVMNK, or CVIET and
produced a higher Ct score (Table 5 and Supplemental Figure 8). A confidence
value could not be assigned for these clinical samples for this reason. These
variants could be novel CQ mutations, alternative haplotypes (non-
CVMNK/SVMNT/CVIET), or mixed haplotypes (Supplemental Table 5).

To investigate this latter possibility, we first assessed the ability of the Rotor-
Gene Q instrument to call mixed haplotypes using control samples at various ratios
(90:10 (7G8:HB3), 50:50 (7G8:7C424), and 30:30:30 (HB3:7G8:7C424), see
Supplemental Figure 11). Equally mixed samples (50:50) exhibited a prominent

shoulder at a lower melting temperature.
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Table 5. Summary of pfcrt genotypes.
Number
Year of Phenotype o:‘\lliglgfers Mean Mean Ct
Samples o Confidence% Value
(%)
Collected
, 6 (4.6) 30.21
Wildtype  pjac: 2 84.60 MaC: 34.03
0 (0%)
Mutant MaC:0 - -
123 (94.6) 28.20
2010 130 Mutant pjac:11 93.63 MaC: 34.14
- 1(0.77)
Variation MaC:0 - 30.06
Overall Mean: (K/Ivee;ﬁ!l
o :
93.63% 28 31
, 68 (57.6)
Wild type MaC:0 88.24 31.06
1 (0.85%) *33.64 *26.79
Mutant MaC:0
46 93.88 31.42
2015 118 Mutant (39.0%) ' '
MaC:0
- 3 (2.5%)
Variation MaC:0 - 35.09
Overall Mean: Overa!l
Mean:

91.06%

32.50

*Denotes the exact value since an average could not be calculated; omitted from

total average calculation.

Underline denotes amino acid changes that confers chloroquine (CQ) resistance

and differs from CVMNK haplotype (CQ sensitive).

MaC,Manual Calls; CVMNK, Cys-Val-Met-Asn-Lys; SVMNT, Ser-Val-Met-Asn-

Thr; CVIET, Cys-Val-lle-Glu-Thr.
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This shoulder was predicted to be from heteroduplex formation (a mixture
of both genotypes present) and was less prominent in non-equal mixtures
(30:30:30 and 90:10). The Rotor-Gene Q software did not have the capabilities to
call the mixed haplotypes; as predicted, it called the predominant genotype with
lower confidence. Given these findings, we manually reviewed any low confidence
clinical samples and variation samples for the characteristic shoulder, but we failed
to detect any samples with this instrument. Thus, mixed haplotypes were not likely
the explanation for the variation calls and not common in our samples. Using the
heteroduplex shoulder, we could manually identify mixtures of down to 10%, as
seen with other HRM platforms (Andriantsoanirina, et al. 2009; Gan and Loh 2010);
with Rotor-Gene Q, we were unable to reach a 1% detection limit as reported with
mutant allele amplification bias (MAAB) on a LightScanner-32 instrument (Daniels,
et al. 2012).

4.2.2 HRM genotyping confidence and consistency

Each sample was automatically called by the software and inspected manually for
accuracy. Overall, the average confidence percentage produced by automatic
calls was greater than 90% for CVMNK (wild type) or (CVIET) mutant parasites in
both years (Table 5). Manual calls, which were made when a visual discrepancy
was identified on the difference curve (Supplemental Figure 10), represented
8.5% of calls and were confined to 2010 samples (Table 5). We speculated that
this could be due to the lower quality of DNA derived from Giemsa stained slides.
In support of this, 2010 clinical samples that were manually called had higher mean
Ct values than those called automatically (34.1 versus 29.2, Table 5). Additionally,
a larger percentage of samples had to be repeated due to high Ct values, NTC or

variant calls (~15% of the 2010 samples versus just ~3% of the 2015 samples
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solely derived from blood spots) (Supplemental Table 5). Supporting the reliability
of genotype calls, there was an inverse correlation between Ct value and
confidence percentage for both sample sets with a p value of 2.243e-9 and R?
value of 0.0968 (Supplemental Figure 12). Based on Ct values and confidence
percentages, we did not observe a difference in performance between the reaction
mixes used in these studies (Supplemental Figure 8). Samples analyzed from
2010 were collected from Giemsa stained slides and blood pellets using the
LightScanner mix whereas samples analyzed from 2015 were collected from blood
spots using the HotStarTag mix. Assay performance was also similar by assigned
Ct value and confidence percentages (Supplemental Figure 6). Thus,
HotStarTaq and LightScanner mix are comparable mixes that can be used for

similar high resolution melt assays for haplotype detection.

4.3. Discussion

With the discovery of artemisinin resistance (Dondorp, et al. 2010; Mbengue, et al.
2015; Straimer, et al. 2015), our catalog of effective antimalarials is dwindling. In
response to growing resistance, there is a need to evaluate past effective
treatments like CQ. Recent studies have assessed the response of parasite
populations to CQ drug cessation in some African countries (Fidock, et al. 2000b;
Kamugisha, et al. 2012; Keen, et al. 2007; Kiarie, et al. 2015; Mbogo, et al. 2014;
Simon-Oke 2017), but there has been limited research on this topic conducted in
Southwestern Uganda; patterns in Tororo, located in Eastern Uganda, have been
the most documented.

In this study, we measured the prevalence of CQ resistance haplotypes in

parasite populations from Southwestern Uganda. Clinical samples used in this
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study were collected in 2010 and 2015. Using HRM-based assays, we observed
persistence of the pfcrt resistance mutations in majority of P. falciparum parasites
(~68.5% overall, 170 out of 248 total samples). One explanation for the delay in
the return of sensitive parasites to Southwestern Uganda could be the continued
use of therapeutic CQ. Indeed, up until recently, CQ paired with SP was still used
as a combination therapy in home-based care (Frosch, et al. 2011; Kamugisha, et
al. 2012; Ucakacon, et al. 2011; Uganda 2016). CQ is also used as a pre-hospital
medication for children with fevers (Tumwebaze, et al. 2017) and as a malaria
prophylactic for children with sickle cell anemia (Nakibuuka, et al. 2009). Regional
sources of CQ may have been prepared with lower doses or used in suboptimal
treatment regimens, which may have exacerbated this effect (Asua, et al. 2019;
Mulindwa, et al. 2002; Uganda 2016). Fortunately, the implementation of the CQ
importation ban in 2009 will likely help to decrease CQ pressure on local parasites
(Nabyonga-Orem, et al. 2014). Additionally, high quality, evidenced based studies
on drug efficacy are helping to refine malaria treatment policies in Uganda
(Nabyonga-Orem, et al. 2014).

The dominant presence of the mutant CVIET haplotype in our samples
(Table 5) is consistent with what has been observed in other areas of Uganda and
throughout sub-Saharan Africa during a similar time frame (Kamugisha, et al.
2012; Keen, et al. 2007; Mbogo, et al. 2014; Tumwebaze, et al. 2017). A similar
persistence of CQ resistance has been reported in more recent years (Asua, et al.
2019; Ocan, et al. 2019; Rasmussen, et al. 2017). A study conducted in Tororo,
Uganda in 2012 reported that 67% of samples exhibited the CVIET haplotype
(Mbogo, et al. 2014). Similar to our study, the mutant SVMNT haplotype was not

detected. Our data indicate that other haplotypes are not likely to be present in
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these clinical samples; wild type CVMNK and mutant CVIET haplotypes together
covered 99.2% of samples from 2010 and 96.6% of the samples from 2015.
Despite this result, it is possible that other minor resistance haplotypes have
moved into the area (i.e. CVIEK which has been detected in Sudan in 2000
(Fidock, et al. 2000b) and in Nigeria in 2015 (Zhou, et al. 2016)). However, further
studies would be needed to explore this possibility in Uganda.

While we did detect a decline in highly resistant CQ parasites (from 94.6%
in 2010 to 39% in 2015, Table 1), persistence at such levels 10-15 years following
CQ monotherapy abandonment in 2000 highlights the slow progression back to
sensitivity. A comparable trend was observed in other African countries; after 13
years of cessation in Kenya and 10 years of cessation in Nigeria, parasites
harboring the CVIET haplotypes were observed at 41% and 95% prevalence,
respectively (Kiarie, et al. 2015; Simon-Oke 2017). Similarly in Asia, greater than
50% prevalence of resistant parasites remained 20 years after cessation in China
and resistance prevalence decreased by <10% after 8 years in Papua New Guinea
(Liu, et al. 1995; Sekihara, et al. 2018; Wang, et al. 2005). The persistence of CQ
resistance in these areas are counter to the almost complete return of CQ
sensitivity observed in Malawi and Tanzania just 10 years after drug cessation
(Laufer, et al. 2006; Mohammed, et al. 2013).

Since there has been apparent persistence of CQ resistance in the
population (100% CVIET between 1998-2008) (Frosch, et al. 2011), our current
report showing reduced prevalence of resistant parasites is mildly encouraging
(39.0% CVIET in 2015 from Kasese). If CQ resistance is no longer consistently
detected in the region, CQ may be part of a future effective combination therapy.

Possible combinations include fosmidomycin or SP (Untaroiu, et al. 2019) or
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pairing CQ with a reversal agent, for example, verapamil, chlorpheniramine, and
cyproheptadine (Wirjanata, et al. 2017). Other possibilities include changing the
CQ side chain by adding AQ-13, which is active against CQ resistant parasites, or
using a CQ-related molecule called ferroquine paired with artesunate (Wirjanata,
et al. 2017); (White 2016). CQ resistance reversal agents (CQRRA) increases the
organism’s susceptibility to the drug without any deleterious effects; however, the
mode of action of CQRRA is not well understood (Wirjanata, et al. 2017). This
approach may limit the return of resistant parasites to the area, but resistance
dynamics are hard to predict.

We acknowledge some limitations of the current study. Firstly, the different
resistant profiles that we observed between 2010 and 2015 samples could be due
to factors related to location (instead of time). Our samples were collected from 2
districts of Southwestern Uganda that are separated by ~280km. There is evidence
for significant regional variation in resistance rates during similar time periods,
even in sites just 100km apart (compare Iganga (Kamugisha, et al. 2012) with
Tororo (Mbogo, et al. 2014)). This could be due to variations in cultural practices
and/or antimalarial use and availability. Certainly, parasites in Kasese (collected in
2015, ~40% resistance) may be under different selective forces than parasites in
Mbarara (collected in 2010, ~95% resistance). This significant regional variation
emphasizes the need to perform local assessment of resistant profiles to influence
treatment policies. Of note, recent studies investigated the resistance profiles
across Uganda that included 2 districts in Southwestern Uganda, which were
Kanumgu and Kabale (Asua, et al. 2019; Tumwebaze, et al. 2017). Similarly, these
authors also reported differences in resistance profiles within a single country and

a slow reversal to CQ sensitivity. High throughput surveillance may be possible
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with the introduction of new tools such as the malaria-TagMan Array Card

(Pholwat, et al. 2017).

4.4. Conclusions

In conclusion, we report the persistence of highly resistant CQ parasites in
Southwestern Uganda. The results of this study suggest that there is still selection
for CQ resistance in this area. The significant regional variation in Uganda, as well
as other areas of the world, emphasizes the need to perform /local assessment of
resistant profiles to inform treatment policies. Further surveillance is required to
determine if resistance will decline, as it has in other African countries, so that CQ
may be considered as part of effective combination therapies against P. falciparum

infection.

4.5 Materials and methods

4.5.1 Study area and clinical isolates
Southwestern Uganda is mesoendemic for malaria with a tropical climate with 2
peaks of high transmission (September-January and March-May) that occur
following the rainy seasons (Ojuka, et al. 2015). The samples used in this study
were originally collected during previous cross-sectional studies performed across
Southwestern Uganda by Epicentre Mbarara Research Centre, a research arm of
Médecins sans Frontiéres, and Mbarara University of Science and Technology
(Boyce, et al. 2015; Oyet, et al. 2017), see Figure 17A and details below.

The 2010 samples were collected during household surveys of children <5

years old from the districts of Ibanda, Isingiro, Kiruhura, and Mbarara (Kassaza, et
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al. 2018; Oyet, et al. 2017). Participants in this survey ranged from 6-60 months of
age and sampling was performed during the low transmission season (Oyet, et al.
2017). The 2015 samples were collected from children between <5, 5-15, and >15
years of age during a study of rapid diagnostic tests for the identification of severe
malaria from the district of Kasese in Southwestern Uganda (Boyce, et al. 2015).
Likewise, samples were collected from children during low transmission season
and extended during the high transmission season. In the 2010 and 2015 studies,
children included in this study were diagnosed with malaria and confirmed by rapid
diagnostic tests (RDT) and microscopy. The peak incidence of malaria in Uganda

occurs in children <5 years (WHO 2017; WHO 2018).

4.5.2 Clinical sample preparation

Genomic DNA was extracted from blood pellets, blood spots, and Giemsa stained
slides described in Figure 17B. Of the 130 total clinical samples included from the
2010 collections, 128 DNA samples were extracted by scraping Giemsa stained
thick blood smears followed by column purification and 2 DNA samples were from
frozen blood pellets (total volume of 100ul) as previously reported (Kassaza, et al.
2018). These samples were also previously verified positive for P. falciparum using
a species-specific HRM assay (Kassaza, et al. 2018). A total of 118 samples were
included from the 2015 collections and the DNA used in the following studies were
all extracted from blood spots using the QlAamp DNA Mini Kit (Qiagen Inc.,
Germantown, Maryland, USA). A subset of these samples were verified positive
for P. falciparum prior to proceeding (Kassaza, et al. 2018). All sample types (blood
pellets, blood spots, and Giemsa stained slides) were successfully PCR amplified

with acceptable mean cycle threshold (Ct) values (35.0, 32.5, and 28.3,
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respectively, for a mean of 28.3 for 2010 samples and 32.5 for 2015 samples,
Supplemental Figure 6A and B) at the Epicentre Mbarara Research Centre. The
Epicentre laboratory is in compliance with the National Health Laboratory Services,
South Africa.

4.5.3 Reference DNA and gene loci

P. falciparum genomic DNA controls were included in each run to validate assay
performance and assign genotypes to the clinical samples. Genomic DNA from
three P. falciparum reference strains with known pfcrt haplotypes (GenBank
accession number NC_004328.2:458600-461695, gene ID: 2655199) were
obtained from BEI resources (NIAID, NIH, Manassas, VA, USA): P. falciparum
HB3 (wild type CVMNK haplotype, MRA-155G, contributed by Thomas E.
Wellems), 7G8 (mutant haplotype SVMNT, MRA-152G, contributed by David
Walliker), 7C424 (mutant haplotype CVIET, MRA-175G, contributed by Thomas E.
Wellems). To ensure accurate genotyping, each control line was sequenced and
confirmed for correct pfcrt mutations (Supplemental Figure 7). Control samples
provided reproducible melt curves which were used to determine the correct
genotype of clinical samples with heightened confidence.

4.5.4 Real time PCR assays and cycling

The Rotor-Gene Q real-time PCR cycler (Qiagen Inc.) with a 72-well rotor was
used for both PCR and HRM steps. Primers and probe with modified C3 spacer
were purchased from Integrated DNA Technologies (IDT, Inc., Coralville, lowa,
USA). The primers and probe used were as follows (Daniels, et al. 2012): Forward
Primer: 5-GTAAAACGACGGCCAGTTTCTTGTCTTGGTAAATGTGCTCA-3,
Reverse Primer: 3-

CAGGAAACAGCTATGACCGGATGTTACAAAACTATAGTTACCAAT-5, HRM
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Probe: 5-GTGTATGTGTAATGAATAAAATTTTTG(3SpC3)-3'. Asymmetric PCRs
were performed with reverse primer in 10-fold excess to promote the accumulation
of single stranded DNA for probe binding (Sanchez, et al. 2004). The unlabeled
HRM probe detected mutations across the 72-76 codon region. The C3 spacer on
the end of the probe was necessary to prevent extension of the probe during PCR
amplification. During the HRM steps, the probes disassociated from the mutant
and wild type template DNA at distinct melting temperatures (Daniels, et al. 2012).

Two PCR master mixes were used over the course of this study due to
varying accessibility of reagents LightScanner Master mix (BioFire™ Defense, Salt
Lake City, Utah, USA) or HotstarTaq Master mix (Qiagen Inc.) paired with 10x
LCGreen Melting Dye (BioFire™ Defense, Salt Lake City, Utah, USA). We did not
detect differences in assay performance using the two mixes (Supplemental
Figure 8). For LightScanner assays, the following components were added per
20pL reaction: 8uL of 2.5x LightScanner master mix, forward primer (1uM final),
reverse primer (10uM final), probe (8uM final), and 3uL of sample DNA, reference
DNA (1 ng), or nuclease-free water (no template control, NTC). For HotStarTaq
assays, the following components were added per 20uL reaction: 10uL of 2x
HotStarTaq master mix, 1uL of 10x LC Green, forward primer (1uM final), reverse
primer (10uM final), probe (8uM final), and 3uL of sample DNA, reference DNA
(1ng) or nuclease-free water (NTC). Sample material was not normalized prior to
amplification because DNA purified from clinical samples contains both human and
parasite genomes. However, through the use of parasite DNA controls of known
concentration (HB3, 7G8, 7C424), we were able to estimate the clinical parasite
DNA concentration range to be between ~1ng and 10-°ng. We also estimated the

lowest DNA concentration used in this study and detected by HRM was between
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104 and 10-°ng per sample. This limit of detection for HRM has been published by
other groups (Andriantsoanirina, et al. 2009; Daniels, et al. 2012; Gan and Loh
2010) and it allowed us to establish the Ct cutoff of 38 for our studies (i.e. samples
with resulting Ct values of >38 were excluded from our analysis).

PCR cycling conditions were performed with an initial 2min hold for
LightScanner assays (15min hold for HotStarTaq assays) at 95°C followed by 50
cycles of 90°C for 30sec, 60°C for LightScanner assays (56°C for HotStarTaq
assays) for 30 sec, and 72°C for 30sec. Fluorescence data was acquired during
the 72°C step. The last cycle was followed by a 98°C hold for 2min and a 40°C
hold for 2min before continuing to the HRM analysis (see section 4.5.5).
Fluorescence intensities of clinical samples, genomic DNA controls, and NTC were
recorded in real time throughout amplification cycles, which was used to determine
the cycle threshold values for each assay (Figure 18A).

4.5.5 High Resolution Melt (HRM) parameters and analysis

Following real time PCR conditions, the melting curve program consisted of the
following: a 90 sec step of pre-melt conditioning at 50°C followed by an increase
of temperature from 50°C to 90°C in 0.2°C increments every 2sec. The change in
fluorescence was measured at each increment. Manual gain optimization settings
were as follows: Set for 60°C, HRM gain optimization was turned on at tube
position 1, and set to select the highest fluorescence less than 70. Gain was set to
a minimum and maximum reading of 1Fl and 3FI, and a minimum and maximum
gain of -10 and 10. Rotor-Gene Q Series Software version 2.2.1, Build 49 (Qiagen
Inc.) was used for analysis of PCR and HRM data. Melt analysis curves were
normalized between 51°C and 71°C (manually set) to capture the melting of the

unlabeled probe from the full template (Figure 18B). Narrower normalization
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regions were assessed and did not change the outcome of our analysis
(Supplemental Figure 9).

Unknown clinical samples were automatically called by the Rotor-Gene Q
software against the known genomic DNA controls, which produced reproducible
HRM profiles. The difference curve, normalized to the NTC, was used to compare
the melting profile of the probe/template duplexes (Figure 18C). The confidence
percentage threshold was set to 20% to allow for low confidence calls to be
recognized by the software. Confidence percentages were used as an integrity
check. Values that fall above the threshold were subject to auto-calls predicted by
the software and values that fell below the threshold were called as a “variation”
and were re-tested (described in Figure 17B) (Life Technologies Corporation
2009). If the amplitude or shape of the sample curve was different than the
controls, the genotype was also determined by the program to be a “variation”. For
increased accuracy, each automatic call was manually inspected through visual
comparison of the normalized difference curve (Figure 18C). If a mistake in the
genotype call was plainly discernible due to a visual discrepancy in the automatic
genotype call and the difference curve, then a “manual call” was made. Examples
of manual calls (MaC) are detailed in (Supplemental Table 5 and Supplemental

Figure 10C).

4.5.6 Data quality control

A Ct cutoff of 38 was used (see Figure 18A). The combination of the Ct value,
confidence percentage, and manual inspection allowed for heightened confidence
in correct genotype calling. Samples were repeated if their Ct was greater than 38,

if they failed to amplify on the first run, or if an abnormal genotype needed to be
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verified (see Figure 17B). Samples were omitted in three scenarios: 1) there was
no amplification of the DNA and, therefore, no Ct value, 2) the Ct value of the
samples were repeatedly above the 38 Ct cutoff, and 3) the samples displayed an
acceptable Ct value, but the genotype call was “NTC” (no template control) (Figure
17B). NTC melt curves were flat and did not resemble any of the positive controls
(data not shown). Of the 2015 samples, 10 were omitted and 118 samples were
analyzed in this study (Figure 17B). Repeat samples that gave inconsistent calls
were removed from the final analysis (identified in Supplemental Table 5). Of the
2010 and 2015 repeat samples, 17/19 (~78%) and 4/4 (100%) gave consistent
calls, respectively.

4.5.7 Statistical analysis

Box plots were generated using Graphpad Prism 7.0 (GraphPad Prism, La Jolla,
CA). Scatter plots were generated using the data visualization package ggplot2 in
R package version 1.1.383 (R foundation for Statistical Computing, Vienna,

Austria). A p value of <0.05 by an unpaired t test was considered significant.



Supplemental Table 5. High Resolution Melt analysis of clinical samples.

2010 samples 2015 samples
Name Ct Genotype Confidence% Name Ct Genotype Confidence%

93 12 2 28.66 CVIET 86.81 asM010 33.23 CVIET 75.72
910 1 1 29.81 CVIET 94.61 asM013 35.04 CVIET 65.11
910 _16_2 29.93 CVIET 92.70 asM033 31.42 CVIET 88.34
910 2 2 34.41 CVIET MaC asM038 32.26 CVIET 68.24
910 4 1 30.16 CVIET 93.50 asM041 32.59 CVIET 55.10
910 9 2 29.34 CVIET 95.86 asM057 29.85 CVIET 96.90
bgriq1 1 1 22.38 CVIET 99.60 a*s"M087  38.98 CVIET 97.80
bg11 1 2 21.9 CVIET 08.74 asM089 35.46 CVIET 76.06
bgr11_ 12 1 3041  CVIET 91.27 asM092  27.55  CVIET 95.78
911 14 1 231 CVIET 93.69 asM094  29.44 CVIET 92.53
bg11 2 2 22 46 CVIET 93.30 asM096  33.26 CVIET 77.92
911 3 1 2726  CVIET 95.45 asM098  26.57  CVIET 80.27
bg11 3 2 24.99 CVIET 96.26 asM101 31.17 CVIET 99.07
b911 8 1 26.27 CVIET 97.63 asM114 26.34 CVIET 96.56
b9r13 1 1 33.82 CVIET 74.77 asM119 29.71 CVIET 93.30
5913 3 1 3005  CVIET 89.07 asM124 2858  CVIET 97.15
b913 5 1 25 31 CVIET 88.28 asM127 28.47 CVIET 95.03
b913 8 1 2507 CVIET 93.18 asM128 37.37 CVIET 92.88
b914_10_1  22.32  CVIET 94.26 **M129 2527  CVIET 98.81
b914 8 1 30.54 CVIET 94.11 asM134 26.44 CVIET 62.60
b915_10_1  33.77  CVIET 83.25 **M140  30.55  CVIET 99.41
b915_11_1 2318  CVIET 99.15 **M158 2689 CVIET 99.53
b915_13_1  29.53  CVIET 86.56 >*M149 ~ 30.00  CVIET 99.83
b917_13_1  29.08  CVIET 95.96 **M162 3578  CVIET 92.89
b917_14_1 2761  CVIET 98.00 “*M166  27.15  CVIET 93.02
b917_15_1 3204  CVIET 87.70 >*M168  32.39  CVIET 97.42
b,g17_5 1 24.95 CVIET 08.38 asM169 30.04 CVIET 99.50
b918_11_2 2553  CVIET 97.51 **M173 247 CVIET 99.63
b918_11_3 3290  CVIET 87.09 >*M180  26.65  CVIET 94.82

-7 asM188 26.56 CVIET 99.82
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918 14_1 28.38 CVIET 97.71 asM189 27.52 CVIET 91.88
918 5 1 28.94 CVIET 89.88 &SM190 35.99 CVIET 98.54
918 8 1 22.86 CVIET 96.80 asM191 29.46 CVIET 99.00
bg19 12_2 30.99 CVIET 91.15 asM193 24.79 CVIET 89.52
919 13_1 28.90 CVIET 96.61 asM194 37.12 CVIET 80.53
919 2 1 28.31 CVIET 93.02 asM201 29.34 CVIET 99.05
919 4 1 26.40 CVIET 98.48 asM202 31.95 CVIET 93.55
919 8 1 33.73 CVIET MaC asM204 33.63 CVIET 96.58
b2 11_1 27.63 CVIET 91.03 asM205 24 .64 CVIET 99.20
b9 11_2 28.82 CVIET 97.52 asM208 27.62 CVIET 99.42
92 14 1 26.29 CVIET 98.56 asM209 30.09 CVIET 97.63
b2 2 1 27.94 CVIET 97.94 asM215 27.66 CVIET 63.64
b2 4 2 25.52 CVIET 95.16 asM182 31.78 CVIET 99.57
g2 7 1 34.75 CVIET MaC asM183 31.53 CVIET 99.14
920 2 1 25.25 CVIET 93.67 asM007 29.14 CVIET 99.38
920 7 2 24.16 CVIET 98.57 asM020 33.67 CVIET 97.52
920 _7_3 25.25 CVIET 91.51 asM027 29.64 CVIET 98.01
bg.r21_1_1 31.30 CVIET MaC asM028 34.83 CVIET 95.14
921 1 2 30.13 CVIET 84.82 asM029 30.02 CVIET 98.88
921 4 7 25.26 CVIET 99 a’sM054  39.71 SVMNT 23.02
922 13_1 33.50 CVIET 88.20 a’sM077  39.30 SVMNT 24.38
9,22 7 1 30.32 CVIET 90.96 as'™M140  26.79  SVMNT 33.64
923 13_1 27.92 CVIET 93.84 asM061 34.37  Variation

923 16_1 21.65 CVIET 97.02 asM065 36.94  Variation

923 5 1 33.19 CVIET 81.43 asM082 33.96 Variation

923 6 _2 26.12 CVIET 98.55 a"sM053 NTC 99.23
923 9 1 31.64 CVIET 90.25 a"sM056 NTC 98.68
924 11_1 28.09 CVIET 99.35 a’sM074 NTC 97.28
924 2 3 27.44 CVIET 97.32 asM034 36.86 CVMNK 62.08
924 2 4 26.39 CVIET 97.31 asM043 31.04 CVMNK 99.48
9,24 4 1 21.73 CVIET 99.75 asM045 37.61 CVMNK 80.62
924 7 1 33.27 CVIET 85.77 asM048 32.06 CVMNK 97.22
925 5 1 25.58 CVIET 99.07 asM058 35.57 CVMNK 87.99
925 8 2 22.26 CVIET 99.91 asM059 32.60 CVMNK 97.48
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927 1_1 35.30 CVIET MaC asM062 33.36 CVMNK 68.48
927 8 1 34.42 CVIET 86.96 asM064 32.3 CVMNK 95.70
928 7 2 25.74 CVIET 94.03 &SM066 33.16 CVMNK 95.06
929 1_1 20.53 CVIET 98.33 &SM068 33.89 CVMNK 96.14
929 11_1 31.76 CVIET 84.92 asM073 34.78 CVMNK 74.32
929 4 1 22.24 CVIET 88.87 &SMQ75 34.09 CVMNK 95.01
929 4 2 23.12 CVIET 98.79 asM079 31.48 CVMNK 98.07
93 5 1 23.93 CVIET 94.64 asM085 32.30 CVMNK 92.71
93 6_1 24.61 CVIET 91.34 as'M086  23.47 CVMNK 56.67
g3 9 1 27.46 CVIET 97.48 &sM095 34.82 CVMNK 93.16
b932 13_18 23.16 CVIET 94.53 &sM099 33.95 CVMNK 94.81
933 13_1 29.24 CVIET 91.65 &sM100 32.36 CVMNK 97.28
934 15_1 30.44 CVIET 92.13 &SM106 2553 CVMNK 99.47
bpr35 8_1 34.85 CVIET MaC asM109 28.85 CVMNK 86.94
937 _4 1 26.47 CVIET 97.03 asM113 30.47 CVMNK 99.80
94 10_1 23.65 CVIET 99.04 aSM115 35.46 CVMNK 94.69
a4 11_1 30.59 CVIET 89.34 asM116 31.98 CVMNK 60.53
94 6_1 31.38 CVIET 89.85 asM121 32.35 CVMNK 70.77
bpr4 7 2 35.20 CVIET MaC asM122 37.89 CVMNK 98.51
b4 7 3 27.71 CVIET 96.38 asM125 2510 CVMNK 93.99
946 _10_3 28.00 CVIET 96.90 asM126 33.81 CVMNK 96.27
946 4 1 25.74 CVIET 97.93 asM130 32.22 CVMNK 99.23
953 8 1 28.29 CVIET 93.82 asM132 3242 CVMNK 79.70
955 1 2 27.57 CVIET 97.35 asM133 34.40 CVMNK 69.69
b956_12_1 33.59 CVIET MaC as'™M141  33.20 CVMNK 92.68
956 _12_2 31.01 CVIET 85.21 asM159 26.38 CVMNK 99.84
960_10_3 27.41 CVIET 91.44 asM160 32.73 CVMNK 91.62
b962_02_1 26.92 CVIET 94.09 asM161 30.81 CVMNK 81.03
962 4 1 28.68 CVIET 89.34 aSM165 27.56  CVMNK 98.80
963 9 1 28.66 CVIET 91.94 asM167 27.67 CVMNK 99.55
964 _14_1 27.52 CVIET 99.41 asM174 26.75 CVMNK 99.60
964 _16_1 25.56 CVIET 95.25 asM175 28.35 CVMNK 98.17
964 9 1 23.13 CVIET 97.59 asM178 30.15 CVMNK 57.18
965 16_1 35.79 CVIET 79.70 asM179 27.91 CVMNK 98.04
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bgr7 9 1 36.31 CVIET MaC asM184 30.34 CVMNK 95.50
.98 11 1 25.89 CVIET 96.07 asM185 26.54 CVMNK 99.43
.98 14 1 27.27 CVIET 98.86 asM187 28.39 CVMNK 98.22
bgg . 4 1 28.96 CVIET 95.27 asM192 33.98 CVMNK 92.98
.99 11 1 28.46 CVIET 97.73 asM195 34.35 CVMNK 87.80
bag 12_1 29.77 CVIET 95.87 asM197 27.81 CVMNK 91.82
bg9 2 1 24.67 CVIET 95.61 asM198 29.22 CVMNK 98.04
bg9 3 1 26.81 CVIET 89.47 asM200 35.13 CVMNK 53.14
bgg . 4 1 28.87 CVIET 95.61 asM203 30.27 CVMNK 97.64
b9 | 61 30.50 CVIET 92.10 asM211 34.63 CVMNK 92.47
99 6 2 28.50 CVIET 98.32 asM212 33.31 CVMNK 97.50
b’919_7_2 28.31 CVIET 99.33 asM213 26.25 CVMNK 67.39
99 9 1 30.08 CVIET 92.32 asM214 30.37 CVMNK 99.63
b9r13 9 1 30.06  Variation asM016 37.40 CVMNK 77.98
921 1 1 26.14 CVMNK 99.18 asM210 33.59 CVMNK 89.56
b, 927_1_2 26.03 CVMNK 63.62 asM002 31.54 CVMNK 85.22
b.9r27 2 1 30.75 CVMNK MaC asM021 30.22 CVMNK 83.11
b944 5 4 37.30 CVMNK MaC asM030 31.22 CVMNK 50.38
b.948 11 1 30.57 CVMNK 77.10 asM031 31.97 CVMNK 97.43
955 1 2 30.44 CVMNK 98.51 asM035 31.81 CVMNK 90.95

asM199 40.27 CVMNK 56.81

a"sM083  38.79 CVMNK 67.30

a"sM069  39.72 CVMNK 59.30

a’sM060  38.34 CVMNK 73.20

a"sM012  41.07 CVMNK 43.43

136



adenotes HotstarTaq reaction mix and ® LightScanner reaction mix

*denotes omitted samples if Ct value >38 or if genotype incorrectly calls as no template control (NTC)
sdenotes blood spots, Pblood pellets, and 9Giemsa-stained slides

"denotes samples that were repeated during the assay

CVMNK, wild type control; SVMNT, mutant; CVIET, mutant; MaC, manual calls
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Supplemental Figure 9. Evaluation of Ct values and confidence % by High
Resolution Melt (HRM) assay. Box plots showing average Ct values from 2010
(A) and 2015 (B) and confidence % from 2010 (C) and 2015 (D) from HRM
analysis. Confidence values are automatically assigned by Rotor-Gene Q software
to each sample according to their HRM melt profiles. Error bars reflect 95%
confidence intervals. **p=0.001, CVMNK vs variation; n/s (not significant), p>0.05.

Variation are genotype calls below 95% confidence. CVMNK, wild type; SVMNT,

mutant; CVIET, mutant.

2015

n/s

B 40- n/s
o | T T =
20
of | L
0 T T T T
CVMNK CVIET SVMNT Variation
D 125
n/s
100+ ——— —
751
50 — o
25 , .
CVMNK CVIET




J. M. McDaniels 139

A HB3

5- TAATGAATAAAATTT-3'
c v M N K

80 90
G-GTAA TGAATAAAATTTT

I mi

B 7G8

5’- AGT GTAATG AAT ACA-3’
S V. M N T

i

80 9
GTAAG -GTAATGAATACAA

I M

C 7C424

5-TGT GTA ATT GAAACA-3’
c Vv I E T

1 M

Supplemental Figure 10. Evaluating sequencing profiles of the pfcrt gene in
control Plasmodium genomes. A 300bp PCR product that includes amino acid
residues 72-76 was sequenced to verify that the HRM genotyping call was
accurate. A. Wild type, CVMNK, haplotype was confirmed by HB3 sequencing. B.
Mutant, SVMNT, haplotype was confirmed by 7G8 sequencing. C. Mutant, CVIET,
haplotype was confirmed by sequencing 7C424. Arrows denote nucleotide

mutations that change amino acid sequences to C72S, M741, N75E, K76T.
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Supplemental Figure 11. Evaluation of LightScanner and HotStarTaq mix
performance. Box plots showing average Ct values (A) and confidence % (B)
between 2010 (black) and 2015 (orange) from HRM analysis. LightScanner mix
was used to assess 2010 and HotStarTag Mix was used to assess 2015 samples.

n/s (not significant), p>0.05; CVMNK, wild type; SVMNT, mutant; CVIET, mutant.
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No.[C[Name [Genotype  [Confidence%
7 i NTC NTC 700.00
2 Hes CVMNK 100.00
3 | 7ca% CVIET 100.00
e SVMNT 100.00
5 [ Mo33 CVIET 86.88
6 | Mo4t CVIET 5217
7 | Mo43 CVMNK 99.80
8 | Mos3 NTC 98.53
9 [ Moss NTC 97.38
10 [ Mo57 CVIET 95.37
11 [ Moss CVMNK 8993
12 [ Moso CVMNK 98.45
13 [ Mos1 Variation
14| Mos2 CVMNK 70.36
15 | | Mos4 CVMNK 96.70
16 11| Mos6 CVMNK 96.45
17 [ Moss CVMNK 97.24
18 [ Mo73 CVMNK 76.42
19 | Mo74 NTC 96.27
20 [ Mo75 CVMNK 96.22
21 [ M079 CVMNK 96.95
22 | M85 CUMNK 93.95
No. [C[Name Genotype Confidence%
1 i NTC NTC
2 [lHs3 CVMNK 100.00
3 | 7424 CVIET 100.00
4 [W7ee SVMNT 100.00
5 [ M033 CVIET 91.09
6 M041 CVIET 65.63
7 | Mo43 CVMNK 99.84
8 | Mos3 NTC 99.20
9 [ mos6 NTC 98.21
10 | M057 CVIET 96.41
11 [ Moss CVMNK 8803
12 [ Moso CVMNK 98.26
13 [ Most Variation
14 [ Mo62 CVMNK 67.97
15 | | Mos4 CVMNK 96.45
16 [ Moe6 CVMNK 95.89
17| moss CVMNK 96.47
18 [ M073 CVMNK 71.72
19 MO074 NTC 96.18
20 [ Mo75 CVMNK 95.23
21 [ Mo79 CVMNK 98.81
22 [ Mo85 CVMNK 9347

impact of narrower

normalization regions on genotype calling. Difference curves of a subset of

clinical samples with normalization regions set to 51-52°C and 70-71°C (A) or 51-

52°C and 65-68°C (C). Genotyping calls of these samples are listed in B and D.

NTC, no template control.
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Supplemental Figure 13. Representatives of manual genotype calling. Clinical
samples were called against control genotypes by visual assessment. Displayed
are the difference curves normalized to a no template control (NTC). Wild type
control probe melt curve (solid blue line); Mutant genotype control probe melt curve
(solid red line); Mutant genotype control probe melt curve (solid purple line);
representative clinical samples (dashed colored lines). A. Example of a wild type

genotype call. B. Example of a mutant genotype call. C. Example of a variation

genotype call.



J. M. McDaniels

>

-dF/dT

0.8

0.4

0.0

I\ l

———

@

-dF/dT

0.8

0.4

0.0

Supplemental Figure 14. HRM analysis

51 53 55 57 59 61 63 65 67 69 71 73 75 17 79 81 83 85 87 89
Temperature (°C)

51 53 55 57 59 61 63 65 67 69 71 73 75 77 79 81 83 85 87 89
Temperature (°C)

143

C 20
16
1.2

[

o

L 08 i

?
0.4
0.0

51 53 55 57 59 61 63 65 67 69 71 73 75 77 79 81 83 85 87 89
Temperature (°C)

D Genotype Confidence % Line Color
HB3 CVMNK 100 Red
7G8 SVMNT 100 Yellow
7C424 CVIET 100 Blue
30:30:30 CVMNK 55.14 Green
50:50 SVMNT 75.21 Aqua
90:1 SVMNT 84.51 Purple

of mixed pfcrt haplotypes using

Rotor-Gene Q. Derivative plots of 50:50 mixture (A, 7G8:7C424 controls),

30:30:30 mixture (B, HB3:7G8:7C424), and 90:10 mixture (C, 7G8:HB3). The

heteroduplex ‘shoulder’ (arrow) is likely due to the formation and melting of a

heteroduplex of both DNA sequences. D. Summary table of genotype, confidence

% called by Rotor-Gene Q, and corresponding line color.
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Supplemental Figure 15. Ct values vs confidence % generated by High

Resolution Melt (HRM) assay. A total of 248 clinical samples were plotted from

2010 (grey) and 2015 (orange) and genotyped. Confidence percentages are

inversely proportional to Ct values with a linear correlation coefficient of 0.09684.

High confidence was reported for both years which correlates to accurate, auto-

called genotypes using Rotor-Gene Q Software. Blue line indicates trend line. Plot

and statistical analysis were made using ggplot2 in RStudio.
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Chapter 5: Discussion and open questions

| have presented here in this thesis, work that spans across 3 major topics: ecDNA,
vesicles, and surveillance of genotypes, as it relates to antimalarial resistance.
Each topic is presented in a manner of a resistance strategy used by the malaria
parasite, P. falciparum, which allows the parasite to consistently evolve and adapt
to stress such as drug challenge. | believe | have successfully unveiled a novel
strategy that has never been detected until now and | have built upon previous
research and a number of long held assumptions. | will first reiterate the key
observations from Chapters 2 through 4, since these studies are to be published.

Then, | will discuss a series of open questions that will guide future investigations.

EcDNA

Nearly fifty percent of the world’s population is at risk for developing malaria. One
of the greatest hurdles in eradicating this disease is antimalarial resistance; P.
falciparum has developed resistance to every antimalarial used clinically, including
our current frontline artemisinin. Little is known about how genomic changes that
confer resistance (i.e. mutations that prevent drug binding or amplifications that
increase target protein) arise when this haploid parasite is under selection.
Understanding how resistance is acquired will be a powerful tool used in
preventative strategies. Also, ecDNA research is a developing field and there are
gaps in how these elements are maintained and generated.

Building upon previous mechanistic studies in our lab (Guler et al., 2013)

and critical DNA structures that result in CNV generation (Huckaby et al., 2019),
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we now report ecDNA in highly resistant parasites harboring significant CNVs. We
successfully used a combination of innovative methods to isolate, measure, and
sequence the putative ecDNA. Our methods involved isolating ecDNA after PFGE
electrophoresis, which allowed the purification of 2 elements termed gel-
competent and gel-incompetent ecDNA of different size and topology. We further
characterized the elements using ddPCR and lllumina sequencing, relying of the
enrichment specific genes over genomic copies and its unique association with
resistant parasites. These sensitive detection strategies provided the opportunity
to detect an otherwise, invisible molecule. We concluded that ecDNA is 1) tunable,
meaning copy number can increase or decrease in the presence of selection, 2)
heterogenous, indicating its complexity and 3) a highly adaptive feature of the P.

falciparum haploid genome.

In addition to the details outlined above, we believe the work in this thesis is

important because:

» it provides novel insights into the generation of drug resistance that extends
beyond the malaria parasite (i.e. molecules that are present at undetectable
levels could be contributing to/propagating resistance in other organisms).

» it raises the possibility that these elements could be transferred between
parasites through recently described vesicles for intercellular
communication.

» it uses an original approach to detect the enrichment of ecDNA following
purification. It can serve as a guide to determine if endogenous ecDNA are

formed in response to other selective drugs (not limited to Plasmodium).
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o the mechanisms of ecDNA generation are likely targetable and their
inhibition could prevent the development of resistance in this organism.

» the study strategy and findings are of intellectual interest to many scientific
communities, including those studying microbiology, evolutionary biology,

genomics, and cell biology.

Extra-cellular vesicles (EVs)

As previously described, P. falciparum is highly adaptive when faced with a
hostile environment so much so that strategies to block acquired resistance are
highly studied. Common mechanisms of drug resistance are mediated through
genetic mutations, efflux pumps, and metabolism alterations to list a few.
Interestingly, proteins, lipids, nucleic acids, and other small molecules can be
carried inside of EVs to perform those same common mechanisms. EVs have been
shown to play a role in many biological processes and the pathogenesis of
disease. Multiple studies have shown that in cases of severe malaria, EV levels
are elevated in patients. Many questions remain: What are the messages that
parasites are communicating? Can malaria parasites spread resistance using
EVs?

Recently, it has been shown that Plasmodium parasites have the ability to
transmit resistance through an episomal plasmid via vesicles. It was also found
that the next generation of parasites also harbored those same resistance-
conferring genes. The work presented in this thesis describes, for the first time, the
packaging of endogenous resistance-conferring genes found in parasite-derived

vesicles. The novelty of this study lies in the finding of conserved mutations,
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specifically copy number variations, in both chromosomal and vesicle-derived
DNA. Additionally, this study revealed a promising characteristic to distinguish
vesicles secreted from uninfected and infected parasites. We also characterized

the biophysical properties of vesicles to extend our current knowledge base.

In addition to the details outlined above, our studies contribute to the field

because:

e we discuss the current challenges and advantages of extra-cellular vesicle
characterization.

e the targeting of EV pathways would be a promising avenue to overcome
antimalarial resistance.

e transmission of endogenous resistance-conferring genes implies a new
strategy for sensitive parasites to acquire resistance. It will encourage future
DNA-centric investigations of genetic material found in vesicles after
antimalarial selection.

e it emphasizes the need to understand factors that trigger the secretion of

vesicles and the pathway of vesicle trafficking in Plasmodium.

Lastly, these efforts can serve as a beginning point for other researchers
studying the role of vesicles in malaria to ensure continued development of

resistance blocking strategies.
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PfCRT resistance surveillance in SW Uganda

Following with the theme of rampant drug resistance by the malaria parasite,
Chapter 4 highlights the evaluation of parasite genotypes in SW Uganda after CQ
withdrawal in 2004. If artemisinin resistance spreads to Africa, greater mortality
ensues. Instead of focusing on a novel targetable mechanism of resistance (as
presented in Chapters 2 and 3), we consider another ‘new’ alternative in
combating resistance.

A central question in the field is: can we return to using a once effective
antimalarial, CQ after its withdrawal and after the documented appearance of drug
susceptible parasites? Being safe, inexpensive, and ubiquitous are just some
benefits of using former antimalarial drugs. We aimed to study SW Uganda
because there are very few reports for Uganda despite ranking the 6™ highest
country with the highest malaria related deaths.

Recently, there has been a trend to assess drug resistance genotypes in
malaria-stricken countries including Kenya, Tanzania, eastern Uganda and
Malawi. After >12 years of documented CQ withdrawal in Malawi, clinical efficacy
increased to 99%. In our current study, we identified persistent chloroquine
resistant parasites for the years 2010 and 2015 in Southwestern Uganda
using a sensitive technology called high-resolution melt analysis (HRM).
HRM is a technique that employs the use of unlabeled probes to bind with high
specificity to a target sequence paired with a fluorescent dsDNA dye used as a
readout to determine the temperature range at which the probe disassociates. Wild
type and mutant probes create a distinct melt profile in which we use to assign our

clinical samples. We concluded that there is still a selective pressure in this area
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for CQ. The impact of this study lies in the ability to influence policy change

regarding stricter regulations of CQ use, distribution, and production In Uganda.

We would like to highlight:

e our reported data is congruent with research in other locations and
during a similar time frame, suggesting CQ pressure is still present
in Southwestern Uganda.

o that we identified a decline in CQ resistant parasites from samples
collected in Southwestern Uganda from 2010 and 2015 using a very
sensitive PCR-based methodology called HRM. CQ may gain
effectiveness again with new small molecules and new drug pairings,
which has been recently published.

e surveillance of CQ resistant parasites is an essential step before
drug implementation. In determining the resistance profile of
Southwestern Uganda, an underrepresented region of Uganda, we
also found differences in the number of CQ resistant parasites within
a single country.

e the impact of this study lies in the ability to influence policy change
regarding stricter regulations of chloroquine use, distribution, and

production In Uganda.
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Open questions

Is ecDNA a common mechanism of antimalarial resistance?

The strategy to answer this question is delineated in this thesis. My novel method
includes: 1) running PFGE with parasites embedded in agarose blocks, 2) isolating
putative ecDNA directly from agarose gels using a modified freeze and squeeze
technique (Thuring et al., 1975) and 3) using a highly sensitive instrument for copy
number variation analysis. Successful isolation of ecDNA should be validated by
methods including but not limited to enzymatic digest and deep sequencing.

First, validation of ecDNA in other DSM1 resistant lines, H2 and H3, should
occur (see summary of clone names in Figure 2). H2 and H3 are similar to H1 in
which there is a disproportionality between copy number and resistance measured
by ECso ((Figure 2) (Guler et al., 2013)). H2 and H3 also shares a heterogenous
smear migration of 50-200kb and retains DNA in its loading well as with H1. With
the sequencing of H1 gel incompetent ecDNA, we observed a super-peak located
near sac3, which also spans across a highly rich A/T track (Figure 8). This unique
feature defined as a super-peak (for maximum coverage of over 36,000-fold) can
be used as confirmation of ecDNA in future studies. If the super-peak is indeed
present in the other parasite lines, it also builds strong evidence for its biological
function. We predict a centromere-like or origin of replication-like function. In
summary, by first isolating ecDNA in our DSM1 resistance model, the search for
ecDNA in other resistance lines may move forward in high confidence.

When it comes to other resistance drug lines, one must ask, have we

overlooked ecDNA in many of our low or high throughput methods (examined in
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Chapter 1). Our proposed model (Figure 10) suggests that ecDNA is excised from
locations of the genome harboring CNVs. A multitude of CNVs have been
discovered in malaria in response to drug pressure (Bilsland et al., 2018;
Cheeseman et al., 2009; Cowman et al., 1994; Foote et al., 1990; Heinberg et al.,
2013; Kidgell et al., 2006; Nair et al., 2008a, 2007; Sidhu et al., 2006; Triglia et al.,
1991; Wilson et al., 1989). Further exploration would prompt the building of an
ecDNA database consisting of essential genes and motifs required for ecDNA
maintenance (replication and segregation) derived from future ecDNA studies.
Another good follow up study | would suggest is to add sac3 super-peak sequence
to episomes to determine if stability and segregation efficiency increases;
transfection is a tedious process as it can take up to 6-12 months (Balu et al.,
2005). This prediction is based off the assumption that if ecDNA is endogenous to

P. falciparum, it should have higher transformation efficiencies.

Although we believe that ecDNA that has been described is in fact a by-
product of the dhodh amplicon, one could argue what if it is not? In other words,
ecDNA is not a valid resistance strategy used by the parasite. Three prominent
results will refute this idea. First, gel-competent and -incompetent DNA is only
observed in the resistant clones (Supplemental Figure 1 and 2). We argue that
both CNVs and the repetitive nature of the Plasmodium genome (over 82% A/T-
richness (Hamilton et al., 2017; Weber, 1987)) can facilitate recombination and
thus generate ecDNA (see Figure 10). We believe that this process occurs within
the parasite because PFGE allows the electrophoresis of DNA directly from the
cell, with minimal manipulation. The ecDNA sequence shares high sequence

identity to its home chromosome 6 location (Supplemental Table 1). Second,
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ecDNA is only detected with primers (and probes) that are specific to the dhodh
amplicon (Figure 4). Southern blotting and ddPCR results indicate that high CN
are not observed when using probes outside of the amplicon (Figure 4,
Supplemental Figure 1, and see Table 1 for reference of dhodh and external
probes). Lastly, we observed a super-peak that was enriched over 36,000-fold
(Figure 8 and Supplemental Table 2). Split read analysis revealed that the super-
peak is in a tandem (head to tail) orientation. Although we used a common
mechanism to amplify the gel-incompetent DNA, a head to tail amplification is not
stochastic, meaning a regulated step-wise process is at play. For reference, the
dhodh amplicon is also arranged tandemly (Supplemental Figure 6, compare D

to C). See review in Chapter 2.

To my knowledge, there has only been one paper that suggested the idea
of one type of ecDNA in Plasmodium as this research explored the idea of cell-
cycle-associated genomic-DNA fragments, termed CAGFs (Li, 2018), but these
studies cast a small doubt. CAGFs are described as fragmented ssDNA released
from the genome that is necessary for the progression of cell cycle progression (Li,
2018). A large difference between Li's work and the work presented in this thesis
is that our ecDNA carries multiple copies of dhodh or CNVs. Li makes a clear
distinction that his version precludes CNVs (Li, 2018). Our ddPCR results draw on
CN found in resistant parasites measured relative to wild type parasites using
primer and probe specificity versus Li's results using an arbitrary primer that Li
used. One drawback of this study is that a single arbitrary primer can result in non-
specific binding, artificial amplification from a template, and low reproducibility

(Black, 1993). Li also reports that after increasing concentrations of CQ, both the
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resistant parasites (K1) and wild type parasites (HB3) releases CAGFs. This work
is limited to an observation solely based on a PCR result without consideration of
whether or not CAGFs actually contributes to cell cycle progression or if the ecDNA
described here is heritable, thus showing necessity. Previous studies has
suggested that CQ releases ROS (Farombi et al., 2003; Gupta et al., 2016; Monti
et al., 2002; Percario et al., 2012), which can then result in DNA breaks presumably
observed by Li. Our results highlight distinct differences found in wild type and
highly resistant parasite lines that suggests a survival advantage (Guler et al., 2013
and McDaniels et al. In prep). Only our resistant parasites carry ecDNA with
heightened resistance factors shown by ECso ((Guler et al., 2013) and Figure 2).
This provided us with the first opportunity to critically evaluate ecDNA in P.

falciparum.

How is ecDNA replicated or regulated?

One way to resolve this question is to arrest replication using inhibitors. For
example, aphidicolin, a DNA polymerase inhibitor, and flavopiridol, a PfPK5 (a
putative member of cyclin dependent protein kinase) have already been shown to
impact Plasmodium growth (Graeser et al., 1996; Matthews et al., 2018).
Assessment of replication inhibition, presumably after synchronization of parasite
life cycle, can occur by fluorescent staining, i.e. SYBR DNA staining, and using 2D
gels to detect the presence of stalled replication forks and other DNA structures.
Essentially, ecDNA would be assessed in the same manner provided in this thesis
in the presence and absence of the inhibitor. This experiment can generate 2

results: ecDNA is formed in the presence of a replication inhibitor, meaning that it
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is using a replication-independent mechanism or ecDNA is not formed in the
presence of a replication inhibitor, indicating a replication-dependent mechanism.
This would also assess (and potentially modify) our proposed model of ecDNA
generation (Figure 10). Independent replication generation would confirm that
ecDNA is generated by excision at the chromosomal location followed by
subsequent loss and the genomic location, which there is mild support for (see
Chapter 2).

We draw on published reports of replication of ecDNA that occurs in P.
falciparum—the apicoplast and mitochondria. There are still some unaddressed
questions related to replication due to the lack of annotation and characterization
of the Plasmodium proteins as well as the abundance of hypothetical proteins in
the genome (Milton and Nelson, 2016; Wilson and Williamson, 1997). Due to gaps
in research, it is unclear which method is favored under which circumstance. Thus,
we can only state that rolling circle and recombination-dependent replication used
by the mitochondria (Preiser et al., 1996; Wilson and Williamson, 1997) and rolling
circle and D-loop replication (recombination-independent) used by the apicoplast
(Milton and Nelson, 2016) are probable. Additional studies are needed to discern
regulation between the two pathways. Determining how the ecDNA is replicated
can emerge as a new strategy to prevent the propagation of resistance and would

lead to the future development of antimalarials.
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What is the functional role of packaged DNA found in parasite-derived

vesicles?

We hypothesize that linear extra-chromosomal DNA homologous to the dhodh
amplicon can initiate and maintain CNVs via amplicon border homology. To
address this hypothesis, it will be pertinent to investigate if CNVs can be induced
in P. falciparum using a method called small fragment-driven DNA amplification
(SFDA). SFDA is a method recently described by Mukherjee et al. where 80bp
oligonucleotides with homology to either end of the desired amplicon were used to
trigger CNVs in yeast (Mukherjee and Storici, 2012).

We expect SFDA to work as a mechanism that triggers amplification in P.
falciparum; furthermore, this mechanism offers a way to follow parasite DNA as it
becomes packaged into red blood cell-derived exosomes. We anticipate that
SFDA will be used to increase the rate and amount of amplifications driving extra-
chromosomal DNA generation. Another advantage of using the SFDA technology
is to induce amplification elsewhere in the genome simply by making an 80-mer
oligonucleotide. If this was to work, investigating how CNVs maintains strict
boundaries and what regions in the genome are more susceptible for amplification
to occur would also be insightful. This is still an unanswered question in the field.
To test and confirm that this method works, | suggest designing oligonucleotides
to other regions in the genome responsible for drug resistance to artificially induce
amplification.

| also suggest synthesizing 80bp oligonucleotides that have homology to
the dhodh amplicon breakpoints from low and high level resistant parasites.

Oligonucleotides designed against randomly chosen sequences from across the
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genome would serve as a control. In this case, even if amplification does occur,
they will not confer DSM1 resistance and the parasite will die. These custom
oligonucleotides can be easily transfected into RBCs. As in a typical transfection
scheme used in the malaria field, these “loaded” red blood cells function to pass
the desired DNA on to P. falciparum upon invasion (transfection method described
in (O’Donnell et al., 2001b)). Finally, in order to determine whether SFDA is
contributing to amplicon generation, it would be worth applying DSM1 drug
pressure and comparing the time required to develop low level and high level
resistance (ECso, Figure 2) of SFDA-transfected parasites to that of typical DSM1-
sensitive parasites (~30-45 days). gPCR and ddPCR can be used to validate that
dhodh amplicons have been generated in resistant parasites, regardless of their
origin.

If initial attempts prove unsuccessful, longer stretches of homology should
be assessed if favored by P. falciparum replication machinery. If our hypothesis is
correct, we expect that the transfection of SFDA oligonucleotides specific for
previously successful dhodh amplicon boundaries will decrease the time required
to develop DSM1 resistance. Furthermore, boundaries of the newly generated
amplicons will match those that were used in the design of the oligonucleotides. If
novel amplicon boundaries are generated in resistant parasites (as was the case
for each low level clone in the initial selection), it is likely that the SFDA did not
work as we expected. If successful, detection of an increase in 1) the amount of
ecDNA via PFGE and 2) the representation of amplicons carried in EVs derived
from resistant parasites is expected. These results would link ecDNA and vesicles

together to make for a great continuation of this thesis project.
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One additional advantage of using the SFDA technology may induce CNVs
elsewhere in the genome. This possibility will extend beyond our current DSM1
resistance model to investigate what regions in the genome are more or less prone
to CNV generation. This investigation could potentially address a number of

unanswered questions in the malaria field.
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Appendix 1. Freeze and squeeze extraction of DNA from agarose gels

protocol

1. Cut out the band of interest with a sterile spatula and place it in a 1.5mL tube.
Crush the gel slice with the spatula or razor.

2. Add 250yl of nuclease free H20.

3. Place in heat block for 10min at 65°C.

4. Freeze at -80°C.

5. Thaw the sample at room temperature. Gently flick the tube to make sure that
no ice remains. Centrifuge at full speed (20,000xg) for 6min. Remove and
save the supernatant. Put in a new tube.

6. If using multiple tubes, pool saved supernatants from steps 4 and 6 and
centrifuge at full speed (20,000xg) for 6min.

7. Remove and save the supernatant with a pipet tip to a fresh tube.

8. If there is more than 0.4mL of liquid, divide it into multiple tubes so there is a
maximum of 0.4mL per tube.

9. Add an equal volume of PCI. Spin at 5min at 2000xg. Add an equal volume of
chloroform. Spin for 5min at 2000xg.

10.Add 1/10" volume of 3M sodium acetate and 1pl of glycogen (20mg/mL) to
each tube. Add 2 volumes of 95% ethanol, mix, and place at -20°C overnight.

11. Centrifuge at full speed (20,000xg) for 15min.

12.Decant the supernatant and invert the tube on a paper towel.

13. Add 0.5mL of 70% ethanol and vortex. Centrifuge at full speed (20,000xg) for
S5min.

14. Decant the supernatant and invert the tube on a paper towel.
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15. Dry the pellet.

16. Resuspend the pellet in 20uL of 1xXTE or EB buffer.
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