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1 CHAPTER I: Introduction

Malaria is an infectious disease caused by unicellular parasitic protozoans in the genus
Plasmodium (Rich et al., 2009). Plasmodium falciparum is the deadliest species of Plasmodium
causing human infection (Rich et al., 2009). In the past two decades of the global fight against
malaria through the widespread distribution of bed nets, drugs, and insecticides, there are historic
reductions in malaria incidence and mortality since the year 2000 (Cohen et al., 2022). However,
the progress of malaria elimination has stalled in recent years (World Health Organization,
2021). Malaria continues to be a global health problem, infecting 241 million people and causing
627,000 deaths in 2020 globally (World Health Organization, 2021). One of the main factors
contributing to the stalled progress is the adaptive nature of the Plasmodium parasite, which has
led to increasing resistance to antimalarial drugs. Resistance to the frontline treatment,
artemisinin-based combination therapies (ACTs), has been widespread throughout Southeast
Asia and potential signs of resistance have been reported in a few countries in Africa (Woodrow
and White, 2017; Uwimana et al., 2020; Balikagala et al., 2021). Thus, it is critical to understand
the molecular mechanism of adaptation in Plasmodium falciparum parasites to develop new

interventions to alleviate the global health burden caused by malaria.

1.1 Understanding the adaptive nature of malaria parasite

Malaria is a life-threatening disease caused by the protozoan Plasmodium parasite. Infection with
P. falciparum, the most fatal human malaria parasite, caused 627,000 deaths in 2020 (World
Health Organization, 2021). The clinical symptoms of malaria occur during the erythrocytic
cycle; parasites invade human red blood cells (RBCs), go through multiple rounds of asexual

reproduction, mature from early stage to late stage, and finally burst out from the RBC to begin
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the cycle again. During the early stage, parasites possess a single haploid genome but during the
late stage, they possess an average of 16 copies of their haploid genome. Antimalarial drugs
often target this blood stage of the parasite life cycle. Due to a lack of an effective vaccine,
antimalarials are critical weapons against malaria. However, their efficacy is threatened by the
frequent emergence and spread of antimalarial resistance in P. falciparum. Today, resistance has
been reported for all known clinically used antimalarials. Even though antimalarial resistance
could arise independently in other regions (e.g., South America), most antimalarial resistance
emerges in Southeast Asia (Blasco et al., 2017). Artemisinin resistance, the current frontline
antimalarial, was first reported in Western Cambodia; since then, resistant parasites have spread
across Southeast Asia and recently have been detected in South China and India (Woodrow and
White, 2017; Uwimana et al., 2020; Balikagala et al., 2021). It is necessary to understand how
resistance arises and the acquirement of genetic contributors to devise approaches for resistance

prevention.

1.2 Copy number variations in malaria parasite and its significance in

adaptation
Importance of copy number variations in malaria parasite
Extensive genetic diversity is known to contribute to antimalarial resistance. Sources of genomic
variation in P. falciparum include single nucleotide polymorphisms and structural variations.
Single nucleotide polymorphisms (SNPs) that disrupt drug binding or facilitate drug removal are
implicated in many antimalarial resistance examples (Rosenthal, 2013). Structural variations are
the result of chromosomal rearrangements, including inversions and balanced translocations or

genomic imbalances (insertions, deletions, amplification). Copy number variations (CNVs), a
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type of DNA structural variations involving changes in copy number of a genomic segment, have
also been implicated in P. falciparum resistance (Guler et al., 2013). In general, the fraction of P.
falciparum’s genome subject to CNVs is greater than the fraction represented by SNPs (Miles et
al.,2016). Amplifications, or increases in the copy number of a genomic segment, that can
increase the expression of target proteins or drug efflux pumps by altering gene dosage are
known to be associated with antimalarial resistance in both laboratory and field parasites (Simam
et al., 2018a). For example, amplifications of pfimdrl and pfgchl genes drive the resistance to
mefloquine and antifolates drugs, respectively (Simam et al., 2018a). Gene amplifications and
codon mutations are both random events, but codon mutations are much less frequent in P.
falciparum parasites (Preechapornkul et al., 2009). For example, the amplification of pfindr1 has
been suggested to be a frequent event, and the rate of occurrence of pfindr1 duplication (1: 108)
is much higher than that of point mutations within codons, which occurs at a much lower

frequency (1:10'*) (White et al., 2003).

Formation of copy number variations in Plasmodium parasite

Even though most spontaneous mutations occur randomly, it is well accepted that the mutation
rate of copy number variations, can increase or decrease under certain stress in human cells,
yeast, and bacteria (Arlt et al., 2009; Kondrashov, 2012; Hull et al., 2017). P. falciparum, an
organism with the highest genome AT content compared to all other Plasmodium species and
eukaryotes (Hamilton et al., 2017), may also use this strategy to quickly adapt to highly variable
environments (e.g., distinct antimalarials, mosquito, and human host environments). CNVs are
generated during the repair of double-strand break (DSB) DNA damage. DNA damage originates

from a range of sources, like reactive oxygen species generated by metabolism, free radicals
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which are often produced after uptake of antimalarial drugs such as chloroquine or artemisinin,
and DNA replication errors (Matthews et al., 2018). Despite the destructive potential of DSBs,
their role in the parasite can also be beneficial. The fidelity of DSB repair can be lax enough to
allow for sufficient genetic variation. The high-fidelity homologous recombination (HR) and
error-prone non-homologous end joining (NHEJ) are the two major repair pathways for DSB
repair in eukaryotes (San Filippo et al., 2008; Lieber, 2010). The HR pathway is encoded in the
P. falciparum genome but surprisingly none of the components of the canonical non-homologous
end joining (C-NHEYJ) pathway were identified in P. falciparum (Gardner et al., 2002).
Alternative error-prone microhomology-mediated end joining (MMEJ) has been demonstrated to
occur in P. falciparum (Kirkman et al., 2014). Even though microhomology mediated break
induced replication (MMBIR, erroneous DNA replication) is not characterized in P. falciparum,
there is evidence indicating the usage of MMBIR in P. falciparum (Huckaby et al., 2018).
During the erythrocytic stage, P. falciparum parasites start with a haploid genome and thus must
rely upon non-HR repair pathways (e.g., MMEJ and MMBIR) during early stages due to the lack
of homologous sequences required for HR repair. The long adenine or thymine (A/T) tracks
commonly found at the CNV junctions in P. falciparum could be used as microhomology for
microhomology mediated repair pathways (Guler et al., 2013). A recent study by our lab showed
that genome sequence features proximal to A/T tracks, such as DNA hairpins, likely trigger CNV
events across the genome and provided some mechanistic insight into their formation (Huckaby
et al., 2018). The microhomology (A/T-track) mediated repair pathways used for CNV
generation may be uniquely matched with the high AT content of the P. falciparum genome,
which averages 81% AT but can reach upwards of ~90% in introns and intergenic regions. Thus,

we expect the genome of P. falciparum genome is prone to generate CNVs.
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The evolution to antimalarial resistance through copy number variations

Given the presence of over 10'! parasites within infected patients, we think copy number
variations, particularly amplifications of a genomic segment are likely an essential step during
the parasite’s adaptation to countless antimalarials (Guler et al., 2013). We hypothesize that de
novo amplicons (new amplified regions) are being randomly generated in the haploid genome of
P. falciparum, but antimalarial stress may also stimulate the formation of amplicons along the
genome. As shown in Figure 1.1, if one of the amplicons contains a drug target gene, in the long
term, point mutations can accumulate in one of the extra target gene copies, while having a gene
copy with normal function can allow point mutations more likely to persist in the cell population
and adapt to a changing environment (i.e. antimalarial drug treatment). Because extra copies of
genes often carry strong fitness costs than point mutations due to increased cellular burden for
DNA replication and alterations of metabolic flux due to differing levels of enzyme expression
(Huckaby et al., 2018). Also, SNPs in drug binding pocket can completely abrogate drug action.
Thus, genome amplifications may eventually be lost in favor of the beneficial SNPs (Figure
1.1). Based on our hypothesis, it is critical to understand how genome amplification events are
formed. Of particular importance, how and when do these amplification events occur. Are de
novo amplicons constantly being generated or are there certain conditions that induce their
formation (i.e. sub-lethal stress from antimalarial exposure). Also, how is the genome
amplification rate altered under stress? These questions are important for understanding the role
of genome amplification in parasite’s adaptation to antimalarials. Thus, it is important to detect
these de novo amplification events that are only present in a low frequency in the parasite

populations.
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Figure 1.1 Model of CNV-facilitated resistance development in Plasmodium falciparum
New CNVs are generated randomly across the genome of P. falciparum. Under selection,
beneficial CN'Vs can be further amplified. In the long term, SNPs may accumulate on extra gene
copies and CNVs may be lost in favor of SNPs for higher level of resistance.

18



1.3 The necessity of developing new tools for detecting heterogeneous CNVs

in malaria parasites

The limitation of traditional methods for CNV detection

Several traditional methods have been used for detecting copy number variations, including
PCR-based assays (Quantitative PCR (qPCR), droplet digital PCR (ddPCR)), microarray-based
hybridizations (aCGH), and whole genome sequencing techniques. Although PCR-based assays
are simple and at low cost, they are limited to specific genes. While microarrays detect genetic
variations with much higher numbers of probes, the high AT content and abundance of repeat
elements in the parasite genome still limit proper detection in the noncoding regions. Whole
genome sequencing of bulk DNA provides more complete genetic information across the
genome (Cantsilieris et al., 2013). However, these methods are not capable of detecting rare copy
number variation events unless they occur at a high frequency in a heterogeneous population
(Lauer et al., 2018). To detect low-frequency genetic variations, previous studies cloned cells by
limiting dilution from a cell population before sequencing, a method might allow the detection of
some of the genetic variations, but it is labor intensive and time-consuming (>200 days of
laboratory culture time) with limited through-put (Jett et al., 2020). In addition, during the long
period of laboratory culture, mutations can continue to arise and disappear in each cell. Instead,
single-cell analysis can be effective for addressing these issues and providing a more in-depth
understanding of the genetic variations in cell populations. As it starts from only one cell, single-
cell analysis could reveal information about individual cells to detect rare CNVs in P. falciparum
parasites. However, next-generation sequencing typically requires 1ng to 1pg of genomic DNA,

which corresponds to 10° to 108 P. falciparum genomes. Therefore, accurate and robust
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amplification of a single parasite genome (~25 femtograms) is needed prior to single cell

sequencing.

The challenges for developing single parasite sequencing pipeline

There are many DNA amplification methods available including multiple displacement
amplification (MDA)-based and non-MDA-based methods. Versions of MDA have been widely
employed for the amplification of the Plasmodium parasite genome (Oyola et al., 2012; Nair et
al., 2014; Sundararaman et al., 2016). In a MDA-based approach, P. falciparum specific primers
designed based on common motifs in the genome were used (instead of random amplification
primers) to amplify a minimum of ~20 copies of P. falciparum genome (~500 femtograms) and
yield coverage of ~70% of the genome (Sundararaman et al., 2016). This method shows
relatively good genome coverage but is not sensitive enough for single parasite genomes. Only
one group has successfully amplified the genomes of isolated single parasites (Nair et al., 2014;
Trevino et al., 2017). Their earlier work, which compared multiple amplification kits, determined
analysis parameters, and obtained between 30-80% genome coverage (at =10x) for clinical and
laboratory single P. falciparum parasites (Nair et al., 2014). In a later study from this group,
additional protocol modifications achieved near-complete genome coverage (~90%) for both
laboratory and clinical samples (Trevino et al., 2017; Nkhoma et al., 2018). So far, their analysis
has been focused on the identification of SNPs, presumably because the chimeric reads generated
in MDA lead to severe disruptions in CNV detection (Hou et al., 2015). In addition, the
amplification bias generated by MDA is known to be sequence-dependent and not reproducible
along the genome from cell to cell, resulting in noisy CNV measurements and ineffective

normalization steps (Huang et al., 2015). While a non-MDA-based method called multiple

20



annealing and looping-based amplification cycling (MALBAC) have been also used for single
cell sequencing. MALBAC amplification consists of a linear pre-amplification step and an
exponential amplification step. This method has the unique feature of quasi-linear amplification,
which reduces the sequence-dependent bias exacerbated by exponential amplification. However,
MALBAC is not free from sequence-dependent bias, it is reported to have a slight amplification
bias toward GC-rich regions (Huang et al., 2015). Unlike MDA, this bias is reproducible along
the genome from cell to cell (Zong et al., 2012). Therefore, signal normalization for CNV noise
reduction can be effective. For example, MALBAC offers high CNV accuracy after signal
normalization with a reference genome following single cell sequencing analysis of human cells
(Zong et al., 2012). However, the extremely imbalanced base composition (80.6% AT content)
and small size of the P. falciparum genome (23Mb haploid, which is 2400X smaller than the
~3234Mb diploid human genome) push the limits of MALBAC. Additionally, degenerate
MALBAC primers are more likely to melt from high-AT regions of the P. falciparum genome
during the elevated extension temperature. Thus, we optimized the MALBAC amplification

method for the P. falciparum parasite in this study.

Besides a robust amplification method, reliable CNV calling after sequencing is also essential for
this study. Generally, CNV analysis tools detect CNVs through four distinct approaches on short
sequencing reads, including 1) paired-end mapping strategies through discordantly mapped reads
(unexpected mapping distance and orientation of paired reads; 2) split-read-based approaches by
incomplete mapping (substrings of reads mapping to different genomic locations; 3) read-depth
based approaches via detecting the border of consecutive windows/bins with increased or

decreased read counts (assuming there is a correlation between depth of coverage and the copy
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number of a genome region); 4) assembly-based approaches by mapping and comparing contigs
to the reference genome. Read depth (RD) can detect the exact number of CNVs, while paired-
read (RP) and split-read (SR) can only report the position of the potential CNVs but not the
counts (Tattini et al., 2015). In addition, RD can work better on large-size CNVs, which are hard
to detect by RP and SR (Yoon et al., 2009). LUMPY is a probabilistic model integrating any or
all of the three different signals (RP, SR, and RD) from a single sample (Layer et al., 2014). By
integrating evidence and probabilities from different signals (RP, SR, RD), LUMPY determines
the type of CNVs (e.g. duplication and deletion) and the breakpoint interval (a pair of genomic
coordinates that are adjacent in a sample genome but not in a reference genome) (Layer et al.,
2014). In general, the probability of the location and variety (e.g. duplication and deletion) of a
breakpoint is affected by the distribution of library fragment length, read quality and read
alignment quality of the sequenced sample, and the distribution of read count along the genome.
Although RP, SR, and RD-based approaches have been used in CNV analysis of bulk P.
falciparum genome sequencing (Huckaby et al., 2018), several challenges need to be addressed
for single parasite sequencing datasets. Firstly, a lower fraction of the genome is covered with
single cell sequencing compared to bulk sequencing, which makes split-read, and paired-end
approaches less effective. Secondly, whole-genome amplification introduces biases that
markedly distort read counts, including failure to amplify entire segments. Thirdly, repetitive
regions of the genome (e.g. subtelomeric regions) lead to the artificial inflation of read counts

(“bad bins™).

Most single cell CNV studies have been done in human cells using read-depth-based approach

(Zhang et al., 2013; Cai et al., 2014; Knouse et al., 2016; Chronister et al., 2019). Read-depth
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CNYV analysis generally includes the following steps: 1) aligning reads to reference genome and
counting read-depth in predefined windows/bins; 2) normalizing read counts to remove potential
biases, mainly due to GC content and repetitive regions (Janevski et al., 2012); 3) using
segmentation algorithm to identify a contiguous set of windows sharing the same number of
CNVs; 4) predicting the statistical significance of the calls and filtering called CNVs (Zhao et
al., 2013). By utilizing various strategies or tools for binning, normalization, segmentation, and
filtering in read-depth CNV analysis, several single cell CNV studies have improved their CNV
calling accuracy and limited false positive CNV calls (Zhang et al., 2013; Cai et al., 2014;
Knouse et al., 2016; Chronister et al., 2019). A recent study detected rare megabase-scale CNVs
in human neuron cells through optimized read depth-based single cell CNV analysis (Chronister
et al., 2019). In their study, they tuned the parameter combinations of the DNAcopy
segmentation for single cell data and effectively eliminated false positive CNV calls with
filtering strategies (Chronister et al., 2019). They also applied their optimized method in other
published datasets by adjusting filtering cutoffs. As mentioned earlier, the amplification bias
from MALBAC can be reduced via normalization to a reference sample. As proof of principle,
one study detected known CNVs in MALBAC-amplified single cancer cells after comparing and
normalizing the read coverage to a MALBAC-amplified blood cell (Zong et al., 2012). With
bulk sequencing of human cells, read-depth methods allowed the detection of CN'Vs as small as
500bp in 37X read depth (Miller et al., 2011). However, due to the difficulties in discovering real
CNVs at single cell level, most studies limit CNV detection to sub-megabase or mega-base sizes
by extending bin size in read-depth analysis in human cells (Huang et al., 2015). In this study,
we utilized and combined Lumpy (based on split-read and discordant-read) and Ginkgo (based

on read depth) to limit the detection of false positive CNVs in single parasite DNA.
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Nanopore sequencing is an alternative method for heterogeneous CNV detection

As we mentioned above, bulk DNA sequencing via short read sequencing cannot detect variants
that present at a very low frequency in a cell population, and whole genome amplification of
single parasite DNA introduces amplification bias that may complicate CNV detection. Instead,
third generation sequencing technology, Nanopore single molecule long read sequencing,
provides an alternative to detect sub-populational CNVs using bulk DNA from many cells.
Importantly, the genome of P. falciparum has extremely high AT content (80.6%) and has many
repetitive regions. As a result, many regions of the parasite genome have many short tandem
repeats and other low complexity sequences unusually abundant in both coding and non-coding
regions (Gardner et al., 2002). The detection of CN'Vs has been challenging via short read
sequencing, which includes many limitations in the access to high AT content regions, resolution
of complex regions of the genome, repetitive regions where short reads will not map uniquely,
and difficulty in detecting large structural variation. While as long reads can span the low
complexity and repetitive regions, detection of structural variants (e.g. large segmental
duplications) through Nanopore long reads is possible. Especially, with Nanopore single
molecule sequencing, each read is originated from a single DNA fragment in the bulk DNA. It is
possible for researchers to start to exam the clonal heterogeneity of pathogens in Nanopore long

reads.

1.4 Introductory remarks

In this dissertation, I use the malaria parasite, Plasmodium falciparum, as a model organism to
understand the adaptation strategies in single cellular organisms and demonstrate multiple

approaches to detect heterogeneous CNVs in the parasite genome. With these new approaches,
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we can improve our knowledge about the molecular mechanisms behind adaptation (resistance
acquisition) in malaria parasites. More specifically, I identified a CNV hotspot that may
compensate for the fitness cost of a resistance-conferring gene amplification (Chapter II),
detected novel rare CNVs in parasite populations with or without environment stress using
Nanopore long reads (Chapter III), and described the experimental and bioinformatics pipelines
of single cell sequencing to identify heterogeneous CNVs (Chapter IV). I also combined
Illumina short reads and Nanopore long reads to generate new genome assemblies for laboratory
parasite lines to improve the accuracy of reads mapping and CNV detection (Chapter V). Lastly,
I discussed how we can combine single cell sequencing and Nanopore single molecular long read
sequencing together to detect various sizes of heterogeneous CNVs in parasite populations and
how this impacts our understanding of resistance evolution in malaria parasites (Chapter VI).
Altogether, this dissertation emphasizes the variety of methods to detect heterogeneous CNVs,
the CNV dynamics in evolving malaria parasites, and the importance of understanding genome

adaptation in single cellular organisms.
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2 CHAPTERII: Expansion of GTP cyclohydrolase I copy number in

malaria parasites resistant to a pyrimidine biosynthesis inhibitor

The study presented in this chapter is prepared for publication using the title:
Expansion of GTP cyclohydrolase I copy number in malaria parasites resistant to a

pyrimidine biosynthesis inhibitor
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2.1 Abstract

Changes in the copy number of large genomic regions, termed copy number variations or CNVs,
are an important adaptive strategy for malaria parasites. Numerous CNVs across the Plasmodium
falciparum genome contribute directly to drug resistance or impact the fitness of this protozoan
parasite. CNVs that encompass the dihydroorotate dehydrogenase (DHODH) gene confer
resistance to antimalarials that target this enzyme in the pyrimidine biosynthesis pathway (i.e.
DSM1). Compounds in this class of inhibitors are currently in clinical trials for the treatment of
malaria. During the characterization of DSM1-resistant parasite lines with DHODH CNVs, we
identified an additional CNV that encompasses 3 genes (~5 kb) including GTP cyclohydrolase I
(GCHI amplicon). While this locus has been implicated in the increased fitness of antifolate-
resistant parasites, GCHI CNVs had not previously been reported to contribute to resistance to
other antimalarials. Here, we further explored the association between GCH1 and DHODH copy
numbers. We visualized single long reads and directly quantified the number of tandem GCH1
amplicons in a parental line versus a DSM1-selected line. We found that the GCH1 amplicons
share a consistent structure. However, we detected more reads that encompassed a higher
number of amplicons in the resistant (up to 7 amplicons) compared to the parental line (3
amplicons). To better understand the implications of this result, we evaluated variation at this
locus across multiple short- and long-read data sets collected from various parasite lines. Based
on our analysis of parasites resistant to other DHODH inhibitors (DSM265, DSM267, and
DSM?705), GCHI1 is not likely to contribute directly to resistance; however, higher numbers of
the GCHI1 amplicon are associated with increased DHODH copies and may compensate for
changes in the metabolism of resistant parasites. This is supported by the direct connection

between folate and pyrimidine metabolism, which together contribute to nucleic acid
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biosynthesis. This study highlights the importance of studying this relationship further as

DHODH inhibitors move closer to clinical approval.

2.2 Introduction

Malaria is a disease caused by the protozoan Plasmodium parasite. Plasmodium falciparum is the
leading cause of human malaria deaths (Rich et al., 2009). Due to the lack of effective vaccines
against malaria infection, antimalarial drugs are the primary approach for malaria treatment
(Casares et al., 2010). However, drug efficacy is mitigated by the frequent emergence of

antimalarial-resistant parasites (Blasco et al., 2017).

Changes in the copy number of large genomic regions, termed copy number variations, or CNVs,
are an important adaptive strategy for malaria parasites (Kidgell et al., 2006; Conway, 2007;
Hyde, 2007; Ribacke et al., 2007; Nair et al., 2008; Cheeseman et al., 2009; Bopp et al., 2013;
Guler et al., 2013; Menard and Dondorp, 2017). Numerous CNVs across the P. falciparum
genome contribute directly to drug resistance or impact parasite fitness (Hyde, 2007; Ribacke et
al., 2007; Nair et al., 2008; Guler et al., 2013). Amplification, one type of CNV with increased
copy number, plays an essential role in the evolution of resistance to various antimalarials (Foote
et al., 1989; Wilson et al., 1993; Hyde, 2007; Ribacke et al., 2007; Cheeseman et al., 2009; Guler
et al., 2013; Heinberg et al., 2013; Osei et al., 2018). As one example, amplification of the
dihydroorotate dehydrogenase (DHODH) gene in the P. falciparum genome confers resistance to
DHODH inhibitors (i.e. DSM1) in parasites propagated in vitro (Guler et al., 2013). DHODH is
an important enzyme in the P. falciparum pyrimidine biosynthesis pathway that contributes

resources for nucleic acid synthesis (Phillips and Rathod, 2010; Mandt et al., 2019). DHODH
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amplicons presumably increase transcription and translation of the drug target to directly impact

drug sensitivity (Guler et al., 2013).

In another example, amplification of the GTP cyclohydrolase 1 (GCHI) gene increases the
fitness of clinical parasite populations that are antifolate resistant (i.e. pyrimethamine and
sulfadoxine) (Kidgell et al., 2006; Ribacke et al., 2007; Nair et al., 2008; Osei et al., 2018).
GCH1 is the first enzyme in the folate biosynthesis pathway and increased levels of this enzyme
likely increases flux to compensate for the fitness costs of the resistance-conferring
dihydropteroate synthase (DHPS) and dihydrofolate synthase (DHFS) mutations (Kidgell et al.,
2006; Nair et al., 2008; Heinberg et al., 2013). Although the contribution of GCH1 amplification
to antifolate resistance is well studied, this CNV has not been reported to contribute to resistance
to antimalarials targeting other pathways (Heinberg et al., 2013; Kiimpornsin et al., 2014;

Heinberg and Kirkman, 2015).

Typically, the gene copy number is studied using widely accessible high coverage short read
sequencing (Guler et al., 2013; Herman et al., 2014; Manary et al., 2014; Cowell et al., 2018;
Huckaby et al., 2018). However, this approach has limitations including non-unique mapping in
repetitive regions, the inability to resolve complex genomic regions, and the overall difficulty in
detecting structural variations (Alkan et al., 2011; Treangen and Salzberg, 2012; Kosugi et al.,
2019). These challenges are exacerbated by the high AT content of the P. falciparum genome
(Beghain et al., 2016; Miles et al., 2016). Long read technologies such as Oxford Nanopore
sequencing have the potential to span low complexity and repetitive regions to better represent

structural variation (Cretu Stancu et al., 2017; Sedlazeck et al., 2018a, 2018b; Ho et al., 2020).
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Moreover, the single molecule sequencing allows examination of clonal heterogeneity of a

parasite population (Belikova et al., 2020; Rugbjerg et al., 2021).

In this study, we identified a positive association between GCH1 and DHODH copy number
from previously acquired short read sequencing data. To explore this association further, we
performed long read sequencing and directly observed the expansion of the GCH1 amplicon.
Using single long read visualization, we also determined that the structure and orientation of the
amplicon was preserved during expansion. When we evaluated short read data from parasite
lines that were resistant to other DSM-based compounds, we did not detect increases in GCH1
copy number. This result indicates that GCH1 does not contribute directly to resistance;
however, our observations, as well as the biochemical connection between folate and pyrimidine
biosynthesis, suggest that increased copies of GCH1 may facilitate the acquisition of increased
DHODH copy number under certain selection conditions. Further study of the relationship
between these two genomic loci is important considering the imminent use of DHODH inhibitors

to treat clinical malaria.

2.3 Materials and Methods

DSM1 and parasite clones

DSM1 is a triazolopyrimidine antimalarial 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 2.1) (Guler et al., 2013). In this study, we simplified the naming scheme to represent low

(L), moderate (M), and high (H) levels of resistance to DSM1 (Figure 2.1A).
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Figure 2.1 GCHI1 copy number increase is positively correlated with DHODH copy number
in one family of DSM1 resistant parasites

(A) Schematic depicting DSM1 selections, as presented previously (Guler et al. PLoS Pathogens
2013). Green: Illumina short read sequenced lines. Underline: modern lines confirmed by ddPCR
analysis. Wild-type (WT1, Dd2) P. falciparum was selected with DSM1 in two steps; the first
step selected for low-level (L) resistance and the second step selected for moderate- (M) or high-
level (H) resistance. DSM1 EC50 values are as follows: L1 (1 uM), L2 (0.9 uM), M1 (7.2 uM),
H2 (85 uM), HS (56 uM), H6 (49 uM). All values were previously reported in and clone names
adapted from (Guler et al., 2013). (B) Relationship between GCH1 and DHODH copy number in
DSMI1 selected parasites as quantified using short read data from Guler et al. 2013. A trendline
was added to show the relationship between GCH1 and DHODH copy numbers.
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Parasite culture

We thawed erythrocytic stages of P. falciparum (Dd2, MRA-150; 3D7, MRA-102, Malaria
Research and Reference Reagent Resource Center, BEI Resources and DSM1 resistant clones as
highlighted in Figure 2.1A, a generous gift from Pradipsinh Rathod, University of Washington)
from frozen stocks and maintained them as previously described (Haynes et al., 1976). Briefly,
we grew parasites at 37 °C in vitro at 3% hematocrit (serotype A positive human erythrocytes,
Valley Biomedical, Winchester, VA) in RPMI 1640 medium (Invitrogen, USA) containing

24 mM NaHCO3 and 25 mM HEPES and supplemented with 20% human type A positive heat
inactivated plasma (Valley Biomedical, Winchester, VA) in sterile, sealed flasks flushed with
5% 02,5% CO2, and 90% N2 (Guler et al., 2013). We maintained the cultures with media
changes every other day and sub-cultured them as necessary to keep parasitemia below 5%. We
determined all parasitemia measurements using SYBR green-based flow cytometry (Bei et al.,
2010). We routinely tested cultures using the LookOut Mycoplasma PCR Detection Kit (Sigma-

Aldrich, USA) to confirm negative Mycoplasma status.

DNA extraction for long read sequencing

We lysed asynchronous P. falciparum-infected erythrocytes with 0.15% saponin (Sigma-Aldrich,
USA) for 5 min at room temperature and washed them three times with 1x PBS (diluted from
10x PBS Liquid Concentrate, Gibco, USA). We then lysed parasites with 0.1% Sarkosyl
Solution (Bioworld, bioPLUS, USA) in the presence of 1 mg/ml proteinase K (from Tritirachium
album, Sigma-Aldrich, USA) overnight at 37 °C. We first extracted nucleic acids with
phenol/chloroform/isoamyl alcohol (25:24:1) pH 8.0 (Sigma-Aldrich, USA) three times using

1.5 ml light Phase lock Gels (5Prime, USA), then further extracted nucleic acids with chloroform
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twice using 1.5 ml light Phase lock Gels (5SPrime, USA). Lastly, we precipitated the DNA with
ethanol using the standard Maniatis method (Maniatis et al., 1989). To obtain high molecular
weight genomic DNA, we avoided any pipetting during the extraction, transferred solutions by

directly pouring it from one tube to another, and mixed solutions by gently inverting the tubes.

Oxford Nanopore long read sequencing and analysis

We subjected 1 pug of high molecular weight genomic DNA from each sample to library
preparation for Oxford Nanopore sequencing following the Nanopore Native barcoding genomic
DNA protocol (version: NBE_9065_v109_revAB_14Aug2019) with 1x Ligation Sequencing kit
(SQK-LSK109, Oxford Nanopore Technologies, Oxford, UK). We performed DNA repair and
end preparation using NEBNext FFPE DNA Repair Mix (New England Biolabs, Ipswich, MA,
USA) and NEBNext End Repair/dA-Tailing Module (New England Biolabs, Ipswich, MA,
USA). We cleaned the A-tailed fragments using 0.9X AMPure XP beads (Beckman Coulter,
High Wycombe, UK). We then ligated barcodes to the end-prepped DNA using the Native
Barcoding Expansion 1-12 kit (EXP-NBD104, Oxford Nanopore Technologies, Oxford, UK)
and Blunt/TA Ligase Master Mix (New England Biolabs, Ipswich, MA, USA). We cleaned the
barcoded samples using 0.9X AMPure XP beads. Then we pooled barcoded samples in
equimolar ratios and subjected them to an adaptor ligation step, using the Adapter Mix II from
the Native Barcoding Expansion 1-12 kit and NEBNext Quick Ligation Reaction Buffer (New
England Biolabs, Ipswich, MA, USA) as well as Quick T4 DNA Ligase (New England Biolabs,
Ipswich, MA, USA). After adaptor ligation, we cleaned the library using AMPure XP beads. We
quantified the adapter-ligated and barcoded DNA using a Qubit fluorimeter (Qubit 1X dsDNA

High Sensitivity Assay Kit, Life Technologies, Carlsbad, CA). We sequenced the WT1 and
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initial H2 libraries using a R9.4.1 flow cell (FLO-MIN106D, Oxford Nanopore Technologies,
Oxford, UK) on MinlON (Oxford Nanopore Technologies, Oxford, UK) and another H2 library
using the R10 flow cell (FLO-MIN111) on MinION. To obtain the maximum number of reads,
we ran both flow cells for 48 h (controlled and monitored using the MinKNOW software

(3.6.5)).

For base calling and demultiplexing of the Nanopore sequencing reads, we used Guppy (version
3.4.5+tb1fbfb) with the parameter settings “-c dna_r9.4.1_450bps_hac.cfg --barcode_kits "EXP-
NBD104" -x auto” for samples sequenced with R9.4.1 flow cell and “-c
dna_r10_450bps_hac.cfg -x auto” for the sample sequenced with R10 flow cell. We checked the
read length and read quality using “Nanoplot” (version 1.0.0) (see Supplementary Table 2.1). We
trimmed the adapters with “qcat” (version 1.1.0) (Oxford Nanopore Technologies) and filtered
the reads with a cutoff “length = 500 and Phred value = 10” using the program “ filtlong version
0.2.0” (https://github.com/rrwick/Filtlong). To estimate the coverage of sequencing reads in each
sample, we aligned the filtered reads to Plasmodium falciparum 3D7 reference genome using
“minimap2” (version 2.17) (Li, 2018). “QualiMap” (version 2.2.1) (Garcia-Alcalde et al., 2012)

was used to calculate the coverage of the aligned reads (see Supplementary Table 2.1).

Shiny analysis of long reads

To visualize structural variants in the parasite genome, we used a custom R Shiny script to plot
the arrangement of reference gene segments on individual Nanopore reads. Briefly, we defined a
target region in the 3D7 reference genome (chromosome 12: 932916 bp — 999275 bp) that

contained 3 genes in GCH1 amplicon and 11 flanking genes. We extracted the reference
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sequences of these genes and subsequent intergenic regions, then split these sequences into
fragments of 500-1000 base pairs. We compared these fragments to individual Nanopore reads
using BLAST (Ye et al., 2006). We used the BLAST output as input for a custom R script, which
drew rectangles representing homology between the defined genes (y-axis) and each individual
read (x-axis). The percent identity required to draw a homologous rectangle was allowed to vary
between reads, which varied in quality, using a slider in the Shiny app. To filter out long reads
with potentially spurious hits to gene fragments, we also used BLAST to compare Nanopore
reads to the reference genome and removed reads with <90% identity to chromosome 12. To
compare the mean copy number of GCH1 amplicon between WT1 and H2 reads covering GCH1
as well as the read length of these reads between WT1 and H2, we performed a one-way

ANOVA in Microsoft Excel with Alpha value of 0.05.

Short read sequencing analysis and CNV detection

We analyzed CNVs in Illumina short read datasets of P. falciparum parasites selected by three
DSM antimalarial drugs (DSM1, DSM265, DSM267, and DSM705, Supplementary Table 2.2)
(Guler et al., 2013; Mandt et al., 2019; Palmer et al., 2021). We first processed and mapped the
reads to reference genome as previously described (Huckaby et al., 2018; Liu et al., 2021).
Briefly, we trimmed Illumina adapters from reads with BBDuk tool in BBMap (version 38.57)
(Bushnell 2016). We aligned each fastq file to the 3D7 P. falciparum reference genome with
Speedseq (version 0.1.0) through BWA-MEM alignment (Chiang et al., 2015). We discarded the
reads with low-mapping quality score (below 10) and removed duplicated reads using Samtools
(version 1.10) (Li et al., 2009). We analyzed split and discordant reads from the mapped reads

using LUMPY in Speedseq to determine the location and length of the previously reported
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GCH1, DHODH and multidrug resistance protein 1 (MDR1) CNVs (Supplementary Table 2.2)
(Layer et al., 2014). For read-depth analysis, we further filtered the mapped reads using a
mapping quality score of 30. To determine the copy number of the GCH1, DHODH and MDR1
CNVs, we used CNVnator (version 0.4.1) with a bin size of 100 bp; the optimal bin size was

chosen to detect GCH1 CNVs in all analyzed samples (Abyzov et al., 2011).

Droplet Digital PCR

Prior to Droplet Digital (dd) PCR, we digested DNA with restriction enzyme Rsal (Cut Site:
GT/AC) following the manufacturer's instructions (New England Biolabs, Ipswich, MA, USA)
in 37°C incubation for one hour. We selected the restriction enzyme Rsal to cut outside of the
ddPCR amplified regions of desired genes and separate copies of CN'Vs to be distributed into
droplets. We diluted the digested DNA for ddPCR reactions. We performed ddPCR using
ddPCR Supermix for Probe (no dUTP, Bio-Rad Laboratories, California, USA) with DNA input
0.1 ng (in duplicate per sample), 0.025 ng (in duplicate per sample) as previously described
(McDaniels et al., 2021). The primers and probes used in reactions are included in
Supplementary Table 2.3. The PCR protocol for the probe-based assay was 95°C for 10 min,
followed by 40 rounds of 95°C for 30 sec and 60°C for 1 min. Seryl-tRNA synthetase and
calcium-transporting ATPase (ATP6) served as single-copy reference genes on chromosome 7
and chromosome 1 respectively; dihydroorotate dehydrogenase (DHODH) and GTP
cyclohydrolase 1 (GCH1) are multi-copy genes (Supplementary Table 2.3). We performed
droplet generation and fluorescence readings per the manufacturer's instructions. For each
reaction, we required a minimum number of 10,000 droplets to proceed with analysis. We

calculated the ratio of positive droplets containing a single- (ATP6) or multi-copy gene (GCHI1,
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DHODRH) versus a single-copy gene (Seryl-tRNA synthetase) using the Quantasoft analysis
software (QuantaSoft Version 1.7, BioRad Laboratories) and averaged between independent

replicates.

2.4 Results

Through analysis of short read data from a family of parasites selected with DSM1, originally
presented in (Guler et al., 2013) (Figure 2.1A), we noticed a positive association between GCH1
and DHODH copy number (Figure 2.1B). This association was confirmed using a second
method, droplet digital PCR, on analogous parasite lines that had recently been propagated in our
laboratory; GCH1 copy number trends higher as DHODH copy number increases (Table 2.1).
Correlation coefficient is not calculated due to the small sample size (n=5) and dependence
among the lines.

Table 2.1 Positive GCH1: DHODH association is validated using Digital Droplet PCR on
modern parasite lines.

Average copy number (SD)* GCH1 CN DHODH CN
Line Sample type relative to relative to
parent parent
GCH1 DHODH ATP6

WT1 Parent 2.5(0.2) 0.8 (0.1) 1.1 (0.0) 1.0 1.0

L1 Round 1 selection 39(0.3) 32(0.1) 1.0 (0.1) 1.6 4

Ml Round 1 selection 39(0.1) 52(0.3) 1.0 (0.1) 1.6 6.5

H2 Round 2 selection 4.6(0.2) 6.0 (0.3) 1.1 (0.1) 1.8 7.5

H5 Round 2 selection 4.3(0.3) 7.0(0.4) 1.0 (0.1) 1.7 8.8

*The average copy number is calculated by comparing ddPCR signal to a single copy gene
signal (Seryl tRNA synthetase, PF3D7 0717700). N=4. ATP6 copy number is expected to be 1
in all parasite lines.

We conducted long read sequencing to more precisely define GCH1 copy number and amplicon

structure in the parental line versus one DSM1-selected line (WT1 and H2, Supplementary
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Table 2.1). We directly visualized single reads using an app that represents gene segments of
individual Nanopore reads (see Materials and Methods). Small amplicons, like those including
GCH]1, are especially conducive to this approach because long reads span multiple copies of the
amplicon as well as both up and downstream regions. Read visualization showed that two 3-gene
amplicons, separated by an inversion of the same gene set, were conserved between the parental
and H2 lines (Figure 2.2A and B). This amplicon structure was reported previously in the WT1

(Dd2) parental line (Figure 2.2C) (Kidgell et al., 2006).
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Figure 2.2 Long-read visualization shows GCH1 amplicon has the same boundaries and
structure in a DSM1 resistant parasite line

(A) and (B) Representative images from the Shiny app comparing the GCH1 amplicon in WT1
and H2 reads (alignment to the 3D7 reference genome with no GCHI1 amplicon represented).
Red dashed square: GCH1 amplicon. Each gene sequence was split into <=500 bp fragments and
blasted against individual Nanopore reads (darker: genic regions, lighter: intergenic regions). (C)
Diagram of amplicon orientation in GCH1 amplicon for WT1 and H2 parasite lines. The three
genes within the GCH1 amplicon unit include PF3D7 1224000 (GTP cyclohydrolase I, GCH1),
PF3D7 1223900 (50S ribosomal protein L24, putative, 50S RPL24), and PF3D7 1223800
(citrate/oxoglutarate carrier protein, putative, YHM2).
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Using read visualization, we also manually recorded the number of GCH1 amplicon units
(depicted in Figure 2.2C) from both spanning and non-spanning reads (Figure 2.3A,
Supplementary Table 2.4). We consistently detected 3 amplicon units per read from the
parental line. However, we observed more reads that encompassed a higher number of GCH1
amplicon units in the H2 selected line (up to 7 units). If only considering spanning reads, that is
those covering both upstream and downstream of the amplicon, the difference between WT1 and
H2 mean copy number is significantly different (F(1,10)=[75], p = 5.84E-06) revealed by a one-
way ANOVA. A one-way ANOVA also revealed that there was not a significant difference in
mean read length between WT1 and H2 (F(1,34)=[1.07], p=0.31, Figure 2.3B), indicating that
a skewed read distribution was not contributing to this difference. All groups of amplicons from
the H2 line began with a set of 3 amplicon units, as observed in the parental line, followed by
groups of 2 amplicon units where one was inverted and the other was in normal orientation

(Figure 2.2C).
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Figure 2.3 Quantification of long reads displays greater variability and increase in GCH1
amplicon number in DSM1 resistant parasites

Copy number (A) and read length (B) distributions from Nanopore long reads (>=5kb) covering
the GCHI1 amplicon in WT1 and H2 parasite line. A one-way ANOVA revealed that there was
not a significant difference in mean read length between WT1 and H2 (F (1,34)=[1.07], p =
0.31).

To better understand whether variation in copy number of the GCH1 locus was common in other
laboratory-adapted parasite lines, we evaluated several additional long read-based datasets
(Supplementary Table 2.4, Supplementary Method, Vembar et al., 2016). In general, different
parasite lines exhibited different GCH1 amplicon sizes as expected (i.e. Dd2 versus 3D7, as
reported previously (Kidgell et al., 2006)) but the amplicon copy number was relatively stable
across diverse datasets; we detected ~10-25% of reads above the expected copy number for each

respective line. This contrasts with the H2 line that had >50% of reads that depicted amplicon

copy numbers greater than the expected copy number for a Dd2-derived line.

To investigate whether an increase in GCH1 amplicons was contributing to the resistance of
DHODH inhibitors in general, we evaluated the copy number of GCHI1 amplicons from parasites
selected with other DSM derivatives (Mandt et al., 2019; Palmer et al., 2021). Contrary to
DSM1-selected parasites, we did not detect increases in GCH1 amplicon number in parasites

resistant to DSM265, DSM267, or DSM705 (compared to parental Dd2 or 3D7 parasite lines,
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Figure 2.4A-2.4C, Supplementary Table 2.5). For this analysis, we only included resistant

parasite lines that carried DHODH amplicons. When we compiled the data for each parasite line
together, those that harbored more DHODH amplicons generally maintained higher numbers of
GCH1 amplicons and this association reached significance in Dd2-derived parasite lines but not

3D7-derived parasite lines (Figure 2.4D and 24E).
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Figure 2.4 Parasite lines with more DHODH amplicons generally have more GCH1
amplicons
(A) Relationship between GCH1 and DHODH copy number in Dd?2 parent line and DSM705
selected lines. (B) Relationship between GCH1 and DHODH copy number in 3D7 parent line
and DSM705 selected lines. (C) Relationship between GCH1 and DHODH copy number in 3D7
parent line and DSM265 selected lines. (D) Relationship between GCH1 and DHODH copy
number in Dd?2 parent line and DSM1, DSM705, DSM265-selected lines. Data from DSM1
selected lines are represented in Figure 1B as well. (E) Relationship between GCH1 and
DHODH copy number in 3D7 parent line and DSM1, DSM705, DSM265-selected lines.
Correlation coefficients are not calculated due to small sample sizes and dependence among
DSMI1 selected lines. Trendlines were added to show the relationship between GCH1 and
DHODH copy numbers.
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2.5 Discussion

We found that GCH1 copy number is positively associated with DHODH copy number in
parasites resistant to DSM1. This association was initially detected using both short-read
sequencing as well as an accurate PCR-based method ddPCR (Figures 2.1B and 2.4, Table 2.1);
however, limitations in each of these methods contribute to inaccuracies in these results. For
example, because the GCH1 amplicon is small (~5kb), copy number analysis using short reads
requires small stretches of the genome to be combined, or binned, together; smaller-sized bins in
general leads to higher levels of variation in CNV calling and potentially false differences.
Furthermore, DNA fragmentation and restriction digestion can alter the distribution of DNA
fragments into oil droplets during ddPCR, thus limiting copy number quantification.

Additionally, both methods result in an average value for the entire population of parasites.

We, therefore, utilized long-read sequencing combined with a custom visualization tool to
directly quantify the copy number of this locus and assess the structure of the GCH1 amplicon
(Figures 2.2 and 2.3). Each long read represents a DNA strand from a single parasite genome
and therefore, this approach is an accurate way to visualize copy number heterogeneity across a
population of haploid parasites. We considered whether our detection of more GCH1 amplicons
on reads from the H2 line (Figure 2.3A) was related to Nanopore sample preparation or natural
variation during in vitro culture. We excluded differences in sample preparation because the
parental and H2 long read sequencing runs had similar N50s and read length distributions
(Supplementary Table 2.4, Figure 2.3B). While we did observe a low level of variation at the
GCHI1 locus in different parasite lines that were grown independently (~10-25% of reads), the

variation in copy number in the H2 line was well above this level (>50% of reads,
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Supplementary Table 2.5). This observation, combined with the visualization of up to 7 tandem
amplicons in a single read (Figure 2.2B), provided direct evidence for GCH1 amplicon

expansion in the DSM1 resistance context.

GCH1 amplicons have previously only been associated with antifolate resistance (Kidgell et al.,
2006; Nair et al., 2008; Heinberg et al., 2013; Kiimpornsin et al., 2014; Heinberg and Kirkman,
2015; Osei et al., 2018). An increase in flux through the folate biosynthesis pathway alleviates
fitness effects of mutations that confer pyrimethamine and sulfadoxine resistance (Kidgell et al.,
2006; Nair et al., 2008; Kiimpornsin et al., 2014; Heinberg and Kirkman, 2015; Osei et al.,
2018). A similar contribution to resistance to DHODH inhibitors would not be surprising, given
the close connection of the folate and pyrimidine biosynthesis pathways (Figure 2.5); they both
contribute to nucleotide biosynthesis and converting dUMP to dTMP requires conversion of NS5,
N10-methylene-THF to DHF. We speculate that a change in GCH1 copy number arose
serendipitously during DSM1 selection and further increases were beneficial for parasite fitness,
thus increased copies of GCH1 may facilitate the acquisition of increased DHODH copy

numbers.
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Figure 2.5 The connection between pyrimidine and folate biosynthesis pathways

Enzymes with gene copy number variations are indicated in blue. Gln: Glutamine; DHO:
Dihydroorotate; UMP: Uridine monophosphate; dUMP: Deoxyuridine monophosphate; dTMP:
deoxythymidine monophosphate; GTP: Guanosine-5'-triphosphate; DHPS: Dihydropteroate
synthase; DHFR: Dihydrofolate reductase; DHF: Dihydrofolate; THF: Tetrahydrofolate; HMDP-
P2: 6-hydroxymethyl-7, 8-dihydropterin diphosphate; pABA: para-amino-benzoic acid; 5, 10-
CH2-THEF: 5,10-Methylenetetrahydrofolate.
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Although not required for resistance to all DHODH inhibitors (Figure 2.4A-C, Supplementary
Table 2.5), the positive association in DSM1-selected parasites indicates that GCH1 amplicons
may be especially favorable under specific conditions. For example, DSM1 selections were
performed in media supplemented with 20% human serum as opposed to AIbuMAX II
(Supplementary Table 2.5) (Guler et al., 2013). It is possible that the presence of folate
precursors in different media formulations changes the parasite’s dependence on folate
biosynthesis and thus, GCH1 flux. Levels of para-amino benzoic acid (pABA) can vary widely
in human serum while the common AlbuMAX serum replacement contains no additional pABA
(Chulay et al., 1984; Watkins et al., 1985; Wang et al., 1986; Salcedo-Sora et al., 2011;
Valenciano et al., 2019). These environments likely exert different selective pressures on
parasites during drug selection as reported previously (Kumar et al., 2021); higher pABA levels
in human serum may drive positive selection for higher GCH1 copy numbers and hold extra
benefits by contributing to both folate and pyrimidine biosynthesis (Figure 2.5). Of note, our
observation of some level of variation in standard parasite lines (Supplementary Table 2.4)

suggests that the growth environment could drive changes at this locus.

Another factor that could contribute to GCH1 evolution is genetic background. The Dd?2 parasite
line (and its parent line, W2) were isolated in Southeast Asia (Oduola et al., 1988; Wellems et
al., 1990), where antifolates were widely used. Consequently, W2 and Dd2 carry 5 mutations in
folate biosynthesis enzymes (DHPS and DHFR). The 3D7 line originated in Africa (Walliker et
al., 1987) and is wild type at these loci. In our studies, we observed a positive association of copy

number between DHODH and GCH1 in Dd2 versus 3D7 parasite lines (Figure 2.4D and 2.4E),

48



indicating that mutant backgrounds may rely more heavily on the GCH1 CNV to alleviate fitness

effects for resistance to both antifolates and DHODH inhibitors.

Importantly, the DSM265 antimalarial is currently being evaluated for the treatment of clinical
malaria (Mandt et al., 2019). Antifolate resistance and GCH1 CNVs are widespread in clinical
isolates (Kidgell et al., 2006; Ribacke et al., 2007; Nair et al., 2008; Osei et al., 2018), thus,
necessitating further evaluation of the contribution of GCHI1 in parasites that are resistant to

DHODH inhibitors.
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3.1 Abstract

Genetic diversity is an important driver for adaptation to environmental changes in malaria
parasites. Changes in copy number of genomic segments, termed copy number variations, are a
type of adaptive structural variations in malaria parasites. Numerous copy number variations
have been identified in parasites from clinical infections and laboratory selections. They are
often directly implicated in drug resistance or parasite fitness. We do not know whether random
spontaneous copy number variations arise constantly across the genome or are stimulated when
parasites are under stress. Regardless of the mechanism, de novo copy number variations in
minor parasite populations allow quick adaptation during environmental changes but remain
undetected by traditional detection methods. In this study, we used single molecule Nanopore
sequencing of laboratory cultured parasite lines with or without stress treatment to understand
more about the frequency of de novo structural variations encompassing genes across various
chromosomes. We suggest that stress may induce structural changes including amplifications
(increased copies of genes), inverted amplification and breakpoints of unknown structural
variations, underscoring the importance of copy number variations in driving the emergence of
genetic heterogeneity, but further experiments are needed to confirm this result. Importantly, this
is the first direct observation of de novo copy number variations in a malaria parasite population
and enhanced our understanding of genome evolution through copy number variations, and
ultimately inspires new strategies to block the development of antimalarial resistance in this

deadly organism.

3.2 Introduction

Importance of genetic diversity within a cell population
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A cell population with a great diversity is likely to be able to adapt and survive under
environment changes. Cell diversity could come from genetic variations and phenotypical
variations through various molecular mechanisms such as stochasticity in molecular processes,
asymmetrical cell division, cell-cell interaction, epigenetic modification responses in microbial
organisms like bacteria, yeast, and malaria parasites (Carey et al., 2018). In malaria parasites,
epigenetic variations, direct transcriptional changes, and genetic variations are indicated to be
involved in the response of parasites to environmental changes (Jiang et al., 2010; Cortés et al.,
2012; Manske et al., 2012; Kafsack et al., 2014; Miles et al., 2016; Deitsch and Dzikowski,
2017). Epigenetic variations and directed transcriptional changes are more dynamic in response
to environmental changes in the malaria parasites, while dogma dictates that genetic variations
are accumulated over a long period of time and enable natural selection of parasites under
environmental changes (Llora-Batlle et al., 2019). However, the dynamics of genetic variations
in a changing environment in parasites could be underestimated. One reason for this is that the
majority of P. falciparum genetic variations have been identified by analyzing bulk DNA using
traditional methods like PCR, microarray, targeted short reads sequencing, and whole genome
short reads sequencing, where the detected genetic variations are present in the majority of
parasites in the population (Nair et al., 2010; Gadalla Nahla B. et al., 2011; Tan et al., 2011;
Miles et al., 2016; Silva et al., 2018; Duanguppama et al., 2019). Thus, we need new tools to

detect heterogeneous genetic variations to better understand the adaptation of malaria parasites.

Copy number variations in malaria parasites

Copy number variations are known to drive rapid adaptation in response to stress and changes in

the environment in many organisms, such as yeast, and bacteria (Riesenfeld et al., 1997;
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Hastings et al., 2000; Rosenberg, 2001; Cirz et al., 2005; Gresham et al., 2010; Shor et al., 2013;
Hull et al., 2017). Amplifications, or increases in the copy number of a genomic segment, that
can increase the expression of target proteins or drug efflux pumps by altering gene dosage are
known to be associated with antimalarial resistance in both laboratory and field malaria parasites
(Foote et al., 1989; Wilson et al., 1993; Kidgell et al., 2006; Conway, 2007; Ribacke et al., 2007,
Guler et al., 2013; Heinberg and Kirkman, 2015; Cheeseman et al., 2016; Menard and Dondorp,
2017). The formation of copy number variations is likely an essential step during the parasite’s
adaptation to countless antimalarials. Besides altering the gene dosage, the creation of redundant
gene copies through copy number variations can also facilitate the accumulation of SNPs (Lynch
and Conery, 2000; Kondrashov et al., 2002; Kondrashov, 2012; Guler et al., 2013). This is due to
the extra gene copies that may release mutational constraints. More specifically, point mutations
can accumulate in some of the gene copies, while keeping a gene copy with normal function can
reduce the negative selection of antimalarial-resistance-conferring mutations in normal
conditions (Lynch and Conery, 2000; Kondrashov et al., 2002; Kondrashov, 2012; Guler et al.,
2013). Studies observing co-occurrence of both types of mutations in Plasmodium provide
evidence that copy number variations appear to eventually be lost in favor of SNPs (Thaithong et
al., 2001; Rottmann et al., 2010; Phillips et al., 2015). In addition, previous studies found repeat
sequences and secondary structures across the parasite’s genome are likely involved in the
generation of copy number variations (Huckaby et al., 2018). Copy number variations can be
generated during the DNA repair process of double-strand break (Lee Andrew H. et al., 2014).
Environmental changes, such as antimalarial stress or DNA synthesis inhibitor (Aphidicolin),
can lead to increased DNA damage, thus potentially stimulate the generation of copy number

variations (Inselburg and Banyal, 1984; Rothkamm et al., 2003). With the repetitive and
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extremely AT-rich genome of P. falciparum parasites, copy number variations are likely the
major genetic drivers for parasite adaptation and studying the dynamics of copy number

variations in malaria parasites is critical to understand the evolution of parasite adaptation.

The necessity of Nanopore sequencing for detecting heterogeneous copy number variations
Our group has developed a single cell short reads sequencing pipeline for detecting heterogenous
copy number variations (Liu et al., 2021). However, the whole genome amplification from single
parasite DNA introduces background noise for copy number variation detection. Currently, there
is no tool to validate copy number variations detected from single cell samples. Thus, in this
study, we explored the use of single molecule Nanopore sequencing to detect heterogeneous
copy number variations. The genome of P. falciparum has extremely high AT content (80.6%)
and contains many repetitive regions (Gardner et al., 2002). As a result, many regions of the
parasite genome show unusually abundant short tandem repeats and other low complexity
sequences in both coding and non-coding regions (Gardner et al., 2002). The detection of copy
number variation using short reads sequencing has been challenging. It is difficult to access
repetitive regions where short reads cannot map uniquely and detect complex structural
variations (Treangen and Salzberg, 2012). Instead, long reads from third generation sequencing
can span these low complexity and repetitive regions, and enable the detection of structural
variants (e.g., segmental duplications) (Ho et al., 2020). Especially, with Nanopore single
molecule sequencing, as every read is originated from a single DNA fragment, researchers can
start to examine the clonal heterogeneity of pathogens via copy number variation detection

(Greninger Alexander L. et al., 2018; Li et al., 2018; Girgis et al., 2021). For example, Nanopore
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sequencing has been used in bacteria to investigate heterogeneity of specific antibiotic resistance

genes (Girgis et al., 2021).

With the advance in third-generation sequencing technologies, we can detect copy number
variations at single molecule resolution. The Nanopore sequencing can produce long reads
(largest reads up to ~1Mb in this study), which can span entire copy number variation repeats.
Because the DNA library preparation of Nanopore sequencing used in this study is PCR-free, the
difference in copy numbers of genes in individual Nanopore reads will reflect the copy number
variations that exist in the cell population in which the DNA is sequenced (Greninger Alexander
L. et al,, 2018; Girgis et al., 2021). In this study, we performed Nanopore sequencing in 4
laboratory parasite lines to test whether there are any heterogeneous copy number variations in
these parasites. We also tested whether Aphidicolin (double-strand break inducer) can increase
the rate of copy number variations and whether sublethal DSM-1 (an antimalarial drug in clinical
development) can increase the rate of copy number variations. Through single molecule analysis
using Nanopore reads, we can detect the basal rate of copy number variations and understand
whether stress can affect copy number variation formation in the parasite’s genome. Through the
detection of heterogeneous copy number variations by Nanopore sequencing in malaria parasites,
we enhanced our understanding of the level of genetic diversity in malaria parasites and how
parasites respond to antimalarial stress. Such progress can help better understand genome
evolution through copy number variations and ultimately help develop new strategies to block

the development of resistance in this deadly organism.
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3.3 Materials and Methods

Parasite culture

We thawed erythrocytic stages of P. falciparum (Dd2, MRA-150 (Dd2-A sample: cultured
during 2020 and Dd2-B sample: cultured during 2022); 3D7, MRA-102 (3D7 sample: cultured
during 2020); HB3, MRA-155 (HB3 sample: cultured during 2020)), Malaria Research and
Reference Reagent Resource Center, BEI Resources and DSM1 resistant clone H2 as mentioned
in Chapter II) from frozen stocks and maintained them as previously described (Haynes et al.,
1976). Briefly, we grew parasites at 37 °C in vitro at 3% hematocrit (serotype A positive human
erythrocytes, Valley Biomedical, Winchester, VA) in RPMI 1640 medium (Invitrogen, USA)
containing 24 mM NaHCO3 and 25 mM HEPES and supplemented with 0.5% AlbuMAX (TM)
IT Lipid-Rich Media (Gibco, USA) and 36.73 uM Hypoxanthine (Sigma-Aldrich, USA) in
sterile, sealed flasks flushed with 5% O2, 5% CO2, and 90% N2 (Guler et al., 2013). We
maintained the cultures with media changes every other day and sub-cultured them as necessary
to keep parasitemia below 5%. We determined all parasitemia measurements using SYBR green-
based flow cytometry (Bei et al., 2010). To check the parasite culture for Mycoplasma
contamination, we routinely tested cultures using the LookOut Mycoplasma PCR Detection Kit

(Sigma-Aldrich, USA) to confirm negative Mycoplasma status.

Parasite stress treatment

To test whether antimalarial drug stress can affect the formation of de novo copy number
variations, we cultured Dd2-B parasites as mentioned in the Parasite culture in the Materials
and Methods (during June 2022) and split the cultured parasites into two samples. One sample

was treated with 1uM DSM-1 (10x EC50) dissolved in 10ul Dimethyl sulfoxide (DMSO, 0.1%)
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for 12 hours and the other sample was treated with 10ul DMSO (0.1%) for 12 hours. Parasites
from the two samples were washed in 1X PBS (diluted from 10x PBS Liquid Concentrate,
Gibco, USA), then re-cultured in Albumax-based media for 20 hours. DSM1 is a
triazolopyrimidine antimalarial that specifically and potently inhibits the P. falciparum
dihydroorotate dehydrogenase enzyme of pyrimidine biosynthesis (Phillips et al., 2008). A
previous study used DSM1 for drug selection and observed resistant parasites after weeks of
continuous culture under drug selection (0.3uM of DSM-1 for 17-88 days; 1-10uM of DSM1 for
7-26 days) (Guler et al., 2013). Dihydroorotate dehydrogenase (DHODH) gene amplification
was identified as the copy number variation conferring resistance (Guler et al., 2013). In this
study, since DSM-1 is a slow-acting drug and requires at least 48 hours to show a lethal effect on
the parasites (Sanz et al., 2012), we do not expect the time of treatment and re-culturing used is
long enough to cause rapid reduction in parasitemia by killing the parasites. After 20 hours of re-
culturing, the parasites were harvested at 1.9% (Dd2-B DSM1) and 4.9% (Dd2-B DMSO-1)
parasitemia with 18.5% (Dd2-B DSM1) and 72.4% (Dd2-B DMSO-1) of early-stage parasites

(Table 3.1).

Aphidicolin is a drug inhibiting DNA synthesis and inducing double strand break, thus has been
used to reversibly block DNA synthesis and maturation of trophozoite and schizonts during the
asexual life cycle (Inselburg and Banyal, 1984). To test whether Aphidicolin (24x EC50) can
affect the formation of de novo copy number variations, we treated parasites with 4.4uM
Aphidicolin; this compound has been used for parasite synchronization (Inselburg and Banyal,
1984) and we previously confirmed that this concentration pauses replication (data not shown).

Thus, this sublethal treatment is not likely to directly kill the parasites but instead cause
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replicative stress on the parasites. We cultured Dd2-B parasites as mentioned in the Parasite
culture in the Materials and Methods (during July 2022), and split the cultured parasites into
two samples, one sample was treated with 4.4uM Aphidicolin dissolved in 15ul DMSO (0.15%)
for 12 hours and the other sample was treated with 15ul DMSO (0.15%) for 12 hours alone.
Then we washed both samples in 1X PBS, and recultured the parasites in Albumax-based media.
After 14 hours of reculturing, we measured the parasitemia percentage and early-stage parasite
percentage for direct comparison between the two samples (Table 3.1). After 18 hours of
reculturing, the Aphidicolin-treated parasites (Dd2-B Aphidicolin) were harvested with 5.1%
parasitemia, 62.1% of early-stage parasites and 80.2% mitochondria membrane potential. After
40 hours of reculturing (longer reculturing time was used to obtain more late-stage parasites than
DSM1-DMSO sample), the DMSO treated parasites (Dd2-B DMSO-2) were harvested with
3.5% parasitemia and 35.5% of early-stage parasites, and 93.1% mitochondria membrane

potential.

Table 3.1 Parasitemia and early-stage parasite percentage before and after stress treatment

Pre-treatment Post-12hr-treatment Reculturing for 14 hrs At harvest*
Samples
Parasitemia % Early Parasitemia % Early Parasitemia % Early Parasitemia % Early
stage % stage % stage % stage %
Dd2-B ' ' ' ' ' ' ' '
DMSO-1 14 96.3 14 510 NA NA 49 724
Dd2-B DSM1 1.6 94.0 1.6 75.8 NA NA 1.9 18.5
Dd2-B
DMSO-2 1.1 93.0 12 51.7 22 62.0 35 355
Dd2-B
Aphidicolin 1.1 93.0 1.1 493 09 15.7 5.1 62.1

NA: not measured

*Dd2-B DMSO-1 and Dd2-B DSM1: harvested after 20 hours of reculturing

*Dd2-B DMSO-2: harvested after 40 hours of reculturing, Dd2-B Aphidicolin: harvested after
18 hours of reculturing
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DNA extraction for long read sequencing

We lysed asynchronous P. falciparum-infected erythrocytes with 0.15% saponin (Sigma-Aldrich,
USA) for 5 min at room temperature and washed them three times with 1x PBS (diluted from
10x PBS Liquid Concentrate, Gibco, USA). We then lysed parasites with 0.1% Sarkosyl
Solution (Bioworld, bioPLUS, USA) in the presence of 1 mg/ml proteinase K (from Tritirachium
album, Sigma-Aldrich, USA) overnight at 37 °C. We first extracted nucleic acids with
phenol/chloroform/isoamyl alcohol (25:24:1) pH 8.0 (Sigma-Aldrich, USA) three times using
1.5 ml light Phase lock Gels (5Prime, USA), then further extracted nucleic acids with chloroform
twice using 1.5 ml light Phase lock Gels (5Prime, USA). Lastly, we precipitated the DNA with
ethanol using the standard Maniatis method (Maniatis et al., 1989). To obtain high molecular
weight genomic DNA, we avoided any pipetting during the extraction, transferred solutions by

directly pouring it from one tube to another, and mixed solutions by gently inverting the tubes.

Oxford Nanopore long read sequencing and analysis

For Dd2-A, 3D7, HB3, H2 parasite DNA, we subjected 1 pg of high molecular weight genomic
DNA from each sample to library preparation for Oxford Nanopore sequencing following the
Nanopore Native barcoding genomic DNA protocol (version:

NBE 9065 v109 revAB 14Aug2019) with 1x Ligation Sequencing kit (SQK-LSK109, Oxford
Nanopore Technologies, Oxford, UK). We performed DNA repair and end preparation using
NEBNext FFPE DNA Repair Mix (New England Biolabs, Ipswich, MA, USA) and NEBNext
End Repair/dA-Tailing Module (New England Biolabs, Ipswich, MA, USA). We cleaned the A-
tailed fragments using 0.9X AMPure XP beads (Beckman Coulter, High Wycombe, UK). We

then ligated barcodes to the end-prepped DNA using the Native Barcoding Expansion 1-12 kit
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(EXP-NBD104, Oxford Nanopore Technologies, Oxford, UK) and Blunt/TA Ligase Master Mix
(New England Biolabs, Ipswich, MA, USA). We cleaned the barcoded samples using 0.9X
AMPure XP beads. Then we pooled barcoded samples in equimolar ratios and subjected to an
adaptor ligation step, using the Adapter Mix II from the Native Barcoding Expansion 1-12 kit
and NEBNext Quick Ligation Reaction Buffer (New England Biolabs, Ipswich, MA, USA) as
well as Quick T4 DNA Ligase (New England Biolabs, Ipswich, MA, USA). After adaptor
ligation, we cleaned the library using AMPure XP beads. We quantified the adapter ligated and
barcoded DNA using a Qubit fluorimeter (Qubit 1X dsDNA High Sensitivity Assay Kit, Life
Technologies, Carlsbad, CA). We sequenced the Dd2-A, 3D7, HB3 and initial H2 libraries using
a R9.4.1 flow cell (FLO-MIN106D, Oxford Nanopore Technologies, Oxford, UK) on MinION
(Oxford Nanopore Technologies, Oxford, UK) and another H2 library using the R10 flow cell
(FLO-MIN111) on MinION. To obtain the maximum number of reads, we ran both flow cells for

48 h (controlled and monitored using the MinKNOW software (3.6.5)).

For Dd2-B parasites treated with DMSO or DSM-1, Aphidicolin, we sequenced the four samples
with Nanopore ultra-long sequencing kit (SQK-ULKO001, Oxford Nanopore Technologies,
Oxford, UK) to obtain long reads. We subjected ~30 png of high molecular weight genomic DNA
from Dd2-B samples to library preparation using the Nanobind Library Prep-Ultra Long
Sequencing protocol (LBP-ULN-001, PacBio, USA). We fragmented the DNA using FRA
Dilution Buffer (FDB) and Fragmentation Mix (FRA) and added adapter using Rapid Adapter F
in the Nanopore ultra-long sequencing kit. The library was then cleaned with a Nanobind disk
from the Nanobind UL Library Prep Kit (NB-900-601-01, PacBio, USA). Gentle pipetting with

wide-bore tips is applied to minimize DNA fragmentation. Each Dd2-B parasite library is
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separated into three loadings and sequenced using a R9.4.1 flow cell (FLO-MIN106D, Oxford
Nanopore Technologies, Oxford, UK) on MinlON (Oxford Nanopore Technologies, Oxford,

UK) for 72 h (24h + 24h +24h).

For base calling and demultiplexing of the Nanopore sequencing reads, we used Guppy (version
3.4.5+fb1fbfb) with the parameter settings “-c dna_19.4.1 450bps_hac.cfg --barcode kits "EXP-
NBD104" -x auto” for samples (Dd2-A, 3D7, HB3, H2) sequenced with R9.4.1 flow cell and “-c
dna r10 450bps_hac.cfg -x auto” for the sample (H2) sequenced with R10 flow cell. The
sequenced data of H2 on R9.4.1 and R10 flow cell was then pooled for downstream analysis. For
Dd2-B samples, we did base calling with Guppy (version 3.4.5+fb1{bfb) using the parameter
settings “-c dna_19.4.1 450bps_hac.cfg -x auto” and sequenced with R9.4.1 flow cell. We
checked the read length and read quality using “Nanoplot” (version 1.0.0). We trimmed the
adapters with “qcat” (version 1.1.0) (Oxford Nanopore Technologies) and filtered the reads with
a cutoff “length > 500 and Phred value > 10” using the program “filtlong version 0.2.0”
(https://github.com/rrwick/Filtlong). To estimate the coverage of sequencing reads in each
sample, we aligned the filtered reads to Plasmodium falciparum 3D7 reference genome using
“minimap2” (version 2.17) (Li, 2018). “QualiMap” (version 2.2.1) (Garcia-Alcalde et al., 2012)

was used to calculate the coverage of the aligned reads.

Shiny analysis of long reads
To visualize structural variants in the parasite genome, we used a custom R Shiny script to plot
the arrangement of reference gene segments on individual Nanopore reads. Sub-telomere and

telomere regions with hypervariable genes were excluded from the analysis (Otto et al., 2018).
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Briefly, we extracted the reference sequences from 3D7 reference genome of genes and
subsequent intergenic regions cross the whole genome, then split these sequences into fragments
of 500-1000 base pairs (blocks). We compared these fragments to individual Nanopore reads
using BLAST (Ye et al., 2006). We used the BLAST output as input for a custom R script, which
drew rectangles representing homology between the defined genes (y-axis) and every read (x-
axis). The percent identity required to draw a homologous rectangle was allowed to vary
between reads, which varied in quality, using a slider in the Shiny app. To filter out long reads
with potentially spurious hits to gene fragments, we also used BLAST to compare Nanopore
reads to the reference genome and removed reads with <90% identity to the reference genome.
To obtain reads that are likely showing structural variants, we filtered the blasted reads by the
detection of repeated gene sequences or the detection of breakpoints on the reads. Specifically,
for reads with repeated gene sequences, we kept reads with at least one gene block blasted to two
or more different positions on a Nanopore read. To filter reads with breakpoints for structural
variants, we ordered the hit results by gene IDs and kept reads showing direction changes of
gene ID order along the reads. When there are no breakpoints, each read should only have either
increasing gene IDs or decreasing gene IDs across the read; when there is a change in the
direction, the gene ID order will switch from increasing to decreasing or vice versa. We
determined whether a read spanning a copy number variation by checking the presence of genes
outside of the amplicon, if the genes outside of the amplicon were present, we are able to
determine the exact number of copies of this variant (as indicated by “Span: Yes”), while if the
genes outside of the amplicon were not present in both ends, we do not know the copy number of

this variant (as indicated by “Span: No”).
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3.4 Results

Improvement of Nanopore sequencing read length and genome coverage

To assess the feasibility of using Nanopore sequencing to generate long reads to span copy
number variations in the malaria parasite genome, we sequenced 4 laboratory parasite lines
including Dd2 (Dd2-A sample), HB3, H2, 3D7 using a PCR-free library preparation kit (Ligation
Sequencing Kit) and AMPure XP beads during library preparation (see Materials and
Methods). Later, with the advance in Nanopore sequencing technology, we also sequenced
another set of Dd2 parasites (Dd2-B) with or without DSM-1 or aphidicolin treatment using the
Nanopore Ultra Long Sequencing Kit and Nanobind disk (see Materials and Methods) to

obtain longer reads (Table 3.2).

Table 3.2 Sequencing samples and read depth

Library DNA Total reads  Read Mean
preparation purification (>500bp, length read Largest  Nucleotide Genome
Sample kit method q10) N50 length readlength identity coverage
Dd2-A 150489 15,574 bp 10,902 bp = 190,160 bp 93% 29X
HB3 Ligation 96,057  18,893bp 12,480bp 251,827 bp 93% 23X
sequencing
H2 kit (SQK-  AMPure XP 162,539 11654bp 8,189bp  232.569bp  93% 22X
3D7 LSK109) 111074 17.587bp 12,126bp 256681bp  93% 23X
Average - 15927bp 10924 bp 190,160bp = 93% 24X
Dd2-B
DMSO-1 205,635 90.255bp 39,724 bp = 986,050 bp 91 % 364 X
Dd2-B Ultra-Long
DSM1 DNA Nanobind 151,754 79,544 bp 45,712bp = 628,852 bp 92% 309 X
Dd2-B Sequencing UL library 9% 358 X
DMSO-2  Kit(SQK-  prep kit 246,403  71,194bp 32,673bp 749,269 bp
Dd2-B ULKO001)
Aphidicolin 388,784  32995bp 13,228 bp | 320,993 bp 93% 226 X
Average - 68497 bp 32.834bp 671291bp  92% 314X
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As shown in Table 3.2, Dd2-A resulted in 150,489, reads containing 1,640,716,826 bases, while
Dd2-B sample resulted in 205,635 reads with 8,168,694,985 bases after filtering reads by size
(reads > 500bp) and quality (Albacore-generated score of q10). On average, the mean read length
of Dd2-A, HB3, H2, 3D7 samples (10,924 bp) is shorter than that of all the Dd2-B samples
(32,834 bp). The average N50 of reads increased from 15,927 bp in Dd2 (Dd2-A), HB3, H2, 3D7
samples to 68,497 bp in all the Dd2-B samples. Notably, all 4 Dd2-B samples (average: 671,291
bp) show a much longer maximum read length than the Dd2-A, HB3, H2, 3D7 samples (average:
190,160 bp). We measured the Nanopore read accuracy by alignment to Plasmodium Dd2
reference genome. Reads from each sample were mapped to the reference genome and showed
on average similar nucleotide identity across both sample sets (93% nucleotide identity for Dd2-
A,HB3,H2,3D7 samples and 92% for Dd2-B samples, Table 3.2). Mapping all filtered reads to
the Dd?2 reference genome resulted in on average 24X (Dd2-A, HB3, H2, 3D7 samples) and

314X (Dd2-B samples) coverage (Table 3.2).

Detection of known copy number variations in 4 laboratory cultured parasite lines

To detect known copy number variations across the genome of Plasmodium parasites, we
visualized how gene blocks are represented on individual reads using Shiny app (see Materials
and Methods). In the 4 laboratory cultured parasite lines (Dd2-A, HB3, H2, 3D7 samples), we
detected copy number variations that are previously identified and validated in other studies
(Miles et al., 2016). As shown in Table 3.3, we identified reads that span the whole GTP
cyclohydrolase I (GCH1) copy number variation in Dd2 (Figure 3.1A, Table 3.3), 3D7 (Figure
3.1B, Table 3.3). Since the size of the GCH1 copy number variation in HB3 is much larger

(161kb), we only identified reads that cover the breakpoint of the GCH1 copy number variation
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(Figure 3.1C, Table 3.3), but the breakpoint genes match the ones found in other studies,
indicating the size of copy number variation is the same as that of other studies (Miles et al.,
2016). We also identified reads covering the breakpoint of multidrug resistant protein 1 (MDR1)
amplification with similar copy number variation size as previous studies (Figure 3.1D, Table
3.3). Lastly, we also identified reads covering the breakpoint of DHODH amplification with
similar size of copy number variation as a previous study (Guler et al., 2013) (Figure 3.1E,
Table 3.3). Thus, the Nanopore long read visualization analysis can accurately detect the whole
structures of small copy number variations (i.e., copy number variations with 2kb, 5kb repeat
sequences) and the breakpoints of large copy number variations (i.e., copy number variations

with 82kb, 74kb, 161kb repeat sequences).
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Table 3.3 Known copy number variations detected by Nanopore read Shiny App analysis

Copy

Lines number Chromosome Start (Gene ID) | End (Gene ID) Bepeat Span Copies Number of Proportion
. . size (kb) reads
variation
HB3  GCHI 12 PF3D7_1223400 PF3D7_1227200 161  No >=I 28 100.0%
' ' ' ' ' Yes 4 8 471%
No >=I 3 17.6%
D7 GCHI 12 PF3D7_1224000 PF3D7_1224000 2  No >=2 2 11.8%
No >=3 2 11.8%
No >= 2 11.8%
' Yes 3 10 52.6%
No >=I 2 10.5%
GCHI 12 PF3D7_1223800 PF3D7_1224000 5
) No >=2 5 263%
Dd2
A No >=3 2 10.5%
' No  >=2 33 94.3%
MDRI 5 PF3D7_0521900 PF3D7_0523200 82
No >=3 2 5.7%
'Yes 5 1 59%
Yes 7 1 59%
No >=I 7 412%
GCHI 12 PF3D7_1223800 PF3D7_1224000 5 No >=2 1 5.9%
No >=4 3 17.6%
H2
No >=5 2 11.8%
No >=6 2 11.8%
MDRI 5 'PF3D7_0521900 PF3D7 0523200 82  No >=2 10 100.0%
' ' ' ' No  >=2 69 95.8%
DHODH 6 PF3D7_0601900 PF3D7_0603700 74
No >=3 3 42%

*Span (No) indicates the Nanopore read only detected the breakpoint of the copy number
variation and is not long enough to span the whole copy number variation
*Span (Yes) indicates the Nanopore read is long enough to cover the whole copy number

variation reference
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Figure 3.1 Detection of known copy number variations in 4 laboratory cultured parasite

lines

(A) GCH1 amplification in Dd2-A spanned by a Nanopore read. The brown arrow indicates the
orientation of the copy number variation repeats (each repeat includes 3 genes). (B) GCH1
amplification in 3D7 spanned by a Nanopore read. The green arrow indicates the orientation of
the copy number variation repeats (each repeat includes 1 gene). (C) The breakpoint of GCH1
amplification in HB3 covered by a Nanopore read. The black arrow points to the breakpoint. (D)
The breakpoint of MDR1 amplification in Dd2-A covered by a Nanopore read. The black arrow
points to the breakpoint. (E) The breakpoint of DHODH amplification in H2 covered by a
Nanopore read. The black arrow points to the breakpoint. The red arrow points to the genes with
increased copy number.
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Detection of de novo copy number variations in 4 laboratory cultured parasite lines

Since Dd2-A, HB3, H2, 3D7 parasites were originally cloned in the laboratory culture, we expect
most of the cells in each line show similar known copy number variation profiles but also have
some rare copy number variations that were previously not detected in the core genome. To
detect de novo copy number variations across the genome of Plasmodium parasites, we
visualized how gene blocks are represented on individual reads using Shiny app (see Materials
and Methods). Overall, we observed 182 (Dd2-A), 37 (HB3), 49 (H2) and 90 (3D7) pyramid-
like structures of genes (symmetrical inverted amplifications) in sequenced reads. The second
repeat of the reads often showed lower base calling accuracy than the first repeat (Figure 3.2A),
which was also observed in a previous study (Spealman et al., 2020) and indicated that they are
caused by the secondary structures formed by inverted duplications interfering with the
translocation of DNA through the sequencing pore. In this study, the pyramid structures
(symmetrical inverted amplifications) were observed across all 14 chromosomes (Table 3.4).
Their ubiquitous nature is supported by their identification in Nanopore sequencing datasets from
other labs (personal communication, Emily Ebel). Most copy number variations previously
detected in P. falciparum parasites are head-to-tail tandem amplifications (Huckaby et al., 2018).
Such structures could be transient complex DNA structure generated during DNA repair of

double-strand break or stalled DNA replication (see Discussion).
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Table 3.4 Count of pyramid structures across chromosomes in all samples

Chr* Chr Chr Chr Chr Chr Chr Chr Chr Chr Chr Chr Chr Chr .
Total Proportion#

Sample "4 5 3 4 s 6 7 8 9 10 11 12 13 14
Dd2-A 2 5 3 8 14 9 15 11 23 6 11 9 14 36 166 0.42%

HB3 3 1 2 5 3 4 7 2 1 3 0 0 2 2 35 0.15%
C710 3 4 0 2 2 3 0 1 6 4 5 4 8 7 49 0.27%
3D7 3 1 5 7 4 6 4 5 3 8 4 12 13 15 90 0.31%
Dd2-B
DMSO-1 0 5 2 2 1 3 4 6 2 5 3 1 6 10 50 0.04%
Dd2-B
DSM-1 7 0 12 12 14 22 19 15 20 21 26 29 35 49 291 0.35%
Dd2-B
DMSO-2 13 20 27 19 22 25 20 28 21 44 51 43 61 57 451 0.37%
Dd2-B
S 25 40 46 67 59 54 56 63 70 75| 93 129 152 942 0.56%
Aphidicolin

*Chr: Chromosome

#Proportion is calculated by dividing the total of pyramids to the total blast hit reads to 3D7
reference genome in each sample

We also observed 8 (Dd2-A, Figure 3.3B-2D), 3 (HB3), 3(H2) and 7 (3D7) inverted
amplifications, which are slightly different from the pyramid structures (Table 3.5). Since these
inverted amplifications often lack repeats for some genes, are not always symmetrical, and have
similar base calling accuracy in both repeats, it is possible that they are true copy number
variations that are present in the genome prior to sequencing (Table 3.5).

Table 3.5 Summary of de novo copy number variations detected in Plasmodium parasites
by Nanopore long reads

Parasite lines
Type of structural variations

Dd2-A HB3 C710 3D7
Amplification | 1 | 0 | 0 | 0
Inverted amplification (non-symmetrical) 8 3 3 7
Breakpoints of unknown structural variation 1 1 1 1
Total 10 4 4 8
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Amplifications that contribute to important malaria phenotypes typically sit in tandem, head-to-
tail orientation in the genome (Guler et al., 2013; Huckaby et al., 2018). Read visualization,
which can display the breakpoint between the two copies, showed 1 de novo tandem
amplification event in Dd2-A sample (Figure 3.3A, Table 3.5). We also observed reads
displaying the breakpoint of a distinct unknown structural variation in each sample (Dd2-A,
HB3, H2, 3D7, Figure 3.2B-3.2D, Figure 3.3E). We were not able to visualize the entire
regions, due to the limited read length; these unknown structural variations could potentially be

inversions, deletions, or amplification events.

With sequencing coverage of 22X to 29X across this set of samples, all the detected de novo
copy number variations are only supported by 1 read in each sample (see Table 3.6), while other
reads spanning the same genes show no copy number variation. None of the de novo copy
number variation locations were shared across different parasite lines. The genes contained
within these regions include DNA topoisomerase, kinase, guanyl-nucleotide exchange factor,
microtubule binding motor protein, ubiquitin-protein ligase, chaperone, RNA helicase, ribosomal
protein, and some uncharacterized proteins, which are proteins involved in wide biological
processes like DNA replication, signal transduction, biosynthesis, protein metabolism, RNA

metabolism (Table 3.6).
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Figure 3.2 Visualization of de novo copy number variations detected in Plasmodium
parasites by Nanopore long reads

(A) An inverted amplification showing a symmetrical pyramid-like structure detected by a
Nanopore read. (B) The de novo structural variant detected by breakpoints in HB3 sample. The
black arrow points to the breakpoint. (C) The de novo structural variant detected by breakpoints
in H2 sample. The black arrow points to the breakpoint. (D) The de novo structural variant
detected by breakpoints in 3D7 sample. The black arrow points to the breakpoint.
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Figure 3.3 Visualization of de novo copy number variations detected in Dd2-A Plasmodium
parasites by Nanopore long reads

(A) The de novo amplification event detected in Dd2-A sample. The red arrow points to the gene
with an increased copy number. (B)-(D) De novo inverted amplification events (non-
symmetrical) detected in Dd2-A sample. The red arrow points to the gene with an increased copy
number. (E) The de novo structural variant detected by breakpoints in Dd2-A sample. The black

arrow points to the breakpoint.
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Table 3.6 Gene information of detected de novo copy number variations in Dd2-A, HB3,

Start (Gene
ID)

Start (Gene name)

End (Gene ID)

End (Gene name)

Number
of support
read

Pf3D7_0919900

Pf3D7_0424700

Pf3D7_0510500

Pf3D7_1146700

Pf3D7_1221000

Pf3D7_1346400

Pf3D7_1361200

Pf3D7_1412400

Pf3D7_1443100

Pf3D7_1003500

Regulator of
chromosome
condensation-PP1-
interacting protein

Serine/threonine protein
kinase, FIKK family

Topoisomerase I

Kinesin-like protein

Histone-lysine N-
methyltransferase, H3
lysine-4 specific

VPS13 domain-
containing protein,
putative

Uncharacterized protein
MALI13P1.304

Uncharacterized protein

Uncharacterized protein

40S ribosomal protein
S20e, putative

Pf3D7_0919900

Pf3D7_0424900

Pf3D7_0510500

Pf3D7_1146800

Pf3D7_1221000

Pf3D7_1347400

Pf3D7_1361300

Pf3D7_1412400

Pf3D7_1443100

Pf3D7_1004000

Regulator of
chromosome
condensation-PP1-
interacting protein

PRESAN domain-
containing protein

Topoisomerase I

Uncharacterized protein

Histone-lysine N-
methyltransferase, H3
lysine-4 specific

Uncharacterized protein

Uncharacterized protein

Uncharacterized protein

Uncharacterized protein

60S ribosomal protein
L13, putative

Pf3D7_0705600

Pf3D7_0926300

Pf3D7_1437900

Pf3D7_0720500

RNA helicase, putative
Protein kinase, putative

HSP40, subfamily A

Uncharacterized protein

Pf3D7_0705900

Pf3D7_0926800

Pf3D7_1438000

Pf3D7_0722200

I ATP synthase subunit I

C, putative
Uncharacterized protein

Eukaryotic translation
initiation factor 2A

Rhoptry-associated
leucine zipper-like
protein 1

Pf3D7_0624800

Pf3D7_0904900

Pf3D7_1360700

Pf3D7_0811400

Uncharacterized protein

Copper-transporting
ATPase

E3 SUMO-protein
ligase PIAS, putative

Uncharacterized protein

Pf3D7_0624800

Pf3D7_0904900

Pf3D7_1360700

Pf3D7_0810500

Uncharacterized protein
Copper-transporting
ATPase

E3 SUMO-protein
ligase PIAS, putative

Protein phosphatase
PPM7, putative

H2, 3D7 samples
Sample Type of variants Copy Chr
number
Amplification >=2 9
4
5
11
Inverted 12
Dd2-A amplification N
(non-
symmetrical) 13
13
14
14
Breakpoint of
unknown
NA 10
structural
variation
7
Inverted
amplification _— 9
(non-
symmetrical)
HB3 14
Breakpoint of
unknown NA 7
structural
variation
6
Inverted
amplification N 9
(non-
symmetrical
H2 4 ) 13
Breakpoint of
unknown NA 3
structural
variation
7
7
Inverted
3D7 amplification _—
(non- 10
symmetrical)
11
12

Pf3D7_0713700

Pf3D7_0718700

Pf3D7_1033600

Pf3D7_ 1131300

Pf3D7_1220700

Uncharacterized protein

Uncharacterized protein

Pre-mRNA-splicing
factor CEF1, putative

Uncharacterized protein

Uncharacterized protein

73

Pf3D7_0713900

Pf3D7_0719100

Pf3D7_1033600

Pf3D7_ 1131300

Pf3D7_1220700

Uncharacterized protein

ATP synthase FO
subunit a-like protein,
putative

Pre-mRNA-splicing
factor CEF1, putative

Uncharacterized protein

Uncharacterized protein



14 Pf3D7 1422300 Dnal protein, putative Pf3D7_ 1422400 Uncharacterized protein 1

Protein transport protein

14 Pf3D7_1442900 SEC7, putative Pf3D7_1443100 | Uncharacterized protein 1
Brsilﬁﬁgi;l; of Kelch domain-
NA 14 Pf3D7 1468100  containing protein, Pf3D7_1469500 | Uncharacterized protein 1

structural
variation

*NA indicates we are unable to determine the copy number of variations

putative

Stress may induce complex structure in malaria parasites

To test whether stress from antimalarial drugs (DSM-1) or double-strand break inducer
(Aphidicolin) can affect the generation of copy number variations, we also compared the de novo
copy number variations detected in untreated Dd2-B samples and treated Dd2-B samples. To
understand the impact of the treatments on the parasites, we initially compared the parasitemia
and parasite stage in treated and untreated samples to evaluate the effect of the treatment. The
DSM-1 treated sample showed a similar parasitemia percentage, but a higher percentage (Dd2-B
DSM-1: 75.8%; Dd2-B DMSO-1: 51%) of early-stage parasites compared to the untreated
sample, indicating DSM-1 slowed the progression of parasite life cycle (Table 3.1). After re-
culturing the parasite for 20 hours, treated parasites exhibited a lower parasitemia level (Dd2-B
DSM-1: 1.9%; Dd2-B DMSO-1: 4.9%) and lower percentage of early-stage parasites (Dd2-B
DSM-1: 18.5%; Dd2-B DMSO-1: 72.4%). In other words, most of the untreated parasites
progressed to a new invasion round while the treated parasites mostly remained as late stages,
indicating DSM-1 slowed the progression of the life cycle of the parasites. Similarly, after
removing Aphidicolin treatment and 14-hour of re-culturing, treated parasites exhibited a lower
parasitemia (Dd2-B Aphidicolin: 0.9%; Dd2-B DMSO-2: 2.2%) and a lower percentage of early-
stage parasites (Dd2-B Aphidicolin: 15.7%; Dd2-B DMSO-2: 62%) (Table 3.1). Thus,
Aphidicolin treatment also appeared to slow the progression of the life cycle of the parasites and

limited new erythrocyte invasion.
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After sequencing, we noticed the Dd2-B parasite contained two main populations of parasites
with different genetic variations (point mutations and copy number variations) instead of one
main population of parasites. As shown in Table 3.7, the untreated samples, Dd2-B DMSO-1
and Dd2-B DMSO-2 show both reference genome alleles (3D7) and alternative alleles for known
resistant SNPs in Dd2 parasite line (Runtuwene et al., 2018). MDR1 and GCH1 amplification
(copy number >1) are known copy number variations in the Dd2 parasite line (Table 3.3),
however, we detected many reads containing only one copy of either MDR1 or GCH1 (Table
3.8). Considering both mixed alleles in many loci and loss of MDR1 and GCH1 amplification in
many reads, it is likely we have a non-clonal cell line with two main sub-populations of cells for
the Dd2-B sample. Such sub-populations are not detected in the Dd2-A sample (Table 3.7 and
Table 3.8). Thus, the comparison between treated and untreated samples might not reflect a

stimulation by stress but instead, the selection for the favorable sub-population.
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Table 3.7 Allele frequency of Dd2-B samples with or without stress treatment

Dd2-B Dd2-B Dd2-B Dd2-B DA2-A
Gene Chromosome POS (1;]1;35) (ADIBZ) DMSO-1 | DSM-1 | DMSO-2 | Aphidicolin .
REF ALT |REF ALT|REF ALT|REF ALT |REF ALT
Pf3D7_01_v3 265941 C T 92% 6% 9% 7% 75% 24% 56% 42% 5% 95%

PfATPase6
Pf3D7_01_v3 266480 A T 4% 94% 4% 94% 3% 95% 2% 97% 4% 91%
Pf3D7_01_v3 465296 C T 95% 5% 96% 4% 75% 24% 58% 42% 0% 100%
Pf3D7_01_v3 466034 T G 9% 3% 95% 4% 6% 23% 60% 37% 4% 93%

PfMRPI
Pf3D7_01_v3 467351 A G 9% 4% 96% 4% 6% 23% 58% 42% 1% 93%
Pf3D7_01_v3 468893 T A 9% 4% 96% 4% 8% 22% 59% 41% 6% 94%
Pf3D7_04_v3 748239 A T 9% 3% 95% 4% 82% 17% 61% 39% 18% 82%
DHFR-TS Pf3D7_04_v3 748262 T C 9% 3% 94% 4% 79% 18% 61% 38% 5% 90%
Pf3D7_04_v3 748410 G A 8% 4% 93% 6% 11% 22% 58% 40% 0% 100%
Pf3D7_05_v3 958145 A T 92% 7% 94% 6% 66% 33% 63% 35% 0% 100%

PfMDRI
Pf3D7_05_v3 958146 A T 97% 3% 96% 4% 78% 21% 62% 37% 38% 62%
Pf3D7_07_v3 404407 G T 8% 5% 9% 5% 76% 20% 53% 43% 0% 100%
Pf3D7_07_v3 404836 C G 9% 3% 93% 6% 77% 19% 52% 45% 10% 90%
PfCRT1 Pf3D7_07_v3 405362 A G 9% 5% 93% 6% 79% 20% 54% 45% 0% 100%
Pf3D7_07_v3 405600 T C %% 6% 9% 1% 82% 17% 55% 44% 0% 90%
Pf3D7_07_v3 405838 G T 93% 4% 9% 6% 71% 19% 54% 44% 5% 95%
Pf3D7_08_v3 549682 C T 8% 5% 89% 6% 68% 24% 58% 40% 4% 92%

PfDHPS
Pf3D7_08_v3 550212 G T 90% 1% 94% 2% 72% 20% 62% 35% 0% 100%
Average* 9% 4% 94% 5% 16% 22% 58% 41% 6% 93%

*The averages and standard deviation were calculated by excluding one outlier loci (Pf3D7_01_v3: 266,480)
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Table 3.8 Copy number frequency of MDR1 and GCH1 copy number variations in Dd2-B
samples with or without stress treatment

Dd2-B DMSO-1| Dd2-B DSM-1 | Dd2-B DMSO-2 Dle.-B . Dd2-A
Aphidicolin
CNVs Span CN* R R R R R
#of Proporti| #of Proporti| #of Proporti| #of Proporti #of Proporti
reads on reads on reads on reads on reads on

I Yes I 1 80 I 24 8% 48 18.9% 45 11.7% 0 0.0% 0 0.0%

Yes 2 0 0.0% 0 0.0% 0 0.0% 1 0.3% 0 0.0%

MDR ' Yes 3 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0%
CNV No  >=1 226  70.2% 192 756% @ 272  706% @ 217 @ 63.6% 0 0.0%
No >=2 13 4.0% 14 5.5% 59 15.3% 120 @ 352% 33 94.3%

No >=3 3 0.9% 0 0.0% 9 2.3% 3 0.9% 2 5.7%

Yes 1 256 91.4% 234 89.7% 189 | 66.1% 78 41.9% 0 0.0%
Yes 2 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0%

Yes 3 4 1.4% 4 1.5% 55 192% 42 22.6% 10 52.6%
(é(f\l}\l/l Yes 4 0 0.0% 0 0.0% 0 0.0% 1 0.5% 0 0.0%
No >=1 18 6.4% 23 8.8% 27 9.4% 32 17.2% 2 10.5%
No >=2 2 0.7% 0 0.0% 6 2.1% 20 10.8% 5 26.3%
No >=3 0 0.0% 0 0.0% 9 3.1% 13 7.0% 2 10.5%

*CN: Copy Number

Despite this unexpected finding, we continued our analysis of copy number variations in treated
and untreated samples to gain some insight into potential effects and justify future experiments.
Similar to the previous set of samples, we detected many pyramid-like gene structures
(symmetrical inverted amplifications) across all 14 chromosomes (Table 3.4). They are present
in both treated and untreated Dd2-B samples, but at an elevated level in the treated samples (~ 2-
fold increment in DSM1 treated sample, ~ 6-fold increment in Aphidicolin treated sample). We
also detected more “complex” pyramid structures in DSM-1 treated (16) and Aphidicolin (5)
treated samples (Figure 3.4A, 3.4B, 3.4C), which were not detected in untreated samples (Table
3.9). The “complex” pyramid structures often include more than one inverted amplification of

the same or different genes.

77



Despite higher sequencing coverage of 226X to 364X in the all Dd2-B samples, most of the de
novo copy number variations detected are still only supported by few reads (Table 3.10), while
other reads spanning the same genes show no copy number variations. Interestingly, we detected
a tandem amplification event in Dd2-B DSM-1 sample (Figure 3.4D). We also detected an
unknown structural variation with a different breakpoint in a nearby locus (Figure 3.4E, Table
3.10, colored in green), indicating that this locus might be prone to form copy number variations.
We also have now detected multiple copy number variations covered by >1 reads across the
different data sets indicating true rare copy number variations (Table 3.10, colored in blue, gray,
and yellow). While we previously have detected reads that only cover breakpoints between
tandem copies (Figure 3.2B), with the improved read length, we have now also observed
evidence of a true tandem amplification event with coverage of the breakpoint as well as a
duplicated sets of genes in Dd2-B DMSO-2 sample (Figures 3.5A, 3.5B), the breakpoint of this
copy number variation is also present in Dd2-B Aphidicolin sample (Table 3.10, colored in
yellow). In another example, we detected a tandem amplification in Dd2-B DSM-1, Dd2-B
DMSO-2, Dd2-B Aphidicolin samples showing at least 2 or 3 repeats (Figure 3.5C, Table 3.10,

colored in blue).

Overall, we detected more copy number variations in treated Dd2-B samples while untreated
Dd2-B samples exhibited similar numbers (Table 3.9). Specifically, we detected 27 copy
number variations (4 amplification, 6 inverted amplification, 16 complex pyramid and 2
breakpoints of unknown structural variations) in Dd2-B DSM-1 sample compared to the 3 copy

number variations (inverted amplification) detected in the Dd2-B DMSO-1 sample (Table 3.9).
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Similarly, we detected 25 copy number variations (3 amplification, 8 inverted amplification, 5
complex pyramid and 9 breakpoints of unknown structural variations) in Dd2-B Aphidicolin
sample compared to the 6 copy number variations (2 amplification, 4 inverted amplification)
detected in the Dd2-B DMSO-2 sample (Table 3.9). Interestingly, there are more reads with
breakpoints with unknown structural variations in Dd2-B Aphidicolin sample (9 reads) than its
paired Dd2-B DSM-1 sample (2 reads), see Table 3.9, Figure 3.5D, 3.5E. Finally, there are
fewer reads with complex pyramid structures in Dd2-B Aphidicolin sample (5 reads) than in the

other treated sample Dd2-B DSM-1 sample (16 reads), see Table 3.9, Figure 3.5D, 3.5E.

As in our initial study above, the de novo copy number variations are rare and heterogeneous
within each sample (Table 3.10). The genes in these de novo copy number variations cross all 14
chromosomes in the P. falciparum genome, encoding a variety of proteins, such as some
uncharacterized proteins, transcription factor, histone modifying enzyme, DNA metabolism
protein, membrane traffic protein, cell adhesion molecule, nucleotide kinase and so on, which are
involved in wide biological processes like DNA metabolism, RNA metabolism, protein
metabolism, protein folding, intracellular signal transduction, transcription regulation,
microtubule binding (Table 3.10).

Table 3.9 Summary of de novo copy number variations detected in Dd2-B samples with or
without stress treatment by Nanopore long reads

Type of structural variations Dd2-B Dd2-B Dd2-B Dd2-B
P DMSO-1  DSM-1 DMSO-2  Aphidicolin
Amplification 0 4 2 3
Inverted amplifications (non-symmetrical) 3 6 4 8
Complex pyramid 0 16 0 5
Breakpoints of 1'1nlfnown structural 0 5 0 9
variations
Total 3 27 6 25
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Figure 3.4 Visualization of de novo copy number variations detected in Dd2-B samples
by Nanopore long reads

(A) A complex pyramid structure detected in Dd2-B DSM-1 sample. (B) A complex pyramid
structure detected in Dd2-B DSM-1. (C) A complex pyramid structure detected in Dd2-B
Aphidicolin sample. (D) A de novo amplification event detected in Dd2-B DSM-1 sample. The
red arrow points to the gene with an increased copy number. (E) An unknown structural
variation covering the breakpoint close to the breakpoint in panel D. The black arrow points to
the breakpoint of the copy number variation.

80



A Dd2-B DMSO-2

7] cromn -
% - e
S s S
= — —f
z - Tl
g 0 -
Read 100 kb
B - Dd2-B DMSO-2
R —_—
& —
2 p—
= .
-5}
£ C—
& ™
Read 35 kb
C | pDd2-B DMSO-2
7]
A —_—
& R ]
2 OO —
=
4 Team — —
8 - - . e
Read 120 kb
D 2 Dd2-B Aphidicolin
§ T —
=) [ —
2 —
gl = T
E Read 25 kb
Dd2-B Aphidicolin
" S
& | —
&
=
=
-5
=] [ —
=%
o R

Read 20 kb

Figure 3.5 Visualization of de novo copy number variations detected in Dd2-B

(aphidicolin treatment) samples by Nanopore long reads

(A)-(B) A de novo amplification event detected in Dd2-B DMSO-2 sample by 2 reads. The red
arrow points to the gene with an increased copy number. The black arrow points to the
breakpoint of the structural variation. (C) One tandem amplification detected in Dd2-B DMSO-2
sample. The red arrow pointed to the genes with increased copies. (D) One de novo structural
variant detected in Dd2-B Aphidicolin sample. The black arrow points to the breakpoint of the
structural variation. (E) One de novo structural variant detected by breakpoints in Dd2-B
Aphidicolin sample. The black arrow points to the breakpoint of the structural variation.
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Table 3.10 Gene information of detected de novo copy number variations in Dd2-B samples
with or without stress treatment

Number of
Sample \'/l;?;:notz nf::l}:));r Chr | Start (Gene ID) Start (Gene name) End (Gene ID) End (Gene name) | supporting
read
13 | P3D7_1328300 | Uncharacterized protein | Pf3D7_1329000 | D\A-directed RNA 1
- - polymerase subunit
Dpa2-p | Mverted 13 | P3D7_1338900 | Serine/threonine protein | g 1330300 (RNA Proline 1
DMSO-1 amplificatio >=2 - kinase, putative -
ns -
Elongation factor 1- Pyrroline-5-
13 | Pf3D7_1357100 aloha Pf3D7_1357900 | carboxylate reductase, 1
p putative
.. . Uncharacterized
7 | P3D7_0724900 | Kinesin-19, putative |Pf3D7_ 0725300 . 1
protein
- 11 | PE3D7_1114900 | Uncharacterized protein | P3D7 1115400 | CYSi¢ine proteinase 1
Amplificati N falcipain 3
on i
13 | Pf3D7_1344400 | Uncharacterized protein | Pf3D7_1344700 Uncﬁz‘;‘glzed 1
2 | PB3D7 0214700 | Uncharacterized protein | P3D7 0214900 | RPOPTY nZCk protein 1
Mitochondrial
7 Pf3D7_0717600 | Uncharacterized protein | Pf3D7_0718400 | ribosomal protein S8, 1
putative
11 | P3D7_1122600 | Uncharacterized protein | Pf3D7 1123000 | ~ Uncharacterized 1
- - protein
Heptatricopeptide
5 Pf3D7_0521900 | Uncharacterized protein PF3D76052320 repeat-containing 1
Inv_erted‘ protein, putative
amplificatio >=) -
n U4/U6.US tri-snRNP-
3 Pf3D7_0323400 | Rh5-interacting protein | Pf3D7_0323700 | associated protein 1, 1
putative
. . Uncharacterized
4 Pf3D7 0418000 | Uncharacterized protein [ Pf3D7 0418900 . 1
- - protein
Apical ring associated Methionyl-tRNA
13 | Pf3D7 1312450 piealring . Pf3D7 1313200 formyltransferase, 1
DdJ2-B protein 1, putative .
DSM-1 putative
Exported 60S rib L rotei
7 | Pf3D7_0718100 | serine/threonine protein | P3D7_0719600 | > [POS0Ma Protein 1
. L11a, putative
kinase
. . Uncharacterized
9 Pf3D7_0930700 | Uncharacterized protein | Pf3D7_0931300 protein 1
s . TFIIS central domain-
11 | pD7 1126800 | RIVA-binding protein, | pesns 1197600 | containing protein, 1
putative .
putative
14 | Pf3D7_1412600 |Deoxyhypusine synthase | Pf3D7_1413000 Unc};ice‘;rlzed 1
10 | PBD7 1002200 Tryptophan-rich antigen PRD7 1002500 Uncharacterized 1
Complex >—2 - 3 - protein
pyramid Thromb din-related Nucl
13 | PRD7 1335900 | ' "rombospondin-reiated | by, 334500 | Nuciear movement 1
- anonymous protein - protein, putative
11 | PBD7 1146500 | Leucinerichrepeat | pepyg 117509 Tubulin-tyrosine 1
- protein - ligase, putative
12 | P3D7 1251300 dTMP kinase Pf3D7_1251700 Tryptoﬁgzrsz'tRNA 1
erythrocyte membrane WD repeat-containing
11 | Pf3D7_1101900 Ty yies Pf3D7 1105200 protein WRAP73, 1
- protein 1 - .
putative
11 | PBD7 1137100 Mitochondrial ribosomal PBD7 1139100 RNA-binding protein, 1

protein S9, putative

putative
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Probable DNA repair

6 Pf3D7_0604600 | DNA helicase, putative | Pf3D7_0605800 protein RADS0
. . Reticulocyte-binding
13 | Pf3D7_1334100 | Uncharacterized protein | Pf3D7_1335400 -
protein 2 homolog a
AP2 domain rRNA (Adenosine-2'-
14 | P£3D7_1429200 |transcription factor AP2-| P3D7_1429400 | O-)-methyltransferase,
03, putative putative
Ran-specific GTPase-
4 | Pf3D7_0418300 | Uncharacterized protein | Pf3D7_0419600 | activating protein 1,
putative
Cytosolic Fe-S cluster Uncharacterized
6 Pf3D7_0614200 | assembly factor NARIL, [ Pf3D7_0615000 rotein
putative p
Rhoptry-associated
7 Pf3D7_0721800 | Uncharacterized protein | Pf3D7_0722200| leucine zipper-like
protein 1
Breakpoints 13 | PBD7 1344000 Aminomethyltransferase PRD7 1344800 Aspartate
of unknown NA - , putative - carbamoyltransferase
structural G- in- i
ich patch domain Uncharacterized
variations 11 | Pf3D7_1110300 containing protein Pf3D7_1111700 protein
3 7 | P£3D7 0724900 | Kinesin-19, putative | Pf3D7 0725300 Uncﬁroatcetiflmed
Amplificati
on DEAD box ATP-
2 4 | Pf3D7_0410600 | Uncharacterized protein | Pf3D7_0411400 dependent RNA
helicase, putative
MOLOI domain- Uncharacterized
4 | Pf3D7 0418800 containing protein, Pf3D7_0419400 rotein
putative p
Transcription
Dd2-B Inverted 6 | P3D7_0609600 | Uncharacterized protein | Pf3D7_0610900 elongation factor
DMSO-2 | amplificatio >=) SPTS5, putative
n 4-hydroxy-3-methylbut- .
1 | Pf3D7 0104400 | 2-enyl diphosphate | Pf3D7 0104600 UHCharat“.erlzed
reductase, apicoplast protemn
11 | P3D7_1145400 | Dynamin-like protein | PD7_1145900 | ~Uneharacterized
protein
Eﬁ?ﬁ‘;‘x DEAD box ATP-
structural NA 4 | Pf3D7_0410600 | Uncharacterized protein | Pf3D7_0411400 dependent RNA
L helicase, putative
variation
o - . Uncharacterized
>=2,>=4( 7 Pf3D7_0724900 Kinesin-19, putative | P3D7_0725300 B
Amplificati 9 | P3D7 0923200 | Nitric oxide synthase, 1 pep; 0953300 | perforin-like protein 3
on ) - putative -
>=
7 | Pf3D7 0703900 | Uncharacterized protein | P3D7_0703900 Unc};ice‘;rlzed
6 P3D7 0631200 erythrocyte membrane P3D7 0631200 erythrocyte membrane
protein 1 protein 1
Dd2-B Serino/threont
Aphidico . . . erine/threonine
P 9 | P3D7_0928800 | Scrine/threonine protein | psryg 4978800 | protein kinase,
m kinase, putative -
putative
anin‘{ieétcz(:io N Ubiquitin fusion
P n 5 Pf3D7_0522000 | Uncharacterized protein | Pf3D7_ 0524800 | degradation protein 1,
putative
4 | PBD7 0409300 Methyltrar}sferase, PF3D7 0409600 Replication prote‘m
- putative - Al, large subunit
12 | PRD7_1232200 Dihydrolipoyl PBD7 1232200  Dihvdrolipoyl
dehydrogenase dehydrogenase
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Mitochondrial ribosomal Mi ated
3 | Pf3D7_0315500 |  protein L29/L47, | Pf3D7_0316000 | v < ONCIme associate
. antigen
putative
8 | PBD7 0805300 | C2HZ-typedomain- by 100550 | C2H2-type domain-
- containing protein - containing protein
SPRY domain-
10 | Pf3D7_1013800 | Uncharacterized protein | Pf3D7 1014300 | containing protein,
putative
6 | p3D7 0611400 | SWIBMDM2 domain- | sy 6611900 |  Lom12, putative
- containing protein -
. . 2-(3-amino-3-
14 | PD7 1413400 | 308 ribosomal protein | by 1413000 | carboxypropyhhistidi
S9, putative .
ne synthase subunit 1
Complex - Replication
pyramid 9 Pf3D7_0926000 | Protein kinase, putative | Pf3D7_0926900 | termination factor,
putative
Histone-lysine N- Uncharacterized
11| P3D7_1115200 methyltransferase SET7 PB3D7_1115800 protein
11 | PBD7 1121300 Tyrosine klr}ase-llke PRD7 1123000 Uncharact-erlzed
- protein - protein
Major facilitator
9 PF3D7 0914600 Transcription elongation PF3D7 0916000 superf:-m-uly doma‘m-
- factor 1 homolog - containing protein,
putative
. Pinin/SDK/MemA
13 | PD7_1313400 | DEAP boxhelicase, pppg 1314900 | domain-containing
- putative - . .
protein, putative
12 | PBRD7 1224600 Holocytochrome c-type PRD7 1225200 Uncharact-erlzed
- synthase - protein
DNA-directed RNA
13 | PB3D7 1364800 polymera-ses I, II, and III P3D7 1365700 SNARE a§5001atefi
: subunit RPABCI, Golgi protein, putative
Breakpoints .
of unknown putative
structural NA Thrombospondin-
variation 1| pBD7 0103600 | ATP-dependent RNA b irs 61604000 | related sporozoite
- helicase, putative - .
protein
DEAD box ATP-
4 | Pf3D7_0410600 | Uncharacterized protein | Pf3D7_0411400 dependent RNA
helicase, putative
8 | P3D7_ 0804700 | Uncharacterized protein | P3D7 0805300 | C2H2-type domain-
containing protein
7 | P3D7 0730700 | (RNA Threonine | Pf3D7 0731300 TRESAN domain-
- - containing protein
. Small subunit rRNA
12 | PBD7 1206600 | DNA-directed RNA | peaps 1509100 | processing factor,
polymerase subunit beta putative

Note: genes detected multiple times were marked by the same color

3.5 Discussion

In this study, we compared two Nanopore sequencing library preparation methods and improved
the read length of Nanopore reads for better copy number variation detection. We sequenced

laboratory Plasmodium falciparum parasite lines with and without DSM-1 or Aphidicolin stress
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treatment. By analyzing the sequenced Nanopore reads using the Shiny Application, we
identified previously known and de novo copy number variations in the parasites. Importantly,
we made several interesting observations in this pilot experiment and discussed their

implications as below.

Improvement of Nanopore sequencing read length

In this study, we compared two PCR-free library preparation methods for Nanopore sequencing.
We found that the use of the Nanopore Ultra-long sequencing kit and Nanobind disk (average
read length: 32 kb) improved the read length of the sequencing compared to the use of the
Nanopore Ligation sequencing kit and AMPure XP beads (average read length 11 kb) (Table
3.2). This is because: 1) the Ultra-long sequencing kit (one DNA purification step) includes less
DNA purification steps compared to the Ligation sequencing kit (three DNA purification steps);
2) the Nanobind disk is designed to use nanostructured silica to protect DNA from shearing and
facilitate washing to generate largest DNA based on the product description; 3) it requires
vigorous pipetting to elute ultra-high molecular weight DNA from the AMPure XP beads, which
consequently shears DNA. As shown in Table 3.3, we detected the whole structure of GCH1
amplification (2 kb or 5 kb repeat sequences), but not that of the MDR1 amplification (82 kb
repeat sequences) or DHODH amplification (74 kb repeat sequences) in parasites DNA prepared
by the Ligation sequencing kit and AMPure XP beads. Longer read length could improve the
detection of large copy number variations by covering a larger portion of their structures.
However, due to lack of direct comparison of the same parasite DNA with the same copy

number variations prepared by the two different library preparation methods, we could not
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determine whether longer read length can allow the better detection of large copy number

variations.

Proof of principle for detecting de novo structural changes

We sequenced 4 laboratory Plasmodium falciparum parasite lines (Dd2-A, HB3, H2, 3D7) that
are originally cloned in the laboratory culture. With the long read visualization analysis method,
we identified known copy number variations (GCH1, MDR1, DHODH) in these parasites (Table
3.3). More specifically, we accurately detected the whole structures of small copy number
variations (GCH1 amplicon with 2kb or 5kb repeat sequences) and the breakpoints of large copy
number variations with 82kb (MDR1 in Dd2), 74kb (DHODH in H2) and 161 kb (GCH1 in
HB?3) repeat sequences that have been found in previous studies (Miles et al., 2016, Huckaby et
al., 2018). Thus, this confirms the validity of the Nanopore sequencing, our analysis method, and

provides confidence for detecting novel structural changes in the parasites.

We identified de novo amplifications, inverted amplifications, and breakpoints of unknown
structural variations, which have not been previously identified in the 4 laboratory lines (Dd2-A,
HB3, H2, 3D7) (Table 3.5 and Table 3.6). Since these de novo structural changes are only
detected by one read at ~ 24X coverage (Table 3.6), while other reads spanning the same genes
show no copy number variation, these events are likely rare and arise randomly across the
parasite populations. We also identified these same categories of structural variations in Dd2-B
parasites with or without DSM-1 or Aphidicolin treatment (Table 3.9, Table 3.10). Most of the

de novo copy number variations detected in Dd2-B parasites are still only supported by few
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reads at 226X to 364X coverage (Table 3.10), providing further evidence for their de novo

generation across the genome.

The nature of pyramid structures detected in the Nanopore reads
We observed many pyramid-like structures of genes (symmetrical inverted amplifications) across
the genome in sequenced reads (Table 3.4). It is unclear whether these pyramid structures are

caused by Nanopore sequencing error or real structural changes.

It is possible that pyramids are caused by transient structural changes in the parasite genome. A
previous study suggests that secondary structures are often formed within repetitive DNA
sequences that can pair out of register after double-stranded DNA is denatured, resulting in the
misalignment of the two strands. Particularly, secondary structures can form on a single-strand
DNA end created by replication fork or during the repair of double-strand break (Kaushal et al.,
2019). In addition, the previous study indicates that if the misalignment is not corrected,
expansions or contractions in repeat length will result (Kaushal et al., 2019). In our study, based
on the observation of pyramid structures, it is possible that the secondary structure formed during
DNA replication or DNA repair can lead to the formation of double-strand DNAs with a hairpin-
capped DNA end (as shown in the Figure 3.6A, 3.6B) can cause the pyramid structures in
Nanopore sequencing reads. Further validation using PCR-based method targeting the

breakpoints of the pyramid structures is necessary to confirm these structural changes.

It is also possible that the pyramids are caused by Nanopore sequencing error. The generation of

inverted copies of sequenced DNA during Nanopore sequencing has not been reported in the
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literature. However, it is possible this type error is associated with the high AT-content and

prevalent repetitive sequences of the P. falciparum genome.

Interestingly, the second repeat of these pyramid structures often showed lower base calling
accuracy than the first repeat (Figure 3.2A), which has been observed in another study
(Spealman et al., 2020). It has been suggested that the higher error rate in the second copy of
inverted amplifications is likely caused by the secondary structures formed by inverted
amplifications interfering with the translocation of DNA through the sequencing pore (Spealman

et al., 2020).
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Figure 3.6 Illustration of the formation of inverted duplication during DNA replication and
DSB repair

(A) DNA secondary structure can form during DNA replication on a single-strand DNA end
created by fork reversal and the ligation of these sequences can result in inverted duplication
sequences with a hairpin capped end. (B) Secondary structure can also form when DNA is
single-strand during DNA repair of double-strand break. And the ligation between these
sequences can lead to an inverted duplication sequence with hairpin capped end. Image is
adapted from Kaushal et al., 2019.

Interestingly, we found that there are more pyramid structures (symmetrical inverted
amplifications, Figure 3.2A, Table 3.4), and more complex-pyramid structures (including more
than one inverted amplification of the same or different genes Figure 3.4A-C, Table 3.9) in

treated samples. Given what we know about DSM1 and Aphidicolin (see below), this
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observation indicates that the formation of these structures may be related to replicative stress or

DNA repair of double strand break in vivo.

Potential factors contributing to novel structural changes in parasites under stress

With the treatment of sublethal DSM-1 and Aphidicolin stress, we observed an increased rate of
copy number variation within the parasite samples (~9-fold increase in the DSM-1 treated
sample and ~ 4-fold increase in the Aphidicolin treated sample). There are several factors that

could potentially contribute to this effect.

Firstly, the drug stress might select the sub-population with more copy number variations within
the Dd2-B sample. We identified two main sub-populations of cells within the Dd2-B samples
by allele frequency analysis at specific genes (Table 3.7), which limited our ability to interpret
the difference between the treated and untreated samples. One sub-population carries more 3D7
alleles (sensitive to multiple antimalarial drugs), while the other sub-population carries more
Dd2 alleles (resistant to multiple antimalarial drugs) (Table 3.7). Since the proportion of two
sub-populations changed after Aphidicolin treatment based on allele frequency analysis (58%:
41% in Aphidicolin treated sample; 76%: 22% in DMSO control sample), it is possible that
Aphidicolin selected the sub-population with a shorter maturation-blocking time, or with more
alleles that enhance parasite fitness or erythrocyte invasion, or other beneficial traits. Further
analysis on the overlap between genes with allele frequency changes and genes with copy
number changes is needed to investigate the selection effect on structural changes by

Aphidicolin. We did not observe an obvious change in the sub-population proportion in DSM-1
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treated sample by allele frequency analysis (Table 3.7), thus it is possible DSM-1 did not exhibit

a selection effect.

Secondly, the changing proportion of the two sub-populations under Aphidicolin treatment could
also be due to random fluctuations over time. We expanded the same Dd2-B parasite stock and
cultured parasites for the experiment. The Dd2-B-DMSO-1 and Dd2-B-DMSO-2 samples are
equivalent, other than the time at which they were harvested (4 weeks apart), yet they exhibited
different proportions of subpopulations. Random fluctuations could also be contributing to the
difference between the Aphidicolin treated and DMSO control sample since they were re-
cultured for different lengths of time (18 hours compared to 40 hours, respectively). Thus, it is
also possible that the increased structural changes in the treated sample are caused by random
fluctuations during in vitro culture. More biological repeats of the experiment sequenced
separately may help to determine if random variation is contributing to the differences in

increased formation of copy number variation.

Thirdly, differences in the detection of structural variants in the genome could be stage-
dependent. Of note, the early-stage percentage of the parasites between treated and untreated
samples were different at the time of harvest (Table 3.1). Early stage parasites have not yet
begun to replicate their genome (Matthews et al., 2018). As shown in a previous study, early-
stage parasites cannot reconstitute chromosome content as efficient as multinuclear late-stage
parasites after exposure to ionizing radiation that leads to DNA breakage (Lee Andrew H. et al.,
2014). Thus, the compact nature of their chromatin of early stage parasites may impact the

formation of secondary structure, activity of repair pathways, and perhaps formation of structural
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variants (Lee Andrew H. et al., 2014). In our experiments, we did not identify supporting
evidence for a stage-effect; the two untreated control samples had drastically different levels of
early-stage parasites (72.4% and 35.5%, Table 3.1), yet their overall number of structural
variations were very similar (3 and 6, Table 3.9). Similarly, the two treated samples varied in
their early-stage percentage (18.5% and 62.1%, Table 3.1) and exhibited a high frequency of
structural variation (27 and 25, Table 3.9). Future experiments could control for the possibility

of a stage effect more specifically by ensuring that all samples are relatively similar in stage.

Finally, it is possible that the treatments are truly inducing structural changes in the parasite
genomes. Aphidicolin induces double-strand breaks on AT-rich DNA sequences and copy
number variations could be introduced during DNA repair (Inselburg and Banyal, 1984). DSM-1
is a drug that targets the biosynthesis of pyrimidines and required for DNA synthesis (Phillips et
al., 2008) and replication stress is also a contributor to DNA breakage (Gupta et al., 2016). Since
the structural variants that we observed after treatment were broadly distributed across the
genome with many repetitive AT-rich sequences (Huckaby et al., 2018), there were not specific
structural changes related to these pathways detected (Table 3.10) and it is unclear whether there
is a stage-effect as discussed above, it is also possible that both treatment conditions induced
random and novel structural changes. To understand whether the formation of these novel
structural changes is related to replication stress or double-strand break, we can treat the
parasites with a combination of double-strand break inducing drugs and drugs inhibiting DNA
repair process that would be needed during the formation in future experiments. The targets of
the drugs inhibiting DNA repair process can be global protein synthesis or specific double-strand

break repair pathways as suggested in a previous study in bacteria (Amarh and Arthur, 2019).
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Drugs such as Mefloquine, Emetine, Halofuginone etc., have been suggested to inhibit protein
synthesis in P. falciparum parasites (Tamaki Fabio et al., 2022). Drugs such as Butylphenyl-
dGTP and 7-acetoxypentyl-(3, 4 dichlorobenzyl) guanine targeting essential enzymes (such as
DNA polymerase §) in double-strand break repair pathways, thus can be used to inhibit the DNA

repair process in P. falciparum parasites (Vasuvat et al., 2016).

To summarize, we cannot determine the precise cause of our observation of increased structural
changes in treated samples based on current data. The detection of two main sub-population of
cells was an unexpected observation, but it provides information about how the treatments
impacted the parasite population. This information will be useful as we consider experimental
design for future experiments. It will be essential that we use a homogeneous parasite line,
employ multiple biological replicates sequenced separately, and include parasite samples before
and after treatment to better understand the role of drug stress in the evolution of copy number

variations.

Methods to validate the detected copy number variations from Nanopore reads

We identified several reads covering breakpoints of de novo amplifications and unknown
structural variations. To validate whether we are detecting real copy number variations, we can
perform PCR to confirm the existence of the breakpoints of the copy number variations using the
DNA from each sample. Alternatively, we can also sequence the parasites with Illumina short-
read sequencing to check if we can detect split reads or discordant reads that covering the
breakpoint of the de novo copy number variations (Layer et al., 2014). However, it will be

challenging to detect rare de novo copy number variations covered by a single read since we use
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bulk DNA for these validation methods and PCR amplification or short-read sequencing lack the
sensitivity to detect rare genetic variations (Cantsilieris et al., 2013). The chance of success for
these validation methods will be higher for loci that are detected by more than one read or in
multiple parasite lines (Table 3.10). In addition, we also plan to use our single cell sequencing

pipeline to evaluate the impact of treatments on de novo CNV formation, see Chapter 4.

In this study, we used single molecule Nanopore sequencing of laboratory cultured parasite lines
with or without stress treatment to assess the frequency of de novo structural variations
encompassing genes across various chromosomes. This is the first study enabling direct
visualization of copy number variations on Nanopore reads and discovery of rare heterogeneous
copy number variations in malaria parasites. This new method allows us to study the molecular
process of the generation of copy number variation, understand genome evolution through copy
number variations and the dynamics of parasite adaptation under stressed conditions. With the
understanding of the dynamics of copy number variation in the malaria parasites, this study can
provide new strategies to block the development of resistance in this deadly organism. Lastly, an
extension of this study can also help understand the evolutionary role of copy number variations

in the adaptation of diverse organisms.
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4 CHAPTERV: Single cell sequencing of the small and AT-skewed
genome of malaria parasites for heterogeneous copy number variations

detection

The method presented in this chapter was published on Genome Med 13,75 (2021) using the
title:
Single cell sequencing of the small and AT-skewed genome of malaria parasites

https://doi.org/10.1186/s13073-021-00889-9

Publication Author List: Shiwei Liu, Adam C. Huckaby, Audrey C. Brown, Christopher C.

Moore, Ian Burbulis, Michael J. McConnell, Jennifer L. Giiler
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4.1 Abstract

Single cell genomics is a rapidly advancing field; however, most techniques are designed for
mammalian cells. We present a single cell sequencing pipeline for an intracellular parasite,
Plasmodium falciparum, with a small genome of extreme base content. Through optimization of
a quasi-linear amplification method, we target the parasite genome over contaminants and
generate coverage levels allowing detection of minor genetic variants. This work, as well as
efforts that build on these findings, will enable detection of parasite heterogeneity contributing to
P. falciparum adaptation. Furthermore, this study provides a framework for optimizing single

cell amplification and variant analysis in challenging genomes.
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4.2 Introduction

Malaria is a life-threatening disease caused by protozoan Plasmodium parasites. P. falciparum
causes the greatest number of human malaria deaths (Rich et al., 2009). The clinical symptoms
of malaria occur when parasites invade human erythrocytes and undergo rounds of asexual
reproduction by maturing from early forms into late-stage forms and bursting from erythrocytes
to begin the cycle again (Matthews et al., 2018). In this asexual cycle, parasites possess a single
haploid genome during the early stages; rapid genome replication during subsequent stages leads

to an average of 16 genome copies per individual (Matthews et al., 2018).

Due to lack of effective vaccines, antimalarial drugs are required to treat malaria. However, drug
efficacy is mitigated by the frequent emergence of resistant populations (Blasco et al., 2017).
Both single nucleotide polymorphisms (SNPs) and copy number variations (CNVs, the
amplification or deletion of a genomic region) contribute to antimalarial resistance in P.
falciparum (Kidgell et al., 2006; Conway, 2007; Hyde, 2007; Ribacke et al., 2007; Nair et al.,
2008; Cheeseman et al., 2009; Bopp et al., 2013; Guler et al., 2013; Menard and Dondorp, 2017).
It is important to assess genetic diversity within parasite populations to better understand the
mechanisms of rapid adaption to antimalarial drugs and other selective forces. These studies are

often complicated by multi-clonal infections and limited parasite material from clinical isolates.

Recent studies have begun to overcome these limitations for SNP analysis; methods including
leukocyte depletion (Venkatesan et al., 2012), selective whole genome amplification (WGA) of
parasite DNA (Ibrahim et al., 2020), hybrid selection with RNA baits (Melnikov et al., 2011) and

single cell sequencing of P. falciparum parasites (Trevino et al., 2017; Jett et al., 2020) help
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enrich parasite DNA, determine genetic diversity, and understand the accumulation of SNPs in
long term culture. However, the study of genetic diversity in early-stage parasites on a single cell
level remain challenging (Trevino et al., 2017); the lack of alternative single cell approaches for
P. falciparum parasites impedes the validation of SNP results by parallel investigations

(Lihnemann et al., 2020).

The dynamics of CNVs in evolving populations are not well understood. One reason for this is
that most of the P. falciparum CNVs have been identified by analyzing bulk DNA from selected
parasites, where CNVs are present in the majority of parasites (Price et al., 2004; Kidgell et al.,
2006; Ribacke et al., 2007; Heinberg et al., 2013; Ravenhall et al., 2019). However, many low
frequency CNVs undoubtedly remain undetected. There is speculation that these low-frequency
CNVs are either deleterious or offer no advantages for parasite growth or transmission
(Cheeseman et al., 2016; Ravenhall et al., 2019) but orthogonal methods to verify genome
dynamics within the population are needed. Recent investigations in other organisms have
analyzed single cells to detect low frequency CN'Vs within heterogeneous populations (Macaulay
and Voet, 2014; Wang and Navin, 2015; Gawad et al., 2016; Lauer et al., 2018; Wang et al.,

2018, 2020).

Single cell-based approaches provide a significant advantage for detecting rare genetic variants
(SNPs and CNVs) by no longer deriving an average signal from large quantities of cells.
However, short-read sequencing requires nanogram to microgram quantities of genomic material
for library construction, which is many orders of magnitude greater than the genomic content of

individual Plasmodium cells. Therefore, WGA is required to generate sufficient DNA quantities
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for these analyses. Several WGA approaches have been reported and each has advantages and
disadvantages for different applications; however, most have been optimized for mammalian cell
analysis (Hughes et al., 2014; Neves et al., 2014; Wang et al., 2014; Hou et al., 2015; Deleye et
al., 2017; Vitak et al., 2017; Burbulis et al., 2018; Duan et al., 2018; Rohrback et al., 2018;
Chronister et al., 2019). Because WGA leads to high levels of variation in read abundance across
the genome, CNV analysis in the single cell context is especially challenging. Previous
approaches have been tuned specifically for CNV detection in mammalian genomes, which are
generally hundreds of kilobases to megabases in size (Navin et al., 2011; Zong et al., 2012;

McConnell et al., 2013; Campbell et al., 2015; Fu et al., 2015; Ning et al., 2015).

To date, the detection of CNVs in single P. falciparum parasites using whole genome sequencing
has not been achieved. The application of existing WGA methods is complicated by the
parasite’s small genome size and extremely imbalanced base composition (23Mb haploid
genome with 19.4% GC-content (Gardner et al., 2002)). Each haploid parasite genome contains
25 femtograms of DNA, which is ~280-times less than the ~6400Mb diploid human genome.
Therefore, an effective P. falciparum WGA method must be both highly sensitive and able to
handle the extreme base composition. One WGA method, multiple displacement amplification
(MDA), has been used to amplify single P. falciparum genomes with near complete genome
coverage (Trevino et al., 2017; Nkhoma et al., 2020). These studies successfully detected SNPs
in single parasite genomes but did not report CNV detection, which is possibly disrupted by low
genome coverage uniformity (Huang et al., 2015) and the generation of chimeric reads by MDA
(Lasken and Stockwell, 2007), as well as the relatively small size of CNVs in P. falciparum

(<100kb) (Huckaby et al., 2018; Simam et al., 2018a).
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Multiple annealing and looping-based amplification cycles (MALBAC) is another WGA method
that exhibits adequate uniformity of coverage, which was advantageous for detecting CNVs in
single human cells (Zong et al., 2012). MALBAC has the unique feature of quasi-linear pre-
amplification, which reduces the bias associated with exponential amplification (Zong et al.,
2012). However, standard MALBAC is less tolerant to AT-biased genomes, unreliable with low
DNA input, and prone to contamination (de Bourcy et al., 2014; Oyola et al., 2014; Ning et al.,

2015). Thus, optimization of this WGA method is necessary for P. falciparum genome analysis.

In this study, we developed a single cell sequencing pipeline for P. falciparum parasites, which
included efficient isolation of single infected erythrocytes, an optimized WGA step inspired by
MALBAC, and a method of assessing sample quality prior to sequencing. We tested our pipeline
on erythrocytes infected with laboratory-reared parasites as well as patient-isolated parasites with
heavy human genome contamination. We assessed amplification bias first using a PCR-based
approach and then by sequencing. We evaluated genome coverage breadth and coverage
uniformity, as well as amplification reproducibility. Furthermore, we combined two approaches
to limit false positives for CNV detection and applied stringent filtering steps for SNP detection
in single cell genomes. This work, as well as efforts that build on these findings, will enable the
detection of parasite-to-parasite heterogeneity to clarify the role of genetic variations in the
adaptation of P. falciparum. Furthermore, this study provides a framework for the optimization
of single cell whole genome amplification and CN'V/SNP analysis in other organisms with

challenging genomes.
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4.3 Methods

Parasite Culture

We freshly thawed erythrocytic stages of P. falciparum (Dd2, MRA-150, Malaria Research and
Reference Reagent Resource Center, BEI Resources) from frozen stocks and maintained them as
previously described (Haynes et al., 1976). Briefly, parasites were grown in vitro at 37°C in
solutions of 3% hematocrit (serotype A positive human erythrocytes, Valley Biomedical,
Winchester, VA) in RPMI 1640 (Invitrogen, USA) medium containing 24 mM NaHCO; and 25
mM HEPES, and supplemented with 20% human type A positive heat inactivated plasma
(Valley Biomedical, Winchester, VA) in sterile, plug-sealed flasks, flushed with 5% O,, 5% CO,,
and 90% N, (Guler et al., 2013). We maintained the cultures with media changes every other day
and sub-cultured them as necessary to keep parasitemia below 5%. All parasitemia
measurements were determined by SYBR green based flow cytometry (Bei et al., 2010).
Cultures were routinely tested using the LookOut Mycoplasma PCR Detection Kit (Sigma-

Aldrich, USA) to confirm negative infection status.

Clinical Sample Collection

We obtained parasites from an infected patient admitted to the University of Virginia Medical
Center with clinical malaria. The patient had a recent history of travel to Sierra Leone, a malaria-
endemic country, and P. falciparum infection was clinically determined by a positive rapid
diagnostic test and peripheral blood smear analysis. We obtained the sample of 1.4% early-stage
parasites within 24h of phlebotomy, incubated in the conditions described in Parasite Culture for
48 hours and washed the sample 3 times with RPMI 1640 HEPES to decrease levels of white

blood cells. To fully evaluate our amplification method in the presence of heavy human genome
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contamination, we did not perform further leukodepletion. We set aside some of the sample for
bulk DNA preparation (see Bulk DNA Extraction). Using another portion of the sample, we
enriched for parasite-infected erythrocytes using SLOPE (Streptolysin-O Percoll) method
(Brown et al., 2020), which increased the parasitemia from 1.4% to 48.5% (Figure S4.1). We
then isolated the single P. falciparum-infected erythrocytes using the CellRaft AIR™System

(Cell Microsystems, Research Triangle Park, NC) as detailed in Parasite Staining and Isolation.
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Supplementary Figure 4.1 Confirmation of staging for enriched parasite samples

Parasitemia (proportion of infected erythrocytes; P3 gate, left plots) and proportion of early stage
parasites (R1 gate, right plots) is shown for each sample. A. Early stage laboratory parasite
samples. Early stage parasites were enriched by harvesting the flow-through of the MACS column,
which contained parasite stages that have not accumulated hemozoin, a paramagnetic crystal,
along with uninfected cells. The SLOPE method was used to deplete the sample of uninfected cells
to yield a high parasitemia (22.8%), predominantly early-staged population (97.0%) for single cell
isolation. The flow cytometry run collected 30,485 total events. B. Late stage laboratory parasite
samples. Late stage parasites were enriched by collecting the bound fraction from the MACS
column, which contained parasite stages with high levels of paramagnetic hemozoin. This high
parasitemia (80.8%), predominantly late stage population (74%), was used for single cell isolation.
Late-stage parasites were further selected by higher fluorescence (due to increased DNA content
and mitochondrial size) on the CellRaft microscope during isolation (see Figure 4.1A). The flow
cytometry run collected 1357 total events. C. Early stage clinical parasite samples. Whole blood
collected from a P. falciparum-infected patient was stored in sodium citrate for 23 hours in the
hospital and incubated in RPMI for 48 hours in the laboratory (see Methods for details). The
SLOPE method was used to deplete the sample of uninfected cells to yield a high parasitemia
(48.5%), predominantly early-staged population (94.0%, confirmed by microscopy) for single cell
isolation. The flow cytometry run collected 1314 total events.
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Bulk DNA Extraction

We lysed asynchronous P. falciparum-infected erythrocytes with 0.15% saponin (Sigma-Aldrich,
USA) for S5min and washed them with 1x PBS (diluted from 10x PBS Liquid Concentrate,
Gibco, USA). We then lysed parasites with 0.1% Sarkosyl Solution (Bioworld, bioPLUS, USA)
in the presence of 1mg/ml proteinase K (from Tritirachium album, Sigma-Aldrich, USA)
overnight at 37°C. We extracted nucleic acids with phenol/chloroform/isoamyl alcohol (25:24:1)
pH 8.0 (Sigma-Aldrich, USA) using 2ml light Phase lock Gels (SPrime, USA). Lastly, we

precipitated the DNA with ethanol using the standard Maniatis method (Maniatis et al., 1989).

Parasite Staining and Isolation

For late-stage parasite samples, we obtained laboratory Dd2 parasite culture with a starting
parasitemia of 1.7% (60% early-stage parasites). We separated late stage P. falciparum-infected
erythrocytes from non-paramagnetic early stages using a LS column containing MACS®
microbeads (Miltenyi Biotec, USA, (Ribaut et al., 2008)). After elution of bound late-stage
parasite, the sample exhibited a parasitemia of 80.8% (74.0% late-stage parasites, Figure S4.1).
For early-stage parasites, we obtained laboratory Dd2 parasites culture with a starting
parasitemia of 3% (46% early-stage parasites). We harvested the non-paramagnetic early stages
parasites which were present in the flow-through of the LS column containing MACS®
microbeads. Next, we enriched the infected erythrocytes using the SLOPE method, which
preferentially lysed uninfected erythrocytes (Brown et al., 2020). The final parasitemia of
enriched early-stage parasites was 22.8% (97.0% early-stage parasites, Figure S4.1). To
differentiate P. falciparum-infected erythrocytes from remaining uninfected erythrocytes or cell

debris, we stained the stage specific P. falciparum-infected erythrocytes with both SYBR green
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and MitoTracker Red CMXRos (Invitrogen, USA). We then isolated single P. falciparum-
infected erythrocytes using the CellRaft AIR™ System (Cell Microsystems, Research Triangle
Park, NC). We coated a 100-micron single reservoir array (CytoSort Array and CellRaft AIR
user manual, CELL Microsystems) with Cell-Tak Cell and Tissue Adhesive (Corning, USA)
following the manufacture’s recommendations. Then, we adhered erythrocytes on to the
CytoSort array from a cell suspension of ~20,000 cells in 3.5mL RPMI 1640 (Invitrogen, USA)
with AIbuMAX II Lipid-Rich BSA (Thermo Fisher Scientific, USA) and Hypoxanthine (Sigma-
Aldrich, USA). Lastly, we set up the AIR™ System to automatically transfer the manually

selected single infected erythrocytes (SYBR+, Mitotracker+) into individual PCR tubes.

Steps to Limit Contamination

We suspended individual parasite-infected erythrocytes in freshly prepared lysis buffer, overlaid
them with one drop (approx. 25ul) of mineral oil (light mineral oil, BioReagent grade

for molecular biology, Sigma Aldrich, USA), and stored them at -80°C until WGA. We
amplified DNA in a clean positive pressure hood located in a dedicated room, using dedicated
reagents and pipettes, and stored them in a dedicated box at -20°C. We wore a new disposable
lab coat, gloves and a face mask during reagent preparation, cell lysis, and WGA steps. We
decontaminated all surfaces of the clean hood, pipettes, and tube racks with DNAZap (PCR
DNA Degradation Solutions, Thermo Fisher Scientific, USA), followed by Cavicide (Metrex
Research, Orange, CA), and an 80% ethanol rinse prior to each use. We autoclaved all tubes,
tube racks and the waste bin on a dry vacuum cycle for 45min. Finally, we used sealed sterile

filter tips, new nuclease-free water (Qiagen, USA) for each experiment, and filtered all salt
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solutions through a 30mm syringe filter with 0.22um pore size (Argos Technologies, USA)

before use in each experiment.

Whole Genome Amplification

Standard MALBAC: The MALBAC assay was originally designed for human cells (Zong et al.,
2012). This approach involved making double stranded DNA copies of genomic material using
random primers that consist of 5 degenerate bases and 27 bases of common sequence. These
linear cycles are followed by exponential amplification via suppression PCR. Here, we
transferred individual cells into sterile thin-wall PCR tubes containing 2.5ul of lysis buffer that
yielded a final concentration of 25mM Tris pH 8.8 (Sigma-Aldrich, USA), 10mM NaCl
(BAKER ANALYZED A.C.S. Reagent, J.T.Baker, USA), 10mM KCI (ACS reagent, Sigma-
Aldrich, USA), ImM EDTA (molecular biology grade, Promega, USA), 0.1% Triton X-100
(Acros Organics, USA), Img/ml Proteinase K (Tritirachium album, Sigma-Aldrich, USA). After
overlaying one drop of mineral oil, we lysed cells at 50°C for 3h and inactivated the proteinase at
75°C for 20min, then 80°C for Smin before maintaining at 4°C. We added 2.5ul of
amplification buffer to each sample to yield a final concentration of 25mM Tris pH 8.8 (Sigma-
Aldrich, USA), 10mM (NH,),SO4 (Molecular biology grade, Sigma-Aldrich, USA), 8mM
MgSO, (Fisher BioReagents, Fisher Scientific), 10mM KCI (ACS reagent, Sigma-Aldrich,
USA), 0.1% Triton X-100 (Acros Organics, USA), 2.5mM dNTP’s (PCR grade,

Thermo Fisher Scientific, USA), 1M betaine (PCR Reagent grade, Sigma-Aldrich, USA) and
0.667uM of each random primer (5’ GTGAGTGATGGTTGAGGTAGTGTGGAGNNNNNTTT
3’,and 5’GTGAGTGATGGTTGAGGTAGTGTGGAGNNNNNGGG 3’) ordered from

Integrated DNA Technologies, USA. To denature DNA, we heated samples to 95°C for 3min
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and snap-cooled on an ice slush before gently adding 0.5ul of enzyme solution (8,000
U/ml Bst DNA Polymerase Large Fragment, New England Biolabs, USA, in

1X amplification buffer) into the aqueous droplet.

We thermo-cycled samples (Bio-Rad, USA) holding at 4°C and heated according to the
following cycles: 10°C —45s, 15°C —45s, 20°C —45s, 30°C —45s, 40°C — 45s, 50°C — 45s,

64°C — 10min, 95°C —20s. The samples were immediately snap-cooled on an ice slush and held
for at least 3min to maintain the DNA in a denatured state for the next round of random priming.
We added another 0.5l of enzyme solution and mixed thoroughly with a pipette on ice as above.
We placed the samples back into the 4°C thermo-cycler and heated according to the cycles listed
above with an additional 58°C step for 1min before once again cooling on an ice slush for 3min.
We repeated the addition of enzyme mix (as above) and performed additional rounds of
amplification cycles (as above, including the 58°C step). Once completed, we placed the samples
on ice and supplemented with cold PCR master mix to yield 50ul with the following
concentrations: 0.5uM Common Primer (5’ GTGAGTGATGGTTGAGGTAGTGTGGAG3’,
Integrated DNA Technologies, USA), 1.0mM dNTPs (PCR grade, Thermo Fisher Scientific,
USA), 6.0mM MgCl, (Molecular biology, Sigma-Aldrich, USA), 1X Herculase II Polymerase
buffer and 1X Herculase II polymerase (Agilent Technologies, USA). We immediately thermo-
cycled samples with the following temperature-time profile: 94°C —40s, 94°C — 20s, 59°C — 20s,
68°C — 5min, go to step two for several times, and an additional extended at 68°C — Smin, and
finally, a hold at 4 °C. For comparison, we used 18/19 linear cycles and 17 exponential cycles for

single parasite genomes amplified by the standard MALBAC protocol.
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Optimized MALBAC

We made the following modifications to standard MALBAC to produce our improved method.
1) We froze cells at -80°C until usage because freeze-thaw enhanced cell lysis as previously
reported (Trevino et al., 2017); 2) We removed betaine from the amplification buffer because it
improved amplification of GC-rich sequences (Jensen et al., 2010), which are infrequent in P.
falciparum genomes (Supplementary Table 4.1); 3) We used a single random primer where the
GC-content of the degenerate bases were 20% instead of 50%
(5’GTGAGTGATGGTTGAGGTAGTGTGGAGNNNNNTTT 3°) at final concentration of
1.2uM; 4) We reduced the volume of the random priming reaction by added only 0.29ul of 2X
amplification buffer to the lysed samples and 0.13ul of enzyme solution to the aqueous droplet
each amplification cycle; §) We added additional random priming cycles over prior MALBAC
studies for a total of 18 (for late stage parasites) or 19 (for early stage parasites) cycles; 6) We
reduced the total volume of exponential amplification from 50l to 20ul and increased the
number of exponential amplification cycles from 15 to 17; 7) We verified the presence of high
molecular weight DNA products in the samples before purifying nucleic acids by Zymo DNA

Clean & Concentrator-5 (ZYMO Research).

Further Optimized MALBAC

More recently, we made the following modifications to optmized MALBAC to further improve
our method. 1) modifying the pre-amplification random primer by adding 5 more degenerate
bases with 20% GC-content to limit the potentially preferential annealing towards more GC-

balanced DNA through the common sequence in front of degenerate bases

(5’GTGAGTGATGGTTGAGGTAGTGTGGAGNNNNNNNNNNTTT 3°); 2) replacing Bst
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DNA Polymerase Large Fragment with Bsu DNA Polymerase Large Fragment with a lower
reaction temperature (37°C) to improve the amplification on AT-rich sequences; 3) the first pre-
amplification cycle is changed to the following: 10°C —45s, 15°C —45s, 20°C —45s, 30°C — 45s,
37°C - 10 min, 50°C —45s, 64°C — 45s, 95°C — 20s; while the rest of the pre-amplification used
the following condition: 10°C —45s, 15°C —45s, 20°C —45s, 30°C —45s, 37°C — 10min, 50°C —
45s, 64°C —45s, 95°C —20s, 58°C- 1min ; 4) We added additional random priming cycles over
prior optimized MALBAC studies for a total of 20 (for late stage parasites) or 21 (for early stage

parasites) cycles.

Integrating robotic pipetting into single cell sequencing pipeline

To improve the throughput of sequencing and limit contamination due to manual pipetting, we
integrated robotic pipetting (Mosquito LV) into our single cell sequencing pipeline. Since full-
skirted 96 well plated is needed for Mosquito LV, we changed our cell isolation method to FACS
sorting (Sony SH800) from CellRaft AIR™ System, which is incompatible with full-skirted 96
well plate. We stained P. falciparum-infected erythrocytes with both SYBR green and
MitoTracker Red CMXRos (Invitrogen, USA) and dilute the cell to 1 x 1077 cells/ml. The
diluted cells were then sorted into 96-well plate (Armadillo high performance 96 well plate,
Thermo Scientific, USA) containing 2.5 ul MALBAC lysis buffer in each well using Sony
SHB800 cell sorter (Sony Biotechnology) with 100xm cell sorting chip following the
manufacturer’s instructions. The same MALBAC amplification process is used except utilizing
robotic pipetting during MALBAC pre-amplification cycles instead of hand pipetting. Mosquito
LV (SPT Labtech, Royston, UK) was used to pipetting the 0.13 pl enzyme solution in the

MALBAC pre-amplification cycles. Specifically, for the pre-amplification, the enzyme solution
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was set as source in column 12 at deck location P2, while the destination plate was set at deck
location P4. The tips were set to change after each pipetting and the changing location is on deck
location P3 column 6. To test whether the Mosquito LV pipetting works for our single cell

sequencing pipeline, we sequenced 3 HB3 single cell samples and 4 Dd2 single cell samples.

Pre-Sequencing Quality Assessment

We assayed 6 distinct genomic loci across different chromosomes to determine variations in
copy number following the whole genome amplification step. We included this step, which
employs highly sensitive droplet digital PCR (ddPCR, QX200 Droplet Digital PCR

system, Bio-Rad, USA), to identify samples that exhibited more even genome coverage prior to
short-read sequencing. The sequence of primers and probes are described in Supplementary
Table 4.2 (Pickard et al., 2003; Perandin et al., 2004; Guler et al., 2013). Each ddPCR reaction
contained Sul of DNA (0.3ng/ul for single cell samples), 10ul ddPCR Supermix for Probes
(without dUTP), primers and probes with the final concentration in Supplementary Table 4.2,
and sterile H,O to bring the per-reaction volume to 22ul. We prepared droplets with the PCR
mixture following the manufacture’s protocol: 95°C — 10 min; 40 cycles of 95°C —30s, 60°C —
60s, and an infinite hold at 4°C. After thermal cycling, we counted positive droplets using the
Bio-Rad QX200 Droplet Reader (Bio-Rad, USA). We analyzed data through QuantaSoft (Bio-
Rad, USA). For each gene, a no template control (sterile water, NTC) and a positive control
(0.025ng Dd?2 genomic DNA) are included in each ddPCR run. Following ddPCR, we calculated
the “uniformity score” using the locus representation of the 6 genes: seryl tRNA synthetase
(gene-1, PF3D7_0717700), heat shock protein 70 (gene-2, PF3D7_0818900), dihydrofolate

reductase (gene-3, PF3D7_0417200), lactate dehydrogenase (gene-4, PF3D7_1324900), 18S
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ribosomal RNA (gene-5, PF3D7_0112300, PF3D7_1148600, PF3D7_1371000), and multi-drug
resistance transporter 1 (Pfmdrl, gene-6, PF3D7_0523000) in the amplified DNA sample

relative to non-amplified DNA using the following equation:

genel genel genel genel genel gene2 gene2 gene2 gene2

Uniformityscore =
gene2 gene3 gene4 genes geneé gene3 genel gene4 genes

gene2 gene3 gene3 gene3 gene3 gene3 gene4 gene4 gene4 gene4 gene4

geneo gene4 genel gene2 genes geneoé genes genel gene2 gene3 geneé
genes genes genes genes genes geneé geneoé geneoé geneoé geneoé

genel gene2 gene3 gene4 geneo genel gene2 gene3 gene4 genes

When certain loci were over- or under-represented in the amplified sample, this score increased
above the perfect representation of the genome; a uniformity score of 30 indicates that all genes
are equally represented. We calculated the locus representation from the absolute copies of a
gene measured by ddPCR from 1ng of amplified DNA divided by the absolute copies from 1ng
of the bulk DNA control (Dean et al., 2002). We only included samples in which all six genes
were detected by ddPCR. The relative copy number of the Pfmdrl, which was amplified in the
Dd? parasite line (Cowman et al., 1994, 1), was also used to track the accuracy of amplification.
We calculated this value by dividing the ddPCR-derived absolute copies of Pfmdrl by the
average absolute copies of the 6 assayed loci (including Pfindr1, normalized to a single copy
gene). To confirm the efficiency of ddPCR detection as a pre-sequencing quality control step, we
determined the strength of association based on the pattern of concordance and discordance
between the ddPCR detection and the sequencing depth of the 5 gene targets with Kendall rank
correlation (/8§ ribosomal RNA was excluded from correlation analysis due to the mapping of
non-unique reads). We then calculated the correlation coefficient (Supplementary Table 4.3).
When the level of ddPCR detection corresponded to the sequencing depth in at least 3 of the 5

gene targets (a correlation coefficient of >0.6), we regarded the two measurements as correlated.
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Short-Read Sequencing

We fragmented MALBAC amplified DNA (>1ng/puL, 50uL) using Covaris M220 Focused
Ultrasonicator in microTUBE-50 AFA Fiber Screw-Cap (Covaris, USA) to a target size of 350bp
using a treatment time of 150s. We determined the fragment size range of all sheared DNA samples
(291bp-476bp) with a Bioanalyzer on HS DNA chips (Agilent Technologies, USA). We used the
NEBNext Ultra DNA Library Prep Kit (New England Biolabs, USA) to generate Illumina
sequencing libraries from sheared DNA samples. Following adaptor ligation, we applied 3 cycles
of PCR enrichment to ensure representation of sequences with both adapters and the size of the
final libraries range from 480bp to 655bp. We quantified the proportion of adaptor-ligated DNA
using real-time PCR and combined equimolar quantities of each library for sequencing on 4 lanes
of an [llumina Nextseq 550 using 150bp paired end cycles. We prepared the sequencing library of
clinical bulk DNA as above but sequenced it on an Illumina Miseq using 150bp paired end

sequencing.

Sequencing Analysis
We performed read quality control and sequence alignments essentially as previously described
(Huckaby et al., 2018) (Figure S4.2A). The codes are accessible through Github:

https://github.com/Pfal-analysis/Single-cell-sequencing-data. Briefly, we removed Illumina adapters

and PhiX reads, and trimmed MALBAC common primers from reads with BBDuk tool in
BBMap (Bushnell, 2016). To identify the source of DNA reads, we randomly subsetted 10,000
reads from each sample by using the reformat tool in BBMap and blasted reads in nucleotide
database using BLAST+ remote service. We aligned each fastq file to the hg19 human reference

genome and kept the unmapped reads (presumably from P. falciparum) for analysis. Then, we
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aligned each fastq file to the 3D7 P. falciparum reference genome with Speedseq (Chiang et al.,
2015). We discarded the reads with low-mapping quality score (below 10) and duplicated reads
using Samtools (Li et al., 2009). To compare the coverage breadth (the percentage of the genome
that has been sequenced at a minimum depth of one mapped read (Sims et al., 2014)) between
single cell samples, we extracted mappable reads from BAM files using Samtools and randomly
downsampled to 300,000 reads using the reformat tool in BBMap. This level is dictated by the
sample with the lowest number of mappable reads (ENM, Supplementary Table 4.4). We
calculated the coverage statistics using Qualimap 2.0 (Garcia-Alcalde et al., 2012) for the genic,

intergenic, and whole genome regions.
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Supplementary Figure 4.2 Bioinformatic analysis of sequencing reads

A. Whole genome sequencing analysis and alignment. Alignment of reads started with
BBTools to remove low quality bases, adapter sequences, trim common sequence of MALBAC
primer and verify correct pairing of reads. The resulting “clean” paired reads were evaluated by
FastQC. After passing read quality control, BWA-MEM was used to align “clean” paired reads
to 3D7 Plasmodium falciparum reference genome. Qualimap was then used to evaluate the
alignments for coverage breadth, GC-content, and mapping quality. Duplicated reads and reads
with mapping quality score below 10 were removed for downstream analysis by Samtools. B.
Single cell sequencing analysis steps. The reference genome was divided into 20kb bins by
Bedtools. Read counts was calculated in every 20kb bins and normalized by the mean read count
with Bedtools and R. Circos was utilized to visualize the distribution of normalized read counts
over 14 chromosomes. C. CNV analysis steps. LUMPY were used for CNV detection with at
least two supporting reads. After mapped reads were further filtered by a mapping quality score
of 30, Ginkgo was used to detect CNVs based on read depth across 1kb, Skb, 8kb, 10kb bins;
steps included normalization, GC content correction, independent segmentation, and copy
number determination. CN'Vs were called by identifying those that are shared between LUMPY
and Ginkgo calls (see Methods for details).
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To understand where the primers of MALBAC amplification are annealing to the genome, we
overlaid information on the boundaries of genic or intergenic regions with the mapping position
of reads containing the MALBAC primer common sequence. To do so, we kept the MALBAC
common primers in the sequencing reads, filtered reads and aligned reads as in the above analysis.
We subsetted BAM files for genic and intergenic regions using Bedtools, searched for the
MALBAC common primer sequence using Samtools, and counted reads with MALBAC common

primer using the pileup tool in BBMap (Supplementary Table 4.5).

We conducted single cell sequencing analysis following the steps in Figure S4.2B. We
compared the variation of normalized read abundance (log10 ratio) at different bin sizes using
boxplot analysis (R version 3.6.1) and determined the bin size of 20 kb using the plateau of
decreasing variation of normalized read abundance (log10 ratio) when increasing bin sizes. We
then divided the P. falciparum genome into non-overlapping 20 kb bins using Bedtools (Quinlan
and Hall, 2010). The normalized read abundance was the mapped reads of each bin divided by
the total average reads in each sample. To show the distribution of normalized read abundance
along the genome, we constructed circular coverage plots using Circos software and ClicO FS
(Krzywinski et al., 2009; Cheong et al., 2015). To assess uniformity of amplification, we
calculated the coefficient of variation of normalized read abundance by dividing the standard
deviation by the mean and multiplying by 100 (Chen et al., 2017) and analyzed the equality of
coefficients of variation using the R package “cvequality” version 0.2.0 (B. Marwick and K.
Krishnamoorthy). We employed correlation coefficients to assess amplification reproducibility
as previous studies (Chen et al., 2018). Due to presence of non-linear correlations between some

of the samples, we used Spearman correlation for this analysis. We removed outlier bins if their
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read abundance was above the highest point of the upper whisker (Q3 + 1.5xinterquartile range)
or below the lowest point of the lower whisker (Q1-1.5xinterquartile range) in each sample.
Then, we subsetted remaining bins present in all samples to calculate the correlation coefficient
using the R package “Hmisc” version 4.3-0 (Harrell F. E.). We visualized Spearman
correlations, histograms and pairwise scatterplots of normalized read abundance using
“pairs.panels” in the “psych” R package. We then constructed heatmaps and hierarchical
clustering of Spearman correlation coefficient with the “gplots” R package version 3.0.1.1
(Gregory R. Warnes et al.). Additionally, to estimate the chance of random primer annealing
during MALBAC pre-amplification cycles (likely affected by the GC content of genome
sequence), we generated all possible 5-base sliding windows with 1 base step-size in the P.
falciparum genome and calculated the GC-content of the 5-bases windows using Bedtools

(Supplementary Table 4.1).

Copy Number Variation Analysis

We conducted CNV analysis following the steps in Figure S4.2C. To ensure reliable CNV
detection, our CNV analysis is limited to the core genome, as defined previously (Otto et al.,
2018). Specifically, we excluded the telomeric, sub-telomeric regions and hypervariable var gene
clusters, due to limited mappability of these regions. For discordant/split read analysis, we used
LUMPY (Layer et al., 2014) in Speedseq to detect CN'Vs (>500 bp) with at least two supporting
reads in each sample (Supplementary Table 4.6). For read-depth analysis, we further filtered
the mapped reads using a mapping quality score of 30. We counted the reads in 1kb, Skb, 8kb,
10kb bins by Bedtools and used Ginkgo (Garvin et al., 2015) to normalize (by dividing the count

in each bin by the mean read count across all bins), correct the bin read counts for GC bias,
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independently segment (using a minimum of 5 bins for each segment), and determine the copy
number state in each sample with a predefined ploidy of 1 (Supplementary Table 4.7). The
quality control steps of Ginkgo were replaced by the coefficient of variation of normalized read
count used in this study to assess uniformity in each cell. Lastly, we identified shared CNV's
from the two methods when one CNV overlapped with at least 50% of the other CNV and vice
versa (50% reciprocal overlap). We calculated precision of CNV detection in single cell genome
by dividing the number of true CNVs (same as those detected in the bulk sample) by the total
number of CN'Vs. We calculated sensitivity by dividing the number of true CNVs by 3 (total

number of true CNVs in the bulk sample).

Single Nucleotide Polymorphism Analysis

We conducted SNP analysis following the MalariaGen P. falciparum Community Project V6.0
pipeline (MalariaGEN et al., 2021; MalariaGEN P. falciparum Community Project V6.0
pipeline) based on GATK best practices (McKenna et al., 2010; DePristo et al., 2011; Van der
Auwera et al., 2013). We first applied GATK’s Base Quality Score Recalibration using default
parameters. We used GATK’s HaplotypeCaller to detect potential SNPs in BAM files and
genotyped them using GATK’s CombineGVCFs and GenotypeGCVFs. We ran GATK’s
VariantRecalibrator using previously validated SNP set from the Pf-Crosses variant set as a
training set (Miles et al., 2016).We then applied GATK’s ApplyRecalibration to assign each SNP
a VQSLOD quality score, which uses a machine learning approach to assess the probability that
raw SNPs are true variants based on the training set. Higher VQSLOD scores indicate higher
quality SNPs; filtering SNPs by “VQSLOD score > 0” has been applied to variant detection

studies using the GATK pipeline (Hamilton et al., 2017; MalariaGEN et al., 2021), whereas
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VQSLOD score > 6 is recommended to further improve SNP accuracy in P. falciparum
specifically (MalariaGEN et al., 2021). We calculated precision by dividing the number of
called SNP variants with the same genotype as the standard data set (SNPs detected in the Dd2
bulk sample) by the total number of SNP variants called in each single cell sample. We
calculated sensitivity by dividing the number of called SNP variants with the same genotype as
the standard SNPs in single cell samples by the number in the bulk standard SNPs at three
different stringency levels: VQSLOD score > 0, VQSLOD score > 6, and VQSLOD score > 6
with read depth > 10. We only included bi-allelic SNPs (loci with either the wild type or one
mutant type allele) from the core genome in this analysis (MalariaGEN et al., 2021). We also
evaluated the detection of SNPs in resistant genes of the Dd2 parasite line. We successfully
detected 16 out of 17 resistant SNPs in the bulk sample at VQSLOD >6; the one remaining SNP
failed to pass the filtering step (VQSLOD = 3.77) so we excluded it from all single cell analyses.
We further filtered novel SNPs in single cell samples by removing those that exhibited multiple
alleles (mixed allele SNPs). We utilized SnpEff (Cingolani et al., 2012) to annotate VCF files
and used VIVA (v0.4.0) (Tollefson et al., 2019) to generate heatmaps to illustrate the

relationship between SNP calling and read depth.

4.4 Results

Plasmodium falciparum genomes from single-infected erythrocytes are amplified by
MALBAC.

Our single cell sequencing pipeline for P. falciparum parasites included stage-specific parasite
enrichment, isolation of single infected erythrocytes, cell lysis, whole genome amplification, pre-

sequencing quality control, whole genome sequencing, and analysis steps (Figure 4.1A). We
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collected parasites from either an in vitro-propagated laboratory line (Dd2) or from a blood
sample of an infected patient (referred to as ‘laboratory’ and ‘clinical’ parasites, respectively).
This allowed us to test the efficiency of our procedures on parasites from different environments
with varying amounts of human host DNA contamination. Furthermore, for laboratory Dd?2
parasite samples, we isolated both early (1n) and late (~16n) stage parasite-infected erythrocytes
to evaluate the impact of parasite DNA content on the performance of WGA. For single cell
isolation, we used the microscopy-based CellRaft Air system (Figure 4.1B), which has the
benefit of low capture volume (minimum: 2ul) and visual confirmation of parasite stages.
Following isolation, using the standard MALBAC protocol (termed non-optimized MALBAC),
we successfully amplified 3 early (ENM) and 4 late stage (LNM) laboratory Dd2 parasite
samples. We also applied a version of MALBAC that we optimized for the small AT-rich P.
falciparum genome (termed optimized MALBAC) to 42 early (EOM) and 20 late stage (LOM)
laboratory Dd2 parasite samples as well as 4 clinical samples (COM) (Supplementary Table
4.8). Compared to standard MALBAC, our optimized protocol has a lower reaction volume,
more amplification cycles, and a modified pre-amplification random primer (see Methods for
more details). Using this method, we successfully amplified 43% of the early and 90% of the late
stage laboratory Dd?2 parasite samples and 100% of the clinical samples (see post-amplification

yields in Supplementary Tables 4.8 and 4.9).
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Figure 4.1 Single P. falciparum-infected erythrocytes are isolated, amplified, and sequenced
A. Experimental workflow. Parasites are grown in vitro in human erythrocytes or isolated from
infected patients. To limit the number of uninfected erythrocytes in the sample, infected cells are
enriched using column and gradient-based methods (see Methods). Individual early-stage (left
image) and late-stage (right image) parasite-infected erythrocytes were automatically isolated
into PCR tubes using the CellRaft AIR System (Cell Microsystems, see panel B). All cells were
lysed and amplified by MALBAC. MALBAC uses a combination of common (orange) and
degenerate (grey) primers to amplify the genome. The quality of amplified genomes was
assessed prior to library preparation and sequencing using droplet digital (dd)PCR; DNA is
partitioned into individual droplets to measure gene copies. Suitable samples were Illumina
sequenced and analyzed as detailed in Figure S4.2. B. Parasite stage visualization on the
CellRaft AIR System using microscopy (10X magnification). Enriched early and late stage
parasite-infected erythrocytes at low density were seeded into microwells to yield only a single
cell per well (left image of each group), and identified with SYBR green and Mitotracker Red
staining (indicates parasite DNA and mitochondrion, respectively). Early stage parasites
exhibited lower fluorescence due to their smaller size and late stage parasites had noticeable dark
spots (arrow) due to the accumulation of hemozoin pigment. Scale bar represents 10um.
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Pre-sequencing quality control step identifies samples with more even genome
amplification.

We assessed the quality of WGA products from single cells using droplet digital PCR (ddPCR)
to measure the copy number of known single and multi-copy genes dispersed across the P.
falciparum genome (6 genes in total including Pfindr1, which is present at ~3 copies in the Dd2
laboratory parasite line). Using this sensitive quantitative method, along with calculation of a
“uniformity score” which reflects both locus dropout and over-amplification, we were able to
select genomes that had been more evenly amplified; a low uniformity score and accurate copy
number values indicated a genome that has been amplified with less bias (see Methods for details
on score calculation and Supplementary Table 4.10 for raw data). This quality control step was

important to reduce unnecessary sequencing costs during single cell studies.

When we analyzed differences between amplified samples by optimized MALBAC (17 EOM
samples and 14 LOM samples processed for ddPCR evaluation) and non-optimized MALBAC (3
ENM and 4 LNM samples), we found that samples amplified with the optimized protocol were
generally more evenly covered than those from the standard method (Table 4.1). Specifically,
one ENM sample lacked detection of any of the target genes (likely due to heavy contamination
from non-parasite DNA) and other ENM and LNM samples consistently showed over-
amplification of a set of 2 genes (P. falciparum seryl-tRNAsynthetase and 18S ribosomal RNA;
Supplementary Table 4.10). Therefore, due to evidence of a high level of bias in the majority of
ENM/LNM samples, we selected the ENM and LNM samples (one each) with the lowest level of
ddPCR-based bias for sequencing. We also used ddPCR results to select 13 EOM and 10 LOM

samples for sequencing (Supplementary Table 4.8). Overall, selected samples had lower
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average uniformity scores (i.e. 248 and 1012 for selected and unselected EOMs, respectively, see
Table 4.1). For clinical parasite samples, 3 out of 4 COM samples showed a lack of ddPCR
detection on at least one parasite gene; thus, we were not able to calculate uniformity scores for
these samples and the amplification of clinical genomes was likely more skewed than laboratory

samples (Table 4.1).
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Table 4.1 Pre-sequencing quality control by droplet digital PCR

Pre-sequencing ddPCR assessment

Sample MALBAC

Result Sample name (#) | .
type type Uniformity score PfMDR1 CN
AVG (SD)* AVG (SD)
EOM (13) 248 (202) 2.6 (0.8)
Optimized LOM (10) 118 (69) 22(1.3)
Single cell COM (2) 369 (-) 1.9 (0.8)
Sequenced Non- ENM (1) 18519 (-) 02(-)
optimized LNM (1) 13121 (-) 0.1(-)
Dd2_Bulk (1) 30 27
Bulk N/A
Clinical_Bulk (1)
EOM (4) 1012 (195) 3.7 (3.9)
Optimized LOM (4) 775 (683) 2.8(2.1)
Not . A
Sequenced Single cell COM (2) A ) 4.7 (6.6)
Non- ENM (2) 13689 (-) 0(-)
optimized LNM (3) 1578 () 0.1 (0.1)

EOM: Early stage single parasites amplified by optimized MALBAC; LOM: Late stage single
parasites amplified by optimized MALBAC; COM: Clinical single parasites amplified by
optimized MALBAC; ENM: Early stage single parasites amplified by non-optimized MALBAC;
LNM: Late stage single parasites amplified by non-optimized MALBAC.

Both standard and optimized MALBAC-amplified parasite genomes were short-read sequenced
alongside a matched bulk DNA control (Table 4.1). To confirm the efficiency of ddPCR
detection as a pre-sequencing quality control step, we calculated the correlation between ddPCR
quantification and the sequencing depth at these specific loci in each sample. We found that the
ddPCR-derived gene copy concentration was correlated with sequencing coverage of the
corresponding genes in many samples (Supplementary Table 4.3, 17 out of 28 samples with a
Kendal rank correlation coefficient >= 0.6), confirming the validity of using ddPCR detection as

a quality control step prior to sequencing.

Optimized MALBAC limits contamination of single cell genomes.
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After read quality control steps, we mapped the reads to the P. falciparum 3D7 reference genome
(see Methods and Figure S4.2 for details). We first assessed the proportion of contaminating
reads in our samples; NCBI Blast results showed that the majority of non-P. falciparum reads
were of human origin (Figure 4.2A). The mean proportions of human reads in EOM samples
(6.6%, SD of 3.2%) and LOM samples (4.3%, SD of 2.9%) were similar to that in the control
bulk sample (7.4%, Figure 4.2A); in fact, a majority of optimized MALBAC samples were
lower than the bulk level (14/23). Conversely, the proportion of human reads in ENM and LNM
samples were substantially higher (81.8% and 18.9%, respectively). As shown in other studies
(Auburn et al., 2011; Oyola et al., 2013), the clinical bulk DNA (81.9%) contained a much
higher level of human contamination than the laboratory Dd2 bulk DNA (7.4%). However, we
found that the proportion of the human contaminating DNA in the two single cell COM samples
was considerably lower (58.8% and 65.5%). The second most common source of contaminating
reads was from bacteria such as Staphylococcus and Cutibacterium. The ENM sample exhibited
a ~10-fold increase in the proportion of bacterial reads over averaged EOM samples (8.2%
versus 0.8%, respectively) whereas the LNM samples showed the same proportion of bacterial
reads as the averaged LOM samples (0.2%). These results indicated that the optimized
MALBAC protocol exhibits lower amplification bias towards contaminating human and bacterial

DNA in P. falciparum samples.
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Figure 4.2 Sequencing statistics show benefits of optimized MALBAC

A. Contribution of reads based on organism type. A subset of 10,000 reads from each sample
were randomly selected for BLAST to identify sources of DNA. Color representation: bacteria
(red); human (blue); other organisms (orange); Plasmodium (grey). B. GC-content of P.
Jalciparum mapped reads. GC-content of reads was calculated by Qualimap. Color
representation: EOM (grey): Early stage single parasites amplified by optimized MALBAC;
LOM (purple): Late stage single parasites amplified by optimized MALBAC; ENM (orange):
Early stage single parasites amplified by non-optimized MALBAC; LNM (dark red): Late stage
single parasites amplified by non-optimized MALBAC; Dd2 bulk genomic DNA (black); COM
samples (blue): Clinical single parasites amplified by optimized MALBAC. Clinical Bulk
genomic DNA is not shown here due to <1% of the genome being covered by at least one read.
C. Fraction of P. falciparum genome covered by at least 1 read. Color representations are the
same as described in panel B.
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Amplification bias and uniformity is altered in single cell genomes.

To further assess the optimized MALBAC protocol, we evaluated GC-bias at several steps of our
pipeline (i.e. WGA, library preparation, and the sequencing platform). Analysis of the bulk
genome control (without WGA) indicated that there was little GC-bias introduced by the library
preparation, sequencing, or genome alignment steps; the GC-content of mapped reads from bulk
sequencing data is 18.9% (Table 4.2), which was in line with the GC-content (19.4%) of the
reference genome (Gardner et al., 2002). We then compared values from single cell samples to
those from the appropriate bulk control to evaluate the GC-bias caused by MALBAC
amplification (Figure 4.2B). The average GC-content of all EOM (21.4%), LOM (22.4%), and
COM (20.7%) samples was within 1-3.5% of the bulk controls from laboratory Dd2 and clinical
samples (18.9% and 19.7%, respectively, Table 4.2). However, the average GC-content of ENM
and LNM samples was 6.1% and 5.4% greater than that of the bulk control; this result is
consistent with the high GC preference of the standard protocol (Hou et al., 2015; Ning et al.,
2015). ENM and LNM samples also showed a greater proportion of mapped reads with high GC-

content (>30%) than EOM, LOM, and bulk DNA samples (Figure 4.2B).

127



Table 4.2 Average GC-content and coverage breadth of sequenced samples

Average of Average coverage breadth
Average GC . .
Reads Sample name (#) mean content Whole Genic Intergenic
coverage (X) genome regions regions
EOM (13) 37.54 21.4% 57.9% 78.0% 27.8%
LOM (10) 43.10 22.4% 57.3% 79.0% 25.0%
COM (2) 9.54 20.7% 48.0% 67.7% 18.5%
All rr‘;i%‘;able ENM (1) 1.47 25.0% 23.0% 34.4% 6.1%
LNM (1) 2043 24 3% 47.4% 67.9% 16.9%
Dd2_Bulk (1) 75.83 18.9% 96.1% 97.0% 94.9%
Clinical_Bulk (1) 0.03 19.7% 0.3% 0.3% 0.2%
EOM (13) 1.66 21.4% 30.9% 47.2% 6.7%
LOM (10) 1.69 22.4% 32.1% 49 8% 5.8%
Down- COM (2) 1.66 20.8% 31.1% 47.0% 75%
sampled* ENM (1) 133 25.2% 21.7% 32.9% 5.0%
LNM (1) 1.62 24 3% 26.2% 40.3% 5.1%
Dd2_Bulk (1) 1.85 18.8% 76.8% 80.6% 71.2%

*Down-sampling is to 300,000 mappable reads based on the sample with the lowest number of
mappable reads (ENM).

Since GC-bias during the amplification step can limit which areas of the genome are sequenced,
we assessed the genome coverage of MALBAC-amplified samples. The coverage breadth of single
cell samples increased by 34.9% in early stage samples (Figure 4.2C, orange-ENM to grey-EOM
lines) and by 9.9% for late stage samples following optimization (Figure 4.2C, red-LNM to
purple-LOM lines, see values in Table 4.2). Despite just a single ENM and LNM sample for
comparison, the variation of coverage breadth across all EOM/LOM samples is low
(Supplementary Table 4.4, SD of 1.9%), indicating that differences between the two methods are
substantial. This pattern of differences is conserved despite random down-sampling of reads to the

same number per sample (300,000; Table 4.2).

Even though optimized MALBAC showed less bias towards GC-rich sequences, it was still
problematic for highly AT-rich and repetitive intergenic regions (mean of 13.6% GC-content).

The fraction of intergenic regions covered by reads was only 27.8% for EOM samples and
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25.0% for LOM samples on average. When we excluded intergenic regions, the fraction of genic
regions of the genome covered by at least one read reached an average of 78.0% and 79.0% for
EOM and LOM samples (Table 4.2). Conversely, the coverage of both intergenic and genic
regions was substantially lower for the non-optimized samples. Coverage of the P. falciparum
genome in the clinical bulk sample was very low due to heavy contamination with human reads
(0.3% of the genome was covered by at least one read). This was much lower than that from the

2 COM samples (an average of 48%, Figure 4.2C and Table 4.2).

To investigate the uniformity of read abundance distributed over the P. falciparum genome, we
divided the reference genome into 20kb bins and plotted the read abundance in these bins over
the 14 chromosomes (Figure 4.3A, Figure S4.3 and S4.4A). We selected a 20kb bin size based
on its relatively low coverage variation compared to smaller bin sizes and similar coverage
variation as the larger bin sizes (Figure S4.5). To quantitatively measure this variation, we
normalized the read abundance per bin in each sample by dividing the raw read counts with the
mean read counts per 20kb bin (Figure 4.3B, Figure S4.3C). Here, the bulk control displayed
the smallest range of read abundance for outlier bins (blue circles) and lowest interquartile range
(IQR) value of non-outlier bins (black box, Figure 4.3B, Figure S4.3C), indicating less bin-to-
bin variation in read abundance. Both EOM and LOM samples exhibited a smaller range of
normalized read abundance in outlier bins than ENM and LNM samples (Figure 4.3B, Figure
S4.3C). In addition, the read abundance variation of COM samples was similar to EOM or LOM
samples (Figure 4.3B, Figure S4.4B). Due to the extremely low coverage of the clinical bulk
sample, the read abundance variation was much higher than all other samples (Figure 4.3B,

Figure S4.4B).
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Figure 4.3 Samples amplified by optimized MALBAC display improved uniformity of
read abundance

A. Normalized read abundance across the genome. The reference genome was divided into
20kb bins and read counts in each bin were normalized by the mean read count in each sample.
The circles of the plot represent (from outside to inside): chromosomes 1 to 14 (tan); one EOM
sample (#23, grey); one ENM sample (#3, orange); one LOM sample (#16, purple); one LNM
sample (#2, dark red); Dd2 bulk genomic DNA (black). The zoomed panel shows the read
distribution across chromosome 5, which contains a known CNV (Pfmdrl amplification, arrow
on Dd2 bulk sample). B. Distribution of normalized read abundance values for all bins. The
boxes were drawn from Q1 (25" percentiles) to Q3 (75" percentiles) with a horizontal line drawn
in the middle to denote the median of normalized read abundance for each sample. Outliers,
above the highest point of the upper whisker (Q3 + 1.5xIQR) or below the lowest point of the
lower whisker (Q1-1.5xIQR), are depicted with circles. One sample from each type is
represented (see all samples in Figure S4.3C). C. Coefficient of variation of normalized read
abundance. The average and SD (error bars) coefficient of variation for all samples from each
type is represented (EOM: 13 samples; ENM: 1 sample; LOM: 10 samples; LNM: 1 sample;
Dd?2 Bulk: 1 sample; COM: 2 samples; Clinical Bulk: 1 sample). See Methods for calculation.
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Supplementary Figure 4.3 Uniformity of read abundance across the whole genome of all
EOM and LOM samples

A & B. Normalized read abundance across the genome. Distribution of read abundance in
20kb bins in all EOM (A) and LOM (B) samples is shown. Read counts in each bin were
normalized by the mean read count over the whole genome for each sample. The circles from
outside to the inside represent: chromosomes 1:14 (tan); 13 EOM samples (grey) or 10 LOM
samples (purple); Bulk genomic DNA (black). C. Distribution of normalized read abundance
values for all bins. Normalized read abundance per 20kb bins with outliers (circles) is
represented.
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Supplementary Figure 4.4 Uniformity of read abundance across the whole genome and
correlation analysis for clinical samples

A. Normalized read abundance across the genome. Distribution of read abundance in 20kb bins of
clinical samples is shown. Read counts in each bin were normalized by the mean read count over the whole
genome for each sample. The circles from outside to the inside represent: chromosome 1:14 (green); 2
COM sample (blue); 1 Clinical bulk genomic DNA (pink). B. Distribution of normalized read
abundance values for all bins. Box plot representing the normalized read abundance per 20kb bins,
outliers are illustrated by blue dots. C. Paired panels for 1X1 matrices represent Spearman correlation,
histogram and pairwise scatterplot among the normalized read abundance (20kb bins) of the COM1
and COM2 sample. Outlier bins were removed, see Methods for outlier identification. The Spearman
correlation coefficient is listed above the diagonal, and stars indicate the p-value at the levels of 0.1 (no
star), 0.05 (*), 0.01 (**), and 0.001 (***). The histograms on the diagonal show the distribution of
normalized read abundance in each sample. The scatter plots include a fitted line through the locally
smoothed regression and correlation ellipses (an ellipse around the mean with the axis length reflecting one
standard deviation of the x and y variables).
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Supplementary Figure 4.5 Distribution of normalized read counts in various bins sizes
The Logl0 ratios of normalized read abundance in 1- 50kb (at intervals of 5 and 10kb) are
showed for sequenced samples. The boxes indicate Q1 (25" percentiles) to Q3 (75" percentiles)
with a horizontal line drawn in the middle to denote the median. Outliers, above the highest point
of the upper whisker (Q3 + 1.5%XIQR) or below the lowest point of the lower whisker (Q1-
1.5%IQR), are not displayed. A. Distribution of normalized read counts in various bins sizes
for select sample types. Dd2 Bulk (purple), ENM (pink, 1 samples), LNM (maroon, 1 samples),
COM (blue, 2 samples) samples. B. Distribution of normalized read counts in various bin
sizes for all EOM samples. EOM (green, n=13). C. Distribution of normalized read counts in
various bin sizes for LOM samples. LOM (purple, n=10).
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We then calculated the mean coefficient of variation (CV) for read abundance in the different
sample types (Table 4.3, Figure 4.3C, and Supplementary Table 4.11). Following
normalization for coverage, the mean CV from the EOM/LOM samples was closer to the CV of
the bulk sample than ENM/LNM samples (89/79% versus 22% versus 147/111%, respectively).
Once again, the limited standard deviation in these measurements indicates that CV differences
represent alterations of read uniformity in each sample type (Table 3, Supplementary Table
12). In support of improved uniformity with optimized MALBAC, the CV value of COM

samples was similar to EOM and LOM samples (Table 3, Figure 4.3C).

Table 4.3 Coefficient variation of normalized read abundance in each sample type

Mean Coefficient of
Variation (CV) SD *

Sample name

Dd?2 Bulk (1) 22 -
ENM (1) 147 -
EOM (13) 89 4
LNM (1) 111 -
LOM (10) 79 2
COM (2) 87 12
Clinical Bulk (1) 472 -

*SD, standard deviation.

Optimized MALBAC exhibits reproducible coverage of single cell genomes.

To better assess the amplification patterns across the genomes, we compared the distribution of
binned normalized reads from single cell samples to the bulk control using a correlation test (as
performed in other single cell studies (Hou et al., 2015; Zhang et al., 2017)). This analysis
revealed that amplification patterns of optimized EOM and LOM samples were slightly
correlated with the bulk control (mean Spearman correlation coefficient of 0.27 and 0.25,
respectively, Supplementary Table 4.13), while the non-optimized samples were not correlated

(ENM: 0.05 and LNM: 0.07) (Figure 4.4A).
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Figure 4.4 Correlations show reproducibility of amplification pattern by optimized
MALBAC

A. Paired panels for 5X5 matrices represent Spearman correlation, histogram and pairwise
scatterplot among the normalized read abundance of the Dd2 Bulk, ENM, LNM, and one of each
EOM and LOM samples. Outlier bins were removed prior to this analysis (see Methods for outlier
identification). The Spearman correlation coefficients of each pair are listed above the diagonal, and stars
indicate the p-value at levels of 0.1 (no star), 0.05 (*),0.01 (¥*), and 0.001 (***). The histograms on the
diagonal shows the distribution of normalized read abundance in each sample. The bivariate scatter plots,
below the diagonal, depict the fitted line through locally smoothed regression and correlation ellipses (an
ellipse around the mean with the axis length reflecting one standard deviation of the x and y variables). B.
Spearman correlation coefficients between sequenced samples. The hierarchical clustering heatmap
was generated using Spearman correlation coefficients of normalized read abundance. The color scale
indicates the degree of correlation (white, correlation= 0; green, correlation > 0).
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To quantify the reproducibility of read distribution between single cell samples amplified by
MALBAC, we compared Spearman correlation coefficients. The read abundance across all
single cell samples was highly correlated; two individual EOM or LOM samples had a mean
correlation coefficient of 0.83 and 0.88 respectively (Figure 4.4B). When we expanded our
analysis to calculate the correlation of binned normalized reads between all 26 sequenced
samples (Supplementary Table 4.13) and hierarchically clustered the Spearman correlation
coefficient matrix between these samples, all 23 optimized single cell samples (EOM and LOM)
clustered with a mean Spearman correlation coefficient of 0.84 (Figure 4.4B). In addition, the
two COM samples were correlated with each other (Spearman correlation coefficient of 0.84)
(Figure S4.4C). This correlation indicated high reproducibility of normalized read distribution
across the genomes that were amplified by optimized MALBAC. Within the large cluster, two

LOM samples (LOM12 and LOM13) displayed the highest correlation (0.94, Figure 4.4B).

Reproducible coverage with lower variation is the main benefit of MALBAC over MDA-
based amplification of single cell genomes.

We compared our data to that from a MDA-based study because this is the only other method
that has been used to amplify single Plasmodium genomes ((Trevino et al., 2017), Figure S4.6).
This study sorted individual infected erythrocytes with high (H), medium (M) and low (L) DNA
content corresponding to late, mid, and early stage parasites, applied MDA-based WGA to single
erythrocytes, and sequenced the DNA products. The authors measured a similar amplification
success rate in early (L) stage samples as our study (MDA: 50% by DNA yield, MALBAC: 43%

by DNA yield) yet slightly improved success rates for late (H) stage samples (MDA: 100%,
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MALBAC: 90%, Supplementary Table 4.8 and Supplementary Table 4.9). In light of
experimental differences between the two studies (Supplementary Table 4.14), we analyzed
data from the twelve MDA samples using our exact analysis pipeline and parameters (six MDA-
H and three of each MDA-M and -L samples) and confined our comparison of the data to a few
metrics: 1) coefficient of variation of read abundance, 2) coverage breadth, and 3) correlation

between samples (see below).
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Supplementary Figure 4.6 Uniformity of coverage and correlation analysis in MDA-
amplified single cell samples

Samples for this analysis were from Trevino et al., 2017 and analyzed using our pipeline (Figure
S4.2). A. Normalized read abundance across the genome. Distribution of read abundance in
20kb bins of MDA-amplified samples is shown. The circles from outside to the inside represent:
chromosome 1:14 (tan); two MDA-H samples (dark red, HB3 parasite with high DNA content
amplified by MDA); two MDA-M sample (purple, HB3 parasite with medium DNA content
amplified by MDA); two MDA-L samples (grey, parasite with low DNA content amplified by
MDA); one HB3 Bulk sample. B. Distribution of normalized read abundance values for all
bins in MDA amplified samples. MDA-H: 1 representative sample; MDA-M: 1 representative
sample; MDA-L: 1 representative sample from (Trevino et al., 2017). C. Comparison of
coefficient of variation of normalized read abundance between MDA and MALBAC
amplified single parasites. The average and SD (error bars) of coefficient of variation of all
samples from each type are represented (MDA-H: 6 samples; MDA-M: 3 samples; MDA-L: 3
samples; HB3 Bulk: 1 sample; LOM: 10 samples; EOM: 13 samples; Dd2 Bulk: 1 sample). D.
Spearman correlation coefficient between MDA amplified samples. The color scale indicates
the degree of correlation (white, low correlation; green, high correlation).
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MDA is known to produce artifacts that impair CNV detection (Arriola et al., 2007; Corneveaux
et al., 2007; Lasken and Stockwell, 2007). While MALBAC-amplified genomes exhibited a
consistent amplification pattern (Figure S4.3A and S4.3B), the MDA -amplified genomes
showed more variation across cells (Figure S4.6A). We also detected higher variation in
normalized read abundance in the MDA-H samples (compared to MDA-L and -M samples,
Figure S4.6B), which was not consistent with the report that the MDA method amplifies high
DNA content better than parasites with lower DNA content (Trevino et al., 2017). Even though
the bulk DNA controls used in both studies showed similar CVs (24% versus 22%), the MDA-
amplified samples displayed a higher CV than MALBAC-amplified single cell samples
regardless of the parasite stage (a mean of 186% versus 85%, respectively, Table 4.3,
Supplementary Table 4.11 and Supplementary Table 4.15). As expected based on MALBAC’s
limited coverage of intergenic regions (Table 4.2), MDA amplified samples displayed a higher
coverage breadth cross the genome, especially in the intergenic regions (Supplementary Table
4.16). Additionally, the correlation between MDA-amplified cells (mean correlation coefficient:
0.20; Supplementary Table 4.17, Figure S4.6D) was much lower than that between our
optimized MALBAC-amplified cells (mean correlation coefficient: 0.84; Supplementary Table
4.13, Figure 4.4B); this finding confirms prior observations that MDA exhibits a more random

amplification pattern than MALBAC (Chen et al., 2014).
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Copy number variation analysis is achievable in MALBAC-amplified single cell genomes.
To detect CNVs with confidence, we employed both discordant/split read detection and read-
depth based methods with strict parameters. We used LUMPY to detect paired reads that span
CNYV breakpoints or have unexpected distances/orientations (requiring a minimum of 2
supporting reads). We also used a single cell CNV analysis tool, Ginkgo, to segment the genome
based on read depth across bins of multiple sizes and determine copy number of segments
(requiring a minimum of 5 consecutive bins). We regarded the CNVs detected by the two
methods as the same if one CNV overlapped with at least half of the other CNV and vice versa
(50% reciprocal overlap). Using this approach, we first identified a “true set” of CNVs from the
bulk Dd2 DNA sample (Table 4.4, 3 CNVs on 3 different chromosomes). One of the true CNV's
was identified previously in this parasite line (the large Pfindrl amplification on chromosome 5,
(Cowman et al., 1994, 1)); another true CNV occurs in an area of the genome that is reported to
commonly rearrange in laboratory parasites ((Scherf et al., 1992), the Pf11-1 amplification of

chromosome 10).
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Table 4.4 True CNVs detected in the Dd2 bulk genome

Start  Size Copy number detected
. Support read* Pos (bp) by Ginkgo** in MappabilityA
Name Chr. SPts:t (Sl;::; Type ) P} different bin sizes
Discordant Split 1kb 5kb 8kb 10kb
read read
Pfmdrl 5 888316 81935 DUP 53 0 883000 82000 2 2 Nd Nd 1
Pfi1-1 10 1524527 18472 DUP 29 1 1520000 28000 4 5 N/A N/A 0.86
Pf332 11 1956623 8719 DUP 0 8 1953000 13000 4 N/A N/A N/A 0.92

*Detected by LUMPY based on discordant/split read detection, minimum number of supporting
reads is 2.

**For Ginkgo analysis, the minimum bin number of segmentation is 5.

AFor comparison, the mean mappability of the core genome is 0.99 and the mean mappability

telomere/subtelomere regions including var gene clusters is 0.65.
DUP, duplication; N/A, not applicable because the target CNVs will not be detected as the bin size (>= 5 x bin size)
is larger than the size of the target CN'Vs. Nd, not detected in the specified bin size.

With a set of true CNVs in hand, we assessed our ability to identify them in the single cell
samples amplified by MALBAC and explored parameters that impacted their detection. As
expected, each CNV detection method exhibited differences in the ability to identify true CNVs,
which is likely due to a number of factors including CNV size, genomic neighborhood, and
sequencing depth (Pirooznia et al., 2015). For example, using discordant/split read analysis, we
were able to readily identify the Pf] -1 amplification in the majority of samples (21 of 25
samples, Supplementary Table 4.18). This method was less successful in identifying the
Pfmmdrl amplification (only 3 optimized MALBAC samples in total, Supplementary Table
4.18). For read-depth analysis, the success of true CNV detection was heavily dependent on the
bin size (Supplementary Table 4.18). If we selected the lowest bin size (1kb) in which it was
possible to detect the smallest of the true CNVs (13kb), we were able to readily identify the
Pfmdr1 amplification in all samples (Supplementary Table 4.18). As we increased the bin size,
the number samples with Pfimdr1 detection decreased, only optimized MALBAC samples were

represented, and the copy number estimate in single cells approached the bulk control
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(Supplementary Table 4.7 and S18). The other two true CNVs were only detected at the 1kb

bin size in a minority of samples (6 total, Supplementary Table 4.18).

When we assessed true CN'Vs that overlapped between the two methods, we were able to
improve the precision and sensitivity of CNV detection in five single cell samples
(Supplementary Table 4.19) and detect at least one CNV in each (3 EOM and 2 LOM samples
out of 25 total cells, Table 4.5). Notably, in one sample, EOM 23, the Pfmdr] amplification was
detected in bin sizes of up to 10kb at a copy number similar to the bulk control (Table 4.5).
Besides the CN'Vs conserved with the bulk sample, we also detected unique CN'Vs that were
only identified in the single cell samples. In general, the CN'Vs detected by both discordant/split
read and read depth analyses were spread across all chromosomes except chromosome 9,
predominantly confined to optimized MALBAC samples, and were only detected at 1kb read

depth bin sizes (Supplementary Table 20).

Table 4.5 True CNVs detected in single cell samples

Start Copy number detected by
Supporting reads oo Size (bp) Ginkgo in different bin
Sample CNV Start . Position .
oo Size (bp) sizes
name name Position Di dant_ Solit
iscorcant — Spt 1kb 5kb 8kb 10kb
read read
LOM S5 Pfmdrl 891390 34069 0 2 907000 28000 9 Nd N/A NA
LOM 16 Pfll-1 1542335 3836 0 3 1543000 5000 3 NA NA N/A
EOM 23 Pfimdrl 889899 79890 3 3 888000 82000 4 6 5 5
EOM 26 Pfll-1 1542335 3836 0 5 1543000 5000 4 N/A N/A N/A
EOM 29 Pflil-1 1539158 5639 4 0 1541000 7000 3 NA NA N/A

"N/A" indicates the target CN'Vs will not be detected as the bin size (>= 5 bin size) is larger than the size of the
target CN'Vs. Nd, not detected in the specified bin size.
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High quality-SNPs are detected in MALBAC-amplified single cell genomes.

Firstly, to understand the accuracy of SNP detection in MALBAC-amplified genomes, we
estimated the precision and sensitivity of SNP detection in single cells by treating those from the
Dd2 bulk sample as standard SNP set. We performed this analysis with increasing stringency
levels (VQSLOD score > 0; VQSLOD score > 6; VQSLOD score > 6 with read depth > 10,
Table 4.6) in order to calibrate with previous SNP studies and evaluate the impact of read depth
on SNP identification. In the Dd2 bulk sample, 18369 SNPs were detected with VQSLOD

score > 0, while 13168 SNPs were detected with VQSLOD score > 6 and read depth > 10; the
later number is more consistent with the number of SNPs identified in previous studies of Dd2 P.
falciparum (Volkman et al., 2007). Similarly, as we increased the stringency level, fewer SNPs
were detected for each single cell sample and sensitivity decreased, indicating increased false
negatives for SNP detection. The precision of SNP detection, however, increased from 65%
(VQSLOD score > 0) to 92% (VQSLOD score > 6) and 99% (VQSLOD score > 6/read depth >
10) in EOM samples; the same trend was observed for LOM samples (Table 4.6). The best
balance of precision and sensitivity for SNP detection in single cells was achieved at the level of
VQSLOD score > 6. Even though the sensitivity for SNP detection is only 46% (EOMs) and
47% (LOMs) in individual single cells at this stringency level, we observed up to 72% sensitivity

when we pooled optimized single cell samples (13 EOMs and 10 LOMs, Figure S4.7).

We also evaluated the detection of 16 known drug resistance SNPs from the Dd2 bulk sample
(Supplementary Table 4.21). When we pooled all single cell samples (EOMs and LOMs), we
detected 13 of the 16 resistance SNPs (Supplementary Table 4.22); the 3 remaining SNPs were

not identified due to a lack of coverage at these sites in single cell genomes (Additional File 3:
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SNPs detected in all samples). As expected, the sensitivity of SNP detection was much lower in
non-Dd?2 patient-isolated COM samples (15.37%, VQSLOD score > 6) when compared to that in

the Dd2-derived EOM samples (46.22%).

Since the Dd?2 parasites that we used in this study were not recently cloned, there is a possibility
of detecting novel SNPs that have arisen in the population over time in laboratory culture (Jett et
al., 2020). After removing any mixed allele calls and applying the highest stringency level
(VQSLOD score > 6, read depth > 10), we identified 124 novel SNPs in the single cell samples
that were not present in the Dd2 bulk sample (Additional file 4: Single cell novel SNPs). These
loci affected 226 genes on all 14 chromosomes of the parasite genome (Supplementary Table
4.23), representing genes involved in the biosynthesis of antibiotics, Ac/N-end rule pathway,
purine metabolism, thiamine metabolism, and aminoacyl-tRNA biosynthesis (Supplementary

Table 4.24).

New optimizations of MALBAC further improved coverage breath and amplification
uniformity

More recently, we further improved our MALBAC protocol (termed further-optimized MALBAC)
by modifying the pre-amplification random primer and replacing Bst DNA Polymerase Large
Fragment with Bsu DNA Polymerase Large Fragment with a lower reaction temperature (see
“Methods” for more details). We applied this new version of MALBAC (further-optimized
MALBAC) to amplify early-stage single parasite samples (early stage further optimized
MALBAC, EFOM). When comparing to the previously optimized MALBAC from the same batch

of sequencing run, we found the Bsu DNA polymerase used in pre-amplification shows higher
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coverage breadth (34.03% in Bsu amplified sample, 26.51% in Bst amplified sample) and
coefficient of variation of read abundance (65 in Bsu amplified sample, 126 in Bst amplified
sample) than Bst polymerase under the same coverage level (Table 4.6). The optimized random
primer version 2 shows higher coverage breadth in intergenic regions than the optimized random
primer version 1. Thus, the further optimized MALBAC shows overall improved coverage breadth
and lower coefficient of variations of normalized read abundance than the optimized MALBAC in

the same sequencing run.

145



Table 4.6 Comparison between optimized and further optimized MALBAC sequencing
results

Pre-amplification Coverage breadth

Coefficient of
Variation (CV)
of normalized
read abundance
(20kb bin)

. Coverage
Studies Random X) 8 GC % Whole Genic  Intergenic

Polymerase . . .
primer genome regions regions

Optimized I I optimized I
MALBAC Bst random 158 2473 2651% 41.67%  3.95% 126
(Dd2, early primer

stage) version 1*

optimized
Bst random 171 2307 2925% 4541%  5.24% 109
primer

version 2%*
optimized
Bst random 170 2258 2224% 3275%  657% 131
primer
version 2
Further ..
optimized

optimized random
MALBAC Bsu N 1.68 2297 34.03% 5022% 9.90% 65

(Dd2, early prumer
stage) version 1

optimized

Bsu random 170 2266 3532% 5198% 10.52% 78
primer

version 2
optimized

Bsu random 168 2243 3584% 5238% 11.23% 69
primer

version 2

*optimized random primer version 1:
S'GTGAGTGATGGTTGAGGTAGTGTGGAGNNNNNTTT 3’ (20% GC for NNNNN)
**optimized random primer version 2:
S'GTGAGTGATGGTTGAGGTAGTGTGGAGNNNNNNNNNNTTT 3’ (20% GC for
NNNNNNNNNN)

Integrating robotic pipetting into single cell sequencing pipeline

To improve single cell sequencing throughput and limit contamination due to manual pipetting,
we integrated robotic pipetting into our single cell sequencing pipeline (see Methods). We also

changed our cell isolation method to FACS sorting (Sony SH800) from CellRaft AIR System,

since the FACS sorting sorts cells into full-skirted 96 well plates, which is compatible with the
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Mosquito LV robotic pipetting system. To test whether the Mosquito LV pipetting works for our
single cell sequencing pipeline, we sequenced 3 HB3 single cell samples and 4 Dd2 single cell
samples (Table 4.7). As shown in Table 4.7, we successfully used Mosquito LV to conduct

automatic pipetting during the pre-amplification cycles and amplified 7 single cell samples.

Table 4.7 Sequencing results of single cells amplified using liquid handler

Pre-amplification Coverage breadth
C Coefficient of
. overage . .
Studies Random X) GC %  wWhole Genic = Intergenic Variation (CV) of
Polymerase . . . normalized read
primer genome regions  regions abundance (20kb
bin)
optimized
HB3, | Bsuand random 16X  2460% 26% = 40% 5% 80
N=3 Bst* primer
version 2
optimized
Dd2, " Bsu and random 15X 2520% 25% @ 40% 4% 127
N=4 BstA primer
version 2

*17 cycles with Bsu polymerase and 2 cycles with Bst polymerase; 217 cycles with Bsu
polymerase and 6 cycles with Bst polymerase

4.5 Discussion

This study is the first to optimize the standard MALBAC protocol for single cell sequencing of a
genome with extreme GC-content (P. falciparum: 19.4%). We showed that this optimized
method can reliably amplify early-stage parasite genomes, which contain <30 femtograms of
DNA per sample. Single cell experiments are innately very sensitive to contaminating DNA from
other organisms and we detected a lower proportion of human and bacteria DNA in MALBAC-
amplified samples, which impacted overall coverage of the P. falciparum genome. Furthermore,

we showed that this method reduced GC-bias to impact the breadth and uniformity of genome
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amplification. Finally, with these single cell genomes, we were able to explore the detection of

CNVs and SNPs to study parasite-to-parasite heterogeneity.

MALBAC Volume and Cycles

MALBAC amplification has been used in studies of human cells, where each diploid genome
harbors ~7 picograms of DNA (Zong et al., 2012). In this study, we used the MALBAC method
to successfully amplify femtogram levels of DNA from single P. falciparum parasites. Reducing
the total reaction volume (from 50ul to 20ul) and increasing the number of amplification cycles
(pre-amplification: from 5 to 18-19; exponential: from 15 to 17) likely contributed significantly
to this increased sensitivity. Both modifications were important. Initially the lower sample
volume reduced the overall DNA yield and this was reversed using increased amplification
cycles. These modifications provide additional benefits including reduced contaminating reads
and experimental costs. Importantly, these simple steps can be applied to the MALBAC
amplification of small genomes or genomes with skewed GC-content from other organisms such
as bacteria (Wang et al., 2016). For example, studies of Mycoplasma capricolum (GC-poor)
(Ohkubo et al., 1987), Rickettsia prowasekii (GC-poor) (Andersson et al., 1998), and Borrelia
burgdorferi (GC-poor) (Fraser et al., 1997), Entamoeba histolytica (GC-poor) (Lorenzi et al.,

2010), Micrococcus luteus (GC-rich) (Ohama et al., 1990) could be improved using this method.

Primers and Coverage Bias
The modification of the primer was essential for the successful amplification of the AT-rich P.
falciparum genome. This change was meant to prevent the preferential amplification of GC-rich

sequences as observed for human and rat single cell genomes (Hou et al., 2015; Ning et al.,
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2015). We achieved a coverage breadth across P. falciparum genic regions (a mean of 21.7%
GC-content) of as high as ~80% (Table 4.2) by specifically altering the base content of the
degenerate 5-mer of MALBAC pre-amplification primer from 50% to 20% GC-content. The
initial priming step is crucial for whole genome amplification and controlling this step can limit
amplification bias (Lasken, 2013). Indeed, 5-mers with ~20% GC-content across the P.
falciparum genome are 2- and 6-fold more common than those with 40% and 60% GC-content,
respectively (Supplementary Table 4.1). This difference indicated that annealing of the
optimized MALBAC primer based on the degenerate bases was more specific for the parasite’s
genome than the standard MALBAC primer. Interestingly, during this study we observed a
preferential amplification of genic over intergenic regions (Table 4.2), which may be explained
by lower percentage of 5-mers with 20% GC-content in intergenic regions than in genic regions
(Supplementary Table 4.1). Furthermore, when we searched for reads that contained the
MALBAC common sequence (see Methods and Supplementary Table 4.5) to identify WGA
binding sites across the P. falciparum genome, we found that binding sites were predominantly
located in the genic regions (Supplementary Table 4.5); this result indicated that there was an
issue with primer annealing in intergenic regions, which may be caused by a high predicted rate
of DNA secondary structure formation across these regions of the P. falciparum genome
(Huckaby et al., 2018). The polymerase used in the MALBAC linear amplification steps (Bst
large fragment) exhibits strand displacement activity, which presumably allows resolution of
secondary structure (Viguera et al., 2001; Ignatov et al., 2014). However, a longer extension time
may be required for amplification of repetitive DNA sequence, either during linear or

exponential steps.
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Parasite and Contaminating Genomes

The standard MALBAC method was reported to display the most favorable ratio of parasite
DNA amplification over human DNA when compared to other common WGA methods
(Srisutham et al., 2020). Out steps to optimize MALBAC (reduced volume and increased cycle
numbers) not only enhanced the amplification of the small parasite genome, but also likely
improved the sensitivity to amplify contaminating non-parasite DNA. Nevertheless, in many
samples, optimized MALBAC yielded lower proportions of contaminating DNA than the bulk
sample (Figure 4.2A). We speculate that this effect was once again due to our modification of
the GC-content of the degenerate bases of the primer; this alteration limited the preferential
amplification of contaminating DNA with higher GC content (observed during standard

MALBAC), thus improving the representation of parasite DNA in the overall WGA product.

The major contaminating DNA source that we detected in our samples was from humans (Figure
4.2A). This was not surprising given that, in our experimental system, the culture and host
environments are rich in human DNA (Oyola et al., 2013; Carey et al., 2018). It is also possible
that human DNA was introduced during the single cell isolation or WGA steps. The former
situation is a larger issue for clinical parasite isolates due to the abundance of white blood cells
that contribute to extracellular DNA when they decay outside of the host (Waldvogel
Abramowski et al., 2018). Indeed, we observed more human DNA in clinical bulk and single cell
samples (an increase of ~11-fold over laboratory-derived Dd2 bulk and single cell samples,
respectively). The massive level of contamination in the clinical bulk sample and limited
coverage of the parasite genome (0.3%) was exacerbated by 1) the omission of a stringent

leukodepletion step that is routinely employed to limit host cell contamination (Manske et al.,
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2012; Jacob et al., 2014) and 2) the lower overall sequencing output of that particular run

(Supplementary Table 4.4).

The second most common source of contaminating DNA was bacteria (Figure 4.2A). WGA
approaches are known to occasionally amplify residual bacterial DNA associated with
commercial polymerases (Rand and Houck, 1990; Woyke et al., 2011; Salter et al., 2014; Kil et
al., 2015) or other reagents (McFeters et al., 1993; Nogami et al., 1998; Kulakov et al., 2002).
Since this contaminant was absent in the bulk DNA control and increased in early stage parasite
samples (representing an average of 0.8% of EOM reads compared to 0.2% for LOM samples),
bacterial DNA may also have been introduced during single parasite isolation and WGA steps.
While we took precautions to limit this occurrence (see Methods), minimizing the reaction

volume could further reduce this source of contamination.

Early and Late Stage Parasites

Depending on when a novel CNV or SNP arises (i.e. early or late in replication), each parasite
stage holds advantages for its detection. If the mutation arises in the first round of replication and
is copied into most of the genomes of a late stage parasite, having multiple genomes will be
advantageous for detection. If the mutation arises later in replication, it will be present in few of
the genomes; therefore, averaging across the genomes, as with bulk analysis, will limit its detection.
Since only one haploid genome is present in an early stage parasite, the sensitivity for detecting

rare/unique CNVs/SNPs within parasite populations is favored.
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For this reason, staging of parasites in this study was important. We performed stage-specific
enrichment before single cell isolation and confirmed that the majority of parasites were the
desired stage using flow cytometry (see Methods, Figure S4.1,97% for early stage enrichment
and 74% for late stage enrichment). Furthermore, during selection of cells by microscopy (before
automated collection by the IsoRaft instrument), we confirmed the expected fluorescence
intensities for each stage; early stage parasites had a significantly smaller genome and
mitochondrion size compared to late state (as in Figure 4.1B). However, differences in
preparation of samples may have impacted our parasite stage comparisons. While all late stage
samples were isolated, lysed and amplified in the same batch under the same conditions, early
stage samples were processed in three separate batches (Supplementary Table 4.11). Despite
conserved methods and good concordance in CV between all samples (Supplementary Table

4.11), minor differences could have contributed to variations in the amplification steps.

Differences in genome analysis results from optimized MALBAC samples provided further
confidence that the parasites were of the expected stage. Firstly, late stage parasites showed a
higher WGA success rate than early stage parasites (90% versus 43%, Supplementary Table
4.9). This result was explained simply by the presence of extra genomes in the late stage samples
(~16n versus 1n) and was consistent with a previous study that used MDA-based amplification
methods (Trevino et al., 2017). Late stage parasites also displayed better uniformity of read
abundance (Table 4.3), indicating less amplification bias because fewer regions were missed
when more genomes were present. Additionally, there were fewer overall contaminating reads
found in late stage parasites than early stage parasites (5.1% versus 8.6%). Once again, this was

likely due to a higher ratio of parasite DNA to contaminating DNA in the late stage samples.
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Despite these differences, we observed similar coverage breadth and Spearman correlation
coefficients of read abundance for both early and late stage MALBAC-amplified parasites
(Table 4.2 and Supplementary Table 4.13). This was contrary to the MDA study in single P.
falciparum parasites that found a higher breadth of genome coverage from the late stage parasites
(Trevino et al., 2017). Our findings confirm that the pattern of amplification across the genome is
determined by the binding of the optimized MALBAC primers and not the parasite

developmental form.

CNYV Analysis and Related Considerations

Sequencing at very high depth improves the detection of low frequency CNVs in bulk samples,
but the sensitivity is limited to large-scale CN'Vs present in > 5% cells (Zhang and Vijg, 2018).
Other analysis methods that rely on the detection of reads that span CNV junctions (i.e. split
reads or discordant reads) have improved the sensitivity and specificity of CNV detection (Zhang
etal.,2011), but continue to struggle with minor allele detection. For single cell analysis, the
high level of MALBAC amplification reproducibility (i.e. the same regions are over- and under-
amplified across multiple genomes), that we and others have observed, is especially
advantageous for CNV detection. This is because amplification bias can be normalized across
cells, as has been successfully performed for human cells (Zong et al., 2012; Hou et al., 2013).
Unfortunately, cross-sample normalization was not possible in our study due to the use of a
single laboratory parasite line that includes known CNVs (Dd2). Instead, as described below, we

combined a read-depth based tool (Ginkgo (Garvin et al., 2015)) with a split/discordant read-
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based method (LUMPY (Layer et al., 2014)) to improve the accuracy of CNV detection (as in

(Pirooznia et al., 2015)).

We observed a large number of raw CNVs detected in single cell genomes by each individual
method (Supplementary Table 4.6-LUMPY and Supplementary Table 4.7-Ginkgo) and the
precision and sensitivity of each method was low (Supplementary Table 4.19). These initial
results may be explained by a number of possibilities, including those that are both biological in
nature as well as artifacts of our analysis methods. From a biological perspective, these calls can
represent large CN'Vs that are known to exist in the bulk sample (i.e. Pfimdrl and Pf11.1, Table
4.5) as well as the abundance of small CN'Vs that may be present in a minor part of the
population (unique CNVs, Supplementary Table 4.20). Because prior P. falciparum CNV
analyses were confined to bulk DNA sequencing, our view of minor variants in parasite
populations is limited. The recent discovery of P. falciparum extrachromosomal DNA that is
derived from regions of the genome that harbor CNVs (McDaniels et al., 2021) suggests that
there are cellular pathways that could contribute to cell-to-cell variations in CNV boundaries and
dynamics (i.e. perhaps through the excision and reintegration of extrachromosomal DNA). While
the differences in start position of true CNVs from single cell genomes (Tables 4.4 and 4.5)
could represent true minor variants, they could also be due to analysis artifacts that contribute to
excess CNV calls and inaccuracies in estimating boundaries. For example, raw LUMPY results
exhibit redundancy due to slightly varied boundaries and sizes of the same CNV. Additionally,
parameters of read-depth based approaches like Ginkgo (i.e. bin sizes and the requirements for
consecutive bins) can alter CNV calling; 1kb bins may heavily reflect coverage variation in the

genome and have a high level of false positives while larger bin sizes may miss smaller CNVs.
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In an effort to limit false positives and these uninformative variations, we combined approaches
by retaining calls that overlapped between the two approaches (see Methods). In support of this
recommendation, the combined approach limited the number of overall CNV calls and improved

the precision in some single cell samples (Supplementary Table 4.19).

Even when using the combined approach, we observed variations in the boundaries and copy
numbers of the true CNVs in single cell samples (Table 4.4 and Table 4.5). For example, in
Dd?2 parasites, the Pfimdrl CNV is ~82kb but in single cell samples, it is called as ~30kb with
later starting position. This difference is most likely due to uneven coverage across these large
CNVs in single cell samples; some regions accurately reflect the CNV where others do not.
Importantly, as we increased the bin size, the uniformity of read count improves (Figure S4.5),
which impacts CNV identification (i.e. the Pfimdrl amplification is found in fewer single cell
genomes and the copy number estimate approaches that of the bulk control, Supplementary
Table 4.7 and Supplementary Table 4.18). Thus, efforts to improve the uniformity of read
coverage, genome coverage breadth and the potential for cross-sample normalization will
improve our ability to accurately detect CN'Vs. Overall, it is notable that we can detect CNVs in
some single cell genomes (<100kb, Table 4.5) that are below the current resolution of CNV
detection from single cell genomes amplified with common WGA methods (>>100kb to Mb)
(Navin et al., 2011; Zong et al., 2012; McConnell et al., 2013; Campbell et al., 2015; Ning et al.,
2015). Our CNV analysis capabilities will improve with expanded numbers and genomic
diversity; the inclusion of parasite lines with different CNV profiles will greatly facilitate the
removal of reproducible amplification bias and increase the detection of conserved and unique

CNVs of all sizes.
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Standard and Novel SNP Analysis

By combining stringent SNP filtering strategies (i.e. VQSLOD and read depth cutoffs), we
increased the precision for SNP calling in single cell samples and detected 72% of SNPs
identified in the bulk sample and 13 of 16 known resistance SNPs (Table 4.8, Supplementary
Table 4.22, Figure S4.7A). We also detected a number of novel SNPs across our single cell
samples (Additional File 4: Single cell novel SNPs VCEF file). On average, this is ~13 SNPs per
genome, since many of the 124 novel SNPs are shared among genomes (46 shared SNPs). We
are not able to compare this rate to that estimated from other studies (Bopp et al., 2013;
Claessens et al., 2014; McDew-White et al., 2019; Jett et al., 2020) because our bulk sample was
not cloned prior to single cell isolation and culturing days are unknown. Although we take
precautions to limit divergence (i.e. parasite lines are only grown for limited amounts of time and
periodically cloned), we do not know the complete life history of the Dd2 lines because they
come from a general repository. However, when we assessed SNPs from multiple Dd2 lines
using the current pipeline (see Methods, VQSLOD>6), we identified 146 SNPs in the short reads
used to generate the Dd2 reference genome (Otto et al., 2018) that were not present in our bulk

sample, indicating some divergence occurs in samples that are independently propagated.
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Table 4.8 SNP detection in sequenced samples

Variant Filtering Conditions Sample name Number of SNPs Precision Sensitivity
EOM (13) 12734 65.25% 45.09%
LOM (10) 12730 67.16% 46.40%
ENM (1) 2269 84.93% 10.49%
VQSLOD >0

LNM (1) 9235 67.29% 33.83%

Dd2 Bulk (1) 18369 - -
COM (2) 8851 31.55% 15.22%
EOM (13) 6917 91.75% 46.22%
LOM (10) 6990 92.40% 47.05%
ENM (1) 1375 96.58% 9.68%

VQSLOD > 6

LNM (1) 4902 95.17% 33.99%

Dd2 Bulk (1) 13725 - -
COM (2) 3162 66.69% 15.37%
EOM (13) 3937 99.48% 29.74%
LOM (10) 4360 99.41% 32.92%
VQSLOD > 6, Read Depth > 10 ENM (1) 252 97.62% 1.87%
LNM (1) 2575 98.87% 19.33%

Dd2 Bulk (1) 13168 - -
COM (2) 1021 79.28% 6.13%

*Precision and sensitivity are calculated by using SNPs detected in Dd2 bulk sample as the
standard SNP set.
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Supplementary Figure 4.7 Sensitivity of SNP detection in pooled single cells and association
between SNP calls and read depth

A. Pooling and subsampling of single cell samples shows a plateau of SNP discovery as
numbers of cells increase. Gradually increasing the number of single cells samples and pooling
single cell samples (13 EOMs and 10 LOMs) allows the detection of up to 72% of the SNPs sites
from Dd?2 bulk sample. B. Relationship between number of SNPs and read depth in single
cell samples. Positions of SNP sites (top panel) in the Dd2 bulk, EOM23, LOM16, ENM, LNM
samples (VQSLOD >6) are compared to the read depth at these locations (bottom panel).
Chromosome 1 between 120,000bp — 160,000bp is illustrated by VIVA.

Limitations, Scope, and Future Efforts
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One limitation in our comparison between standard and optimized MALBAC-amplified samples
was that we only sequenced a single standard MALBAC sample from each parasite stage.
However, during our studies we evaluated a total of 7 independent non-optimized samples using
ddPCR (3 ENM and 4 LNM) and detected multiple instances of allelic dropout and heavy
skewing of the copy number of a known CNV (Table 4.1 and Supplementary Table 4.10).
These results indicated extreme bias coverage and high levels of contaminating DNA, which
made sequencing of these samples futile. Nevertheless, evaluating specific genes is not
equivalent to sequencing a whole genome. Thus, while we have adapted MALBAC for
amplifying single P. falciparum parasite genomes, further studies are required to rigorously

evaluate the differences between standard and optimized MALBAC.

A second limitation of our study was our inability to directly compare MALBAC results to those
produced using MDA. Our studies specifically sought to adapt MALBAC for amplification of
the Plasmodium genome; therefore, we did not perform MDA on our samples in parallel.
However, in order to gain some insight into the performance of the two WGA methods on the P.
falciparum genome, we performed limited comparisons with data from a previous MDA-based
study (Figure 4.4B, Figure S4.3 versus S4.6; Table 4.2 versus Supplementary Table 4.16;
Supplementary Table 4.11 versus Supplementary Table 4.15; Supplementary Table 4.13
versus Supplementary Table 4.17). Direct comparisons were constrained by the use of distinct
parasite lines (HB3 vs Dd2) and single cell preparation pipelines but the results emphasized the
strengths and weaknesses of each method. While MDA is known to exhibit lower single
nucleotide amplification error and acquired overall higher genome coverage in P. falciparum

genome (Trevino et al., 2017) (Supplementary Table 4.16), it is not suitable for CN'V detection
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(Lasken and Stockwell, 2007). MALBAC, on the other hand, can provide high quality SNP
identification following strict filtering steps ((Chen et al., 2014) and Table 4.8) and the
reproducible amplification pattern (Figure 4.4B) can be beneficial for both CNV and SNP

detection (see below).

Another limitation is related to the lack of MALBAC coverage across certain genomic regions
(~40% of the overall genome, ~70% of the intergenic regions, Table 4.4), which impacts the
detection of genetic variations in these locations. Low read depth resulted in the failure to detect
SNPs (Figure S4.7B) and variation of coverage leads to inaccuracies in the size and boundaries
of CNVs (see CNV Analysis and Related Considerations). However, the reproducible pattern of
genome coverage by MALBAC provides some advantages. First, as mentioned above, we can
exploit this feature to normalize across diverse samples to minimize noise and improve CNV
detection; any improvements in the coverage of intergenic regions and uniformity will also
impact CNV identification through increased detection of discordant/split reads and more
accurate read-depth calling. Second, the consistent coverage pattern allows us to predict a
defined set of SNPs that can be consistently detected across pooled single cell samples with a

given coverage level.

Finally, we specifically recognize the limitations of our CNV analysis pipeline. First, we
confined our assessments to duplications and deletions (Supplementary Table 4.19) but have
not evaluated other types of structural variations that may also be important for adaptation.
Second, we acknowledge that our CNV analysis on single cell genomes is not yet robust (see

CNV Analysis and Related Considerations above). We also recognize that there is a tradeoff
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between sensitivity and precision during CNV analysis; accepting the possibility of false
positives allows maximal sensitivity to detect novel CNVs. Ultimately, the benefit of single cell
genomics is the discovery of minor variants that provide insight into the dynamics of adaptation.
While we would not consider individual CNVs identified in our current analysis to be
particularly informative, studies assessing relative CNV levels (under condition 1 vs 2) would
likely yield informative results using the current methods. To achieve consistent and robust CNV
calling, we require a combination of improvements in both amplification methods and analysis

tools (as proposed above). This study can be used as a springboard for such advancements.

4.6 Conclusions

It is notable that we can successfully amplify a small, base-skewed genome and detect genetic
variations on a single cell level. Our modifications of reaction volume, cycle number, and GC-
content of degenerate primers will expand the use of MALBAC-based approaches to organisms
not previously accessible because of small genome size or skewed base content. Furthermore,
these changes can reduce amplification of undesired contaminating genomes in a sample. The
reproducible nature of this WGA method, combined with new genome analysis tools, will reduce
the effect of amplification bias when conducting large scale single cell analysis and enhance our
ability to explore genetic heterogeneity in the form of both SNPs and CNVs. Thus, we expect
this approach to broadly improve study of mechanisms of genetic adaptation in a variety of

organisms.
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5.1 Abstract

Antimalarial drugs play a vital role in curtailing malaria, a human disease caused by Plasmodium
parasites. However, the efficacy of these drugs is undermined by the acquisition of antimalarial
drug resistance in malarial parasites. Plasmodium falciparum, the deadliest malaria parasite
causing human infection, has developed resistance to every clinical antimalarial drug. Previous
studies have implicated genomic variations in the acquisition of antimalarial resistance, including
copy number variations (CNVs) where parasites accumulate extra copies of a genomic segment.
However, the detection of CNVs has been challenging due to a lack of a complete and accurate
genomic assembly. The genome of P. falciparum is extremely AT-rich (80.6%) and contains
many repetitive sequences, especially in sub-telomeric regions, which are difficult to assemble
using only Illumina short reads. In addition, various parasite strains used in vitro studies require
their reference genome assemblies for accurate read mapping and CNV detections in these
parasites. Long read sequencing methods hold promise to provide more accurate assembly of the
parasite genome and resolve CNVs but few groups have used this approach for Plasmodium
parasites. In this study, we sequenced and assembled the P. falciparum genome by combining
Nanopore long reads and Illumina short reads to improve the accuracy of reads alignment and

downstream CNV analyses.

5.2 Introduction

Despite a lot of efforts to eliminate malaria, this disease continues to be a major and growing
global health problem. Antimalarial drugs play a vital role in curtailing malaria, but the efficacy
of antimalarial drugs is undermined by the acquisition of antimalarial drug resistance in malaria

parasites. Malaria is caused by a protozoan parasite called Plasmodium. Plasmodium falciparum,
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the deadliest malaria parasite causing human infection, has developed resistance to every clinical
antimalarial drug. Previous studies have implicated genomic variations in the acquisition of
antimalarial resistance, including copy number variations (CNVs) where parasites accumulate
extra copies of a genomic segment. However, the detection of CNVs has been challenging due to

the lack of a complete and accurate genomic assembly.

The first Plasmodium genome sequence was published in 2002 for the strain 3D7 using shotgun
sequencing (Gardner et al., 2002). Genome sequences for several other primate Plasmodium
species have been generated (Carlton et al., 2008; Pain et al., 2008; Tachibana et al., 2012; Otto
et al., 2014). The 23Mb haploid genome of P. falciparum consists of 14 chromosomes and
includes 5300 genes. The genome is also extremely AT-rich (80.6%) and contains many
repetitive sequences, especially in sub-telomeric regions, which are difficult to assemble with
only short reads. Recently, a few studies performed PacBio long read sequencing on Plasmodium
parasites, de novo assembled the genome, and obtained more complete genome assemblies
(Chien Jung-Ting et al., 2016; Vembar et al., 2016; Bryant et al., 2018; Zhang et al., 2021).
However, PacBio sequencing is expensive, while Nanopore sequencing is more cost-effective for
generating ultra-long reads. With Nanopore ultra-long reads longer than a Megabase (Mb), more
continuous whole genome assemblies have been established for several organisms (Giordano et

al., 2017; Eccles et al., 2018; Miller et al., 2018; Tyson et al., 2018).

Various parasite strains used in vitro studies are from the different genetic backgrounds and

require their own reference genome assemblies for accurate read mapping and CNV detections.

Long read sequencing methods hold promise to provide more accurate assembly of the
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sequenced genomes and resolve CNVs but few groups have used this approach for Plasmodium
parasites. In this study, we tested Nanopore PCR-free sequencing kit, optimized high molecular
weight DNA extraction protocol, sequenced and assembled the P. falciparum genome by
combining Nanopore long reads and Illumina short reads to improve the accuracy of reads

alignment and downstream CNV analyses.

5.3 Materials and Methods

Parasite culture

We thawed erythrocytic stages of P. falciparum (Dd2, MRA-150, Malaria Research and
Reference Reagent Resource Center, BEI Resources) from frozen stocks and maintained them as
previously described (Haynes et al., 1976). Briefly, we grew parasites at 37 °C in vitro at 3%
hematocrit (serotype A positive human erythrocytes, Valley Biomedical, Winchester, VA) in
RPMI 1640 medium (Invitrogen, USA) containing 24 mM NaHCO3 and 25 mM HEPES, and
supplemented with 20% human type A positive heat inactivated plasma (Valley Biomedical,
Winchester, VA) in sterile, sealed flasks flushed with 5% O,, 5% CO,, and 90% N, (Guler et al.,
2013). We maintained the cultures with media changes every other day and sub-cultured them as
necessary to keep parasitemia below 5%. We determined all parasitemia measurements using
SYBR green-based flow cytometry (Bei et al., 2010). We routinely tested cultures using the
LookOut Mycoplasma PCR Detection Kit (Sigma-Aldrich, USA) to confirm negative

Mycoplasma status.

DNA preparation for Nanopore sequencing
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We lysed asynchronous P. falciparum-infected erythrocytes with 0.15% saponin (Sigma-Aldrich,
USA) for 5 min at room temperature and washed them three times with 1x PBS (diluted from
10x PBS Liquid Concentrate, Gibco, USA). We then lysed parasites with 0.1% Sarkosyl
Solution (Bioworld, bioPLUS, USA) in the presence of 1 mg/ml proteinase K (from Tritirachium
album, Sigma-Aldrich, USA) overnight at 37 °C. We first extracted nucleic acids with
phenol/chloroform/isoamyl alcohol (25:24:1) pH 8.0 (Sigma-Aldrich, USA) three times using

1.5 ml light Phase lock Gels (5Prime, USA), then further extracted nucleic acids with chloroform
twice using 1.5 ml light Phase lock Gels (5SPrime, USA). Lastly, we precipitated the DNA with
ethanol using the standard Maniatis method (Maniatis et al., 1989). To obtain high molecular
weight genomic DNA, we avoided any pipetting during the extraction, transferred solutions by

directly pouring it from one tube to another, and mixed solutions by gently inverting the tubes.

We subjected 1 pug of high molecular weight genomic DNA from Dd2 sample to library
preparation for Oxford Nanopore sequencing following the Nanopore Native barcoding genomic
DNA protocol (version: NBE_9065_v109_revAB_14Aug2019) with 1x Ligation Sequencing kit
(SQK-LSK109, Oxford Nanopore Technologies, Oxford, UK). We performed DNA repair and
end preparation using NEBNext FFPE DNA Repair Mix (New England Biolabs, Ipswich, MA,
USA) and NEBNext End Repair/dA-Tailing Module (New England Biolabs, Ipswich, MA,
USA). We cleaned the A-tailed fragments using 0.9X AMPure XP beads (Beckman Coulter,
High Wycombe, UK). We then ligated barcodes to the end-prepped DNA using the Native
Barcoding Expansion 1-12 kit (EXP-NBD104, Oxford Nanopore Technologies, Oxford, UK)
and Blunt/TA Ligase Master Mix (New England Biolabs, Ipswich, MA, USA). We cleaned the

barcoded samples using 0.9X AMPure XP beads. Then we pooled barcoded samples in
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equimolar ratios and subjected them to an adaptor ligation step, using the Adapter Mix II from
the Native Barcoding Expansion 1-12 kit and NEBNext Quick Ligation Reaction Buffer (New
England Biolabs, Ipswich, MA, USA) as well as Quick T4 DNA Ligase (New England Biolabs,
Ipswich, MA, USA). After adaptor ligation, we cleaned the library using AMPure XP beads. We
quantified the adapter-ligated and barcoded library using a Qubit fluorimeter (Qubit 1X dsDNA
High Sensitivity Assay Kit, Life Technologies, Carlsbad, CA). We sequenced the Dd2 library
using a flow cell (R9.4.1, FLO-MIN106D, Oxford Nanopore Technologies, Oxford, UK) on
MinlON (Oxford Nanopore Technologies, Oxford, UK). To obtain the maximum number of
reads, we ran the flow cell for 48 h (controlled and monitored using the MinKNOW software

(3.6.5)).

Sequencing data analysis

For the Dd2 sample, we conducted base calling and demultiplexing of the Nanopore sequencing
reads, using Guppy (version 3.4.5+fb1fbfb) with the parameter settings “-c
dna_r9.4.1_450bps_hac.cfg --barcode_kits "EXP-NBD104" -x auto”. We checked the read
length and read quality using “Nanoplot” (version 1.0.0). We trimmed the adapters with “qcat”
(version 1.1.0) (Oxford Nanopore Technologies) and filtered the reads with a cutoff “length

> 500 and Phred value = 10” using the program “ filtlong version 0.2.0”
(https://github.com/rrwick/Filtlong). To estimate the coverage of sequencing reads in each
sample, we aligned the filtered reads to the Plasmodium falciparum Dd?2 reference genome using
“minimap2” (version 2.17) (Li, 2018). “QualiMap” (version 2.2.1) (Garcia-Alcalde et al., 2012)

was used to calculate the coverage of the aligned reads.
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Genome sequence assembly

To identify the suitable assembly tools for Plasmodium genome using nanopore long reads. We
first assembled the reads with both long-read-only methods (Flye, Miniasm, Canu) and hybrid
methods of nanopore long reads and Illumina short reads (Haslr, Wengan). The Flye, Miniasm,
Canu assembled genomes were polished first by Racon (Vaser et al. 2017) using nanopore long
reads for 4 iterations, then Medaka (https://github.com/nanoporetech/medaka) polished once
using nanopore long reads, then Pilon polished (Walker et al. 2014) using Illumina short reads
for 2 iterations following polishing pipelines in previous studies with default setting (Dmitriev et
al., 2021; McCartney et al., 2021; Vandenbogaert et al., 2022). The Haslr, Wengan assembled
genomes were Pilon polished (Walker et al. 2014) using [llumina short reads for 2 iterations as
shown in previous studies (Diaz-Viraqué et al., 2021; Bessette et al., 2022). QUAST (Gurevich
et al., 2013) was used to compare the assemblies with the published reference genome (Dd2,
v46) from PlasmoDB. BUSCO (Simao et al., 2015) was used to evaluate assembly quality for all

genomes.

5.4 Results

High molecular weight DNA sequencing

To confirm the size range of the high molecular DNA of Dd2 parasites extracted by PCI method
(see Materials and Methods), we ran the DNA through Pulsed-filed gel electrophoresis. As
shown in Figure 5.1, we see most of the DNA is larger than 50 kb. We sequenced the high
molecular weight DNA on MinlON, which generated 150,489 reads with read length above 500
bp and read quality above Q10. The mean read length is 10,902 bp, the N50 of the reads is

15,574bp and the maximum read length is 190,160bp. To estimate how many reads are from the
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Dd2 parasite DNA, we mapped the reads to the Dd2 reference genome. As shown in Table 5.1,
the nanopore reads show 29X genome coverage and 93% nucleotide identity to the Dd2

reference genome.

Ladder DD2

1,000 kb

48.5 kb |

Figure 5.1 Pulsed-filed gel electrophoresis of Dd2 high molecular weight DNA

Table 5.1 Nanopore sequencing reads length and coverage

Total reads (>500bp, Read length =~ Mean read Maximum read Nucleotide Genome
Sample Q10) N50 length length identity coverage
Dd2 150,489.00 15,574 bp 10,902 bp 190,160 bp 93% 29X

Table 5.2 Comparison of assembly tools using Dd2 sample

Assembly methods Aligned Genome GC % Genomic I;fgﬁi Contig Mis- Mismatches/ indels/
y contigs = fraction features f N50 (bp) assemblies 100kb 100kb
eatures
Hvbrid Haslr 54 96.76% 18.93% 38076 161 1,456,389 2 9 99
yor Wengan 62 95.18% 19.07% 37014 170 840,047 10 14 101
Flye 27 99.70% 19.90% 38673 39 1,699,979 23 13 113
rLe(:égs Miniasm =~ 18 98.50% 19.36% 38429 12 1,679,125 14 13 113
Canu 58 97.85% 21.69% 37756 114 634,783 27 13 116
Reference - 16 - 19.19% 38792 - ~1.7Mb - - -
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Comparison of assembly tools

To obtain an accurate genome assembly from Nanopore long reads, long-read-only assembly
tools (Flye, Miniasm, Canu) and hybrid assembly tools (Haslr, Wengan) were used to generate
the genome of Dd2 sample. All assemblies were evaluated and compared to the genome of Dd2
reference genome using the quality assessing tool QUAST (Table 5.2). Overall, Flye and
Miniasm show the lowest number of aligned contigs (27 for Flye and 18 for Miniasm) and the
highest contig N50 length (1,699,979 bp for Flye and 1,679,125 bp for Miniasm), indicating
these two tools generate more continuous contigs (Table 5.2). Even though Haslr assembly
shows 54 aligned contigs, the numbers of differently assembled sequences, mismatches and
indels are lower than genomes assembled by other tools when compared to the published Dd2
reference genome (Table 5.2). Overall, Miniasm assembly shows fewer differently assembled
sequences, mismatches and indels than the Flye assembly when compared to the reference
genome (Table 5.2). Thus, Miniasm might be more suitable for genome assembly of the

Plasmodium genome at 29 X coverage.

Improvement of assembly by polishing using Nanopore long reads and Illumina short
reads

To improve the accuracy of genome assembly, we performed read polishing by a well-known
long-read polishing tool combination (Racon and Medaka) or Illumina short reads (Pilon) (see
Materials and Methods). All polished assemblies were evaluated and compared to the genome
of Dd2 reference genome using the quality assessing tool QUAST (Table 5.3). As shown in
Table 5.3, the raw assembly only has 8.4% of genome coverage, while the racon polished
assembly shows significantly improved genome coverage (98.5%). This is because most of the

raw assembly contigs are not aligned the reference genome due to high error rate before
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polishing, while longer and more accurate contigs were aligned to the reference genome after
racon polishing step. The number of aligned contigs also improved from 15 to 18, and the
number of mismatches and indels per 100kb significantly decreased after Racon polishing for 4
iterations (Table 5.3). The Medaka polishing step also improved the assembly by decreasing the
number of mismatches and indels per 100kb (Table 5.3). Short reads are known to have a lower
error rate than Nanopore long reads. After polishing by Illumina short reads via Pilon, the

number of mismatches and indels per 100kb decreased significantly (Table 5.3).
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Table 5.3 Improvement of genome assembly by polishing steps

Aligne Partial Differently
Assembly/ Total Genome Genomic Contig Mismatches/  indels/
d GC % genome assembled
polish contigs fraction features N50 (bp) 100kb 100kb
contigs features sequences
Miniasm 30 15 840% 1991% 3105 229 1,644391 2 846 2250
+Racon  pglish by 30 18 | 98.50% 19.36% 38459 12 1,677,796 15 56 543
+Medaka longreads 4] 18 | 98.50% 19.36% 38439 6 1,676,194 13 37 336
+Pilon | pglish by 41 18 | 98.50% 19.36% 38429 12 1,679,164 14 16 118
+Pilon  shortreads 4] 18 | 98.50% 19.36% 38429 12 1,679,125 14 13 113

Table 5.4 Comparison with previous assemblies using different sequencing technologies

Sanger INlumina 454 SMRT Nanopore
sequencing sequencing pyrosequencing  sequencing sequencing
NP- NP-
Parasite strain Dd2  HB3 7C126  SCO05 3D7 Dd2
3D7-S 3D7-L
Average Read length
600-700 36 76 3,000 (paired-end) 12,130 10,902
(bases)
Number of contigs 4,511 2971 26920 22,839 9452 9,597 21 18
N50 contig size (kb)  11.6  20.6 1.5 1.6 33 33 1,710 1,679
Largest contig (kb) 792 1119  29.1 24 36.7 344 3,290 3,252
Number of assembled
195 234 19 21.1 20.8 21.1 23.6 22.7
bases (Mb)
Average coverage x7.8  x7.1 x43 x64 x33 x36 x94 x29

Table adapted from Shruthi Sridhar Vembar et al., 2016
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The polished Miniasm assembly was then evaluated by BUSCO score using the 3642 conserved
genes within Plasmodium lineage. Based on the pilon polished assembly, the gene completeness
1s 95.6%, 58 genes were fragmented, and 104 genes were missing. We compared our Nanopore
long read assembly to other de novo assemblies of the P. falciparum genome that were generated
using data from Roche pyrosequencing, Sanger shotgun sequencing or Illumina-based
sequencing by synthesis of different P. falciparum strains (Table 5.4). Even though the read
coverage is low compared to the SMRT sequencing assembly, our assembly contained the least
number of contigs, with a contig N50 of 1.68 Mb and the largest contig size of 3.3 Mb that is

similar to the SMRT assembly assembled at a much higher read coverage (94X).

5.5 Summary

The advancement of long reads sequencing provides new opportunities to resolve repetitive
sequences for improving whole genome assembly. However, it is challenging to directly use
Nanopore reads for whole genome assembly due to the relatively high error rate of Nanopore
sequencing reads. In this study, we have tested the feasibility of combining Nanopore long reads
and Illumina short reads to generate better whole genome assemblies for the genome of
Plasmodium parasites. We report sequencing and assembly of Plasmodium falciparum genomes
with an NG50 of 1.68 Mb using unamplified DNA and nanopore reads followed by long-read
and short-read consensus improvement. At 29X coverage, we have produced a contiguous
assembly that shows a similar N50 value as the SMRT assembly (N50: 1.7 Mb) generated from a
much higher read coverage (94X). We report that the combining of long-read polishing and
short-read (Illumina) correction reduced the number of differently assembled sequences,

mismatches and indels when compared with the previous assembly. As Nanopore sequencing is

173



much more economically feasible than PacBio SMRT sequencing, Nanopore sequencing and
long-read assembly provide an economical way to generate continuous assembly of malaria
parasite genome. However, due to the presence of many differently assembled sequences when
compared to the previous assembly (Dd2 reference genome), experimental validations (such as
PCR) are necessary to confirm these differently assembled sequences are not sequencing or
assembly error but improvements over the previous assembly. Additionally, the mismatches and
indels in the generated assembly are more than a few bases per 100kb, indicating higher

sequencing depth might be needed to improve the accuracy of the assembly.
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6 CHAPTER VI: Conclusion

6.1 Summary of this dissertation

In this dissertation, I introduced different methods and approaches to study the heterogenous
copy number variations that drive the adaptation of the malaria parasite, Plasmodium falciparum,
to environmental changes like antimalarial drug and other stressed conditions. I described a study
to understand the level of diversity in copy number variations of specific genes and genes across

the whole genome in Plasmodium parasites.

In Chapter II, I discovered an additional CNV that encompasses 3 genes (~5 kb) including GTP
cyclohydrolase I (GCH1 amplicon) in DSM1 (antimalarial drug currently under clinical trial)
resistant parasite lines with resistant DHODH CNVs. While this locus has been previously
implicated in the increased fitness of antifolate-resistant parasites, GCH1 CNVs had not
previously been reported to contribute to resistance to other antimalarials. I explored the
association between GCH1 and DHODH copy numbers. Through the visualization of single
Nanopore long reads and directly quantified the number of tandem GCH1 amplicons in a
parental line versus a DSM1-selected line. I found that the GCH1 amplicons share a consistent
structure, but I detected more reads that encompassed a higher number of amplicons in the
resistant line (up to 7 amplicons) compared to the parental line (3 amplicons). By evaluating
variations at this locus across multiple short- and long-read data sets collected from various
parasite lines, I concluded that GCHI is not likely directly contributing to DSM-1 resistance but
may compensate for changes in the metabolism of resistant parasites with increased copy number

of DHODH.
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In Chapter 111, I expanded the Nanopore long read analysis used in Chapter II to whole genome
analysis instead of limiting to one specific CNV. With the genome-wide single molecule long
read analysis, I identified heterogeneous de novo copy number variations in laboratory cultured
parasite lines, which are originally cloned in the laboratory and should share similar genetic
profiles. The existence of heterogeneous de novo copy number variations provides direct
evidence to our hypothesis that the Plasmodium falciparum parasites use copy number variations
as an important adaptive strategy to survive under changing environments, because minority
subclones with de novo CNVs can allow quick adaptation during environmental changes. I also
detected increased de novo structural changes for parasites under DSM-1 or Aphidicolin sub-
lethal stress treatment, which indicates stress might potentially stimulate CNVs and enhance the

adaptation in malaria parasites, but further experiments are needed to confirm these results.

In Chapter IV, I described a single cell sequencing pipeline for an intracellular parasite,
Plasmodium falciparum, with a small genome size and extreme base content for the genome.
Through optimization of a quasi-linear amplification method, I targeted the parasite genome over
contaminants and generated coverage levels allowing the detection of minor genetic variants.
This pipeline enables detection of parasite heterogeneity contributing to the adaptation of P.
falciparum parasites and can potentially be conducted at a high throughput level after our

optimization described in Chapter I'V.

In Chapter V, I sequenced and assembled the P. falciparum genome by combining Nanopore

long reads and Illumina short reads to improve the accuracy of reads alignment and downstream

CNV analyses. With this genome assembly, we can now improve the sequence accuracy in the
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repetitive regions in the reference genome and resolve CNVs more accurately in the Plasmodium

genome.

6.2 Discussion and Future directions

Using single cell sequencing and Nanopore sequencing together for detecting heterogeneous
CNVs

To understand CNV evolution in malaria parasites, I have pioneered the single parasite genomics
method to study CNVs and developed the Nanopore sequencing protocol to detect heterogeneous
CNVs. The two methods have their pros and cons, using the results from both methods together
can improve the accuracy of heterogeneous CNVs detection. The pros of single cell sequencing
pipeline include identifying all the detected CNVs in individual cells and modifying the
throughput of experiments easily. While the cons of single cell sequencing pipeline are the
detection of false positive CNVs due to whole genome amplification bias, the mapping problem
of short reads in repetitive regions. In addition, due to the amplification bias, robust
computational tools are necessary to reduce the detection of false positives and improve the
detection accuracy for small CNVs, which are more difficult to detect than large CNVs (>=
50kb. In comparison, it is difficult to know whether two different CNV's detected by Nanopore
sequencing are from the same cell. The level of diversity to be detected in copy numbers of
genes is limited by read-depth. But the pros of Nanopore sequencing are detecting the
breakpoints of both small and large CNVs, and direct visualization of the whole structure of copy
number variations covered by reads. In addition, the read length of Nanopore long reads is

continuously being improved with the advance of Nanopore sequencing technology, thus it is
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possible to visualize the whole structure of large CNVs. Thus, the two methods can be

complementary to each other and validate the results from each other.

Understand the difference among malaria parasites through CNV detection using our new
methods

In Chapter III, we identified many heterogeneous de novo copy number variations in four
laboratory cultured Plasmodium falciparum parasite lines. Similarly, we can expand such analysis
to compare the difference in CNVs among parasites from different origins, parasites from different
laboratory culture or clinical isolates and parasites species with different GC content in the

genomes to better understand the contribution of these factors to the formation of CNVs.

Southeast Asia has given rise to several antimalarial-resistant strains of the malaria parasite. It was
earlier hypothesized that Southeast Asian strains associated with multi-drug resistance exhibited a
hypermutability phenotype compared to non-Southeast Asian counterparts, enabling the former to
acquire mutations and new antimalarial resistance traits at an accelerated rate. Evidence both for
and against this hypothesis has been found (Rathod et al., 1997; Brown et al., 2015). Recent studies
indicate that a mild mutator phenotype may provide a greater overall benefit for multi-drug-
resistant parasites in Southeast Asia in terms of generating antimalarial resistance without
incurring detrimental fitness costs (Lee and Fidock, 2016). Most of these studies have focused on
the mutation rate of single nucleotides, while another study found that large clinical parasite
populations (South East Asia and Africa parasites) show lower CNV frequency and carry smaller
CNV than South America clinical parasites with a small population size using SNP-CNV

microarray (Cheeseman et al., 2016). Nevertheless, the previous study did not analyze the
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correlation between CNV frequency or size and antimalarial resistance for the distinct
geographical populations. Now, with the single cell sequencing method and Nanopore sequencing
method, we can start to understand the copy number variation rate in parasites from different
origins with or with antimalarial presence. More specifically, we can start to examine whether
Southeast Asia multi-drug resistant strains display higher copy number variation rates compared

to non-Southeast Asian counterparts.

It is estimated a large proportion (~5%) of P. falciparum genome exhibits CNV (Carret et al.,
2005; Cheeseman et al., 2016). Many CNV studies have been based on parasites grown and
selected in vitro (both short- and long-term experiments) (Kidgell et al., 2006; Dharia et al.,
2009; Samarakoon et al., 2011). The relevance of identified CNVs from lab-cultured parasites to
clinical parasites is currently unclear. The deletion of genes only required for parasite’s survival
in vivo has been detected following long-term in vitro culture (Simam et al., 2018). These genes
include those involved in the formation of gametocytes, transmission to new hosts via
mosquitoes, and cytoadherence to evade host immunity response (Kemp et al., 1992; Alano et
al., 1995). The amplification of reticulocyte-binding protein 1 encoding gene (RH/) is an in-
vitro-associated CNV, with the function of enhancing the asexual replication rate in vitro.
Nevertheless, the cytoadherence-associated and gametocyte-linked deletions and RH
amplification have not been identified in field isolates of P. falciparum (Mackinnon et al., 2009;
Nair et al., 2010). Amplification of pfindri associated with multi-drug resistance has been
implicated in both in vitro and clinical studies (Sidhu et al., 2006). For the gene encoding GTP
cyclohydrolase 1 (GCH1I), amplifications have only been found in field isolates and have not

been observed in parasites maintained in vitro under low doses of pyrimethamine. In contrast,
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DHFR amplification has only been found in parasites grown in vitro (Heinberg et al., 2013).
However, many CNVs not detected in laboratory parasites and carrying unknown clinical or
adaptive significance have been discovered in the global surveys of field populations
(Cheeseman et al., 2016). Thus, it is possible that laboratory and clinical parasite strains carry
distinct basal and stress-triggered amplification profiles that affect their ability to acquire
antimalarial resistance. As CNVs are known to emerge extremely rapidly during laboratory
selection, clinical isolates might have lower CNV rates than laboratory clones and genes affected
by CNVs may be different. With the single cell sequencing method and Nanopore sequencing
method, we can also investigate the difference of copy number variation rates of laboratory and
clinical P. falciparum parasites and obtain a better understanding of what genomic features might

trigger amplification and possible mechanisms relevant both in vivo and in vitro.

As we mentioned in Chapters III and IV, the AT-rich genome (80.6% AT content) of P.
falciparum might influence its CNV rate (Huckaby et al., 2018). Thus, we can also use the single
cell sequencing method and Nanopore sequencing method to investigate and compare the CNV
rate in Plasmodium falciparum with the CNV rate in parasites carrying a more balanced genome
content (i.e. P. knowlesi with 61.2% AT content). It has been estimated that the P. knowlesi
genome contains many long monomeric A/T tracks that are important for CNV formation
(Huckaby et al., 2018), thus we might also observe many de novo CNVs in P. knowlesi genome.
Such investigation will add to our knowledge about how specific genome features (i.e., A/T

tracks) affect the formation of CNVs.

The consequences of increased copy number of GCH1
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In Chapter II, the detection of additional GCH1 CNV in DSM-1 resistant parasites stresses the
importance of compensating genetic mutations in the adaptation of malaria parasites. A change
in GCHI copy number arose serendipitously during DSM1 selection and further increases were
beneficial for parasite fitness, thus increased copies of GCH1 may facilitate the acquisition of
increased resistant DHODH copy numbers. With the common presence of increased copy
number of GCHI in clinical parasite populations, such association increases concerns for new
drug development, as parasites with GCH1 CNV background may develop resistance to new

drugs like DSM-1 quickly.

As the first study suggesting that GCH1 copy number could contribute to the fitness of drug-
resistant parasites outside of the sulfadoxine/pyrimethamine context. It is necessary to validate
the role of GCH1 in resistance development to pyrimidine biosynthesis inhibitors. The next step
for the study will be understanding the nature of this connection using experiments. Specifically,
we can genetically modify the copy number of the GCH1 copy number and compare the fitness
differences among the modified parasites carrying various GCH1 copy numbers but same

DHODH copy number by grow them in the same cell culture.

Understanding resistance evolution in malaria parasites

Almost half of the global population is at risk for malaria and approximately half a million
people die from this disease annually. There is no widely available, highly effective malaria
vaccine and many drugs such as chloroquine and artemisinin can no longer be used in certain
areas of the world due to resistance (White et al., 2014; Stokes et al., 2021). Drug resistance is

one of world’s most urgent health challenges; it limits our ability to control many life-threatening

181



diseases, like cancer and malaria, which affect populations worldwide. Decades of research have
focused on identifying new drug targets to replace those that are ineffective due to resistance, but
this a costly and slow endeavor that has yielded few success stories. My dissertation research is
to understand how malaria parasites adapt to environment changes, such as antimalarial drug
treatment. The understanding of parasite evolution through copy number variations positions us

to target key processes to overcome resistance evolution.

Previous studies in our laboratory have made significant progress in understanding how parasites
change their genome to acquire stable drug resistance (Huckaby et al., 2018; McDaniels et al.,
2021). Particularly, previous studies have discovered that CNVs, or extra copies of large regions
of the genome, play an important role in resistance evolution and the high AT-content of the
parasite’s genome contributes to CNV formation. My dissertation research focused on devising
methods to sensitively measure gene copy number, evaluate genomic heterogeneity on a single
cell level (Liu et al., 2021), and improving our knowledge about the mechanisms behind
adaptation (resistance acquisition) in malaria parasites. With these new knowledge and tools, we
can investigate our hypothesis of parasite adaptation through copy number variations, which can
potentially allow us to develop new strategies to block the processes that contribute to resistance
development in malaria parasites in the future. With the understanding of resistance
development, we may extend the effectiveness of current and future antimalarial drugs, which
will improve overall health for people from malaria-endemic regions, slow the spread of resistant
parasites to new areas, and save considerable resources. CNV evolution is also important

contributor to drug resistance in other microbes and cancer (LaFleur Michael D. et al., 2006;
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Sansregret et al., 2018; Vallette et al., 2019; Todd and Selmecki, 2020); therefore, this research

has the potential to impact the control of numerous global public health threats.
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