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Estimating the micro-indel mutation rate in Plasmodium falciparum using genomes
from mutation accumulation experiments

ABSTRACT

Malaria is a life threatening disease caused by parasites of the Plasmodium genus. Infection with P.
falciparum single handedly accounts for more than 90% of the world’s malaria mortality. The global
fight against malaria has repeatedly been compromised by drug-resistant P. falciparum strains that first
emerged in South East Asia. Despite Africa bearing the largest disease load, South East Asia has been
the hotspot of the evolution of drug resistance in malaria. P. falciparum has a unique genome that is
eighty percent AT rich, providing adequate opportunities for mutations. The underlying mutations aid
in the selection of drug-resistant strains in an environment where drugs are prevalent. | hypothesized
that Asian strains have a higher rate of micro-indel mutations as compared to the African strains of P.
falciparum. To test the hypothesis, | used data from Claessens et al. (2014) who generated six clone
trees of P. falciparum strains that belong to four geographically distinct regions. Hamilton et al (2016)
used the same data to calculate SNP mutation rate in the six strains. | extended the experiment to
calculate the micro-indel mutation rate, which could now be appropriately calculated after the
publication of twelve newly assembled PacBio reference genomes for P. falciparum strains, which also
include the strains that were used for clone tree generation. | created a GATK-based pipeline to detect,
for the first time, micro-indels in non-3D7 strains. My analysis suggests that the micro-indel mutation
rate of 3D7, the strain from Africa, has a slightly lower mutation rate than Dd2 and W2, the strains with

Asian origin.

1. INTRODUCTION

Malaria is a life-threatening disease spread by mosquitoes. According to the WHO, malaria infected
around 229 million people worldwide, causing 409000 deaths, most under the age of 5. The disease is
caused by five protozoa: Plasmodium falciparum, P. vivax, P. malariae, P. ovale, and most recently
implicated P. knowlesi. Infections with P. falciparum account for more than 90% of the world’s malaria
mortality and therefore remain an important threat to public health on a global scale (Snow, 2015). P.
falciparum has a complex dixenous life cycle (Fig 1) that occurs in two hosts. Male and female
gametocytes mate in a female anopheles mosquito, quickly followed by a round meiosis. The rest of
the life cycle, P falciparum is haploid, with most mitosis cycles occurring during the intra-erythrocytic

stage.
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Fig 1.Life cycle of Plasmodium falciparum. When an infected female Anopheles mosquito takes a blood meal, sporozoite
forms of P. falciparum are injected into the human skin. The sporozoites migrate into the bloodstream and then invade liver

cells. The parasite grows and divides within liver cells for 8-10 days, then daughter cells called merozoites are released from
the liver into the bloodstream, where they rapidly invade erythrocytes. Merozoites subsequently develop into ring-stage,
pigmented-trophozoite-stage and schizont-stage parasites within the infected erythrocyte. P. falciparum-infected
erythrocytes express parasite-derived adhesion molecules on their surface, resulting in sequestration of pigmented-
trophozoite and schizont stages in the microvasculature. The asexual intraerythrocytic cycle lasts for 48 hours, and is
completed by the formation and release of new merozoites that will re-invade uninfected erythrocytes. It is during this
asexual bloodstream cycle that the clinical symptoms of malaria (fever, chills, impaired consciousness, etc.) occur. During
the asexual cycle, some of the parasite cells develop into male and female sexual stages called gametocytes that are taken up
by feeding female mosquitoes. The gametocytes are fertilized and undergo further development in the mosquito, resulting in
the presence of sporozoites in the mosquito salivary glands, ready to infect another human host. ( Rowe et al., 2009 )
Mutation is defined as an alteration in a DNA sequence. Most mutations occur naturally when DNA
fails to replicate accurately. The fidelity of DNA replication is a crucial determinant of genome stability
and is central to the evolution of species (Kunkel and Bebenek, 2000). DNA usually replicates with a
very high fidelity, with one mismatch nucleotide incorporated once per 108 to 10° nucleotides
polymerized (Kunkel and Bebenek, 2000). Errors may happen when polymerase enzymes sometimes
insert a different nucleotide or too many or too few nucleotides into a sequence. However, most of these
replication errors are fixed through various DNA repair processes. Repair enzymes recognize structural
imperfections between improperly paired nucleotides, cutting out the wrong ones and putting the right
ones in their place. But some mutations make it past the proofreading mechanisms, thus becoming

permanent variants (Pray, 2008).

Mutations could be in the form of a single nucleotide variation, known as Single Nucleotide

Polymorphisms (SNPs) which are considered the most common forms of nucleotide modifications
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3
(Collins et al., 1998). Other mutations include insertions and deletions of nucleotide bases that occur

during a process called slipped strand mispairing or polymerase slippage. These variants, hereafter
referred to as ‘micro-indels’, underlie polymorphic variations in short tandem repeats (STRs) that are
observed between individuals of a species (Sehn, 2015). Mutations are thus a source of variation with
diverse consequences that can be beneficial, adverse or completely neutral. Evolutionary selection
pressure then acts on diverse DNA sequences that are generated by the replication errors. Variants
within a species provide an opportunity to adapt to changing environmental conditions. The frequency
by which mutations occur is at the heart of evolutionary diversification and population viability
(Griffiths et al., 2020). The strongest recent evolutionary pressure on the P. falciparum population is
arguably the usage of antimalarial drugs. First large-scale administration of antimalarials started in the
1950s with Chloroquine, a cheap and then-effective drug (Bronzwaer et al., 2002). And soon,
Chloroquine-resistant forms of P. falciparum malaria first appeared in Thailand in 1957 (Packard,
2007). They then spread through South and Southeast Asia and by the 1970s were being seen in sub-
Saharan Africa and South America. Quinine resistance in P. falciparum was first documented in human
volunteers in Brazil and in South East Asia in the 1960s (Peters, 1970). Clinical evidence of parasites
resistant to mefloquine began to appear in Asia around the time of the drug's general availability in 1985
(Hoffman et al., 1985). After generating parasites resistant to chloroquine, sulfadoxine, pyrimethamine,
quinine, and mefloquine, the South East Asian region has now spawned parasites resistant to
artemisinins — the world's most potent antimalarial drug. Artemisinin resistance was first reported from
Pailin, Western Cambodia, in 2009 (Dondorp et al., 2009).

Itis interesting to note that almost all drug resistant alleles were first reported in South East Asia despite
Africa carrying the large majority of the disease burden. At the parasite genomic level, P. falciparum
genomes from Africa and Asia are clearly distinct, with thousands of SNPs being specific to a continent
(Manske et al., 2012 ). One of the most important unanswered questions in anti-malarial drug resistance
is why it has repeatedly emerged in South East Asia. One standing hypothesis to explain this
phenomenon is that South East Asian parasites display a faster mutation rate than the African P.

falciparum parasites, in turn promoting the emergence and spread of drug resistance.

Claessens et al. (2014) used an experimental evolution approach to systematically characterize the
different types of mutations and the rate at which they occur in different strains of P. falciparum during
the asexual intra-erythrocytic cycle ( Fig 1) within the human host. They generated six ‘clone trees’
from culture-adapted P. falciparum strains from four geographically distinct regions (Table 1) . A clone
tree involves regular cloning of parasites every 20 to 30 cycles of replication. One clonal population
was arbitrarily selected for the next round of cloning to produce the next ‘generation’. Six clone trees
resulted in a total of 284 clonal populations, each one of them was whole genome sequenced from PCR-
free libraries. Hamilton et al. (2016) also used this dataset to calculate the Single Nucleotide
Polymorphism (SNP) mutation rate ( 2.45 x 10'°substitution per nucleotide per erythrocyte life cycle)
which is relatively constant across strains ( 1.64 x 10° substitution per nucleotide per erythrocyte life

cycle in KH-02 to 3.20 x 10%%substitution per nucleotide per erythrocyte life cycle in in Dd2) . Hamilton
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et al. (2016) calculated the micro-indel mutation rate for the 3D7 strain and found that the micro-indel

mutation rate was almost 10 times higher (21.1 x 10° micro-indels per nucleotide per erythrocyte life
cycle). The calculation of the micro-indel mutation rate had to be limited to that single strain, 3D7, from
which the “reference genome” had been derived. However, since then 12 new reference genomes of P.
falciparum strains, including all 6 that were used for building clone trees, have been assembled from
PacBio long reads data and have recently been published by Otto (2018). Hence, we should now be able
to estimate the micro-indel mutation rate in the six strains with the clone trees, by using the appropriate

reference genome.

To extend the experiment to calculate the micro-indel mutation rate of the six P. falciparum strains, |
first created a pipeline, using the Genome Analysis toolkit (GATK) (Poplin et al. 2017 ) best practices
pipeline. The micro-indels discovered by Hamilton et al. (2014) acted as a control to test the validity of
the pipeline. With this unique dataset, | addressed the following biological questions, 1. Is the micro-
indel mutation rate similar across P. falciparum strains? 2. If not, is there a correlation between the
mutation rate and the geographical origin of the strain? Could different mutation rates of P. falciparum
strains from South-East Asia and Africa explain the higher predisposition of South-East Asian strains
to evolve drug resistance? 4. What types of micro-indels, in terms of length, AT-richness, chromosomal

location etc., can we detect in each clone tree?

Improved understanding of the process of how and why anti-malarial drug resistance emerges in South
East Asia could provide critical information in developing strategies to prevent the spread of the current

wave of artemisinin resistance.
2. MATERIALS AND METHODS

Parasite in vitro culture and clone tree generation

Prior to my internship, Claessens et al.(2014) and Hamilton et al.(2016) cultured six distinct P.
falciparum strains (3D7, W2, Dd2, HB3, KH-01, KH-02) and obtained specific clone trees for each of
these strains.

All P. falciparum strains were cultured in human O+ erythrocytes. A limiting dilution of one culture
led to the random sampling of individually infected erythrocytes. This individual parasite was expanded
asexually, leading to a homogeneous clone representative of the original infecting parasite. Whole
genome sequencing with lllumina HiSeq using 100 bp paired-end reads was performed when sufficient
DNA was available. This cloning by limiting dilution was performed to generate multiple individual
clones, hence all the resulting clonal populations belong to the same generation. A clone tree was finally
obtained by repeating this process on one or multiple clones of each generation. Fig 2 shows the clone
trees for the Dd2 strain obtained by Claessens et al. and Hamilton et al. The clone trees of the six strains
of P. falciparum contained a total of 284 populations. More details of this method are available in
Claessens et al. (2014). One advantage of this approach is that it reduces the impact of selection, thus

approximating the molecular mutation rate (Barrick and Lenski, 2013).
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130 The fastq paired-end reads for the 284 clonal populations are accessible on the ENA server (accession
131  numbers were provided in Supplementary Table S2 from Hamilton et al., (2016)). To analyse patterns
132  of de novo mutations, | used the data from the six distinct (Table 1) mutation accumulation lines
133  reported by Claessens et al. (2014).
Geographical origin|Strain name No. of Clonal populations
Africa 3D7 33
Indochina W2 19
Indochina Dd2 56
Houndaras HB3 83
Cambodia KH-01 60
Cambodia KH-02 27
134 Total 278
135 Table 1. The six strains of P. falciparum, their respective geographical origins and number of clonal populations generated
136 for each strain. Claessens et al. (2016) generated data for 284 clonal populations, however 5 strains of 3D7 ( 3D7_1d,
137 3D7_2a, 3D7_2b, 3D7_2c and 3D7_2d) had a low coverage (only 70% of the genome was covered by more than 10 reads)
138 and one strain of Dd2 ( Dd2_(m)2a ) produced an error during processing and hence these 6 samples were not analysed. It is
139 to be noted that W2 is a clone derived from the Dd2 strain, hence these two genomes are virtually identical.
Days in culture (‘A branch’)
* * * *
o] 20 40 60 80 100 120 140 160 180 200
T T 1T T 1 T 1 1T T T 17 1T ° T 1T T T 1T 7T
Dd2_(A)2a
D2 (Al2b <~— Dd2_(A)3a Dd2_(A)da
Dd2_[A]2c Dd2_(A)3b Dd2_{A)4b
= d2_( A)2d Dd2_{A)3c Dd2_(A)4c
Dd2_(A]2e Dddz-(["‘;“
Dd2_(A)de
Dd2_(A)2f =
oaz_(ana € pur (a2 Dd2_(A)af
IJdZZ(A)Zh Dd2_(A)Mg
Dd2_(A)2) Dd2_(A)4t-1
Dd2_(A)2m Daz_(Api
Dd2_(A)4j
Dd2_(8)2a Dd2_(A)dk
Dd2_(B)2b Dd2_(A)4l
Dd2_(B)2¢ Dd2_(A)4m
Dd2.p Dd2_(B)2d Dd2_(A)4n
Dd2_(B)2e
Dd2_(B)2f Dd2_(B)da
Dd2_(B)2g Dd2_(B)3a Dd2_(B)4b
Dd2_(B)2h Dd2_(B)3b Dd2_(B)4c
Dd2_(B)1Ib &—— odz_(a)zi Dd2_(B)ad
Dd2_1c Dd2_(B)2j Dd2_(B)de
Dd2_1d Dd2_(B)2k
Dd2_1e Dd2_(B)2I
Dd2_{B)2m
Dd2_(B)2n
Dd2_(B)20
Dd2_(B)2p
Dd2_(B)2r
A T I T Iy I N Iy A N N M N B
o] 20 40 60* 80 100 " 120 140 * 160 180 200
Days in culture (‘B branch’)
140
141 Fig 2. Generating the Dd2 clone tree: samples Dd2_(A)1a and Dd2_(B)1b were further clonally diluted for three
142 generations forming two ‘branches’, referred to as the A and B branches. Each box indicates a whole-genome sequenced
143 clone. The figures of the remaining 5 strains of P. falciparum are provided in the Appendix (Fig 1). Asterisks on the x-axes
144 indicate when clonal dilutions were performed (Source Antoine Claessens).
145  Generating a suitable pipeline for micro-indel discovery
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Fig 3. A schematic representation of the pipeline developed for Variant discovery in haploid P. falciparum .

e Mapping the genomes to the reference
The forward and backward fastq reads for each clonal population were mapped on to its respective P.
falciparum reference genome using Burrows-Wheeler Aligner (BWA) software (version 0.7.17) (Liand
Durbin, 2009). The resulting SAM file was converted to a BAM file and sorted using Samtools (version
1.1) (Li et al., 2009).

e Data Preprocessing
The resulting sorted BAM files were pre-processed using Genome Analysis Toolkit (GATK) software
(version 4.1.1) (Van der Auwera et al., 2013) best practices. This step involves data cleanup operations
to correct for technical biases and make the data suitable for analysis. | used tools listed below during

this step.

1. GATK CreateSequenceDictionary
This tool was used to create a sequence dictionary file from a reference sequence provided in FASTA
format, which is required by many processing and analysis tools further in the pipeline. The output file
contains a header but no SAMRecords, and the header contains only sequence records (Van der Auwera
etal., 2013).

2. GATK AddOrReplaceReadGroups
Many tools such as Picard (version 2.5.0) (“Picard Toolkit.” 2019. Broad Institute, GitHub Repository.
http://broadinstitute.github.io/picard/; Broad Institute) or GATK require or assume the presence of at
least one RG (Read Group) tag, to which each read can be assigned . This tool enables the user to assign

all the reads in the input BAM to a single new read-group (Van der Auwera et al., 2013).

e Variant Calling
Variant micro-indels were called on the analysis ready BAMs to generate gvcf files containing

information about all the variants. The tools listed below were used in this step.

1. GATK HaplotypeCaller
The HaplotypeCaller calls SNPs and micro-indels simultaneously via local de novo assembly of
haplotypes in an active region. It means that if the program encounters a region showing signs of
variation, it discards the existing mapping information and completely reassembles the reads in that
region. HaplotypeCaller runs per-sample to generate an intermediate file called a GVCF for scalable

variant calling in DNA sequence data (Van der Auwera et al., 2013).

2. GATK GenomicsDBImport
This step consists in consolidating the contents of GVCF files across multiple samples in order to
improve scalability and speed for the next step, joint genotyping. This step produces a datastore instead
of a GVCF file.(VVan der Auwera et al., 2013). At this step all the variants called by the HaplotypeCaller

in all the clonal populations of a clone tree were consolidated together.

3. GATK GenotypeGVCFs
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At this step, we use the database generated in the previous step and pass them all together to the joint

genotyping tool, GenotypeGVCFs which produces a set of joint-called SNP and micro-indel calls ready
for filtering. This cohort-wide analysis enables sensitive detection of variants even at difficult sites (Van
der Auwera et al., 2013). The --max-alternate-allele 2 parameter was used at this step to only select for

biallelic variants.

e Annotation
The VCF file was annotated using the SnpEff (version 4.3) (Cingolani et al., 2012) and Bcftools (version
1.10.2) (Heng Li, 2011). The SnpEff databases Plasmodium falciparum_3d7, Plasmodium
falciparum_dd2, Plasmodium falciparum_hb3 were used for annotation. The SnpEff databases for KH-
01 and KH-02 strains were not available. A new SnpEff database can be created from a general feature
format (GFF) file. However, due to time constraints, | could not create the new SnpEff databases for
the KH-01 and KH-02 strains. The genomic regions were annotated using the tab delimited text file

defining RegionType from Miles et al. (2016) for the 3D7 strains.

e Filtering
The resulting VCF file was filtered using GATK SelectVariants to subset micro-indels and GATK
VariantFiltration to filter the subset using annotations in order to remove false positives and generate

micro-indels having a high quality score (QUAL >100).

e Filtering for De-novo mutations
Allele depth (AD) scores were extracted from the filtered vcf and were further analysed with R version

3.6.1. (R Core Team (2019). R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria URL https://www.R-project.org/ ). For each loci in the
filtered vcf, the number of alternate reads divided by the total number of reads, that I called
alt_proportion, was calculated for each sample. If the alt_proportion was greater than 0.6, the sample
was annotated as ‘alternate’. If the alt proportion was less than 0.2, the sample was annotated as
‘reference’. If the alt proportion was between 0.2 and 0.6, the sample was annotated as ‘mixed’. A de
novo mutation was defined as an micro-indel found in a clone annotated as alternate but whose parental
clone is annotated as reference. When the clone has been cloned out even further, we expect to find
these de novo mutations in all subsequent subclones, e.g., a de novo mutation found in Dd2_(A)2b will
not be detected in (A)la but will be found in all (A)3 and (A)4 generations (Fig 2b). To filter out false
positive hits, I selected the loci that had only one ‘alternate’ sample in its respective generation since a
true micro-indel would likely not appear independently in multiple samples at the same time in a
population. I also filtered out variants with less than 10 reads of coverage. The resulting list of variants
were visualized through BamSnap (Version 0.2.17) (Kwon et al., 2021) and only the seemingly true de

novo mutations were selected.

The complete analysis was performed on IRD itrop HPC (South Green Platform) at IRD Montpellier.

Calculation of the micro-indel mutation rate
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After visualisation of putative variants on BamSnap and obtaining a list of seemingly true micro-indels

for each generation of the clone trees, | calculated the micro-indel mutation rate in each clone tree, using
the same methodology as described by Claessens et al. (2014). In this case, mutation rate is defined as
the sum of total number of micro-indels across of the clones in the respective dilution generation divided

by the sum of all the clones in the dilution generation per life cycle per nucleotide (equation 1).

1 (-equation 1)
_ {E l/Z c}
H="T%¢

Where, u is the mutation rate, Zi is the number of micro-indels across all the clones in that dilution
generation, Zc is the sum of all the clones for that dilution generation, L is the total number of life cycles
between the respective clonal ‘generations’ and G is the Genome size of P. falciparum. The data
generated from the first generation of each clone tree could not be used for the calculation of the
mutation rate because these in vitro strains of P. falciparum have been culturing in the lab for a long
period of time and may contain mutations that have been accumulated over time and hence the
determination of the de novo mutations would not have been accurate. The micro-indels/per erythrocytic

life cycle (ELC) were weighted by the size of the clone tree in a ‘generation’ and then were added together to

calculate the micro-indel mutation rate per ELC per nucleotide for all the clonal samples of a particular strain.

3. RESULTS

A pipeline suited for variant discovery in the haploid P. falciparum genome.

The fastq files from each sample of a clone tree were mapped against its respective reference genome.
After preprocessing the data, variants were called using the GATK HaplotypeCaller with the sample
ploidy =1. After the joint genotyping of all samples of a clone tree, micro-indels with a quality score
greater than 100 were filtered and were further filtered in R on the basis of allele depth of each sample
at a particular position to identify the de novo micro-indels. Prior to testing the GATK pipeline, | first
tested out a SAMtools based pipeline for calling SNPs and micro-indels. It detected all the SNPs but
only five percent of the true micro-indels that were reported in the 3D7 strain of P. falciparum by

Hamilton et al (2016). I did not attempt to optimize that pipeline.

The pipeline (Fig 3), especially suited for the P. falciparum analysis was developed using multiple
GATK tools, based on the MalariaGEN (Pearson et al., 2019) approach. Hamilton et al (2016) used
tools such as ‘RealignTargetCreator’, ‘Micro-indelRealigner’ and ‘UnifiedGenotyper,” with ploidy = 1,
to call micro-indels in all realigned BAM. However, since then GATK has replaced the above

mentioned tools with a more sophisticated tool known as the ‘HaplotypeCaller’ for variant calling.


https://www.biorxiv.org/content/10.1101/824730v1

251
252
253
254
255
256
257
258

259
260
261
262
263
264
265
266
267

268
269

270
271

272
273
274
275
276
277

10
UnifiedGenotyper was a position based variant caller that called SNPs and micro-indels on a per-locus

basis whereas HaplotypeCaller discards the alignment information around a position where it suspects
a variant call variants via local reassembly of the reads in the region that has evidence for the presence
of variation. This has a high impact on calling micro-indels in highly repetitive regions.
UnifiedGenotyper is not recommended anymore. Hamilton et al (2016) used CombineGVCFs for
combining the variants from all the sub clonal populations in each clone tree. CombineGVCFs is quite
inefficient and typically requires a lot of memory ( GATK- How to consolidate GVCFs 2021). Hence, | use
the more efficient GenomicsDBImport for combining GVCFs.

For the 3D7 clone tree, after filtering the variants in R, 211 putative micro-indels were found that were
further visually inspected using BamSnap to identify the true de novo micro micro-indels. 12 true de
novo micro micro-indels were identified in the second and 3 ‘generations’ of the 3D7 clone tree. The
number of variants selected after the application of each filter can be seen in Fig 4. The false positives
were obvious sequencing/mapping errors, most of which were located in long homopolymer repeats
that are typical of this AT-rich genome. An even greater number of false positives were identified for
the Dd2 and W2 genomes. This might be explained by the fact that the assembly of the Dd2 reference
genome is of lower quality than 3D7’s (Otto 2018). . Many false positives were an actual alternation

from the reference genome but were not de novo in nature, as shown in Fig 5 and 6.

No . of variants after the respective step
Step in the pipeline D7 Dd2 w2 HB3
GenotypeGvcfs 88000 14733 11892 83734
SelectVariants --
INDEL 17687 4610 4158 35720
VariantFiltration
—filter 'QUAL <100" 7123 2829 2807 30785
Filtration for de novo
mutation based on 21 1094 220 2077
alt_proportion
Visulalization on
BamSnap 12 56 4 TBD

Fig 4. The number of micro-indel variants at the relevant steps in the pipeline identified in the four strains. The
number of variants after the VariantFiltration step exclude the number of variants that were found in the first
generation of each respective clone tree.

Compared to the Hamilton dataset, the current pipeline was able to detect 11 out of 11( Hamilton et al.
(2016) reported SNPS and 98 out of 142 micro-indels (70 %) in the core genome (excluding the micro-
indels found in sample 3D7_1b and 3D7_(0)2g that were not mapped correctly and resulted in an empty
BAM file). Hamilton et al reported a total of 16 SNPS and 164 micro-indels in 3D7, out of which 11
and 150 were found in the core genome respectively. | used annotations from Miles et al. (2016) to

annotate the type of region where a variant was found and only selected for variants that were present
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https://software.broadinstitute.org/gatk/documentation/tooldocs/current/org_broadinstitute_hellbender_tools_walkers_haplotypecaller_HaplotypeCaller.php
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inside the core genome. A similar conclusion to detect the efficiency of the pipeline was not possible

for the other strains because Hamilton et al. (2016) mapped the non- 3D7 strains to the 3D7 reference
genome before calling the variants, whereas | used the newly assembled PacBio reference genomes of

the non- 3D7 strains.
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Fig 5. A png generated from BamSnap that shows deletion of AATATATAT sequence that was replaced by A
in 3D7(0)2e clone at the 835156 position of the Pf3D7_07_v3 chromosome. This is an example of de novo
mutation because no such mutation was found in the parental clone of 3D7_(0)2e, i.e., 3D7_10, nor was such a
mutation found in other clonal populations of the same generation as 3D7_(0)2f. The red and blue colour
represent the forward and the backward reads respectively.
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Fig 6. A png generated from BamSnap that shows addition of A nucleotide at 831056 position of the
Pf3D7_14_v3 chromosome. This nucleotide was absent in the reference genome. This is not a de novo mutation
as it is present in 3D7_1m and all its progeny. The insertion in two of the progenies 3D7_(m)2c clone and
3D7(m)2d is visible in the picture above.

Micro-indel Mutation rates in four strains of P. falciparum

The micro-indel mutation rate was calculated according to the formula given in equation 1.

Strain name Wo. of subclones analysed  |Days in culture |Total no. of Indels/ELC/nt

indels identified
307 a7 203 12 8.189E-10
Dd2 55 298 56 1.78E-09
W2 19 119 4 2.34E-089
Hb3 83 250|TBD TBD

Table 2. The micro-indel mutation rate in four P. falciparum strains .The micro-indels/per erythrocytic life
cycle (ELC) were weighted by the size of the clone tree in a ‘generation’ and then were added together to
calculate the micro-indel mutation rate per ELC per nucleotide for all the clonal samples of a particular strain.

4. DISCUSSION

e Variant Discovery pipeline
Recent advancements in Next-Generation Sequencing techniques have allowed a high-throughput
detection of a vast number of variations in a fairly cost-efficient manner. However, there still are
inconsistencies and debates about how this ‘big data’ should be processed and analysed. To accurately
extract biologically relevant information from genomics data, choosing appropriate tools, knowing how
to best utilize them and interpreting the results correctly is crucial. Almost all publicly available
algorithms and tools focus on a single aspect of the entire process and do not provide a workflow that
can aid the researcher from start to finish. GATK addressed the issue to a certain extent and provided
‘Best Practices’. GATK ‘Best Practices’ tried to provide step-by-step recommendations for performing
variant discovery analysis in high-throughput sequencing data. However, it is important to emphasize
that even though ‘GATK Best Practices’ provide guidance regarding experimental design, quality
control and pipeline implementation options for variant discovery and analysis, the pipeline heavily
depends on many factors such as sequencing technology and the hardware infrastructure that are at our

disposal, so | had to create a pipeline tailored specifically for my analysis.

Creating a pipeline tailored specifically for one’s research becomes all the more challenging when
working with haploid organisms like P. falciparum because most of the tools used for variant discovery
assume that a sample is diploid by default. Tools are typically not optimised for non-diploid organisms.

For example, several variant annotations (Inbreeding Coefficient, StrandOddRatios etc.) are not
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appropriate for use with non-diploid cases. The lack of these annotations makes it difficult to filter out
the false positives without visual inspection. Hence, my first challenge was creating a working pipeline

for variant discovery and analysis.

| generated the pipeline to detect variants in the P. falciparum genome, for any strain with an available
reference genome. The list of true variants from Hamilton et al. (2016) was used to check the efficiency
of the pipeline for the 3D7 strain. My pipeline detects seventy percent of the variants detected by
Hamilton et al (2016). The discrepancy in the number of true hits detected could be due to the following
reasons: 1. Hamilton et al (2016) used a different version of GATK (version 3.3.0) that was running the
‘UnifiedGenotyper’, a completely different algorithm from the current ‘Haplotype Caller'. 2. I discarded
the telomeric and sub telomeric region during my analysis for 3D7 and only selected for the core region
of the genome. Considering the core genome, my pipeline has an efficiency of 70% when compared to
the Hamilton et al (2016). 3. Importantly, the Hamilton dataset was generated by feeding ‘known sites’
to the GATK algorithm. The list of known sites was generated with experimental P. falciparum genetic
crosses, using Mendelian error rates as an indicator of genotypic accuracy by Miles et al (2016). This
dataset, generated with the 3D7 reference genome, acts as training set for the GATK algorithms like
BaseRecalibrator and VariantRecalibrator to improve the efficiency of variant detection in BAM files
mapped to the 3D7 reference genome only, hence they could not be used for our non-3D7 strains
analysis. Finally, resources like the Region type annotation to annotate the core region of the genome
are present specifically for the 3D7 genome, making it harder to analyse other strains. Due to time
constraints, | was unable to build the SnpEff databases for the KH-01 and KH-02 strains and hence

could not perform the analysis for these two strains.

e micro-indels and the AT rich genome of P. falciparum
P. falciparum has a unigue genome composition with an exceptionally high AT content compared to
other Plasmodium species and eukaryotes in general. The P. falciparum genome is nearly 70% AT rich
in coding regions and ~90% AT rich in non-coding regions. This extremely high bias leads to a high
abundance of Low Complexity Regions, which in turn render the sequencing, mapping and variant
calling in that organism all the more complicated. Previous analysis of the clone tree samples revealed
a significant excess of G:C to A:T transitions compared to other types of nucleotide substitution, which
would naturally cause AT content to equilibrate close to the level seen across the P. falciparum
reference genome (80.6% AT). Such AT-rich repetitive sequences can then cause DNA polymerase
slippages and unequal crossing over events, as tandem repeats are prone to slipped- strand mispairing
during DNA replication ( Lietal., 2002 and Lovett 2004) and are associated with micro-indel mutations
(Montgomery, 2013). | calculated the micro-indel mutation rate in 3 strains of the P. falciparum species
which were found to be 8.19E-10, 1.782E-09, 2.34E-09 per erythrocytic life cycle per nucleotide for
3D7, Dd2 and W2 respectively. This equals to a ratio of 0.25, 0.23 and 0.5 SNP per micro-indels for

3D7 , Dd2 and W2 respectively. The high rate of micro-indel mutation in P. falciparum contrasts to
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other species, for example in E. coli nucleotide substitutions are 10x more frequent than micro-indels
(Leeetal., 2012) .

e Fitness cost of Drug resistance, mutation rate and Multiplicity of Infection (MOI)
Each new mutation in an individual can increase its fitness, decrease it, or has no effect on it. The
mutation rate can itself evolve, because it is subject to genetic change in the genome that encodes DNA
replication and repair systems (Kunkel and Bebenek 2000). Many studies have documented the
evolution of increased mutation rates (Mao et al.,1997 ;Sniegowski et al., 1997; Giraud et al., 2001;
Notley-McRobb et al., 2002;Pal et al., 2007; Swings et al., 2017), which can evolve in certain
conditions. For example, after a recent environmental change that creates opportunities for novel
adaptations and new beneficial mutations (Desai et al., 2011; Sniegowski et al., 2000), a cell with a
mutator allele is more likely to produce large-effect beneficial mutations than a cell with a wild-type
mutation rate. Thanks to their improved fitness, cell lineages with newly acquired beneficial alleles (and
their linked mutator alleles) can increase in frequency in the population. Thus, hypermutation can
readily evolve when mutator alleles hitchhike to fixation with beneficial mutations (Chao and cox,
1983; Gentille et al, 2011; Giraud et al., 2011; Cox and Gibson 1974). However, most new mutations
are thought to be effectively neutral or deleterious, and only a small fraction are beneficial in a given
environment (Eyre-Walker and Keightley 2007). Following a similar principle, the P. falciparum strains
facing a high drug pressure in South East Asia should have more opportunities to give rise to beneficial
mutations that may aid in promoting drug resistance and a greater antigenic variation. However, some
drug resistance mutations in the genome may be associated with fitness costs to the parasite. For
example, using in vitro growth competition assays, the chloroquine-resistant 7G8 strain of P. falciparum
was outcompeted by the chloroquine-sensitive D10 strain (Hayward et al., 2005). Studies utilizing
cultured malarial parasites, animal models and samples collected from infected individuals have
generally shown that resistance-mediating polymorphisms lead to malarial parasites that are out
competed by wild type both in-vitro and in-vivo alike and wild type ends up replacing the resistant type
when drug pressure diminishes. For example, in Malawi in the early 1990’s, chloroquine treatment was
abolished due to widespread resistance among the P. falciparum population, and sulphadoxine-
pyrimethamine was used instead. By 2005, the estimated chloroquine efficacy had returned to 99%
(Laufer et al, 2006), demonstrating that a lack of drug pressure, associated with high recombination

rates, led the wild-type parasites to completely outcompete the chloroquine-resistant ones.

Although most micro-indels occur in intergenic regions and are presumably neutral, about 30% of the
~5400 P. falciparum genes contain highly repeated sequences (mainly ‘AAT’ codons coding for
Asparagine) that are prone to such micro-indels ( Murlidharan and Goldberg, 2013). Should such
mutation lead to a frameshift (if the insertion or deletion is not a multiple of 3) it would likely disrupt

the open reading frame and prevent translation of the protein, leading to dramatic consequences to the
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cell. Furthermore, it was recently shown that, under drug pressure, some P. falciparum parasites develop
resistance by increasing the copy number of specific genes. These copy number variants are always
flanked by AT tracks and thus key to the development of resistance (Guler et al., 2013). Thus , as
postulated elsewhere, Rathod et al. (1997), Trotta et al. (2004) and Castellini et al. (2011), itis plausible
that the mutation rate is linked to how fast drug resistance is acquired. In our very limited dataset, the
3D7 strain, originally isolated in Africa, shows a ~2 fold reduced micro-indel mutation rate compared
to Dd2 and W2 strains that have their origins in Indochina, a region where, historically, antimalarial
drug resistance has first been detected. More strains are of course needed before we could potentially

identify a trend linked with the continent of origin.
e Other hypotheses as to why drug resistance is first detected in South East Asia

Malaria and the fight against it are distinctly different in various parts of the world. In Asia, most P.
falciparum infections get medically treated, resulting in severe pressure for the parasite to develop
resistance. On the other hand, in most African countries, the vast majority of infections are not treated,
due increased host immunity or poverty (WHO report). Furthermore, in Africa, the majority of
infections have multiple distinct strains of P. falciparum circulating in the blood of the infected
individual. However, in Asia the infections are usually from a single strain. (Singh and Sharma
2016).Lower mixed strain infections in South East Asia may allow even less-fit parasites to be
transmitted to the next host due to reduced level of intra-host competition. In contrast, the higher mixed
strain infection rate in Africa may drive more intense intra-host competition, and may therefore reduce
the probability of transmission of less-fit parasites (Singh and Sharma, 2016). Thus, fitness-reducing
mutations including drug-resistance mutations might have a higher chance of spreading in SEA
compared to Africa in patients not taking drugs. Since Africa has a higher rate of asymptomatic
infections as well as untreated patients, this would also result in higher competition between drug
resistant and drug sensitive clones in the absence of drugs, further decreasing the spread of drug

resistance mutations with a fitness cost.

Mixed strain infection by P. falciparum has recently been demonstrated to lead to within-host
competition in patients (Bushman et al., 2016), the possible mechanisms of which might include strain-
transcending immunity, resource competition (e.g., RBCs) or direct interference between strains (Bruce
etal, 2002; Matcalf et al., 2011; Raberg et al., 2006). Within-host competition would also lead to higher
rate of recombination between gametes of different genotypes and efficient removal of deleterious

mutations in Africa.

More in-depth analysis is required to answer questions like if these micro-indel mutations are abundant
in coding regions ( Hamilton et al., 2016), if these micro-indels occur in multiples of 3 and cause
frameshift mutations leading to truncated proteins, and test if there are specific hotspots of micro-indel

mutations in the P. falciparum genome.
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One of the main challenges facing malaria elimination, is the incredible capacity of the malaria parasite
to adapt to a changing environment. Uncovering the mutations that lead the parasite to adapt to the
changes in its environment would definitely bring us a step closer to eliminating the disease that still

kills nearly half a million people each year.
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APPENDIX

A. Clone tree for 3D7
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E. Clone Tree for KH-01
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Figl. Generating clone trees. (A) The 3D7 clone tree. Sample 3D7_10 was thawed and clonally diluted
following whole genome sequence analysis. (B) The W2 clone tree.(C) and (D) show two HB3 clone trees
started independently. Unlike all other clone trees, HB3b (C) was initiated from a subclone of HB3. (E) The
KH-01 clone tree (F) The KH-02 Clone tree. Asterisks on the x-axes indicate when clonal dilutions were
performed. ( Source- Antoine Claessens)

BWA 0.7.17
BCFTOOLS 1.10.2
BAMSNAP 0.2.17
GATK 4.1.4.1
PICARD TOOLS 2.5.0
R 3.6.1
SAMTOOLS 1.1.
SNPEFF 4.3.
TABIX 0.2.6
VCETOOLS 0.1.16

Table 1. The version of the software used during the analysis.



