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Abstract

Plasmodium vivax and Plasmodium falciparum are two parasites that cause most malaria
cases worldwide. P. vivax 1s chronically understudied compared to P. falciparum, and significant
aspects of its biology remain a mystery. This dearth of understanding stems from the lack of an
in vitro culture system for P. vivax and the difficulty in generating high-quality sequencing data
from patient samples because of low parasitemia. However, novel techniques, including selective
whole genome amplification, which allows the sequencing of P. vivax samples directly from the
blood, and the development of culture systems of closely related parasites Plasmodium knowlesi
and Plasmodium cynomolgi, have enabled large scale population genomic studies and molecular
genetic experiments to study P. vivax epidemiology and biology. In this dissertation, I use these
new scientific tools to explore P. vivax transmission dynamics in and assess risk case importation
in Panama, use comparative population genomics to identify candidate P. vivax drug resistance
loci, and validate a P. vivax gene, pvmdrl, for a functional role regarding drug resistance.

In Chapter One, | summarize advances in P. vivax genomics, the state of molecular
surveillance for P. vivax, and what is known about the molecular basis of P. vivax drug
resistance. In Chapter Two, I showcase work using selective whole genome amplification and
sequencing to understand P. vivax population structure in a low transmission setting and the risk
of P. vivax case importation in Panama. I find that there is a single highly related lineage of P.
vivax parasites in Panama that has persisted for over a decade. I also uncover several likely

imported cases and discuss possible future uses of molecular surveillance for identifying case



importation. In Chapter Three, I discuss the use of comparative selection scans to identify and
prioritize candidate P. vivax drug resistance loci for experimental characterization. P. knowlesi
has only recently been understood as a human infection but is not thought to have human to
human transmission. Therefore, P. knowlesi has only recently been exposed to anti-malarial
drugs, and its genome should not exhibit signs of selection due to pressure from these drugs. |
hypothesized that genes with a signal of selection only in P. vivax populations (and not in P.
knowlesi populations) and from regions with co-infection in P. falciparum and known drug
resistance are likely candidate drug resistance causing loci. I compared signals of evolution in
both P. vivax and P. knowlesi to identify a set of candidate drug resistance loci in P. vivax to
prioritize for in vitro characterization with regards to drug resistance. In Chapter Four, I discuss
my work interrogating a set of globally representative pvmdrl alleles for their role in mediating
P. vivax drug resistance. I conducted a population genomic analysis of variation in this gene and
identified 10 SNPs with minor allele frequencies greater than 5%, which exist as 23 unique
haplotypes in natural populations. I took advantage of the recent development of a continuous
culture system for the closely related parasite P. knowlesi and used CRISPR/Cas9 to construct
transgenic P. knowlesi lines expressing these 23 pvmdrI haplotypes. I also mapped on known
pfmdrl drug resistance polymorphisms on pvmdrl and constructed lines that contained these
mutations. Finally, I constructed an overexpression plasmid containing pvmdr]1 to test the effect
of copy number variation to mediate drug resistance. I then assayed all transgenic pvmdrI lines
and the P. knowlesi YHI1 line, to identify changes in their susceptibility, if any, to an array of
antimalarial compounds. I found that pvmdrI mutations confer reduced susceptibility to
mefloquine, lumefantrine, dihydroartemisinin, and halofantrine. I also discuss implications of

these findings for P. vivax treatment, control, and molecular surveillance. In Chapter Five, [



explore the implications of this thesis on future molecular surveillance of P. vivax and on

exploring its biology in the future.
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Chapter One: Introduction



1.1 P. vivax Epidemiology, Biology and Drug Resistance

Plasmodium vivax, a cause of malaria, is a major global health threat. P. vivax and
Plasmodium falciparum are responsible for most human malaria cases, with P. vivax causing most
malaria cases outside the African continent'? (Figure 1.1). The significant progress towards
reducing malaria transmission is threatened by the emergence of drug resistance in P. falciparum
to all clinically used antimalarials®. P. vivax has documented in vitro and ex vivo resistance to
antimalarial drugs, including chloroquine (CQ), mefloquine (MQ), sulfadoxine, and
pyrimethamine (SP)'*, Drug-resistant P. vivax has been reported in many regions of the
world'3-6, High-grade CQ-resistance (CQR) in P. vivax has emerged in Indonesia, Malaysia, and
Papua New Guinea, and has been associated with CQ treatment failure'®!'. CQR has spread
relatively slowly in P. vivax populations, compared to its emergence, and spread in P. falciparum
populations. It has been hypothesized that there is reduced selection pressure in P. vivax compared
to P. falciparum due to the ability of P. vivax to produce gametocytes early in infection, which
allows the parasite to transmit before drug treatment!?. P. vivax is also subjected to less selection
pressure from drugs because of is its ability to relapse from liver hypnozoites, allowing for
transmission after drug concentration has waned!?. Reduced parasite biomass during P. vivax
infection and different host cell preferences (restriction to reticulocytes) also possibly affects P.
vivax exposure to selection pressure from antimalarials'?. The blood-stage activity of Primaquine(
PQ)/Tafenoquine (TQ )could also reduce the transmission of CQR parasites. The extent of P. vivax
drug resistance and subsequent public health consequences remains poorly defined in most regions

of the world'.
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Despite more than two decades of research into drug-resistant P. vivax, molecular markers
of resistance in this species remain elusive, even as molecular markers of drug resistance in P.
falciparum have been identified!?. This stems from the lack of in vitro culture and transgenic
systems for P. vivax, which has been essential for studying P. falciparum drug resistance. Several
polymorphisms in candidate P. vivax resistance genes are suggested as possible molecular markers
of drug resistance!>!*. However, the current evidence for the role of many of these mutations in
drug resistance is relatively weak, potentially leading to false conclusions that could impact drug
policy. Validated drug resistance mutations could be used to rapidly and cost-effectively survey
drug resistance in an area over time. This information is essential for identifying the most effective
treatment policy in a region and determining when it is appropriate to switch between first line
antimalarials. Understanding the molecular basis of drug resistance and development of
heterologous model systems to study candidate resistance gene will be useful for the development
of future antimalarials and to develop effective treatment policy.

P. vivax orthologs of known P. falciparum drug resistance genes are the focus of much
research into P. vivax drug resistance. However, only one gene, pvdhfr, has been validated as a
drug resistance gene.®!3~15 This could be due to biological differences between each species, which
could lead to different genes mediating resistance, or due to different selection pressure from drugs.
Despite the lack of molecular evidence for mutations in these genes to mediate P. vivax drug
resistance, several studies have still cited them as markers of drug resistance and recommended
changes in treatment policy'®!°. The use of SNPs in candidate resistance genes as molecular
markers of drug resistance without genetic validation emphasizes the urgent need to identify and
validate P. vivax drug resistance markers to inform malaria control policy. ex vivo assays and

clinical treatment failure in the presence of adequate drug concentrations in the blood are the only



reliable methods currently available for determining the level of drug resistance in a population.
Verified genetic markers of drug resistance could be used to replace these laborious and costly
approaches, allowing high-throughput and frequent sampling of parasite populations that can be
used to inform drug policy in that region. Molecular surveillance for resistance markers would
allow treatment regimens to be changed upon the emergence of significant drug resistance in a
population?®?!, Using population genomics and evolutionary biology approaches can help identify
P. vivax candidate resistance genes beyond those based on orthology to P. falciparum. Identifying
new candidate P. vivax drug resistance genes may reveal novel P. vivax specific mechanisms of
drug resistance that have remained largely unexplored. Candidate resistance markers will need to
be validated in a heterologous system, such as using transgenic systems in P. knowlesi or P.
cynomolgi, two parasite species closely related biologically and evolutionarily to P. vivax?>?3,
Understanding the evolutionary and population dynamics of drug resistance will be critical
for molecular surveillance, to both identify when these alleles arise and understand how they move
throughout and between populations. Investigation of candidate P. vivax drug resistance genes

using advances in in vitro culture, ex vivo assays, and sequencing will help make this possible and

improve P. vivax control and elimination efforts.

1.2 P. vivax drug resistance

While there is strong evidence of P. vivax resistance to CQ in Papua New Guinea, and
reports of CQR in the Brazilian Amazon and Ethiopia, little is known about the molecular basis of
resistance in P. vivax. Below I summarize what is known about the molecular basis of P. vivax

drug resistance and discuss several P. vivax drug resistance candidates.



1.2.1 P. vivax Multidrug Resistance Gene 1 (pvmdrlI)
pvmdrl is the ortholog of the P. falciparum pfmdrl gene, which mediates drug sensitivity

to MQ, lumefantrine (LUM), and CQ in this species.?* In both parasites, mdrl encodes a
transmembrane protein localized to the digestive vacuole (DV), where the parasite digests host
cell proteins and converts heme from hemoglobin into non-toxic hemozoin®=2". pvmdr1, due to its
strong sequence conservation with pfmdr1, has subsequently become one of the primary candidate
genes investigated in P. vivax drug sensitivity studies?®=°. PYMDRI localizes to the digestive
vacuole when over-expressed in P. knowlesi, suggesting it plays a similar role to PIMDRI1 in P.
vivax'3.

PfMDRI1 is thought to transport drugs, including CQ and MQ, into the DV?>2631,
Molecular epidemiological and functional genetic studies have associated amino acid changes at
positions 86, 184, 1034, 1042, and 1246 in PfIMDRI1 with drug resistance*'2. CQ inhibits
hemozoin formation in the DV, which leads to a toxic buildup of heme. The reduced amount of
CQ in the DV leads to chloroquine resistance?!-33. Mutations in pfindrl are associated with CQR
and with increased sensitivity to MQ and LUM?3%%5, MQ and LUM are thought to primarily act on
cytoplasmic proteins, although their mechanisms of action are less clear than CQ. Increased
transport of MQ and LUM by mutant PIMDR1 (and possibly by pvmdr1) alleles into the DV would
sequester these compounds from their targets, thereby leading to reduced susceptibility?>27.

Sequencing of pvmdrl across several regions of the world has revealed more than fifty
polymorphisms in this gene and increases in pvmdricopy number. These single nucleotide
polymorphisms (SNPs) correspond to amino acid changes throughout the protein sequence,
including in the ATP binding domains and multiple transmembrane regions.*® No single SNP, or
set of SNPs, have emerged as definitive drug resistance markers. However, six SNPs have been

reported at high frequency in multiple studies in regions with reported drug resistance; (relative to



the Sal-1 reference) S513R, G698S, M90SL, T958M, Y976F, and F1076L.°3%3739  Amino acid
changes at Y976F and F1076L, in particular, have been cited as possible markers of drug

resistance??:40-41

. However, these SNPs are also found in regions without reported CQR, making
their association with drug resistance uncertain®®. The T958M, Y976F, F1076L variants (and
possibly others) in Pvmdrl, have been shown to arise independently, even within the same
population*?. This finding suggests that pvmdrl mutations can arise on different genetic
backgrounds, and that they have not been subject to a selective sweep, possibly due to a lack of
direct pressure from drugs*?. If, and how, these SNPs play a role in mediating P. vivax drug
resistance remains to be directly demonstrated in functional studies.

Studies exploring the relationship between these SNPs and drug sensitivity do not firmly
establish or deny a role for these mutations to cause drug resistance. A survey of isolates from
China that associated sequencing of pvmdrl with ex vivo measurements of drug susceptibility
found an association between M908L and reduced susceptibility to CQ, MQ, pyronaridine (PYN),
piperaquine (PIP), quinine (QN), artemisinin (ART), and dihydroartemisinin (DHA)*. A study in
Cambodia found a correlation between Y976F and F1076L mutations and resistance to MQ and
PIP, but not CQ*. Another study found an association between Y976F and reduced susceptibility
to CQ*!. Yet multiple other studies have found no relationship between polymorphisms in pvmdr1
and drug resistance®*#446 These discrepancies could stem from methodological differences in
ex vivo phenotyping, and because several studies are conducted in regions with low rates of CQR.
Differences between studies may also simply reflect real geographical differences. The differences
between studies highlight the critical need to evaluate these polymorphisms in an in vitro culture

system to assess their impact on drug resistance. Two pvmdrl haplotypes were episomally over-

expressed in a P. knowlesi model system, both of which encoded the 698S, 908L, and 958T



mutations, but did not alter sensitivity to either CQ or MQ!. suggesting that at least in this genetic
background and expression system, these mutations did not confer resistance. Another limitation
is that many studies only sequence part of the gene, thus constraining and biasing our
understanding of mutations to these regions of the gene.

Copy number variation (CNV) of pvmdr1 is distributed globally at variable frequencies (7-
31.6%), including Thailand, Cambodia, Laos, India, Brazil, French Guinea, and other countries
38,39.41.4547-49  CNVs in pvindr1 have been more clearly implicated as a potential cause of P. vivax

drug resistance*!4748

. Sequencing of isolates in Thailand and Indonesia found a correlation
between increases in ICso of amodiaquine (AQ), ART, and MQ, measured by ex vivo drug

susceptibility assays, and pvmdrl amplification*°. Notably, this mirrors the similar effect of

pfmdrl amplification on MQ resistance in P. falciparum?'.

1.2.2 P. vivax Chloroquine Resistance Transporter (pvcrt)

The pvcrt gene (also referred to as pvcrt-o) emerged as a candidate drug resistance gene
due to its orthology with the pfcrt gene that mediates CQR in P. falciparum (Fig 2A). The pfcrt
gene was first identified as a determinant of CQR in a genetic cross between a CQ-sensitive
parasites line and CQR parasites’>. Numerous pfcrt polymorphisms have been implicated in
causing CQ drug resistance>>’. Additionally, polymorphisms in pfcrt are associated with PIP
resistance, and conversely, increased sensitivity to MQ and ART33-36:58:59,

Unlike pfcrt, and in contrast to pvmdrl, very few SNPs (~10) in pvcrt have been reported,
but most occur at very low frequency?®*%%°. The most common PvCRT polymorphism is a lysine
insertion at position 10 (K10)?%386061 The K10 insertion has been observed in both Southeast
Asian and South American parasites, but no association between the K10 insertion and in vitro P.

vivax drug resistance has been found'’**®! It is currently unknown if pvcrt variants associated



with CQR have a deleterious impact on parasite fitness, which is the case for P. falciparum, and
could explain the low frequency of pvert mutations®293.

There is evidence that increased expression of pvert potentially mediates CQR%%. S4 and
colleagues recently performed a P. vivax genetic cross between the CQR P. vivax NIH-1993-R
line and the CQS NIH-1993-S line. Bulk segregant analysis of blood-stage progeny implicated a
76 KB region on chromosome one, which includes pvcrt, as having a role in CQR. The study found
no SNPs in pvert but did identify a TGAAGH motif with an increased number of repeats both
upstream of the 5° UTR of pvcrt, as well as a deletion within intron nine of the gene, and that CQR
progeny had increased expression of pvcrt.

Over-expression of pvert has been linked to drug resistance, as reported in several studies

studying CQ treatment failure of P. vivax patients in Brazil#76!.64

. However, a study of pvcrt
expression in parasites from Indonesia, where there is high-grade drug resistance, found no
relationship between pvcrt expression levels and ex vivo susceptibility to CQ, PIP, MQ, and
Artesunate (AS)®”. As with pvmdrl, whether these discrepancies are due to differences in the

genetic background, such as pvmdrl polymorphisms and CNVs, or whether they are due to

technical differences will require further investigation.

1.2.3 P. vivax Dihydrofolate Reductase-Thymidylate Synthase (pvdhfir-ts) and
Dihydropteroate Synthase (pvdhps)

The essential enzymes dihydrofolate reductase-thymidylate synthase (PvDHFR-TS) and
dihydropteroate synthase (PvDHPS) are involved in folate synthesis and are the targets of

pyrimethamine and sulfadoxine (SP), respectively®%68-7!

. SP has long been used to treat P.
falciparum, but is now primarily only used for intermittent preventive treatment in pregnancy due

to widespread resistance’?. PfDHPS and PfDHFR-TS are well understood in P. falciparum and

highly conserved in P. vivax’®. While SP has not been intentionally used for P. vivax treatment,



mutations in PvDHPS and PvDHFR-TS, conserved mutations known to confer resistance in P.
falciparum are widespread in P. vivax populations around the world’*7®, These conserved
mutations are associated with P. vivax SP treatment failure 7*7°. Genomic surveillance of pvdhfi-
ts and pvdhps could help understand which regions these drugs could be used to cheaply and safely
treat P. vivax infection, although SP has not been recommended for P. vivax’®. pvdhfi-ts and
pvdhps also represent a key example of how molecular studies could be performed to characterize
other resistance alleles and monitor the spread of resistance.

Amino acid changes in PvDHFR-TS at positions N50I, S58R, S117N, and [173L exist as
double, triple, and quadruple mutants at frequencies ranging from as 20-90% in Malaysia,
Thailand, Papua New Guinea, and Indonesia’®®. These mutations align with mutations N511,
C59R, S108N, and 1164L in PIDHFR-TS, which are associated with pyrimethamine resistance %%,
An additional F57L mutation in PvDHFR-TS, which has no P. falciparum equivalent, has also
been reported at high frequency as a double mutant with S8R or 117N, and a quadruple mutant
with 58R/61M/117N8--68:69,

Expression of mutant PvDHFR-TS in a yeast system demonstrated that these mutations
confer high levels of pyrimethamine resistance. Single mutations at positions 57L and 117N, and
double or triple mutants, S8R/117N and 117N/173L, 58R/117N/173L resulted in a 50-, 87-, 460-,
700- and 500-fold increase in resistance to pyrimethamine, respectively®. Auliff et al episomally
expressed PvDHFR-TS in P. falciparum to characterize a single mutation, 117N. PvDHFR-TS
alleles with 177N had 46-, 6-, 2- and 6-fold increases in resistance, relative to wild-type, to
pyrimethamine, clociguanil, WR99210, and cycloguanil, respectively. PvDHFR-TS double
mutant haplotypes of 57L/117T and 58R/117T, resulted in 67- and 114-fold increases in

pyrimethamine resistance, 6- and a 4-fold increase in cycloguanil resistance, 10- and a 26-fold
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increase in clociguanil resistance, and 22- and 10-fold increases in WR99210 resistance for each
haplotype, respectively. They also found a PvDHFR-TS quadruple mutant (57L/58R/61M/117T)
resulted in high resistance to pyrimethamine, cycloguanil, chlorcycloguan, and WR99210, with
resistance increases of 8497-, 746-, 2565-, and 44-fold, respectively. Interestingly, expression of
a triple PvDHFR-TS mutant (58R/61M/117T) resulted in susceptibilities similar to wild-type for
all drugs except for pyrimethamine, which had a 58-fold increase in resistance. The authors
hypothesized that 61M may be a compensatory mutation to offset possible fitness costs with
carrying other resistance mutations. Studies assessing PvDHFR-TS mutants and SP treatment
outcomes have confirmed that these results correlate with in vivo efficacy. SP treatment failure is
23 times more likely to occur in patients infected with P. vivax parasites containing the
57L/58R/61M/117T haplotype®®®. Structure analysis of PvDHFR-TS showed that a mutation at
position 117 leads to steric conflict with pyrimethamine binding, resulting in resistance, similar to
the equivalent mutation at position 108 in PfDHFR-TS?}. These data suggest that P. vivax
resistance to antifolates arises from molecular changes and is highly conserved with P. falciparum.

Mutations at amino acids 383 and 553 in PvDHPS, correspond with known drug resistance
mutations 437 and 581 In PfDHPS®-%4. Similar to SP resistance in P. falciparum, mutations
in PvDHPS alone are thought to not be sufficient to provide resistance to SP*. Furthermore, the
wild-type PvDHPS allele at position 585 is a Valine, which aligns with position 613 in PfDHPS,
and is thought to reduce the binding to sulfadoxine®’. This V585 allele is found commonly in
isolates, suggesting possible innate resistance to sulfadoxine in this species.’®# Structure analysis
of PvDHPS mutants supports the role of these mutations in providing resistance to sulfadoxine by

reducing binding affinity to the mutant enzyme.®¢ Particularly, parasites with both PvDHPS 383G
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and 553G mutations and mutant PvDHFR-TS alleles, have been implicated in SP treatment
failured.

Studies looking at the distribution of pvdhfr-ts alleles in natural populations have found a
high prevalence (80-90%) of double, triple, and quadruple mutations in Malaysia, Thailand, India,
Indonesia, Madagascar, and China, which all have high SP treatment failure rates®!437.7879:87,
Global and regional population genetic studies of P. vivax have found pvdhfr-ts and pvdhps in
regions of the genome, with strong evidence of selection by linkage disequilibrium and integrated
haplotype score metrics®®%°. Strong signals of genetic differentiation were found between
Ethiopian populations, which have a low prevalence of pvdhfr-ts mutants, compared to Indonesian
or Thai populations, which have a high prevalence of pvdhfr-ts mutants, providing evidence of
region-specific drug pressure’8. Furthermore, a study comparing P. vivax isolates in Indonesia,
Malaysia, and Thailand found signals of genetic differentiation of pvdhfr-ts and pvdhps between
regions, which all have a high prevalence of pvdhfr-ts mutants, suggesting that mutant haplotypes
can arise on different genetic backgrounds®®,

Two studies in India found a higher prevalence of pvdhfr-ts mutations in regions where P.
falciparum and P. vivax are co-endemic than regions where P. vivax is the dominant parasite®”-°.

These results suggest that pressure of SP treatment of P. falciparum can lead to co-selection of

pvdhfr-ts mutant alleles, which could also occur for other drugs, including ACT partner drugs.

1.2.4 Other Candidate P. vivax Resistance Genes

Population genetic studies looking for evidence of positive selection have identified several
candidate P. vivax drug resistance genes’®8%1=94 These include the candidate genes described

above (pvmdrl, pvcrt, pvdhfr-ts, pvdhps), as well as several additional genes of interest.
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Several studies of parasites in the Greater Mekong Subregion (GMS) found evidence of
selective sweeps via extended haplotype homozygosity (XP-EHH) and iHS tests around the
pvimdr2 and pvmrp2 genes in Cambodia®®°4%, Another study in the Peruvian Amazon found a
higher number of SNPs in pvmrp2, though this study did not evaluate any measures of selection
on this gene®®. The P. falciparum ortholog of pvmrp2 has been implicated in conferring resistance
to CQ, MQ, and PIP°"~°. Similarly, pfindr2, the P. falciparum ortholog of pvmdr2, has been
implicated in pyrimethamine resistance®'.

Several studies have monitored the P. vivax ortholog of pfkelchl3, pvkelchl2, for

91,100,101 "While several polymorphisms have been

polymorphisms that may lead to ART resistance
found in pvkelchl2, they do not align to the respective mutations in pfkelchl3 that mediate
artemisinin resistance’!'%%1%! These results suggest a lack or reduced selection pressure from ART
on pvkelchl?2 to date. Notably, there is a lack of persistence of pvkechl2 SNPs over time in the
GMS, and little polymorphism in pvkelchl2 in Papua New Guinea, where one might expect
selection pressure from ART indirectly from P. falciparum treatment, or directly as the first-line
therapy in this region®-'%!. These results suggest a lack of strong selection pressure from ART on
pvkelchl? at this time®!-101,

A study of P. vivax parasites in the Peruvian Amazon uncovered possible evidence of
increased copy number of PVP01 0312700. PVPO1 0312700 encodes pvdmt2, a homolog of the
E. coli emrE gene. emrE is a multidrug transporter, but its Plasmodium homologs have not been
evaluated for a role in drug resistance in any Plasmodium spp®>. Additionally, a study of P. vivax
found evidence of selection and significant genetic differentiation of the 1165V variant in the P.

vivax plasmepsin IV gene, an ortholog of the P. falciparum plasmepsin II, between Malaysian

parasite populations, where there is a higher reported prevalence of CQR, and Thailand, where
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there is reportedly a lower prevalence of CQR®8. P. falciparum plasmepsin II has been implicated
in mediating PIP resistance in this species !°2. The study also found significant genetic
differentiation of variants in the candidate drug/metabolite transporters pvdmt i, and a CG2-related
protein (PVPO1_1450700) between Thailand and Malaysia®®. While these genes have not
previously been the subject of intense research focus, the evidence of recent selection or increased
copy number variation at loci encompassing them suggests further research effort is merited.

P. vivax multidrug resistance protein 1 (pvmrpl) has emerged as a candidate drug

resistance gene due to signals of selection in population genetic studies®>*3

. pvmrpl is an ortholog
of the pfmrpl gene, which transports glutathione adducts out of the parasite, a process thought to
help the parasite regulate oxidative stress!'%>!1%, pfinrp I knockouts in P. falciparum have increased
susceptibility to quinine, CQ, ART, and PQ, as well as reduced parasite growth rate in vitro'%*.
SNPs in pfmrp 1 have also been associated with AL resistance, particularly the amino acid change,
1876V, which was found in recurrent infections after treatment with AL'%.

Genetic sequencing of P. vivax samples in South America has found strong signals of
molecular evolution in this gene, with a high ratio of non-synonymous substitutions per
synonymous site relative to the number of synonymous substitutions per synonymous site (dn/ds)
9293 Sequencing of a Peruvian isolate also demonstrated evidence of pvmrpI gene amplification®.
Studies in Sudan, Thailand, Indonesia, and Cambodia found that pvmrp! is situated in a long
region of homozygosity, which indicates recent selection’88894.106,

Sequencing of a P. vivax isolate from a patient, with no mutations in CYP genes, that
experienced PQ failure, found several SNPs in pvmrp1'%’. PQ and TQ are the only approved drugs
108-11 l‘

that can eliminate hypnozoites, which is required to achieve radical cure of P. vivax

CYPD26 oxidizes PQ into hydroxyl-metabolites, whose oxidation generates quinoneimine, and
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subsequently generates hydrogen peroxide (H,0,) !'2. Qinoneimine is also a substrate for CPR,
CYPD26’s redox partner, which leads to the accumulation of H>O> and subsequent antimalarial
activity through oxidative stress in the parasite. PQ tolerance, leading to relapse of infection, is
rare, but has been reported in cases following the correct treatment regimen!%!13, Knockouts of
pfmrpl have increased sensitivity to PQ in P. falciparum, further supporting that this protein plays
a role in mediating tolerance to PQ, although the active metabolites were not tested'’*. The
experimental evidence of pfimrpl mediating PQ tolerance and evidence of selection pressure on
pvmrpl have led to this gene as a candidate for mediating PQ tolerance in P. vivax®>93106.114,
pvmrpl does not have a syntenic ortholog in P. knowlesi. Dharia and colleagues proposed a model
of pvmrpl mediating PQ tolerance, where pvmrpl mutations improve the transport of glutathione

adducts resulting from PQ treatment, and thus allow for PQ tolerance by mitigating oxidative

damage. *?

1.3. Assessing drug resistance in P. vivax

Linking P. vivax mutations to a drug sensitivity phenotype, in vivo and ex vivo, is essential
to validate SNPs resistance markers. However, identification of resistance mutations in P. vivax
remains difficult for some drugs, including CQ, in large part because defining drug-resistant P.
vivax phenotypes is itself is difficult. I discuss the strengths and limitations of currently available
methods to measure drug sensitivity in P. vivax to the different antimalarials used clinically, and

the current evidence of drug resistance globally.

1.3.1 Measuring in vivo drug resistance

Identifying in vivo resistance to CQ and ACT is difficult in P. vivax, in part due to varying
definitions of resistance. The clearest definition of CQR in P. vivax is the ability to grow in CQ

concentrations that would normally kill (CQ concentration >100 ng/ml), although this cutoff for
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resistance is subjective, and can miss identifying low-grade resistance’!'>. A high rate of treatment
failure by day 28 is often used as a measure of resistance!'®'23. However, most recurrences that
occur after day 21, and as early as day 14, are associated with low blood concentrations of CQ
(<100 ng/ml) at the time of treatment failure!'®~'2°, Different definitions of clinical resistance can
lead to contrasting conclusions about the degree, or even the presence, of CQR'?®. Clinical studies
that measure blood CQ levels at the day of treatment failure, or detect a high frequency of early
treatment failures (<14 days), can paint a clearer picture of resistance!?’~!32, Such studies have
demonstrated clear CQ resistance in Myanmar, Thailand, Ethiopia, Bolivia, and Brazil, with the
prevalence of CQ treatment failure ranging from ~0.5%-10%'2""132, Regions of Indonesia and
Papua New Guinea have significantly higher rates of CQR in P. vivax populations, where treatment
failure occurs in 20-97% of patients, with blood CQ levels >100 ng/ml, often including a high
frequency of early treatment failures’'%!18:133-136 Treatment failures in such regions have made it
necessary to switch to ACTs as the first-line treatment.

Several other factors can complicate the association of clinical failure with drug resistance.
P. vivax treatment with CQ is usually combined with PQ, or more recently TQ, to achieve a
“radical cure” to clear hypnozoites. Clinical trials that delay the addition of PQ/TQ until day 28
will mask CQR due to the blood-stage activity of these drugs'!®131:137:138 Hijgh levels of immunity
can also suppress parasitemia following treatment, reducing the rate of recrudescence'3'42,
Recrudesce can mistakenly be classified as having lower rates of treatment failure and drug
resistance, compared to regions with lower immunity!3*-'42, Genotyping P. vivax at the time of
treatment and recrudescence has been used to identify relapse, where parasite clones are observed

108,143

at recrudescence that were not present in the initial population . However, the presence of a
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homologous clone before and after treatment cannot differentiate between recrudescence and
relapse, limiting its use to ruling out recrudescence but not relapse.

ACTs remain clinically active against CQR P. vivax, including artemisinin (ART) in
combination with MQ, artemether in combination with LUM (combination denoted as AL) or
dihydroartemisinin (DHA) in combination with piperaquine (PIP)!3%-132.134.144-148 " A recent meta-
analysis of AL compared to DHA-PIP showed a higher recrudescence rate in patients treated with
AL in the first 42 days'#®. This is likely due to the longer half-life of PIP compared to LUM, which
provides a longer-lasting prophylactic effect against relapse from hypnozoite. ' This observation
is supported by the more similar rates of recrudescence by day 63 between drugs, as well as the
significant effect of PQ in both treatments'#, An alternative explanation for this observation is
that the use of AL in Ethiopia against P. falciparum has led to the selection of LUM resistant
variants in the P. vivax population.

SP has not been used to treat P. vivax due to the concept that it was naturally resistant in
earlier literature, which was likely an artifact of hypnozoite relapse or use of an already resistant
7. SP has historically been used to treat P. falciparum and is still used for intermittent preventive
treatment in pregnancy (IPTp), which is indiscriminate of species®. Notably, P. vivax SP resistance
is relatively common, even though it was never intentionally treated with SP, demonstrating strong

pressure from the treatment of P. falciparum 37-°°.

1.3.2 Culturable heterologous model systems and reverse genetics

P. vivax ex vivo drug susceptibility assays can help to identify drug resistance P. vivax'>,

However, ex vivo assays are limited to short single cycle assays with relatively poor growth
compared to P. falciparum'°. Ex vivo assays also require patient isolates, which can limit their

accuracy because they cannot be well controlled for parasite stage and parasitemia'>®. Improved
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growth conditions and the use of multiple-cycle assays would reduce the differences observed
from starting parasite age and parasitemia'*°. Improved P. vivax ex vivo assays will allow for the
study of lower-acting drugs, including TQ and assays could help determine drug susceptibility in
natural isolates and link drug phenotypes to specific resistance loci'>!'. However, validation of
candidate resistance alleles will remain unobtainable in P. vivax until robust ex vivo short-term
culture, or a continuous culture system, are developed. In place of a stable culture system,
heterologous genetic systems will be invaluable for validation studies in P. vivax.

P. falciparum has been used to episomally express P. vivax dhfr alleles, which
demonstrated the role of polymorphisms observed in the field in mediating pyrimethamine
resistance’’. The role and protein sequence of DHFR-TS, and its resistance mutations, are
relatively well conserved between Plasmodium spp., as well as to higher eukaryotes’. In contrast,
the sequence of other candidate resistance genes, as well as mutations found within them, are more
divergent between Plasmodium spp., which may impact their accuracy as model systems. As such,
the field has moved towards using Plasmodium species that are more closely related to P. vivax.

P. knowlesi primarily infects primates but can also cause outbreaks in humans!%133

. The parasite
is more closely related to P. vivax than P. falciparum is'>>'33. P. knowlesi has recently been adapted
to grow in human RBCs, which opens up the possibility of conducting molecular genetic
experiments'>>!33, P. knowlesi is genetically tractable and a CRISPR/Cas9 system has been
developed for use in this species. CRISPR/Cas9 has successfully been used to replace pkdhps with
its P. vivax ortholog for vaccine studies'>*. P. knowlesi has also been used to overexpress two
pvmdr1 variants, both of which localized to the digestive vacuole'?. Expression of these variants

did not alter sensitivity to CQ or MQ'3. Whether the lack of an effect is due to the pvmdr1 variants

tested, pvmdrl not being involved in drug resistance, or due to technical reasons, such as poor

18



expression levels or the presence of the wild-type PkMDRI1, will require further study. Allelic
replacement using CRISPR/Cas9 could replace the native pkmdrl with pvmdrl variants, which
would ensure it is expressed from the native promoter in the absence of pkmdr 1. The same methods
could also be used to study other candidate resistance genes.

More recently, P. cynomolgi, another primate malaria that is even more closely related to
P. vivax, has been adapted to in vitro culture in thesus macaque RBCs!>. The closer evolutionary
relationship between P. cynomolgi and P. vivax may make it a better model for drug resistance
mechanisms. Transgenic methods have been developed for P. cynomolgi in vivo using a primate
model, which was used to produce fluorescent or luminescent reporter lines for high-throughput

screening of compounds active against hypnozoites'3®!57

. P. cynomolgi can also develop
hypnozoites, providing it a significant advantage of using over P. knowlesi as a P. vivax model
system. As such, P. cynomolgi could be used to investigate candidate resistance markers of PQ or
TQ. Further development of transfection for in vitro cultured P. cynomolgi and a CRISPR/Cas9
system will allow the use of P. cynomolgi as a model for understanding P. vivax biology. Advances

in these model systems will enable molecular genetic characterization of polymorphisms in

candidate P. vivax genes on drug susceptibility.

1.3.3 Genomics and Transcriptomics

Advances in genomics and transcriptomics over the past decade have opened a range of
possibilities for conducting population genetics and molecular epidemiological studies of P. vivax.
Whole Genome Sequencing (WGS) of P. vivax directly from patient samples can be difficult
because of the typically low parasitemia, and the subsequent difficulty of separating the P. vivax
DNA from the background human genome!%!%. Leukocyte depletion, which removes the

background human DNA, and hybrid selection to enrich parasite DNA, has been used to
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successfully sequence P. vivax genomes from clinical samples®-13%10, Similarly, selective whole
genome amplification (SWGA) approaches, which use a highly processive polymerase to amplify
the parasite genome from the background human genome, for WGS is a low-cost and easily
scalable method for conducting WGS on P. vivax clinical samples'3®,

These technologies have opened the possibility of conducting large-scale population
molecular epidemiological studies in P. vivax and can help conduct genome-wide association
studies (GWAS). GWAS requires sequencing of clinical P. vivax samples and identifying loci
associated with a phenotype. Such approaches have successfully been used to identify drug
resistance loci in P. falciparum. Previous methods of sequencing P. vivax samples were expensive
and difficult to generate quality data at scale due to the low parasitemia during P. vivax infection.
Recent advances like SWGA can circumvent these challenges and increase the ease of conducting
P. vivax GWAS. GWAS could also be used to highlight selected loci under different selective
pressure (i.e., from drugs) between regions.

Genomic epidemiology is the use of genomic information to inform epidemiological
investigation. In the infectious disease field, genomic epidemiology is concerned with using
genomics to understand how diseases spread and evolve as they move into and through
populations. Applications of genomics to malaria epidemiology include tracking the spread of drug
resistance alleles, identifying novel drug resistance alleles, understanding transmission intensity
and disease burden, understanding patterns of connectivity and relatedness to track transmission,
and studying the co-evolution of the parasites and their mosquito vectors, among other use
cases®1160 - Genomic epidemiology can be used to identify pockets of high malaria transmission
and distinguish between locally transmitted and imported cases, and sources and sinks of malaria

transmission. Particularly as countries approach malaria elimination, distinguishing between local
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and imported cases is critical to stamp out the last vestiges of malaria transmission and successfully
achieve and maintain malaria elimination. Other uses of molecular epidemiology include
surveillance of P. falciparum histidine-rich protein 2 and histidine-rich protein 3 deletions, which
can lead to false negatives on malaria rapid diagnostic tests, and molecular markers of drug
resistance to inform malaria treatment policy'¢!~164,

A limitation of whole-genome approaches is that they can miss rare variants due to lower
sequence coverage, which limits the ability to uncover rare variants that could cause drug
resistance!%>1%¢ Targeted sequencing approaches, such as amplicon sequencing where genes are
amplified in a PCR reaction in parallel and then sequenced, allows for deep sequencing of select
loci to uncover low-frequency variants and uncover the full range of genetic variation in a
population'®>167:168 = P yjygx amplicon sequencing has been used to differentiate between
recrudescence, reinfection, or relapse as a cause of recurrent infection, which could help determine
if a patient has drug-resistant P. vivax'%’. Amplicon sequencing in P. falciparum has been used to
identify low-frequency SNPs in the drug resistance genes pfcrt, pfkelchl3, pfmdrl, pfmrpl, and
pfdhfi-ts'%%1%°, Development of P. vivax amplicon panels for candidate resistance genes could help
identify SNPs associated with drug resistance!66:167:169,

The low parasitemia and lack of a culture system in P. vivax have also traditionally
hindered the use of transcriptomics to study gene expression. Recent advances in the ability to
conduct transcriptomics from clinical samples and single-cell transcriptomics from monkey-
adapted lines demonstrate the feasibility to conduct P. vivax transcriptomic studies'’"!72. P. vivax
transcriptomes from Cambodian patients treated with or without CQ, showed no differential

expression of the candidate CQR genes pvmdrl and pvcrt between the two treatment groups'’°.

The lack of an association could be due to a lack of drug resistance alleles in this sample set, or a
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lack of change in gene expression in response to drug pressure'’?. Comparative transcriptomics
between CQR and CQS patient isolates could identify candidate resistance loci that have elevated
expression in CQR parasites since increased expression mediates P. falciparum drug resistance,

and there is evidence that the same is true in P. vivax®-170:17265.170.172

1.4 Looking Forward

The Plasmodium vivax field is in a new era of epidemiology and molecular biology
research focused on this parasite of public health importance. Advances in genomics and molecular
genetics allow for the use of novel techniques to answer critical questions about parasite
transmission dynamics, epidemiology, and drug resistance. As Plasmodium vivax elimination
efforts accelerate, advances in knowledge of transmission dynamics and epidemiology can help
support these efforts to highlight epidemiological factors that will impact the success of parasite
elimination. Additionally, these new tools can help answer critical questions about the molecular
basis of P. vivax drug resistance, a major threat to the success of P. vivax control and elimination.
Finally, Genomic epidemiological techniques are promising for the malaria field to inform policy.
The development of tools and frameworks that can synthesize and translate genomic information
to inform malaria control policy will be critical as genomic epidemiological techniques enter
common practice.

In this thesis, I present several studies using new tools in genomics and Plasmodium
molecular biology to answer questions about the epidemiology and drug resistance biology of P.
vivax. First, I present a use-case of genomic epidemiolocal data to understand P. vivax transmission
in a low elimination setting. I also demonstrate work using population genomics data to identify
signals of the evolution of candidate P. vivax drug resistance genes and highlight some possible

other candidate transporters genes that exhibit strong signals of species-specific selection due to
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drug pressure. Finally, I used a P. vivax population genomics dataset to identify a globally
representative sample of circulating diversity in the pvmdrl gene, one of the strongest candidate
P. vivax drug resistance genes. I then evaluate each haplotype in a P. knowlesi model system for
its effects on mediating drug resistance and find that several mutations do lead to resistance for
various antimalarial compounds. These results will provide the field with a set of validating
resistance markers in pvmdrl to use in molecular surveillance and to inform P. vivax treatment

policy.
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Chapter Two: Population Genomics of Plasmodium vivax in Panama
to Assess the Risk of Case Importation on Malaria Elimination
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2.1 Abstract

Malaria incidence in Panama has plateaued in recent years, despite elimination efforts,
with almost all cases caused by Plasmodium vivax. Notwithstanding, malaria prevalence remains
low (fewer than 1 case per 1000 persons). We used selective whole genome amplification to
sequence 59 P. vivax samples from Panama. The P. vivax samples were collected from two
periods (2007-2009 and 2017-2019) to study the population structure and transmission dynamics
of the parasite. Imported cases resulting from increased human migration could threaten malaria
elimination prospects, and four of the samples evaluated came from individuals with travel
history. We explored patterns of recent common ancestry among the samples and observed that a
highly genetically related lineage (termed CL1) was dominant among the samples (47 out of 59
samples with good sequencing coverage), spanning the entire period of the collection (2007-
2019) and all regions of the country. We also found a second, smaller clonal lineage (termed
CL2) of four parasites collected between 2017 and 2019. To explore the regional context of
Panamanian P. vivax we conducted principal components analysis and constructed a neighbor-
joining tree using these samples and samples collected worldwide from a previous study. Three
of the four samples with travel history clustered with samples collected from their suspected
country of origin (consistent with importation), while one appears to have been a result of local
transmission. The small number of Panamanian P. vivax samples not belonging to either CL1 or
CL2 clustered with samples collected from Colombia, suggesting they represent the genetically
similar ancestral P. vivax population in Panama or were recently imported from Colombia. The
low diversity we observe in Panama indicates that this parasite population has previously been
subject to a severe bottleneck and may be eligible for elimination. Additionally, while we
confirmed that P. vivax is imported to Panama from diverse geographic locations, the lack of

impact from imported cases on the parasite population genomic profile suggests that onward
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transmission from such cases is limited and that imported cases may not pose a major barrier to

elimination.

2.2 Introduction

Malaria is a parasitic disease transmitted by the bite of female Anopheles mosquitoes.
Malaria parasites cause approximately 219 million cases and 435,000 deaths each year, the vast
majority in sub-Saharan Africa. Plasmodium falciparum, the most virulent of the six
Plasmodium species that infect humans (P. falciparum, P. vivax, P. malariae, P. ovale wallikeri,
P. ovale curtisi, and P. knowlesi), causes most of these cases (1). Though billions of dollars have
been devoted to the control and eradication of malaria caused by P. falciparum, comparatively
little attention has been given to P. vivax, the most prevalent malaria parasite outside Africa (2).
The impact of P. vivax on human health was once considered minimal, relative to the more
virulent P. falciparum (1,2). However, recent studies suggest P. vivax causes significant global
health burden (1,2). The P. vivax life cycle includes a dormant liver “hypnozoite” stage. (2) The
hypnozoite stage can cause a relapse of malaria weeks to months after the initial infection, thus
beginning the cycle of infection and complicating control efforts (2).

Sixty percent of the Central and South American population lives in areas with ongoing
malaria transmission, predominantly caused by P. vivax (3). The region experiences about
700,000 P. vivax cases each year (1). Between 2000 and 2015 the incidence rate of malaria fell
37% globally and 42% in Africa (1). In the Americas, malaria mortality decreased by 72%
during the same period (1). Unfortunately, recent evidence suggests that this trend has stalled,
and in some countries malaria incidence has even increased (1). Panama eliminated the
autochthonous transmission of P. falciparum in 2010, outside of a small outbreak on the

Colombian border in 2015 (4). Since 2010, P. vivax has caused almost all malaria cases in
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Panama (1,5,6). P. vivax cases in Panama have declined precipitously since 2005, from close to 1
case per 1000 persons, to under 0.25 cases per 1000 persons in 2017 (7). However, malaria
incidence in Panama has plateaued since 2008. This plateau in incidence could be due to low
levels of transmission and/or imported cases that are re-seeding infections.

Human movement leading to parasite migration is a potentially significant
epidemiological threat to malaria control in Panama. Parasite importation stemming from human
migration is a challenge to elimination programs in other countries around the world (8-10).
The unique geographic position of Panama makes it a crossroads for human migration to the
United States from South America (5,11). Migrants enter Panama through two paths: through
the Darien jungle region on the border with Colombia, and through the Kuna Yala Amerindian
reserve (‘Comarca’) on the Caribbean coast (5,6,11). Previous studies implicate these regions as
focal points of ongoing malaria transmission in Panama and suggest this is partly due to
imported parasites (5,11). It is estimated that approximately 60,000 continental and extra-
continental migrants crossed the southern border of Panama through the Darien jungle region in
2015 and 2016 (12).

To inform effective malaria elimination strategies in Panama, it is critical to understand
how the parasite moves throughout the country, uncover pockets of focalized transmission, and
differentiate between sustained local infection and case importation as the reason for disease
persistence. (4,5). Whole-genome sequencing can help paint a detailed picture of parasite
movement and transmission within and between countries (10,12,13). However, P. vivax cannot
be grown in vitro, and the difficulty of sequencing P. vivax from clinical samples dominated by
host DNA has hindered parasite population studies (14). Recent advances such as hybrid capture

(15) and selective whole genome amplification (SWGA) mitigate this problem by allowing for
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parasite DNA to be selectively enriched before sequencing (14). Both methods have allowed for
population genomic studies of P. vivax using samples directly from patients.

In this study, we describe the population genomics of P. vivax in Panama over a 12-year
time span, with the aim of understanding patterns of genetic variation and recent shared ancestry
(relatedness) at different geographical and temporal scales. We found most P. vivax cases in
Panama belong to a single highly related lineage that has persisted for at least a decade.
Furthermore, we observed a second smaller clonal lineage concentrated near the Panamanian-
Colombian border. We also found several samples that shared no relatedness with any other
sample, which may represent either localized pockets of outbred P. vivax transmission or
imported cases. Revealing these patterns of relatedness among parasite infections can help
inform best strategies for targeting interventions or case investigation methods to increase the
likelihood of successful elimination. We discuss these findings and their implications for
ongoing elimination efforts of P. vivax in Panama. The results obtained from this study will help

inform future elimination efforts in Panama and the rest of Meso-America.

2.3 Materials and Methods

Ethics Statement

The Research Bioethics Committee (CBI) of the Gorgas Memorial Institute of Health
Studies gave the study ethical approval (Permit: 154/CBI/ICGES/17). Written consent was

obtained from infected patients prior to collecting samples.

Sample Collection

We collected 96 P. vivax samples from infected consenting volunteers identified through

passive or active surveillance by technicians from the Department of Vector Control, Ministry of
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Health (MINSA) of Panama. Two groups of DNA samples from infected patients were used in
this study: 1) 56 DNA samples collected during 2007-2009 and 2) 40 DNA samples collected
during 2017-2019. The 2007-2009 samples were collected as part of an earlier study exploring
the genetic diversity of P. falciparum and P. vivax in Panama (Approved by The National
Committee for Research Bioethics of Panama (CNBI): Permit: 468/CNBI/ICGES/06, PI: José E.
Calzada). The Gorgas Memorial Institutional Animal Use and Care Committee (CIUCAL)
(Permit: 002/CIUCAL-ICCES-2012) approved the use of Aotus P. vivax AMRU-1 and SAL-1
infected blood samples as a source of control DNA. Patient blood samples were collected by
finger-prick with a lancet and spotted into EBF 903 Five Spot Blood Cards (Eastern Business
Forms, INC, SC, USA). The samples were then transported at ambient temperature to the
laboratory and stored at —20°C until processing. Thin and thick blood smears were obtained
from patient samples. The blood smears were stained with Giemsa for percent parasite density
determination, species identification, and stage differential counts. Each volunteer donated ~150

uL of blood.

Information Survey

We collected demographic, geographic, socioeconomic, and epidemiological information
from each study subject using an epidemiological form developed for the Survey123 for ArcGIS

online survey program (Esri, Redlands, CA), as allowed under ethical approval.

Malaria Microscopy

Giemsa stained thick and thin blood smears were examined by light microscopy for
parasite density determinations, Plasmodium species confirmation, and parasite lifecycle stage

count. Parasite densities were calculated by quantifying the number of malaria-infected red
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blood cells (1IRBCs) among 500 — 2000 RBCs on a thin blood smear and expressing the result as

% parasitemia (% parasitemia = parasitized RBCs /total RBCs) x 100).

DNA Extraction

We extracted DNA from the filter paper blood spots using the Chelex method as
described (16) for samples obtained during 2007-2009 and with the Qiagen DNA mini kit for

samples obtained during 2017-2019.

Molecular Confirmation of P. vivax Infection

We confirmed P. vivax infection for all samples collected during 2017-2019 by

amplification of the P. vivax PVX 18SrRNA gene using a qRT-PCR assay as described (17).

Selective Whole Genome Amplification and Sequencing

We carried out DNA pre-amplification as described (14). Briefly, the thermocycler was
preheated to 35°C. We dispensed aliquots of 37ul of Power SYBR Green Master Mix, plus 3ul
phi39 into each PCR tube, next adding DNA, and water to achieve a final volume of 47pl.
Thermocycler settings were as follows: 35°C x 10 min; 34°C x 10 min; 33°C x 10 min; 32°C x
10 min; 31°C x 10 min; 30°C x 16 hours; 65°C x 10 min; and 4 °C for infinity. SWGA reaction
products were diluted with 50 pl of water. We purified 50 ul of the diluted product using 50 pl
AmPURE beads according to the instructions of the manufacturer. We then eluted beads in 30 pl
of water. Approximately 60-120 ng/ul of DNA was obtained after bead purification of the

SWGA reaction. We measured DNA concentration using Nanodrop quantitation.

Whole-Genome Sequencing

We performed whole-genome sequencing (WGS) on all 96 P. vivax samples using

Nextera libraries and an Illumina HiSeq X platform. Sample reads were aligned to the PO1
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reference genome assembly using BWA-MEM, version 0.7 (18). Illumina sequencing reads are
available through the NCBI Sequence Read Archive with BioProject accession numbers

SAMN15722613—-SAMN15722671.

SNP Discovery and Quality Filtering

We marked duplicate reads using the MarkDuplicates tool from Picard tools. We next
performed local realignment around indels using the Genome Analysis Toolkit (GATK)
RealignerTargetCreator and GATK IndelRealigner (GATK Version 3.5.0). We called variants
using GATK HaplotypeCaller using best practices to call and filter single nucleotide
polymporphisms (SNPs) and generate individual variant call files (gVCFs) s for each sample.
We called variants in two batches, one containing samples collected in 2007-2009 and one
containing samples collected in 2017-2019. We performed joint variant calling on the sets
separately using GATK GenotypeGVCFs tool with GATK hard filters, including calls in
subtelomeric regions. The resulting datasets consisted of 56 samples and 407,554 sites for the
2007-2009 samples, and 40 samples and 171,433 variants for the 2017-2019 samples. We
retained samples for analysis if they exhibited a minimum mean read depth of five and had calls
at more than 80% of variant sites in the dataset corresponding to their collection period,
including those in subtelomeric regions. We calculated and evaluated data quality measures
using the VCFtools package and custom R scripts (19). Thirty-five samples from 2007-2009 and
24 samples from 2017-2019 passed these filters and were kept for further analysis.

We next used GenotypeGVCFs tool to construct a joint dataset with the 59 Panamanian
samples plus a collection of previously collected global samples (Bioproject numbers
PRINA240356-PRINA240533 (20) ). The joint dataset contained 168 samples and 2,4250,245

variants. We filtered sites based on quality (GQ > 40), passing VQSR truth sensitivity level of

41



0.99 or greater, missing rate (having a call at that site in > 85% of samples). We also excluded
any sites that were not bi-allelic and indels. The joint dataset generated after filtering contained
168 samples and 62,211 sites.

Lastly, we generated a dataset containing SNPs found jointly in 80% of both the 2007-
2009 and 2017-2019 samples. We also filtered sites in this dataset by excluding non-biallelic
SNPs and based on quality (GQ > 30) and passing GATK filters. The resultant dataset contained
56 samples and 2,335 SNPs for the 2007-2009 samples, and 40 samples and 1,301 SNPs for the
2017-2019 samples. For these samples, we generated a highly filtered variant set containing
biallelic SNPs that passed the GATK filters (GQ > 30, truth sensitivity level > 0.99, Mean DP >
five) and were called in at least 80% of the samples from both time periods (2007-2009; 2017-
2019). Calls from the two sample sets were merged to create a unified dataset of 96 samples and

264 genotyped SNPs.

Determination of Sample Clonality

We estimated sample clonality using the Fys statistic. Fys measures the within-sample
genetic diversity (measured by heterozygosity Hy) relative to the overall population genetic
diversity (Hs) (21). The underlying theory assumes that a monoclonal (single strain) infection has
extremely low genetic diversity relative to overall population genetic diversity. By contrast, a
polyclonal (multiple strain) infection has high diversity relative to overall population diversity
(compared to a monoclonal infection). By estimating the ratio between within-host diversity and
population diversity, we can distinguish between monoclonal and polyclonal infections (21). A
sample with an Fy; statistic of 0.95 or greater (>=0.95) is considered monoclonal. We calculated

Fws using the R package moimix (22).
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Analysis of Recent Common Ancestry

We used hmmIBD (23) to estimate the proportion of sites identical by descent (IBD)
between sample pairs to ascertain recent common ancestry among Panamanian and Colombian
samples collected previously from a global P. vivax population study (20). We estimated minor
allele frequency (MAF) for IBD inference using the genetically distinct Panamanian samples, a
representative sample from each of the two highly related Panamanian clusters, and the
Colombian samples. We included Colombian samples to improve MAF estimation given the
greater genetic diversity of the Colombian parasite population and presumed historical gene flow
with Panama. We subsetted the master dataset file to keep only samples collected in Panama and
Colombia. Sites were excluded sites based on minimum and maximum read depth (five and
thirty respectively) to ensure that we were using only high-quality SNPs. The input dataset for
hmmIBD contained 89 samples (59 Panamanian samples and 30 Colombian samples) and 15,788
variant sites. We then re-formatted the data using a custom perl script for input into hmmIBD
along with the MAF estimates. We conducted analysis and visualization of the hmmIBD output

using custom R scripts.

Analysis of Population Structure

We employed principal components analysis (PCA) and a neighbor-joining tree to study
the population structure of Panamanian samples in the context of the worldwide P. vivax
population (20). We used a strictly filtered SNP set for PCA, keeping only variants with calls in
at least 95% of samples. This input dataset consisted of 168 samples and 2,428 variants. We used
the R package SNPRelate to conduct PCA (24). Covariation within the two clusters heavily
influenced the PCA of all samples, so we also performed PCA using a single consensus sequence

for each cluster.
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We used the R packages ape, StAMPP, pegas, and adegenet, (25-28) to generate the
neighbor-joining tree and genetic distance statistics. First, we calculated Nei’s distance for all
pairwise sample combinations using the master dataset consisting of 168 samples and 62,211
sites to generate a distance matrix. The distance matrix was used to generate a tree. We used the
bootphylo function in the ape package to bootstrap the dataset 100 times to estimate nodal
support. We then visualized the final tree with support values using the FigTree program
(29). We used R software (R version 3.6.1) to carry out statistical analysis and data

visualization.
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2.4 Results

Recent Common Ancestry Analysis Reveals Single Highly Related Lineage of Parasites
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Fig 2.1: Sequencing and Sample Assessment at Variant Sites. A) Distribution of variant site
read coverage for each sample stratified by the collection period. Coverage values > 100 were
censored for visualization purposes. Samples within the red boxes were kept for analysis. B)
Distribution of Fys values for all samples, stratified by the collection period. We interpreted Fys
values > 0.95 as evidence of sample monoclonality.

We successfully generated usable sequencing data from 35/56 (58%) Panamanian P.
vivax samples collected between 2007-2009 and 24/40 (60%) collected between 2017-2019, for a
total of 59 samples (Fig 2.1A). All Panamanian samples had an Fy;s statistic greater than 0.95,

indicating that they were all monoclonal (Fig 2.1B).
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We next analyzed the 59 Panamanian genomes in the context of 109 previously
published P. vivax genomes, generating a filtered dataset consisting of 168 samples and 62,211
high-quality biallelic SNPs.

We used hmmIBD (23) to estimate the proportion of the genome that is identical by
descent (IBD) among Panamanian sample pairs to understand patterns of recent common
ancestry. IBD measures the proportion of the genome between two individuals that was
inherited from a recent common ancestor. Pairwise IBD values closer to 100% indicate very
recent common ancestry. We subsetted the dataset to contain only samples collected in Panama
and Colombia to estimate pairwise IBD. We strictly filtered sites based on minimum and
maximum read depth (five and thirty respectively), resulting in a dataset with 89 samples and
15,788 sites for input into hmmIBD.

We observed a bimodal distribution of pairwise IBD in Panamanian samples, with peaks
near zero and 0.95 (Fig 2.2A). Forty-seven of the 59 Panamanian samples shared high IBD
(>0.875) with each other, indicating very recent common ancestry. Four other Panamanian
samples, all collected in the Kuna Yala Province, shared 100% IBD with each other, and 0-10%
IBD with any other sample, Panamanian or Colombian (Figs 2.2A and 2.2B.). Another four
Panamanian samples exhibited no IBD with each other nor any of the other Panamanian samples.
All four of these samples were collected in the Darien jungle region or Kuna Yala, which are the
two main points of entry for migrants traveling through Panama. These four samples drive the

modal peak of pairwise IBD at zero.
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Fig 2.2: IBD analysis of the Panamanian samples. A) The distribution of pairwise IBD
estimates among the Panamanian samples. IBD values near zero indicate no recent common
ancestry. Values closer to one indicate that the sample pair are clonal or essentially clonal. B)
Depicts heatmap of pairwise IBD values for Panamanian and Colombian samples.

The variable degree of relatedness among the 47 samples sharing > 0.85 IBD suggested
that data quality potentially impacted the estimation of IBD. We plotted the relationship between
IBD and sample quality, measured by the average proportion of high coverage sites in each
sample pair, to determine if pairwise sample data quality affected the estimation of IBD
(Supplemental Figure 2.1). We defined high coverage sites as sites with greater than 5x
coverage (the cutoff for site filtering). We observed that as the average proportion of high
coverage sites for sample pairs increased, pairwise IBD estimates correspondingly increased as
well (Supplemental Figure 2.1). This relationship suggests that poor data quality can lead to

underestimation of IBD. It is possible that the majority of the pairwise IBD estimations would be

closer to one had the overall sample sequence quality been higher. The prevalent highly
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genetically related lineage is referred to henceforth as cluster one (CL1). CL1 samples share an
IBD fraction of at least 0.875 with other samples in this cluster. We also concluded that the four
samples that shared 100% IBD with each other constituted a second completely clonal lineage,
henceforth referred to as cluster two (CL2).

Next, we examined how these two clusters and the other Panamanian samples not
belonging to either lineage were geographically distributed in Panama (Fig. 2.3). Samples from
CL1 were found across Panama. Notably, samples collected from both 2007-2009 and 2017-
2019 were found in this lineage. The inclusion of samples from both collection periods
demonstrates that this lineage has persisted throughout Panama for at least a decade. We did not
find any evidence of structure in the P. vivax population by region or relative to the Panama

Canal, as was previously observed for P. falciparum (4).
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Fig 2.3: Map of Panamanian sample collection sites. Sample colors show which cluster (or
neither) each sample belongs too. Shape indicates the sample collection period. The dotted line
shows the location of the Panama Canal. The Blue Line shows the border of the Comarca Kuna
Yala. The Darien Jungle Region is indicated by the green shaded area.
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We only observed samples belonging to CL2 in a specific locality, Puerto Obaldia, in the
Kuna Yala Amerindian territory (Comarca) along the Atlantic Coast. We lacked geographic
information for one of the four samples in CL2. Additionally, of four samples that shared no
recent common ancestry with any sample in the dataset, three were collected in Darien province,
along the Colombian border and one was collected in Kuna Yala.

After identifying two highly related lineages in Panama, we explored an approach for
determining whether the samples excluded from analysis due to low coverage could belong to
one of these lineages. We identified a set of 264 genotyped SNPs that were called in at least 80%
of samples across both Panama sample collection periods. We then calculated Nei's standard
genetic distance on all pairwise sample comparisons. Most excluded samples across both
collection periods (17/21 and 4/16 for the 2007-2009 and 2017-2019 collection periods
respectively; a total of 21/37 samples) exhibited very low levels (0-1%) of genetic distance with
the CL1 samples and higher genetic distance (0.2-0.25) with the CL2 samples (Supplemental
Figure 2.2). Seven samples in the 2017-2019 collection period had a high proportion of missing
calls for these 264 SNPs, making distance measures uninformative. Three excluded samples
from 2007-2009 collected in the Darien Jungle Region had relatively high genetic distance from
all other samples in the dataset. Two samples from the 2017-2019 collection period exhibit very
low (0-0.1) genetic distance with the CL2 samples, and higher (0.15-0.25) genetic distance with
the CL1 samples. The previously observed sample clustering patterns did not change when

conducting the analysis with the 264 SNPs.
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Exploring the Regional Context of Panamanian P. vivax

We built a neighbor-joining tree using the Panamanian samples plus previously
sequenced samples (20) (Fig 2.4A) to understand the Panamanian P. vivax population in a global
context. As noted in previous studies (20,30), we observed clusters of samples corresponding to
different geographic regions, with a large cluster of Central and South American samples. CL1
and CL2 formed distinct clusters within the Central and South American cluster with 100%
bootstrap support. CL2 is situated in a cluster containing samples from Colombia, with 100%
bootstrap support at deep nodes. While these four samples are clustered together with 100%
support and exhibit short branch length, a long branch connects them to the rest of the

Colombian cluster. The Panamanian samples that shared little IBD with either cluster also
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Fig 2.4: Population Structure. A) Neighbor-joining tree for all samples worldwide. Node
symbols denote support values: circles indicate 100% support, triangles indicate > 50% support.
Branch color indicates the country of collection for each sample. Panamanian samples with
travel history are noted with the colored stars. B) PCA of Central and South American samples.
Circle color indicates country of collection. Consensus sequences for cluster one and cluster two
are noted as a square and triangle respectively. Panamanian samples with travel history are
annotated.
grouped with the Colombian samples. These samples appear to share distant ancestry with each
other and the rest of the Colombian samples. The samples also formed their own sub-cluster
within the Colombian cluster.

PCA conducted with worldwide samples showed tight clustering of all Central and South
American samples, with only one Panamanian sample falling outside this Central and South
American cluster (Supplemental Figure 2.3) PCA restricted to the samples collected from

Central and South America is heavily influenced by covariation among samples within the two

clusters (Supplemental Figure 2.4). PCA performed with a single consensus sequence
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representing each cluster revealed CL1 clusters with samples from Peru and Brazil and CL2
clusters with the Colombian samples (Fig 2.4B). All four outbred Panamanian samples that
shared no recent ancestry with the other samples also clustered with the Colombian

samples. Principal component one differentiated CL1 and samples from Brazil and Peru from

CL2 and the rest of the Central and South American samples.

Genomic Data Are Concordant With Travel History in Three Out of Four Cases

Four of the 59 samples had travel history data associated with them. All of these samples
with travel history data were collected during the 2007-2009 period. Travel history information
suggested that two samples were originally from Brazil, one sample from India, and one sample
from China. The two samples with Brazilian travel history fell within the Brazilian cluster on the
NIJ tree and clustered with Brazilian samples on PCA (Fig 2.2A and 2.2B). The one sample with
Indian travel history grouped with the other Indian samples on the NJ tree, and clustered with the
other Indian samples via PCA as well (Fig 2.2A and Supplemental Figure 2.4) This sample
was the only one collected in Panama to fall outside of the Central and South American cluster in
the PCA with the worldwide sample set. For the two samples with Brazilian travel history and
one sample with Indian travel history, genomic data supported the same country of origin as the
travel history information.

The sample with Chinese travel history had a discrepancy between the region of origin
suggested by its travel history information and its genomic data. This sample clusters with the
Central and South American samples on the worldwide PCA instead of with the samples from
China. This sample clustered with the Colombian samples in the PCA conducted with only the

Central and South American samples (Fig 2.4B). Similarly, on the NJ tree, this sample fell
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within the Colombian cluster with 100% bootstrap support along with the four Panamanian

samples that shared zero IBD with other Panamanian samples in the dataset.

2.5 Discussion

Panama is on the cusp of eliminating malaria after several decades of intervention (5).
We found extremely high clonality in the Panamanian P. vivax population, observing that the
majority of the successfully sequenced samples (47/59) belonged to a single highly related
lineage, CL1. CL1 has persisted throughout Panama for at least a decade, despite ongoing
elimination efforts. Sample contamination could not explain this pattern as samples were
collected in two collection periods 10 years apart and extracted, amplified, and sequenced
separately. Our study suggests that the Panamanian P. vivax population has been through a
strong bottleneck due to reduced transmission, resulting in the majority of the population
belonging to a single highly related lineage. Similar reductions in clonal diversity of P. vivax
populations have been observed elsewhere. For example, a study investigating the relationship
between P. vivax transmission intensity and genetic diversity in Malaysia (31) documented that
when there is a decline in parasite transmission, there is an increase in the clonal composition of
the population. Several studies of P. falciparum genetic diversity and transmission intensity
from Senegal (32), Thailand (33,34), and Colombia (34) have also noted the same relationship.
Furthermore, there is evidence of persistence and transmission of P. vivax clonal lineages in
Malaysia (31), and P. falciparum clonal lineages in Colombia (35), Ecuador (36), and Haiti (37).
Our study demonstrates a similar relationship in Panama between low transmission and
extremely low genetic diversity of the P. vivax population. Almost all CL1 samples (46/47) share
IBD > 0.95 with at least one other CL1 sample, suggesting a substantial fraction of this

population is clonal. Several previous studies found that the Central and South American P.
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vivax populations are distinct from each other (20,30,38). A previous study suggested this
population structure is due to multiple founding events after likely European introduction (39).
This structure could also be due to genetic drift since founding. However, the Panamanian P.
vivax population has been through too severe of a bottleneck to help clarify historical causes of
this population structure with the present data. Both scenarios point to the need for further
longitudinal genomic studies of Plasmodium parasites to better understand population dynamics
over space and time.

Previous studies have indicated that Panama has focal transmission in indigenous regions
(Comarcas) (5,6,11). Malaria transmission in Panama is increasingly concentrated in the
Comarcas, with the proportion of total malaria cases in Panama reported from the Comarcas
rising from 41.8% in 2005 to 90% in 2019 (40). Prior work shows that low transmission can
lead to an increase in clonal population structure (33). The finding that CL1 is distributed
ubiquitously throughout Panama is unexpected given the concentration of the malaria epidemic
within spatially separated regions of the country. The geographic distribution of CL1 suggests
that parasites have historically moved throughout the country, founding new populations, or
supplanting small existing ones. Case investigations and understanding human movement
patterns throughout Panama will be critical to achieving elimination.

This study had some limitations. We were unable to generate high-quality sequencing
data from ~40% of the samples. Factors such as differences in DNA extraction techniques used
for the two sample collection periods or length of storage of the samples could have affected
DNA vyield and/or molecular weight, impacting SWGA. Some samples may have had lower
coverage due to lower parasitemia. Dissimilarities in coverage between the early and late sample

batches could be due to technical factors such as different flowcell loading. We did not find an
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association between coverage and geographic location. Low sequencing coverage for some
samples may have limited the sensitivity of the Fys statistic to detect polyclonal infections.
However, we used a filtered dataset of SNPs for Fy; calculation that had a minimum of coverage
of 5x and a maximum coverage of 30x to minimize bias from coverage. We also used a small set
of 264 SNPs that were called in ~80% of samples to calculate Nei’s standard genetic distance to
determine if the excluded samples were genetically distant from CL1 or CL2. We found that the
majority of the excluded samples were genetically similar to CL1 (Supplemental Figure 2.2).
This result indicates that our assessment of relatedness within the Panamanian P. vivax
population is not biased by parasitemia or other factors that could have affected sequencing
success. This finding also suggests that we did not miss additional genetically distinct circulating
Panamanian P. vivax strains and thus did not bias our analysis by excluding these samples.
Additionally, all samples that did yield usable sequence data were distributed across almost all
localities across Panama. The exception to this was a group of samples collected near the
Panamanian-Costa-Rican border from which we were unable to generate usable sequence data.
However, most ongoing malaria transmission in Panama occurs East of the Panama Canal, where
most of the samples that generated usable sequencing data were collected (6,11). Due to the
geographic sampling coverage of regions with ongoing malaria transmission, we believe these
data are reflective of the current state of the Panamanian P. vivax population. We also lacked
geographic collection data for two of the successfully sequenced samples, and they were
excluded from the geographic analysis. The lack of geographical data is unlikely to bias our
conclusions since these samples came from both different collection periods and regions. The

two samples also constitute a small proportion of samples in the final dataset.
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Genomic epidemiology can help to support malaria elimination efforts in Panama in
multiple ways. First, genomic data can help identify genetically distinct cases that may be
imported. Panama sits at the crux of migration paths to the United States, and it is possible that
genetically distinct samples collected in Panama represent imported cases. Integrating travel
history information with genomic data can help solidify the identification of imported cases.
Four samples had patient travel history information, and genomic data supported the presumed
country of origin for three of them. The fourth sample was collected from a subject with travel
history from China. However, it clustered with Colombian samples on the NJ tree and the PCA,
suggesting the infection was likely acquired somewhere in Central or South America, rather than
China. Relapsing P. vivax infections resulting from dormant hypnozoites could complicate
reconciliation of travel history with genomic data if infections were acquired months previously.
Further development of tools using a benchmarked set of markers, such as SNP barcodes
(41,42), for each P. vivax endemic country would help to identify parasite country of origin
solely using genomic data.

Second, genomic data will be critical to determine if imported parasites are contributing
to local transmission and/or admixing with the local parasite population. For example, we did not
observe evidence of admixture between the imported samples from India and Brazil and the
samples that comprise CL1, or evidence of onward clonal transmission of the imported samples.
Our data cannot distinguish whether CL2 is a native Panamanian parasite lineage or if it has been
imported from Colombia. However, the four CL2 samples displayed a genomic and
epidemiological pattern consistent with recent local transmission, as all CL2 samples are

virtually identical and were collected from the same municipality in 2019.

56



Overall, the existence of one main parasite genetic lineage exhibiting no recent evidence
of outcrossing with imported infections suggests that Panama is ripe for the elimination of P.
vivax. While case importation remains a threat, the lack of evidence of outcrossing suggests it
may not be sufficient to prevent elimination under present circumstances. The potential for
genomic data to identify imported cases in Panama will be improved by collecting genomic data
from other countries in the region as a population genomics reference. Ongoing genomic
surveillance paired with case containment efforts will also be needed to mitigate the risk of
outbreaks resulting from imported cases and prevent reversal of the impressive progress that has

been recently made towards malaria elimination in Panama.
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Chapter 3: Comparative Plasmodium Selection Scans Identify P.
vivax Drug Resistance Candidates Under Likely Antimalarial
Driven Selection
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3.1 Abstract

P. falciparum and P. vivax have been exposed to chemical compounds for more than a
hundred years. There are several validated drug resistance genes in P. falciparum, and even more
candidate loci. However, despite clear evidence of clinical drug resistance to chloroquine (CQ)
in P. vivax, there is only one validated drug resistance gene (pvdhfr), and only a few candidate
drug resistance genes mostly based on them being orthologs of P. falciparum drug resistance
genes. Finding P. vivax drug resistance molecular mechanisms and markers is important to
understand and track the development of drug resistance in this species. Plasmodium knowlesi 1s
a closely related parasite to P. vivax, can infect humans and apes. However, P. knowlesi is
thought to not transmit onward from infected humans. Therefore, P. knowlesi has only recently
been exposed to anti-malarial drugs, and its genome should not exhibit signs of selection due to
pressure from these drugs. I compared the DoS, 1HS, and Fsr statistics (see definitions below) for
all 1:1 orthologs in both species to identify a set of putative drug resistance loci in P. vivax to
prioritize for validation in the P. knowlesi model system to test if they mediate drug resistance. |
found that the P. vivax orthologs of P. falciparum drug resistance displayed signals of selection
in several populations. I also compared signals in a set of genes that encode transporters but
found no different in selection signals. I highlight drug resistance orthologs and transporter gene
outliers from each test. I discuss plans to validate one drug resistance ortholog outlier, pvpm4, an

ortholog of the P. falciparum plasmepsinll/Ill, genes in a P. knowlesi model system.

62



3.2 Introduction

The parasites Plasmodium vivax and Plasmodium falciparum cause the majority of
human malaria cases!. Both species have been treated with antimalarial drugs for more than a
hundred years'. However, resistance to antimalarials subsequently emerged in both species and
continues to threaten ongoing malaria control and elimination efforts!. The molecular basis of P.
falciparum drug resistance is well understood, with several validated drug resistance genes and
even more candidate resistance loci!. There is comparatively limited knowledge of the molecular
basis of P. vivax drug resistance, despite this species co-occurring with P. falciparum and
subsequently being exposed to the same antimalarial compounds for hundreds of years®>. P.
vivax clinical resistance to chloroquine is well-documented®®. There is also evidence of P. vivax

resistance to several other antimalarial compounds?>~’

. However, P. vivax genes that cause
chloroquine resistance and possible resistance to other antimalarials have not yet been firmly
identified and validated. Identification of the molecular changes in P. vivax genes that lead to
drug resistance is urgently needed to both understand the molecular basis of drug resistance and
track its spread using genomic surveillance. Mutations in pvdhfir-ts are the only validated
molecular markers of P. vivax drug resistance>®. Beyond pvdhfi-ts, there are only a handful of
candidate drug resistance loci: pvmdrl, pvert, and pymrp 16,

Sulfadoxine-pyrimethamine plus (SP) has never been recommended for the treatment of
P. vivax®. However, pvdhfr-ts mutations found in P. vivax populations in Papua New Guinea
have been validated in a yeast model system to cause pyrimethamine resistance and were
associated with SP treatment failure in patients®>®°. P. vivax and P. falciparum are co-endemic in
Papua New Guinea. Pyrimethamine-resistant pvdhfr alleles are evidence that antimalarials used

to treat P. falciparum can select for P. vivax resistance variants, even if that drug is not used to

directly treat P. vivax>®®. There is further evidence of co-selection for SP-resistant P. vivax in
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India, where a higher frequency of resistant pvdhfr-ts alleles is observed in regions where P.
vivax is co-endemic with P. falciparum*'°, Conversely, a lower frequency of resistant pvdhfi-ts
alleles is observed in regions of India where P. vivax is the sole malaria-causing parasite®!°,
Chloroquine (CQ) and primaquine (PQ) remain the standard P. vivax treatment in most regions
except Papua New Guinea, Malaysia, and Oceania!!. These regions have high-grade CQ-
resistance (CQR) and use artemisinin combination therapies (ACTs) to treat P. vivax infections,
specifically dihydroartemisinin (DHA) plus piperaquine (PIP) or artemether (AM) plus
lumefantrine (LUM)!2, Identifying the P. vivax genes involved in resistance to antimalarial drugs
will be critical to ensure effective P. vivax malaria treatment recommendations.

The discrepancy in understanding of drug resistance between P. falciparum and P. vivax
stems in part from the lack of a continuous in vitro culture system for P. vivax®. The lack of a
continuous in vitro P. vivax culture system makes it challenging to interrogate candidate drug
resistance variants in vitro for molecular validation®. Furthermore, differences in life cycles
between P. vivax and P. falciparum can complicate the detection of true P. vivax drug resistance.
P. vivax liver sporozoites can develop into hypnozoites, which can remain dormant for months to
years'!. When hypnozoites become active, they develop into merozoites and continue the
infection cycle again. Hypnozoites can currently only be treated with the drugs primaquine (PQ)
and tafenoquine (TQ). Relapsing parasites emerging from the hypnozoite stage can make it
difficult to determine if persistent infection after treatment is due to resistance, relapse (caused
by liver-stage hypnozoites maturing into merozoites), or reinfection by a new strain'3.

Prior studies using population genomic approaches to link P. vivax polymorphisms with
drug resistance”'4"!°. The discrepancy between studies is likely due to complications with

defining true P. vivax drug resistance due to its life cycle and difficulties sequencing parasites
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from clinical isolates®!3. Alternative approaches using comparative genomics in conjunction
with population genomics could help identify and prioritize candidate P. vivax drug resistance
genes. Comparative genomic studies use genomic information across species to understand
conserved biological processes. Plasmodium parasite comparative genomic studies have
identified possible drug and vaccine targets, the expansion of multi-gene families that may play a
role in host adaptation or immune evasion and answered questions about the basic biology of
these parasites?*22. Comparative population genomic analyses combine divergence-based
methods of detecting selection with within-species polymorphism data?>. Combining divergence
and polymorphism datasets has been used to identify loci under strong purifying and recent
selection within species and identify how different environmental selection pressures affect
evolution between species®>?*. The rapid generation of Plasmodium population genomics data
from other members of the Plasmodium genus, besides P. falciparum and P. vivax, presents an
opportunity to conduct novel population-level polymorphism/divergence analyses. Particularly,
identifying loci that are under selection in one species and not in another could highlight genes
under differential environmental pressures. Environmental pressures that differ between species
include the pressure of antimalarial drugs, host immune pressure, and adaptation to different
mosquito vectors. Genes that may be under environmental-specific pressures that differ between
species could be genes that play key roles in drug resistance, immune invasion, host-specific
virulence factors, and vector competence. For unculturable pathogens like P. vivax, choosing
candidate genes to prioritize research focus can be risky, given the cost and time needed to
characterize that gene in a model system. Comparative selection scans can help prioritize genes

under selection only in P. vivax for functional characterization in vitro.
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P. knowlesi 1s a closely related parasite to P. vivax, which primarily infects long-tailed
and pig-tailed macaques but can also infect humans®>~2°. P. knowlesi has likely also been
exposed to antimalarial compounds, but since it is thought to not transmit onward from infected
humans, its genome should not exhibit signs of selection from antimalarial compounds?>->%3!. We
hypothesized that comparing signals of evolution between P. vivax and P. knowlesi could help
identify candidate drug resistance loci in P. vivax. P. vivax genes with a signal of selection only
in P. vivax populations, and not in their P. knowlesi orthologs, are under selection pressures
unique to P. vivax. Antimalarial drug pressure is one of the unique selection pressures acting on
P. vivax populations. If that same gene is only under selection in P. vivax populations and is also
expressed in the blood stage, which most antimalarials target, it could be a candidate drug
resistance gene. Genes under selection uniquely in P. vivax populations that are orthologs of
known P. falciparum drug resistance genes are also compelling P. vivax drug resistance
candidates.

In this study, we present a framework for conducting comparative selection scans
between two Plasmodium species. We use that approach to identify genes under P. vivax-specific
selection pressures, with a focus on genes that possibly mediate P. vivax drug resistance. We
used existing P. vivax and P. knowlesi population genomic datasets to conduct comparative
selection scans using three different tests of selection: Direction of Selection (DoS)*, the
integrated Haplotype Score (iHS)*-4, and the Fixation Index (Fst)*. These three tests each
measure selection using different signals from divergence/polymorphism data. We then
identified which P. vivax orthologs of known P. falciparum drug resistance and P. vivax
transporter genes were outliers in these tests, and not under selection in the P. knowlesi

population. We examine how comparative selection scans can prioritize P. vivax drug resistance
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candidates for in vitro characterization in heterologous model systems. We also discuss how this
approach can be applied to other datasets or used to prioritize genes that may mediate other
phenotypes for in vitro characterization. Lastly, we highlight plans to characterize one of the P.
vivax candidate drug resistance genes, pvpm4, which encodes an aspartic protease in the

digestive vacuole of the parasite, using a P. knowlesi model system.

3.3 Methods

Data

P. vivax data were accessed from the NCBI Sequencing Read Archive with the following
accession numbers from Hupalo et al, 20163¢: PRINA240356 — PRINA240533. We also
accessed P. vivax samples from the European Nucleotide Archive using accession numbers from
Pearson et al, 20167, 37 P. knowlesi samples were accessed from the European Nucleotide

Archive from Assefa et al, 20152 using accession numbers SAMEA3503891- SAMEA3503927.

Candidate List Selection

We identified P. vivax orthologs of known P. falciparum drug resistance genes with the
“transform by orthology” function on the PlasmoDB database

(https://plasmodb.org/plasmo/app)*®. We also sought to identify P. vivax transporter genes,

since transporters play a role in drug resistance in many pathogens®***?. We identified P. vivax
transporter genes using the “search by GO term” tool on the PlasmoDB web server and the GO
term for transport activity (GO:0005215), which resulted in an initial list of 106 genes. We then
identified which transporters were expressed in the blood stage of the parasite by downloading
the transcriptomics expression data from Zhu et al, 2016 from PlasmoDB*. We used a custom
script to identify which genes were expressed during the intraerythrocytic developmental cycle

(IDC) by identifying which genes had expression values above or below the median expression
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value at each time point. Genes above the median were classified as expressed, and ones below
the median were classified as not expressed. If the gene was expressed at any point during the
IDC, it was included for further analysis. After this filtering step, we were left with a final list of

81 transporter genes.

Genome Alignment, Variant Calling, and Sample Filtering:

P. vivax sample reads were aligned to the P. vivax P01 reference genome assembly using
BWA-MEM, version 0.7*%. P. knowlesi sample reads were aligned to the P. knowlesi PKH
reference genome assembly*®. We marked duplicate reads using the MarkDuplicates tool from
Picard tools.*” We next performed local realignment around indels using the Genome Analysis
Toolkit (GATK) RealignerTargetCreator and GATK IndelRealigner (GATK Version 3.5.0)*.
We called variants using GATK HaplotypeCaller using best practices to call and filter SNPs and
generate gVCFs for each sample. We performed joint variant calling on the collections of P.
vivax and P. knowlesi gVCFs separately using the GATK GenotypeGVCFs tool with GATK
hard filters, including calls in subtelomeric regions. We then used the GenotypeGVCFs tool to
construct a joint VCF with all samples.

We excluded samples from the analysis if they either missed a high proportion of
genotype calls, were polyclonal, or were highly related. We calculated the percentage of sites not
called in each sample out of the entire set of variants in accessible regions. Samples missing
more than 50% of calls were excluded from further analysis (n=204/745).

Next, we estimated sample clonality using the Fys statistic. Fws measures the within-
sample genetic diversity (measured by heterozygosity Hy) relative to the overall population
genetic diversity (Hs)*. The theory behind Fys assumes that a monoclonal (single strain)

infection has extremely low genetic diversity relative to population genetic diversity. Polyclonal
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(multiple strain) infections have high diversity relative to population diversity (compared to a
monoclonal infection). We can distinguish between monoclonal and polyclonal infections by
estimating the ratio between within-host diversity and population diversity*’. A sample with an
Fus statistic of 0.95 or greater (>=0.95) is considered monoclonal. We calculated Fys using the R
package moimix40 for all P. vivax and P. knowlesi samples. Polyclonal samples (n=228/745)
were excluded from further analysis.

Finally, we excluded samples that were highly related. We used hmmIBD?° to estimate
the proportion of sites identical by descent (IBD) between sample pairs in each of the
populations. We estimated minor allele frequency (MAF) in each population. Next, we subsetted
the master VCF file into sub-VCFs for each sample population. Sites were excluded based on
the minimum and maximum read depth (five and thirty respectively) to ensure that we were
using only high-quality SNPs. Each VCF was re-formatted using a custom Perl script for input
into hmmIBD. We conducted analysis and visualization of the hmmIBD output using custom R
scripts. Samples with high IBD (IBD > 0.75) were excluded from further analysis (n=46/745).

We excluded 478 out of 745 samples from the dataset after the sample filtering steps. We
filtered out low-quality sites in the remaining 267 P. vivax samples to ensure a set of trustworthy
data to conduct the selection scans. We filtered to keep all biallelic SNPs with a QUAL score of
at least 30 and were missing in no more than 25% of the samples in that population. The joint
VCEF after these filtering steps contained 267 samples and 2,361,838 variants.

P. knowlesi sample alignment, variant calling, and filtering followed the same procedure
as above. We used the 37 P. knowlesi samples from cluster one as determined in Assefa et al,

2015%°. No P. knowlesi samples were excluded based on missingness, or high relatedness. Eight
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P. knowlesi samples (8/37) were excluded for being polyclonal. After filtering out low-quality

sites, we were left with a final dataset of 29 samples and 1,903,33 1sites.

Direction of Selection Test Calculation

We performed the direction of selection (DoS) test using the method outlined by
Stoletzki and Eyre-Walker?2. If brief, this method compares between-species divergence
(nonsynonymous (Dn) or synonymous (Ds) divergence) to within-species polymorphism
(nonsynonymous (Pn) or synonymous (Ps) polymorphism). The DoS statistic can be used to look
for outliers to assess if a gene is A) under selection, and B) if so, under purifying selection or
adaptive evolution. The formula for calculating DoS is Dn/(Dn+Ds)- Pn/(Pn+Ps). Negative DoS
statistics can indicate either balancing selection or weakened purifying selection. DoS statistics
near zero imply no selection acting on that gene. Positive DoS statistics indicate positive
selection that has fixed adaptive substitutions in that gene.

We calculated the DoS statistic using a custom Python script that counted the number of
synonymous and nonsynonymous substitutions between P. vivax and P. inui, and P. knowlesi
and P. inui. The script also counted the number of nonsynonymous and synonymous
polymorphisms in each species. The script then calculated the DoS statistic after counting Dn,
Ds, Pn, and Ps. Genes with both Pn, and Ps counts less than three were excluded from the

analysis.

Fsrt Calculation

We used VCFtools®' to calculate Fst using the Weir and Cockerham method® in one
kilobase (kb) non-overlapping sliding windows for each population or population pairwise

comparison. We then used a custom Python script to annotate these one kb windows for the
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genes that fell within them to use for further analysis. Windows with fewer than five SNPs were

excluded from the analysis.

Integrated Haplotype Score

We used the R package rehh’? to calculate the integrated haplotype score (iHS) for each
population. We only used monoclonal samples in our analysis and could therefore assume that
our samples were phased. We used the consensus allele across all genomes in each of the
respective P. vivax and P. knowlesi datasets as the ancestral allele and used that to calculate iHS
across the genome using the ihh2ihs function. This approach followed the methods used by
Hocking et al and Assefa el al>>%, We then used a custom script to annotate the iHS output with

gene location information for each species.

Statistical Data Analysis and Visualization

All data analysis and visualizations were conducted using R software (Version 4.1). We
tested the hypothesis that the set of drug resistance genes or transporter genes had mean test
statistics significantly different from the rest of the population using a bootstrapping approach.
We randomly selected a set of genes (either 10 or 81 if the sample set was the drug resistance
orthologs or transporter genes respectively) from the population with replacement 10,000 times.
We then calculated a p-value for each set of genes in each test of selection by counting the
number of occurrences, where a draw had a mean test statistic for that test greater than the mean
test statistic for either the set of drug resistance orthologs or transporter genes divided by the
number of draws (n=10,000). We considered p-values below 0.01 significant. Data visualization

was conducted using the ggplot23* and ggrepel packages.

71



3.4 Results:

Variant Calling and Sample Filtering

The initial P. vivax dataset contained parasite samples from six major geographic regions:
Papua New Guinea (PNG), the Greater Mekong Subregion plus China (GMS plus China),
Ethiopia, the Peruvian/Brazilian Amazon (Peru/Brazil), Colombia, and India. We used publicly
available sequencing data from Assefa et al. to generate the P. knowlesi dataset?>. The Assefa et
al. study sequenced 48 clinical P. knowlesi isolates and five laboratory P. knowlesi strains for a
total of 53 samples®’. They identified deep population substructure in the P. knowlesi population,
with the 53 isolates belonging to three distinct clusters?. We selected samples that were
members of P. knowlesi cluster one, as described in Assefa et al, because population substructure
can confound calculation and interpretation of test statistics for the selection scans, and because
it was the cluster with the largest number of samples (n=37/53)?. P. vivax and P. knowlesi
sequences were aligned to the PO1 and PKH reference genomes, respectively. Samples missing
more than 50% of calls were excluded from the analysis (n=204/745). We used the Fys statistic
to assess sample clonality and excluded P. vivax samples (n=228/745) and P. knowlesi samples
(n=8/37) that were polyclonal from further analysis. Polyclonal samples could confound the
selection scans by either affecting polymorphism counts or improperly phased sample
haplotypes, which would affect the calculation of iHS statistics. Highly related samples were
also excluded from analysis, as high relatedness between samples could lead to erroneous signals
of selection by over-representing certain alleles or haplotypes. Pairwise IBD for all samples was
measured using the hmmIBD program in each of the P. vivax populations and the P. knowlesi
population. Samples were defined as highly related if they had a pairwise comparison, where the
fraction of sites identical by descent was greater than 0.75. This cutoff was based on the

distribution of pairwise IBD values in all populations (Supplemental Figure 3.1). We selected

72



the sample with the lowest percentage of missing calls in each highly related sample cluster or
pair as the representative sample to be included for further analysis. The remaining samples from
that cluster or pair were excluded from further analysis (n=46/745). Sample filtering steps are

summarized in Supplemental Figure 3.2.

LUM AM

X X [X X
X X [X X

Figure 3.1: Map of Drug Exposure for the P. vivax populations. Drug abbreviations are as
follows: Chloroquine (CQ), Quinine (QN), Amodiaquine (AQ), Lumefantrine (LMF),
Halofantrine (HL), Pyronaridine (PYN), Sulfadoxine-Pyrimethamine (SP), Mefloquine (MQ),
Piperaquine (PIP), Artemether (AM), Dihydroartemisinin (DHA), Artesunate (AS), Artemisinin
( ART)55765'

There were fewer than ten Indian P. vivax population samples after sample filtering,
which would limit the power to detect selection due to a lack of sufficient polymorphism in that

population. Subsequently, all Indian P. vivax samples were excluded from analysis because of

the low sampling depth in that population. We proceeded with the analysis with 29 P. knowlesi
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samples and 267 samples from five separate P. vivax populations: PNG (n=16), GMS plus China
(n=45), Ethiopia (n=14), the Peruvian/Brazilian Amazon (n=169), and Colombia (n=23) (Figure

3.1).

Candidate P. vivax Drug Resistance Genes Have Been Subjected to Heterogeneous Pressure
from Antimalarials.

We compiled a list of candidate P. vivax drug resistance genes before computing
genome-wide selection statistics. P. vivax genes that are orthologs of P. falciparum genes that
mediate P. falciparum drug resistance were selected as one set of orthologous candidate drug
resistance genes to investigate (Table 3.1). Co-endemic P. falciparum populations have been
exposed to multiple sources of pressure stemming from different antimalarial treatment
regimens. By contrast, chloroquine (CQ) plus primaquine (PQ) is the standard treatment for P.
vivax in most countries, (Fig. 3.1)%75°,

P. vivax is also exposed to this diverse set of antimalarial drugs, which could select for
drug resistance-causing variants (Fig. 3.1). The list of candidate genes and compounds to which

they confer resistance in P. falciparum is displayed in Table 3.1%6-84,

Table 3.1: List of P. vivax candidate Drug Resistance Genes

P. vivax Gene | P. falciparum Ortholog | Compounds gene provides resistance to in P.
falciparum

pvmdrl pfmdrl CQ, AQ, QN, LUM, HL

pvcrt pfcrt CQ, AQ, PYN, QN, LUM, HL

pvdhfr pfdhfr PYR

pvdhps pfdhps SX

pvpm4 pfpmil/pfpmlIIl PIP

pvkelchl3 pfkelchl3 AM, ART, AS DHA
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Table 3.1 (Continued): List of P. vivax candidate Drug Resistance Genes

pvmdr2 pfmdr?2 PYR

pvmrp2 pfmrp2 CQ, MQ, QUIN
pvaatl pfaatl CQ

pvdmtl pfdmtl QN

The full list of the P. vivax candidate drug resistance genes. Drug abbreviations are as follows:
chloroquine (CQ), quinine (QN), amodiaquine (AQ), lumefantrine (LMF), halofantrine (HL),
pyronaridine (PYN). pyrimethamine (PYR), sulfadoxine (SX), mefloquine (MQ), piperaquine
(PIP), artemether (AM), dihydroartemisinin (DHA), artesunate (AS), artemisinin (ART).

P. vivax and P. falciparum have several biological differences®. The genes that mediate
drug resistance in P. vivax may be different from the genes that mediate drug resistance in P.
falciparum. Transporter genes play a role in drug resistance in many pathogens*~#2. Therefore,
genes that encode transporters could be compelling P. vivax resistance candidates. We identified
a list of genes that encode transporters by searching for genes that were annotated with the Gene
Ontology term for transporter (GO:0005215) and filtered out genes that were not expressed in
blood-stage parasites. 81 P. vivax genes that encode transporters passed this filtering criterion
and were included as candidate genes to investigate if they are under differential selection
pressure between P. vivax and P. knowlesi. (Supplemental Table 3.1). While many of these
transporters currently have no evidence of mediating drug resistance in P. falciparum, they may

mediate drug resistance in P. vivax.

Selection Scans

We next performed two tests of selection to identify genes under differential selection
between P. vivax and P. knowlesi, and one test of selection in just the P. vivax population to

identify genes under heterogeneous selection pressures.

75



DoS Highlights Drug Resistance Candidates and Transporter Genes with Evidence of Balancing
Selection in P. vivax

Comparing the amount of nonsynonymous divergence (Dn) and synonymous divergence
(Ds) between species to the amount of nonsynonymous polymorphism (Px) and synonymous
polymorphism (Ps) within species is a well-established method of identifying genes under
selection3>8687 The McDonald-Krietman test (MK test), the Neutrality Index (NI), and
Direction of Selection (DoS) are commonly applied tests that use divergence and polymorphism
data to detect selection’?8637. We chose Plasmodium inui, a closely related species to P. vivax
and P. knowlesi, as the outgroup to measure Dn and Ds for both species. P. vivax displays
slightly lower counts of Dn and Ds between itself and P. inui, compared to the Dn and Ds counts
between P. knowlesi and P. inui (Fig. 3.2A). While P. inui is situated at a similar evolutionary
distance from both P. vivax and P. knowlesi, these distances are not the same, and could explain
the slight increase in substitution counts for P. knowlesi.3® There are lower nonsynonymous and
synonymous polymorphism counts in P. vivax genes compared to their P. knowlesi orthologs
(Fig. 3.2A). The observation, coupled with fewer P. knowlesi sequences (n=29) than P. vivax
sequences (n=267) in the dataset, suggests that P. knowlesi has a much larger effective
population size (N¢) than P. vivax. The higher polymorphism counts in P. knowlesi genes limit
the comparative utility of ratio-based tests, because they have more power to detect selection in
P. knowlesi genes compared to P. vivax genes. We instead used the DoS statistic because DoS is

not a ratio of ratios. Therefore, the DoS statistic, unlike estimating the NI or performing the MK
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test, is less prone to bias when one of the counts (D, Ds, P, Ps) is small*2. The DoS Statistic is

calculated using the following formula: Dn/(Dn+Ds)- Pn/(Pn+Ps).
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Figure 3.2: Divergence, Polymorphisms, and DoS scores for P. vivax vs. P. knowlesi. 2A
Displays Dn, Ds, Px, and Ps for P. vivax plotted versus P. knowlesi. 2B and 2C display DoS
scores for each of the 4104 P. vivax genes and their P. knowlesi orthologs. 2B highlights and
labels the set of candidate drug resistance genes in blue and transporter genes in red. Drug
resistance orthologs and transporter genes in the top 10% or bottom 5% of DoS statistics in P.
vivax and were between the bottom 5% and top 5% of DoS statistics in P. knowlesi, are labeled.

DoS compares the proportion of nonsynonymous divergence (Dn/Dn+Ds) to the
proportion of nonsynonymous polymorphism (Pn/Pn+Ps). DoS statistics range from negative one
to one. A positive DoS statistic indicates adaptive substitution has fixed advantageous

nonsynonymous variants in a gene®?. A DoS statistic near zero suggests there is no selection
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pressure acting on that gene®2. A negative DoS statistic possibly indicates either weakened
purifying selection or balancing selection®?. Negative DoS statistics result from the higher
proportion of P out 0f total polymorphism counts relative to the proportion of Dy out of total
divergent substitution counts. The increased proportion of Pnis evidence of either weakened
purifying selection, which is not effectively removing slightly deleterious mutations from the
population, or balancing selection, which maintains higher frequencies of nonsynonymous
variants than expected via genetic drift*2. Negative DoS statistics could indicate balancing
selection that is acting on drug resistance variants and maintaining them in the population, along
with the wild-type allele.

We pooled polymorphism data for all five P. vivax subpopulations to calculate DoS
statistics for each gene in the global P. vivax population. We plotted the DoS statistics for each
P. vivax gene against its P. knowlesi ortholog (n=4104 genes) in Figure 3.2B. The distribution of
DoS statistics in P. vivax is centered slightly below zero, with a mean DoS statistic of -0.10 and a
standard deviation of & 0.18. The smaller N of P. vivax relative to the Ne of P. knowlesi could
lead to less efficient purifying selection and explain the negative mean DoS statistic for the
population. The P. knowlesi DoS statistic distribution is centered slightly above zero, with a
mean DoS statistic of 0.085 and a standard deviation of & 0.12. The positive skew of the P.
knowlesi DoS distribution is driven by the higher proportion of Dy among substitution counts in
most genes, relative to the higher proportion of Py among polymorphism counts. There was no
significant difference in the DoS distribution between P. vivax and P. knowlesi (p=0.73,
Kruskal-Wallis test). Divergence and polymorphism counts for all drug resistance orthologs
and transporter genes for both P. vivax and P. knowlesi are displayed in Supplemental Table

3.2
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We identified drug resistance candidate genes with outlier DoS statistics in either tail of
the DoS distribution of the global P. vivax population, and DoS statistics close to zero in P.
knowlesi populations (Figure 3.2B). The mean DoS statistic of the drug resistance candidates did
not significantly differ from the population mean in either P. vivax (p= 0.44, bootstrap analysis)
or P. knowlesi (p=0.15, bootstrap analysis). The mean DoS of drug resistance orthologs in the
P. vivax population was negative (mean = -0.14), while the mean DoS statistic in the P. knowlesi
population was positive (mean=0.13). However, two drug resistance orthologs pvkelchl3 and
pvdmtl had DoS statistics that were among the 5% most negative DoS statistics among all P.
vivax genes. Additionally, the pvcrt and pvdhfr DoS statistics were among the top 10% of most
positive P. vivax DoS statistics. pkcrt had a DoS statistic among the top 2.5% of all DoS statistics
in P. knowlesi. There are very few nonsynonymous polymorphisms in both pvcrt and pkcrt (four
Pnand 14 Ps counts in pvert compared with three Py and 43 Ps counts in pkcrt), which resulted in
positive DoS statistics in both species. The remainder of the P. vivax drug resistance orthologs
had DoS statistics between the top 5% and bottom 5% of DoS statistics in both species. DoS
statistics for the drug resistance candidates in each subpopulation are presented in Supplemental
Figure 3.3.

The mean DoS statistic of transporter genes was not significantly different from the P.
vivax population DoS mean (p= 0.011, bootstrap analysis), but was significantly different from
the P. knowlesi population mean (p= 0.00020, bootstrap analysis). The mean DoS statistic of
transporter genes in the P. knowlesi population was positive (mean = 0.13), while the mean DoS
statistic of transporter genes in the P. vivax population was negative (mean = -0.15). Several P.
vivax transporter genes exhibited negative DoS statistics in the global P. vivax population, and

DoS statistics close to zero in the P. knowlesi population (Figure 3.2B). PVP01 0940800, which

79



encodes a V-type proton ATPase subunit, had a negative DoS statistic that was among the
bottom 0.05% of all P. vivax DoS statistics in the dataset. PVPO1 0106100, which encodes an
ATP synthase subunit, PVP01 1322800, which encodes an ABC transporter, ABCG2, and
PVP0O1 0418900, which encodes a pantothenate transporter, PAT, all exhibited negative DoS
statistics in the bottom 5% of all P. vivax DoS statistics. The P. knowlesi orthologs of these genes
all had DoS statistics near zero. PVP0O1 1405100, which encodes MIT2, had a DoS statistic
among the bottom 5% of DoS in the P. vivax population, indicating balancing selection, and a
DoS statistic among the top 5% of DoS statistics in the P. knowlesi population, indicating
positive selection. DoS statistics for the transporter genes in each subpopulation are presented in

Supplemental Figure 3.4.

Comparative iHS scores Reveal Genes Under Recent Selection Only in P. vivax

The integrated Haplotype Score (1HS) identifies regions of the genome under recent
positive selection. The high frequency of a derived allele on an ancestral background can
indicate recent positive selection. 1HS detects recent positive selection by measuring the amount
of extended haplotype homozygosity in the area around the ancestral allele vs the derived allele.
We defined the ancestral allele as the consensus allele across all sequences at the site, following
the methods used by Assefa et al and Hocking et al in their analyses using iHS to identify P.
knowlesi genes under recent selection?>2®, We conducted iHS analyses on all five P. vivax
subpopulations and the P. knowlesi population. Next, we identified the highest iHS -logio (P -
values) in each P. vivax gene and its P. knowlesi ortholog by selecting which SNP in each P.
vivax gene, and the SNP in its orthologous P. knowlesi gene had the highest iHS -logio (P value).
The SNP with the highest iHS -logio (P value) in that gene was selected as the -logio (P value)

for the entire gene for this analysis. Most P. vivax populations, and the P. knowlesi population,
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did not see significantly different iHS scores for the set of drug resistance genes or transporter
genes compared to the rest of the gene-set in each population (Fig. 3.3). However, the set of drug
resistance genes in the GMS plus China population had significantly higher iHS scores compared
to the population (p=0.0098, bootstrapping analysis). Notably, more P. knowlesi genes had
higher -logio (P values) compared to P. vivax. However, there was no significant difference in
the 1HS -logio (P value) distribution between any P. vivax population and P. knowlesi (p>0.5 for

all five pairwise comparisons, Kruskal-Wallis test).
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Figure 3.3: Distribution of iHS -logio (P values) for P. vivax populations and the P. knowlesi
population: Displays the distribution of iHS -logio (P values) for P. vivax Papua New Guinea,
Ethiopia, GMS + China, and P. knowlesi populations. Drug resistance genes are highlighted in
blue, and transporter genes are highlighted in red. Genes with iHS scores in the top 2% of -logio
(P values) in their respective P. vivax population are labeled. All genes with iHS scores in the
top 2% of -logio (P values) in any of the three displayed P. vivax populations are labeled in the P.
knowlesi distribution.
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Several candidate drug resistance genes demonstrated high iHS -logio (P values),
indicating recent positive selection in certain P. vivax populations (Figure 3.3). plasmepsinlV
(pvpm4), the ortholog of the plasmepsinll and plasmepsinlll genes in P. falciparum, had one of
the top 10 highest -logio (P values) in Papua New Guinea. pfplm2/3 have been implicated in P.
falciparum resistance to PIP’*. pvmdrI was among the top 10% of -logio (P values) in Papua
New Guinea (Figure 3.3). pvdmtl and pvmrp2 were among the top 2%, and pvmdr2 was among
the top 10% -logio (P values) in Ethiopia. pvmrp2 also appeared in the top 2% of -logio (P
values) in the GMS plus China population. pvmdrl and pvdhfr had -logio (P values) among the
top 5% of all GMS plus China genes. (Table 3.2). Very few drug resistance orthologs appeared
clear outliers in Peru/Brazil and Colombia (Supplemental Figure 3.5). pvdhfr and pvmdri were
among the top 5% of -logio (P values) in the GMS population. pvpm4 was among the top 10% of
-logio (P values) in the Peru/Brazil population. Notably, pkdhps in the P. knowlesi population had
a -logio (P value) of 3.54, which was among the top 5% highest iHS -logio (P values) in P.
knowlesi.

Several transporter genes displayed signals of recent selection in P. vivax populations,
and no signal in the P. knowlesi population. PVP0O1 1411000, which encodes ATP synthase
subunit O, and PVP01 0821200, which encodes a P-type ATPase, was among the top 1% of -
logio (P values) in Papua New Guinea (Figure 3.3). PVP0O1 1011300, which encodes
magnesium transporter NIPA, was among the top 3% of -logio (P values) in PNG.

PVPO1 1145400, which encodes a cation/H+ antiporter (pvcax), was also among the top 1% of -
logio (P values) in Ethiopia (Figure 3). AQP2 and PVP01 1010100, which encodes a divalent
metal transporter, were among the top 2% of -logio (P values) in the GMS plus China population

(Figure 3.3). PVP01 0420400, which encodes a hexose transporter (HT1), PVPO1 1266200,
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which encodes a member of the major facilitator superfamily (MFS6), and PVP0O1 1250100,
which encodes a V-type H(+)-translocating pyrophosphatase (VP1) were also among the top 1%

of -logio (P values) in Peru/Brazil (Supplemental Figure 3.5).

Fst Reveals Candidate Drug Resistance Loci and Transporters Under Heterogeneous Selection
Pressure

The Fsr statistic compares the frequency of alleles between two populations as a measure
of genetic differentiation. Fsr statistics closer to one indicate high genetic differentiation,
possibly driven by strong selection pressure. Fsr statistics near zero suggest free gene flow
between those populations. We did not conduct the same analysis between P. vivax and P.
knowlesi, because it would be difficult to determine if Fsr statistics closer to one are being driven
due to species-specific pressures or simply because they are different species of parasites. P.
vivax 1s exposed to heterogeneous drug pressures, meaning different treatment regimens could
select for resistant alleles in one P. vivax population, but not in others. Selection pressure from
drugs could positively select for resistant variants in all populations, but allele frequencies in
each population could be different due to differences in Ne. Genes under heterogeneous
selection pressure will have higher standard deviations of their Fsr statistics across all pairwise
population comparisons relative to all P. vivax genes. High standard deviations of Fsr statistics
across several pairwise population comparisons could indicate that a gene is under heterogeneous
selection pressure, such as the varying pressure from different antimalarial treatment regimens in
different countries. The standard deviation of Fsr statistics across population pairwise
comparisons may be a useful tool to use to further prioritize genes for validation. We calculated
Fsr statistics for all pairwise comparisons of the five P. vivax populations (n=10 pairwise
comparisons) in sliding one kb windows across the entire P. vivax genome (n=5,374 genes). We

then calculated the standard deviation of Fsr statistics for each P. vivax gene across all pairwise
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comparisons in all windows that contained that gene. The distribution of the standard deviation

of Fsr statistics for all P. vivax genes is displayed in Figure 3.4.

Mean SD of Transporter

Genes vs All Genes p=0.00040

0.4

wn Mean SD of Drug
- Resistance p=0.034
O Orthologs vs All Genes
(72)
[
©
Q. MFR1
& 03- _
magnesium transporter
@] AAC2 ZIPCO
P-type ATPase H
) MDR1
] l) monocarboxylate transporter, !f CRT
MRP2
E ABCB5 CO AATA
n— 0.2 MDR2
S : N
K13
“— pe / PM4
2] L ]
L - ;PPPK-DHPS
— : DMT1
< DHFR-TS
Y 0.1
o
0.0+

All Populations

Figure 3.4: Distribution of Fst Standard Deviations (SD) for All 5,374 P. vivax Genes. Drug
resistance candidates are highlighted in blue and labeled on the right. All transporter genes are
highlighted in red, and genes in the top 5% of Fsr standard deviations are labeled on the left.
The set of drug resistance candidates did not have significantly greater Fst standard
deviations compared to the overall set of genes (p=0.034, bootstrap analysis). However, the

pvmdrl and pvcrt genes had Fsr standard deviations in the top 10% of all genes. Both genes are

suspected to mediate P. vivax resistance because of their well-established drug resistance role in
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P. falciparum®. Work in Chapter Four of this thesis demonstrates that pvmdrI alleles can affect
sensitivity to various antimalarials. Copy number variation or increased expression level of pvcrt
have been linked to P. vivax CQ resistant phenotypes. pvaatl and pvmrp2 also had Fsr standard
deviations in the top 20% of genes.

The set of transporter genes had significantly higher Fsr standard deviations compared to
the rest of the gene set (p= 4.0 x 10 bootstrap analysis). Several transporter genes had high
Fst standard deviations. pvmrf1, which encodes the MRF1 gene, had a standard deviation among
the top 2% of all Fsr standard deviations. MFR1 is a member of the major facilitator superfamily
(MFS). pfinfi-3, another MFS member, can mediate P. falciparum multidrug resistance®. The
genes pvabcg?2, pvzipco, pvaac2, pvcox21, PVP0O1 0821200, which encodes a P-type ATPase,
PVPO1 1239800, which encodes a magnesium transporter, and PVP0O1 0724900, which encodes
a monocarboxylate transporter, all had standard deviations among the top 5% of Fst standard

deviations.

Characterizing a Candidate Gene, plasmepsinlV, for a Functional Role in P. vivax Drug
Resistance

Several of the P. vivax drug resistance candidate genes were outliers in the three tests of
selection. The evidence for each drug resistance candidate that was an outlier in at least one test
1s summarized in Table 3.2. pypm4, one of the candidate drug resistance genes, had one of the
top 10 highest iHS -logio (P values) in the Papua New Guinea P. vivax population, indicating
strong recent selection acting on that gene. P. vivax clinical drug resistance to chloroquine in
Papua New Guinea is well documented, and there is additional evidence of drug resistance to
other antimalarials in the region >3>%. pypm4 is a compelling drug candidate for validation
because of the evidence of strong recent selection acting on this gene in a region with known P.

vivax drug resistance. pvpm4 is an ortholog of the plasmepsinll and plasmepsinlll genes in P.

85



falciparum. Copy number amplification of plasmepsinlI-11I genes confers resistance to
piperaquine’. The iHS signal in pypm4 could be driven by either copy number amplification or
selection on a particular mutation. pvpm4 is also a compelling candidate, because there is strong
evidence of recent selection acting on it in Malaysia, where there is also documented P. vivax

drug resistance.

Table 3.2: P. vivax drug resistance genes with evidence of selection
Gene DoS-Pv DoS-Pk 1HS -logio (P values) - [ iHS -logio | SD of Fsr
(percentile | (percentile | Pv (percentile rank) (P values) - | (percentile
rank) rank) Pk rank)
(percentile
rank)
pvpm4 0.00385 0.117 PNG: 4.0 (100%), 0.700 0.167
(76%) (68%) Ethiopia: 1.40 (86%) | (23%) (56%)
GMS+China:0.49
(57%)
Peru/Brazil: 1.3
(92%). Colombia:0.65
(37%)
pvmdrl | -0.175 0.101 PNG: 1.56 (92%), 0.823 0.244
(27%) (62%) Ethiopia: 0.322 (15%) [ (32%) (94%)
GMS+China:1.12
(96%)
Peru/Brazil: 0.888
(73%).
Colombia:0.322 (18%)
pvdhfr 0.140 0.110 PNG: 0.937 (58%), 0.678 0.119
(0.95%) [ (64%) Ethiopia: 0.570 (71%) [ (21%) (31%)
GMS+China:1.14
(0.96%)
Peru/Brazil: 0.274
(19%).
Colombia:0.561 (31%)
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Table 3.2 (Continued): P. vivax drug resistance genes with evidence of selection

pvklechl
3

-0.45
(3%)

0.00260
(18%)

PNG: 0.751 (39%),
Ethiopia: 0.579 (40%)
GMS+China:0.433
(51%)

Peru/Brazil: 0.164
(10%).
Colombia:0.378 (18%)

0.588
(15%)

0.17
(60%)

pvmrp2

-0.102
(44%)

0.0321
(30%)

PNG: 1.03 (67%),
Ethiopia: 2.01 (99%)
GMS+China:1.24
(98%)

Peru/Brazil: 0.330
(24%). Colombia:1.23
(84%)

0.862
(35%)

0.204
(85%)

pvdmtl

-0.417
(4%)

0.190
(85%)

PNG: 0.652 (30%),
Ethiopia: 2.42 (99%)
GMS+China:0.391
(45%)

Peru/Brazil: 0.378
(29%). Colombia:1.17
(81%)

1.17 (58%)

0.119
(31%)

pvcrt

0.156
(95%)

0.365
(98%)

PNG: 1.47 (91%),
Ethiopia: 0.632 (47%)
GMS+China:0.634
(75%)

Peru/Brazil: 0.349
(26%).
Colombia:0.556 (30%)

1.15 (56%)

0.240
(93%)

Parentheses indicate percentile rank in that population. Bold cells indicate tests where

that gene was an outlier.
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3.5 Discussion:

Comparative Selection Scans Reveal Candidate P. vivax Drug Resistance Orthologs and
Transporter Genes for Prioritization for /n vitro Validation

This study demonstrates how comparative selection scans can identify genes under
selection pressures unique to P. vivax to prioritize for in vitro characterization, with a focus on
candidate drug resistance genes. The P. vivax research community currently prioritizes several
P. vivax candidate drug resistance genes, simply because they are orthologs of P. falciparum
drug resistance genes®. Orthologs can be a powerful starting point towards identifying candidate
resistance genes. However, differences between the biology of P. vivax and P. falciparum may
limit the utility of relying solely on this approach to identify and prioritize P. vivax drug
resistance genes for research. Comparative evolutionary methods that detect genes under species-
specific selection pressures can pinpoint promising drug resistance candidates for further in vitro
characterization. The drug resistance orthologs genes did not display significantly different test
statistics in the DoS test. One explanation for this result is that balancing selection due to drug
pressure would need to act on a long timescale to be detected, and P. vivax may not have been
exposed to drug pressure for a lengthy and consistent enough period of time for this signal to be
detected by this test®?. We also observed few drug resistance orthologs with positive DoS
statistics in the P. vivax population. The strength of drug selection may also not have been strong
enough to fix adaptive substitutions in these genes, which is a possible reason for this
observation. However, the drug resistance orthologs displayed significantly higher -logio (P
values) in the GMS plus China population and had borderline significantly higher -logio (P
values) in Ethiopia and Papua New Guinea, in the iHS test. Concordantly, the drug-resistant
orthologs also displayed higher mean Fsr standard deviations, though the p-value was just above

the significance threshold. The iHS and Fsr tests can detect more recently acting selection®334%3,
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such as from drug pressure, and therefore it was not surprising to observe the synergy in their
identification of selection acting on drug resistance genes.

Several individual P. vivax drug resistance candidates pvmdr1, pvdhfr, pvdmtli,
pvkelchl3, pvmdr2, and pvpm4, were outliers in at least one of the three tests of selection. These
drug resistance candidates critically did not display any signals of selection in the P. knowlesi
population. The pvdhfr, and pvmdrl genes both have evidence of causing drug resistance in
yeast’ and P. knowlesi model systems respectively (shown in Chapter Four of this thesis). This
evidence suggests that the comparative selection scans are identifying genuine signals of
selection due to drug pressure.

Genes that mediate resistance to antimalarials may differ between P. vivax and P.
falciparum. Identifying other likely drug resistance candidates will be important to inform the
prioritization of genes for genetic validation. We chose to include genes that encode transporters
for this analysis because of previous work in both P. falciparum and pathogenic bacteria, that
such genes often mediate drug resistance** 2. The transporter gene set displayed significantly
different mean Fsr standard deviations compared to the mean Fsr standard deviation of all P.
vivax genes. This observation suggests that P. vivax transporter genes are subjected to
heterogeneous selection pressures, possibly due to their essential roles in transmission, nutrient
transport, and possibly drug resistance®*. The transporter genes did not display significantly
different test statistics from other P. vivax genes in the iHS and DoS tests. We identified several
transporter genes that are compelling candidates for drug resistance characterization since they
are uniquely under selection in P. vivax populations. pvabcg2, and PVP01 0821200, which
encodes a P-type ATPase, were outliers in the DoS and Fst and iHS and Fsr tests respectively.

pvabcg? has been found under selection in a previous P. vivax population genomic study®>, and
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its human ortholog (BCRP) is a known mediator of cancer drug resistance®®. PVP01 0821200
has also been found under selection in a previous study®’. However, it should be noted that the
selection signal in pvabcg2 could be from other pressures, such as selection for enhanced
transmissibility, rather than drug pressure. Previous work found that pfabcg?2 knockouts in P.
falciparum led to an increase in the production of gametocytes®®. Increased production of
gametocytes could lead to higher fitness due to the increased likelihood of being transmitted to
mosquitoes, which could be advantageous for fitness in low transmission settings®®. pvoscp,
which encodes an ATP synthase, had one of the top 10 highest -logio (P values) via the iHS test
in Papua New Guinea, suggesting recent positive selection. Additionally, pvmfrI, which is a
member of the major facilitator superfamily, and PVP01 1239800, which encodes a magnesium
transporter, had Fsr standard deviations among the top 2% and 3% of all P. vivax gene Fsr
standard deviations respectively. Prioritizing high-confidence candidates for in vitro validation
will be critical to advance future studies exploring P. vivax drug resistance biology. The P. vivax
drug resistance orthologs and transporter genes with population genomic evidence of selection
can be prioritized for functional validation in P. knowlesi and P. cynomolgi model systems. The
drug resistance orthologs and transporter genes discussed are all outliers in the tests and warrant

further functional characterization either with regards to drug resistance or other phenotypes.

Implications of Signals of Selection in the P. knowlesi Population for P. vivax Drug Resistance
Candidates

We detected signals of selection in the transporter gene set in P. knowlesi from the DoS
test, and in two drug resistance candidate genes, pvdhps and pvcrt, in the iHS and DoS tests
respectively. The transporter gene set in the P. knowlesi population had a significantly different
DoS mean compared to the rest of the gene set. However, the mean DoS statistic of the

transporter gene set and most gene DoS statistics (76/81) in P. knowlesi were positive, indicating
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that this signal was possibly due to positive selection fixing adaptive substitutions in these genes.
Negative DoS statistics could indicate balancing selection that is maintaining drug resistance
variants in the population, along with the wild-type allele. The positive mean DoS statistic of the
transporter set in P. knowlesi indicates the signal is possibly due to selective forces other than
drug pressure. pkdhps was among the top 5% of -logio (P values) in P. knowlesi, possibly
indicating recent selection on this gene. dhps genes in Plasmodium parasites are involved in the
folate synthesis pathway, which is essential for parasite survival®. One possible explanation for
this signal of selection could be that the process of P. knowlesi adapting to different hosts
(human and monkey) selected for pkdhps variants to support viability in different host
environments. This would imply that P. knowlesi is adapting to human populations, and therefore
prior observations that this parasite does transmit onward in human populations and the initial
hypothesis that the P. knowlesi genome would not exhibit signs of antimalarial drug selection
would be incorrect. If this scenario is true, then P. knowlesi would not be the ideal comparator
population for selection scans. This hypothesis would warrant further investigation to understand
if P. knowlesi is becoming a human pathogen, and implications for malaria control and
elimination in regions with endemic P. knowlesi. However, dhps was the only drug resistance
candidate gene that was an outlier in either of the selection tests conducted on that population.
The drug resistance gene candidate set did not have significantly different test statistic means
from the rest of the P. knowlesi gene set in either the iHS test or DoS test. This observation
suggests that as a group, the drug resistance orthologs are not under selection in P. knowlesi.

The observation of dhps selection in P. knowlesi could also be a false positive since we did not

apply a significance threshold.
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pvert displayed a signal of adaptive selection from the DoS test in both the P. vivax and
the P. knowlesi populations. Experimental evidence suggests that pvcrt possibly mediates
chloroquine resistance in P. vivax via copy number amplification or increased gene
expression'?®102_ It was surprising to observe a strong signal of adaptive selection in both
Plasmodium species, given the molecular evidence for pvcrt possibly mediating P. vivax CQR.
We would not expect a signal of selection in the P. knowlesi population if the signal of selection
were driven by drug pressure. DoS statistics for pvert and pkert suggest that adaptive
substitutions in these genes have been fixed over time. DoS relies solely on polymorphism data
in the coding region of the gene. The biology of crt and the possible mechanism by which this
gene would confer drug resistance could explain the observation of selection in both species, and
simultaneously not rule out a drug resistance role for this gene in P. vivax. pvcrt encodes a
transporter that localizes to the membrane of the parasite digestive vacuole!®. Adaptive
substitutions in both species became fixed over time as the parasites adapted to different host
populations to facilitate heme digestion. The potential mechanism of pvcrt mediated drug
resistance suggests increased pvcrt copy number or gene expression can result in CQR as
suggested by molecular evidence!?-192, The DoS statistic would not detect selection on copy
number variation or changes because the DoS analysis was limited to the coding sequence of
each gene and excluded intronic regions, untranslated regions, and promoters. The Fsr test
includes these regions since it was conducted over one kb non-overlapping sliding windows
across the entire genome. The Fst standard deviation scan identified pvert as one of the P. vivax
genes with a high Fststandard deviation. Selection pressure from drugs acting on these non-

coding regions or copy number variation may explain this signal.
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Considerations for Conducting Future Comparative Selection Scans

Many tests of selection rely on polymorphism data as their substrate for analysis.
Polymorphism count differences between two species should be considered when choosing
which tests to conduct comparative selection scans with and interpreting the results. P. knowlesi
1s more genetically diverse than P. vivax. Disparate polymorphism counts between species or
populations would affect the density of SNPs in each dataset, and subsequently, the statistical
power of the tests to detect true signals of selection in each population3>!%41% Differences in the
effective population size between species could also affect the interpretation of tests statistics.
Excess counts of Px in a population could be evidence of recent selection or due to less efficient
purifying selection. We instead chose to describe outliers in the DoS test based on percentile
rank, reasoning those genes in the bottom 5% of DoS values would be more likely to have an
excess of Px due to balancing selection, rather than chance alone. We also used the percentile
rank approach to describe outliers in our two other tests. The percentile rank approach does not
allow us to describe genes as statistically significant outliers. However, the percentile rank
approach avoids the dichotomy of categorizing test statistics as “significant” or not” based on the
use of significance cutoffs that might otherwise ignore possible signals of selection in both
species. A deeper sampling of the P. vivax population and greater sequencing depth of P. vivax
samples can provide higher SNP densities and capture the full extent of P. vivax genetic variation
to power future comparative power tests of selection.

We chose to limit this analysis to three tests of selection, because several other tests of
selection may be redundant to the tests used in this analysis. iHS, along with other commonly
used tests of selection, such as Tajima’s D or Fay and Wu’s H, can detect recent selection and
selective sweeps' %!, These two tests rely on the site frequency spectrum (SFS) to detect

selection''%!!! By contrast, the iHS test relies on linkage disequilibrium and extended haplotype
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homozygosity to infer selection’***. The SFS in Plasmodium can be skewed to have an excess
of rare variants due to recurrent bottlenecks in the Plasmodium life cycle!'!>!13, Furthermore,
prior work has shown that allele frequencies in P. falciparum are more sensitive to selection for
increased transmission than within host selection (such as for drug resistance'!?. Parasites that
carry alleles selected for their ability to increase transmission probability to mosquitos may also
have mutations in drug resistance genes due to chance alone. This scenario would result in
founder effects where there are high frequency mutations in candidate drug resistance genes
simply because they arose in parasite lineage that also had mutations that enabled them to be
more efficiently transmitted. Therefore, mutations in candidate resistance genes at high allele
frequency or signals in these genes from a test based on the SFS could lead to erroneous
conclusions about an association between mutations in candidate resistance gene and clinical
drug resistance. Additionally, the excess of rare variants in Plasmodium species due to recurrent
bottlenecks in the parasite life cycle can limit the ability to detect positive selection and interpret
test statistics if the tests do not take life-cycle history into account!'?!13,  Another possible way
to identify selection is to use identity by descent to pinpoint regions of the genome under positive
selection''*!15. We only used IBD in this study for sample filtering, but IBD scans could be used
in future comparative selection scans to identify regions of the genome that share recent common
ancestry, which may indicate positive selection!'%!13. IBD analysis has been used in P.

falciparum to identify candidate drug resistance loci under selection'',

Study Limitations, Conclusions, and Future Directions

This study had some limitations. We had limited geographic coverage and sampling
depth of the dataset. We subsequently excluded populations with less than 10 parasite samples

after quality filtering, which meant we had to exclude the Indian P. vivax population. Therefore,
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we were not able to investigate the effects of drug pressure in all P. vivax populations in the
dataset and possibly missed detecting selection acting on certain genes. We would have had
more power to detect selection within P. vivax subpopulations and the global P. vivax population
if the dataset had increased sampling depth within the included populations and across a larger
geographic range. Additionally, the DoS statistic was likely underpowered to detect selection
within the five P. vivax subpopulations because our study had uneven sampling numbers for each
population, and because of the lack of polymorphism in the global P. vivax population relative to
the P. knowlesi population. We calculated DoS on just the global P. vivax population so that we
would have enough polymorphism data and subsequent power in the DoS test to have confidence
in detecting signals of selection. Pooling all P. vivax subpopulations together might mask
selection occurring within one population, but not another. However, the paucity of
polymorphism data in some of the P. vivax subpopulations would mean that the DoS test might
not reliably detect genes under selection if applied to just the subpopulations. While using the
global P. vivax population to calculate the DoS statistic was a conservative approach, we were
able to detect selection and avoided the loss of statistical power had we conducted the DoS test
just on the P. vivax subpopulations. Lastly, it is likely that we missed identifying other possible
drug resistance genes because they either mediate drug resistance by a different mechanism of
action other than transport function (such as selection on a transcription factor) or because the
drug has different targets in P. vivax and P. falciparum. This analysis suggests that prioritizing
genes that are orthologs of known drug resistance genes is a valid approach. Future studies using
larger datasets with P. vivax samples from other geographic regions would better capture the full
extent of selection pressures acting on the P. vivax genome. Additionally, the analysis here could

be redone with an unbiased approach by prioritizing the genes that are outliers from the
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comparative selection scans. This approach would highlight those genes under strong species-
specific selection pressure, without prioritizing them based on a priori categories. We did not
investigate these additional gene categories to focus on conducting a pilot test on the utility of
comparative selections to identify candidate drug resistance genes before applying the approach
to other categories of genes.

Unfortunately, by the time of writing this thesis, I was not able to generate the laboratory
data to determine if pvpm4 overexpression in P. knowlesi mediates reduced susceptibility to
several antimalarials (CQ, PIP, LUM, HF, DHA, MDAQ, MQ). I have constructed an
overexpression plasmid. I will transfect this construct into P. knowlesi, and potentially P.
cynomolgi, which will episomally over-express pvpm4. I will then assay the overexpression P.
knowlesi and P. cynomolgi lines for their drug ICsos. I have also constructed an allelic
replacement plasmid that will replace the native pkpm4 locus with pypm4, and guide RNA
plasmids that target the 5’ and 3’ ends of pkpm4. I have constructed a pvpm4 plasmid that
contains the [165V mutation, and I will make a wild-type haplotype without this substitution. I
will isolate isogenic clones of these two pvpm4 lines (pvpm4_wt, pvpmp4_165V) and assay these
two transgenic P. knowlesi lines for drug susceptibility. I expect that pvpm4 will mediate
resistance to one of the antimalarial compounds (likely PIP based on the pvpm4 orthologs of role
in PIP-resistance in P. falciparum). If I do not observe a reduced drug susceptibility phenotype,
that would suggest that selection acting on pvpm4 is not due to drug pressure and could be due to
another environmental pressure.

We present a framework for using comparative selection scans to identify genes uniquely
under selection in P. vivax in this study and prioritize them for in vitro validation. We identified

several P. vivax candidate genes uniquely under selection in that species. These candidates are
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compelling targets for in vitro validation and further study with regards to drug resistance. Future
comparative selection scans could take an unbiased approach by identifying what P. vivax genes
are outliers in multiple tests conducted in the P. vivax population and not in the comparator
population without a predetermined list of genes. Alternatively, one could also curate a list of
target genes based on orthology to P. falciparum genes with known phenotypes beyond drug
resistance (transmissibility, immune evasion, virulence etc.) and identify which of those genes
are outliers from these tests. Applying both approaches to conducting comparative selection
scans will allow for the prioritization of P. vivax candidate genes for functional characterization

with regards to drug resistance or other phenotypes.
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4.1 Abstract:

P. vivax is the most globally distributed malaria parasite species in humans, but important
aspects of its biology remain unknown. Chloroquine is the main frontline drug for P. vivax
treatment. P. falciparum Chloroquine resistance (CQR) has spread worldwide. Unfortunately,
there is growing evidence that P. vivax is also developing resistance to CQR. Understanding of
P. vivax drug resistance has lagged that of P. falciparum, in part because of the lack of a
continuous in vitro culture system for P. vivax. P. vivax CQR is thought to be mediated by gene
variants encoding the multidrug resistance protein (pvmdrl), an orthologue of the known P.
falciparum resistance gene pfmdrl. Despite years of research focusing on pvmdrl, no definitive
relationship between pvmdrl polymorphisms and drug resistance has emerged. P. knowlesi, a
zoonotic macaque parasite closely related to P. vivax, can be cultured, and used as a model
system to characterize P. vivax genes. We analyzed a P. vivax population genomic dataset to
identify 23 geographically representative circulating pvmdr1 polymorphisms plus four additional
haplotypes. We then expressed these pvmdril mutants in P. knowlesi and assayed them for
resistance to various antimalarial compounds. We found that mutations and increased copy
number of pvmdrl confer resistance to mefloquine, dihydroartemisinin, and lumefantrine. Our
results suggest that while pvmdr mutations do not play a role in resistance to chloroquine, they
do confer resistance to several other antimalarials, suggesting co-selection of pvmdrI from
antimalarials used to treat P. falciparum. Our results have implications for guiding P. vivax

treatment policy and molecular surveillance of P. vivax drug resistance alleles.

4.2 Introduction:

Malaria caused by Plasmodium vivax infection is a major public health issue. Over two-

thirds of the world's population is at risk of P. vivax infection, causing an estimated 4.5 million
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cases in 2020.! Increasingly, P. vivax is understood as a significant contributor to severe malaria
and other adverse malaria-related clinical outcomes®>™. P. vivax is the most globally distributed
malaria parasite species in humans, but important aspects of its biology remain unknown. In
particular, knowledge regarding the molecular basis of P. vivax drug resistance lags behind that of
Plasmodium falciparum, the other major human malaria-causing parasite.

The WHO recommends that P. vivax is treated with a combination of Chloroquine (CQ)
and Primaquine (PQ) in most regions>. P. vivax differs from P. falciparum malaria in its life cycle
by its hypnozoite stage, where a subset of parasites in the liver can remain dormant for up to five
years after initial infection®S. Primaquine and Tafenoquine (TQ) are the only drugs that can kill
hypnozoite stage parasites in the liver’. However, PQ and TQ can cause severe hemolysis in
patients with G6PD deficiency, precluding its use in certain areas or requiring genetic testing
before treatment administration®. P. falciparum chloroquine resistance (CQR) has spread
worldwide, but CQ remains a viable treatment option for P. vivax. Worryingly, there is clear
evidence that P. vivax has developed resistance to CQ in Papua New Guinea, Indonesia, and
Malaysia.®"'?. There is also growing evidence of CQR P. vivax spreading in other regions®1°.
Chloroquine-resistant P. vivax has generally been defined as recurrence of P. vivax infection by
day 28 of treatment, ideally with confirmed presence of whole-blood chloroquine concentrations
of greater than 100 nM8, Because there is no in vitro continuous culture system for P. vivax, chemo-
genomic approaches currently cannot be used to uncover drug resistance mechanisms®!'!. CQR P.
8,12.

vivax is thought to have emerged in Papua New Guinea and has been reported in other countries

Tracking CQ resistance is difficult, because there are no validated molecular markers of CQR®!%~

14
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P. vivax CQR is thought to be mediated by gene variants encoding the multidrug resistance
protein (pvmdrl), and the chloroquine resistance transporter (pvcrt). These genes are orthologs of
known drug resistance genes pfindrl and pfcrt in P. falciparum®'3 which both encode digestive
vacuole transmembrane proteins'®. Plasmodium parasites metabolize hemoglobin, resulting in a
buildup of heme in the digestive vacuole that must be detoxified, as the buildup of heme is toxic
to the parasite!>™'". P. falciparum (and other Plasmodium parasites) convert heme into a non-toxic
form, hemozoin to prevent this buildup.!® Chloroquine inhibits the conversion of heme to
hemozoin, causing a toxic buildup of heme and subsequent death of the parasite'>. The P.
falciparum genes pfmdrl and pfcrt encode transporter proteins that respectively pump compounds
(such as CQ) in or out of the digestive vacuole'>. Mutant pfindrl and pfcrt alleles are thought to
encode changes that either reduce shuttling of the drug into the vacuole or pumping the drug out,
causing resistance'>'%. pfindrl and pfcrt play a role in resistance to lumefantrine (LUM) and
Mefloquine (MQ) by sequestering these drugs in the digestive vacuole away from their
cytoplasmic targets'S. pvmdrl and pvert are also believed to mediate CQR in P. vivax, yet the
causal mutations responsible for CQR remain to be elucidated and validated '*2° Six pvmdrl
SNPs have been reported in multiple studies at high frequency in regions with reported drug
resistance; (relative to the SAL-1 reference) S513R, G698S, M90SL, T958M, Y976F, and
F1076L'2124 Ex vivo P. vivax assays have found associations between specific pvmdrl
polymorphisms (Y976F and F1076L) and reduced susceptibility to chloroquine in some, but not
in all studies''>>2°. These two SNPs are also found in regions without reported CQR, suggesting
that they may not in fact mediate CQR, or their ability to do so depends on the genetic background
they arise on®*3!. The T958M, Y976F, F1076L variants (and possibly others) in pvmdrl have been

shown to arise independently, even within the same population®’. This observation suggests that
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pvmdrl mutations can arise on different genetic backgrounds and that they have not been subject
to a recent selective sweep, such as due to CQ treatment®. A genetic cross performed in Aotus
monkeys implicated a region on chromosome one that contains pvert with CQR phenotype!4. It is
unclear whether these discrepancies between studies represent regional differences in parasite
diversity, genetic background, and drug selection history or are due to technical variations.
However, many pvmdrl polymorphisms are being used in molecular epidemiological studies as
drug resistance markers without any firm validation that these polymorphisms confer CQR or

resistance to other compounds?6-32-33

. Using unvalidated polymorphisms as markers of P. vivax
resistance could result in unwarranted changes in national treatment policy. This scenario could
lead to unnecessary use of more expensive treatments or switching to a treatment that is already
ineffective due to other resistance variants in the parasite population’.

Reverse genetics is a powerful method to validate molecular changes in drug resistance
genes for their capacity of reducing susceptibility to various antimalarials. This has been potently
demonstrated for P. falciparum, which possesses robust in vitro culture, drug assays, and powerful
genetics for the functional characterization of the pfindrl and pfcrt genes and for the validation of
drug targets of novel antimalarials identified in chemical genomics studies*>°. A continuous in
vitro culture system for P. vivax does not currently exist, greatly hampering studies of the
parasite*!. Significant improvements have been made to P. vivax ex vivo drug susceptibility
assays*!. However, they remain limited to short single cycle assays with relatively poor growth
compared to P. falciparum*'. Ex vivo drug susceptibility assays also require patient isolates which
cannot be well controlled for parasite stage and parasitemia, thereby limiting their accuracy*!.

Improved ex vivo assays will significantly improve the ability to determine drug susceptibility in

natural isolates and link drug phenotypes to specific resistance loci. Reverse genetic approaches
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will be critical to validate candidate drug loci. /n lieu of a stable culture system, heterologous
genetic systems are invaluable for validation studies in P. vivax. Prior work using P. knowlesi and
yeast model systems has validated drug resistance genes and characterized host invasion factors
4244.

P. knowlesi, a zoonotic macaque parasite, can be continuously cultured in vitro. Our group
and others adapted P. knowlesi culture to efficiently proliferate in human red blood cells*3>. P.
knowlesi is closely related to P. vivax phylogenetically, and is genetically tractable, with high
transfection efficiencies*?. Previous work has demonstrated that accurate determinations of P.
knowlesi drug susceptibility can be conducted*’. The development of P. knowlesi as an in vitro
system allows for molecular genetic experiments characterizing P. vivax pvmdrI polymorphisms
with regards to drug resistance. P. knowlesi has previously been used to episomally express
pvmdrl variants'®. This study did not find an association between the two pvmdrl haplotypes
tested and reduced drug susceptibility, but it supported the use of P. knowlesi as a model system
to characterize P. vivax candidate drug resistance genes'>.

We used a P. vivax population genomics dataset to identify common pvmdrl haplotypes
worldwide. Our population genomics analysis identified 22 (n=22) circulating pvmdr1 haplotypes
composed of 10 SNPs. We also constructed four parasite lines (n=4) containing individual pvmdr1
SNPs commonly reported in the literature in the Sal-1 P. vivax reference background, and one
pvmdr1 haplotype (n=1) tested in Verzier et al'3 that was not in our population genomic dataset
and four P. falcpairum mdrl mutations that have been implicated in drug resistance in that species.
We then performed an allelic replacement of the native P. knowlesi pkmdrl locus with our 27
pvmdrl haplotypes and performed drug susceptibility assays. We found that mutations in pvmdr1

significantly reduced susceptibility to Mefloquine (MQ), Dihydroartemisinin (DHA),
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Lumefantrine (LUM), and Halofantrine (HF). We also found that while pvmdrI polymorphisms
do not lead to high-grade CQ resistance, we observed both increased and decreased susceptibility
to CQ. We additionally tested the effect of pvmdrl overexpression on drug susceptibility, finding
that it confers resistance to DHA, MQ, LUM, and HF. Our findings have significant implications

for the molecular surveillance of P. vivax drug resistance and treatment policy.

4.3 Methods

Data accession

P. vivax data were accessed from the NCBI Sequencing Read Archive with the following
accession numbers listed in Hupalo et al, 2016%. We also accessed P. vivax samples from the
European Nucleotide Archive using accession numbers from Pearson et al, 20164,

Sample Alignment and Variant Calling

Sample reads were aligned in parallel to the PO1 reference strain using BWA-mem?>’. Duplicate
reads were marked using the MarkDuplicates tool from Picard tools®'. We performed local
realignment around indels using GATK RealignerTargetCreator and GATK IndelRealigner 3.
Variants were called in the accessible regions using GATK-haplotype caller (GATK Version
3.5.0) using best practices to filter and identify SNPs and generate gV CFs for each sample. GATKSs
GenotypeGVCFs tool was next used to construct a joint VCF with these samples. We repeated
this with several WGS samples stored locally at the Broad Institute. We called variants against
PO1 using GATK Haplotype caller, generating a joint VCF with 339 samples and 23,827,021 sites.
We used VCFtools>? to subset our master VCF into smaller ones containing just pvmdrl and pvcrt.
This filtering resulted in a final VCF of 339 samples and 4333 sites for pvmdri.

We excluded SNPs with a minor allele frequency of less than 5%. 10 SNPs remained after

filtering: V221L, DSOON, S513R, G698S, L845F, M908L, T958M, Y976F, F1076L, and K1393N.
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We subsetted the VCF to just the pyvmdri coding region to analyze the haplotypes containing the
10 SNPs of interest. We visualized haplotypes in these genes in R software (R version 3.6.1) using

54 and “ggplot2”3. We identified all unique combinations

custom scripts and the packages “vcfr
of these 10 SNPs to determine circulating haplotypes using a custom script. We identified 22

unique haplotypes containing various combinations of these 10 SNPs in our dataset.

Additional pvmdrl Haplotype Identification
We selected the SNPs S513R, G698S, Y976F, and L1076F to be characterized as single

mutations in the Sal-1 pvmdrl genomic background since they are commonly reported in the
literature and were not present in the Sal-1 background as an existing haplotype in our dataset. We
also sought to characterize pfmdrl mutations that confer reduced drug susceptibility in vitro. We
identified SNPs 86Y, 184F, 1042D, and 1246Y from the pfindrl literature to test. We aligned the
pfmdrl and pvmdr1 sequences and mapped where these four SNPs aligned in pvmdril. 86Y mapped
to position 91, 184F mapped to position 189, 1042D mapped to position 1079, and 1246Y mapped
to position 1291 in pvmdrI. We then designed primers to introduce these mutations in the ancestral

background.

Ancestral Allele Polarization

To infer an ancestral pvmdrI haplotype we first downloaded the mdrl genomic sequences
from P. vivax, P. knowlesi, P. coatneyi, P. inui, and P. cynomolgi from the PlasmoDB webserver

(Release 56, https://plasmodb.org/plasmo/app)*®. We then aligned these 5 sequences using the

MUSCLE program®’. We selected the amino acid that was present in the majority of the species
as the ancestral SNP for each of the 10 pvmdrl SNPs. The amino acid that was present in the

minority of the sequences or not present in them at all was defined as the derived allele. The

111



inferred ancestral haplotype was present in our dataset and was selected as the control line for the

drug assays.

Plasmid Construction

To generate the pDC-PkPvMDR gene replacement plasmid, full-length Sall MDR was
amplified from P. vivax Sall genomic DNA and cloned into the Xhol and AvrlI sites of pDC2-
Camp-eGFP-BSD-attP plasmid (kindly provided by Marcus Lee at the Sanger Institute) using
Gibson assembly. Primers used are listed in Table 4.1. ~1.5 kb of the P. knowlesi 5’UTR was
amplified from genomic DNA using the primers BE 1 and BE 2 and cloned into the BamHI and
Xhol sites . ~1 kb of the P. knowlesi 3’UTR was amplified using BE 3 and BE 4 and cloned into

the Avrll and Apal sites.

Table 4.1: Primers to construct pvmdrl plasmid

BE 1 actatagaatactcaagcttggggggatccCCTCGCGGGCATTGGA | Fw 5Pk MDR1 UTR
AGGGG

BE 2 atcctttttcatctcgagTTTCAATGGTTATAGCACAGCGGT | Rv 5’Pk MDR1 UTR
GGGAGATTGG

BE 3 GTAGcctageAGGTCGAAAGGGGCCAGCG Fw 3’Pk MDR1 UTR

BE 4 agcgaattagctaagcatgegggeccgeggeccgcGGTGATGAATAA | Rv 3’ Pk MDR1 UTR
TAGAACGCACAAATGGC

BE 5 agcatcttacgcgtttggtttttgg Fw from Mlul

BE 6 gtaaaaatgacaatgttatttactaaaccggtt Rv from Agel

BE 7 cagagatgttcatttgttaaaaaccggtttag Fw from Agel
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Table 4.1 (Continued): Primers to construct pvmdrl plasmid

BE 8 cgctggeccctttcgacctecctaggCTACTTAGCCAGCTTGAC Rv from Avrll

To make each of our haplotypes, we amplified pvmdrl from the base plasmid and used

primers to insert site mutations for SNPs of interest during PCR into the Sal-1 pvmdrl genetic

background. We then joined PCR fragments in the second round of PCR. We digested the base

plasmid using either Mlul and Agel or Agel and Avrll, depending on the region of pvmdrI that

was being modified and used Gibson assembly to insert our pvmdrl PCR fragment containing the

mutation(s) of interest. We repeated this process iteratively to construct all haplotypes. Primers

used to introduce each mutation are listed below using and BE 5/BE_6 or BE 7/BE 8 depending

on what restriction sites the SNP fell between (Table 4.2).

Table 4.2: Primers to mutate pvmdrl plasmid

Description Forward Primer Reverse Primer

V221L aacaagaag(Ctgaagattaataaga | tcttcttattaatcttcaGettettgttge
agacg

D500N gaacgaaAatggtttttcttctcaaagt | gaagaaaaaccatTttcgttcgactce
g

S513R tCGCAACAGaTGTAGGG | CCTACAtCTGTTGCGaCTGTTGG
CTAAATGTGC

G698S CCAAAAAATTtcCAACG | CTTCCgGCGTTGgaAATTTTTTGG
CcGGAAGCTAC

L845F gtttgecgetcTtctatgetaagtacg | cttagcatagaAgagegcaaacagg

MO908L GTTCGAAAATATTCcTGT | AAGCTAATTTCTTGaTACAgAATA
AtCAAGAAATTAGC TTTTCG
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Table 4.2 (continued): Primers to mutate pvmdrl plasmid

T958M TtICTTGTGAGTAtGGTCA | GACATGACCaTACTCACAAGaAA
TGTCATTTTATTTCTGC | GAGCAC

Y976F CTGACgGGAACGTICTT | AAAATGAAGaACGTTCCcGTCAG
CATTTTTATGAGAG TAC

F1076L GTGCgCAACTaTTCATT | AACTGTTAATGAAtAgTTGcGCAC
AACAGTTTTGC TCTG

K1393N cggagaaCctcattgagaagacc tctcaatgagGttctccgaattgg

N86Y Pv equivalent ggtcattatgaagaatatgTacttggg | ccaagtAcatattcttcataatgacccca
agaaa

Y184F Pv equivalent | gcatttttgggtctatTcatatggtcg | cttaaatagcgaccatatgAatagacce

N1042D Pv equivalent | gcccaattcttcattGacagttttge ccagtaggcaaaactgtCaatgaag

D1246Y Pv equivalent | gcgattacaacttaaagTatttgagaa | ggaaaataagtttctcaaatActttaagttg
ac

The pDC-Cas9-PkU6-hdhfr plasmid was generated by amplifying the P. knowlesi U6
promoter from genomic DNA using primers BE 9 and BE 10, and the guide chimeric region plus
terminator using BE 11 and BE 12 from the pD2-Cas9-PfU6-hdhfr plasmid. The two PCR
products were cloned into the pD2-Cas9-PfU6-hdhfr plasmid using the BamHI sites in a single
Gibson assembly reaction. sgRNAs designed against the 5’ and 3’ ends of P. knowlesi mdrl were
cloned into pDC-Cas9-PkU6 using the annealed and phosphorylated primers BE 13/BE 14 (5°
end of the gene) and BE _15/BE 16 (3’ end of the gene) cloned into the Bbs1 sites by ligation. The

primers are listed below in Table 4.3.

Table 4.3: Primers used to make guide RNA plasmids

BE 9 | CCTGCAGGTCGACTCTAGAGGATCCGCTAG | Fw Pk U6 promoter
Cgagaacatgatatatagcagaatttaaacgttacc

BE 10 | ctaaaacagGTCTTCtcGAAGAC Cccaataatatactgtaactca | Rv Pk U6 promoter
gaatatatggatatgc
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Table 4.3 (Continued): Primers used to make guide RNA plasmids
BE 11 [ ggGTCTTCgaGAAGACctgttttag Fw Cas9-chimeric guide
region — for Gibson to PkU6
BE 12 | AGAATACTCAAGCTTGGGGGGATCCACTAG | Rv Chimeric guide — Gibson
TGCCTTAAAAACTTCATTATATTTAAAAATT | into cas9 plasmid.
ATTTTATAGG
BE 13 [ TATTgcagtccatagacaataacag Fw Pk Cas9guide 5’
PkMDR1
BE 14 | AAACctgttattgtctatggactge Rv Pk Cas9guide 5’
Pk MDRI1
BE 15 [ TATTgaattgcctctattaagagat Fw Pk Cas9guide 3’
PkMDR1
BE 16 | AAACatctcttaatagaggcaattc Rv Pk Cas9guide 3’
PkMDR1

We also constructed an overexpression version of the plasmid by adding a hDHFR
sequence into the original plasmid. This plasmid was transfected into P. knowlesi without the
CRISPR guides and maintained episomally by keeping the parasite line under constant

pyrimethamine pressure.

Parasite Culture:
Parasites were cultured in RPMI-1640 media supplemented with 25 mM HEPES, 11.50

mg/l hypoxanthine, 2.42 mM sodium bicarbonate, and 4.31 mg/ml AIbuMAX 11, at 37°C in a 1%

oxygen, 5% carbon dioxide and 94% nitrogen environment.

Parasite Transfections

We first grew parasites to 5-10% parasitemia. We isolated schizonts using a 60% percoll
gradient spun at 900 G for 15 minutes, washed them with complete media, and let them mature at

37°C for one hour. To perform transfections, we combined ~2-3 ng of plasmid in a final volume
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of 10 pl with ~2-3 pg of our two guide RNA plasmids in a final volume of 2.5 pl for a total volume
of 15 ul. We combined the plasmid mixture with 100 puL of buffer P3 (Lonza). and iRBC pellets
(10-20 pl). We electroporated our plasmids into parasites using a Lonza nucleofector machine
(FP158 program) and then immediately transferred the plasmid-pellet buffer mixture to 1 ml of
20% hematocrit blood (80% media, 20% rhesus blood) to recover. We let parasites recover for 20-
40 minutes at 37°, after which we spun down the mixture and removed the supernatant. We then
added the blood back to 10 ml of culture and let parasites grow for 24 hours. After 24 hours, we
added pyrimethamine to a final concentration of 100 nM in the culture to select for parasites with
the integrated plasmid. We then waited 10-21 days for parasite populations to grow and reappear
via smear. We confirmed plasmid integration using species-specific primers Pk fw:
aggaacatgaaaaagtgccattctggg and Pk rev: CATGGAGACAACAGTGCTGTT and Pv_fw:
ctaccgaatcagtacgacaccaac and Pv_rev: tgcagcgactctttaaaggcacc. Clonal parasites were isolated by

limiting dilution.

SYBR Green growth inhibition assays

We performed growth inhibition assays as described by van Schalkwyk et al.#” In brief] to
synchronize parasites we isolated schizonts using a 60% percoll gradient, spun at 900g for 15
minutes. We let schizonts reinvade in 10% hematocrit media using leukocyte-depleted blood for
five hours. We then removed schizonts that did not reinvade using another 60% percoll gradient
and removed the media, schizont layer, and percoll, leaving just the blood pellet.

We counted final parasitemia by staining parasites with SYBR green for 15 minutes,
washing parasites, and counting using a MACsquant flow cytometer. For parasites that were
included in our final assay, we diluted all parasite lines to a final parasitemia of 0.8% and 1%

hematocrit. We plated 40 pl of parasites per well on our 384 well plate with drug dilutions. We
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incubated plates under normal growth conditions for 1.5 life cycles (~48 hours) at 37°C. We
prepared the SYBR lysis buffer by mixing lysis buffer (0.16% Saponin, 20 mM Tris-HCI, 5 mM
EDTA, 1.6% (v/v) Triton X-100, pH 7.4) with SYBR in a 1:1000 ratio. We lysed cells by adding
10 ul of the SYBR lysis buffer to each well. Fluorescence was read on a plate reader (SpectraMax
D5, Molecular Devices) at 490 nm excitation and 520 nm emission after 24 hours of incubation.

We performed assays for at least six biological replicates.

Data Analysis and Visualization

We calculated the 1Cso using GraphPad PRISM software (GraphPad Software). Statistical

analysis and visualizations were conducted using R software (Version 4.1) and the ggplot2?

package.

4.4 Results:

Population Genomics Reveal a Diverse Set of Global pvmdrl Haplotypes

We first sought to identify a globally representative set of pvmdrl haplotypes likely
associated with resistance. We aligned P. vivax samples to the PO1 reference genome and called
variants. We then subsetted the master VCF of 339 P. vivax samples to the region containing just
the pvmdr1 gene. Next, we calculated minor allele frequency (MAF) for all nonsynonymous SNPs
(nSNPs) in pvmdrl and excluded all nSNPs with a MAF < 0.05 in the entire population, leaving
10 nSNPs: V221L, D5S00N, S513R, G698S, L845F, L908M, T958M, Y976F, F1076L, K1393N
(Fig 4.1A). We next inferred an ancestral pvmdrl sequence to use as our control/reference
sequence during our assays (Fig 4.1B). The ancestral pvmdrl sequence represents the pre-drug
exposure haplotype. We inferred the ancestral pvmdrl sequence by first aligning pvmdri from the
PO1 reference genome, and the mdrl ortholog sequences from P. knowlesi, P. coatneyi, P. inui,

and P. cynomolgi. The allele present in the majority of the five species was selected as the ancestral
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allele for each of the 10 SNPs. The ancestral haplotype (H1) was present in our population

genomics dataset.
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Figure 4.1: pvmdr1 Mutations and Global Distribution of pvmdrI Haplotypes: 4.1A) Displays
the 10 pvmdrl nSNPs locations on the pvmdri structure. 4.1B) Displays sequence alignment of
the 10 nSNPs across five Plasmodium species in the Plasmodium clade and ancestral consensus
sequence. 4.1C) Displays the global distribution of pvmdr1 haplotypes and their frequency in each
country.
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We then identified all existing pvmdrl haplotypes composed of these 10 nSNPs using a
custom script to look for all unique existing combinations of the 10 nSNPs in our dataset. We
identified 22 unique pvmdrl haplotypes, comprising the 10 nSNPs (Fig 4.1C and Table 4.1). The
22 haplotypes represent a geographically diverse set of pvmdrl haplotypes in the circulating
worldwide P. vivax populations (Fig 4.1C). The H9 haplotype was not present in our dataset,
possibly due to low sample depth in Indonesia, but was characterized in the study by Verzier et al
using episomal overexpression in P. knowlesi>. The counts of each haplotype by country in the
dataset are summarized in Supplemental Table 4.1.

We also wanted to characterize the role of pvmdrl SNPs commonly reported in the
literature. The SNPs S513R, G698S, L908M, M958T, Y976F, and L1076F are commonly reported
in the literature as possibly involved in P. vivax drug resistance and are also among our 10 SNPs
in pvmdrl with a MAF > 0.01. The L908M and M958T in the Sal-1 genetic background are among
22 pvmdrl haplotypes identified in the population dataset. We wanted to test the other four
mutations identified in the literature that were not present in our population as existing haplotypes.
We constructed plasmids that contained the 513R, G698S, Y976F, and L1076F SNPs as single
mutations in the Sal-1 pvmdrl genomic background. We also wanted to test if pfmdrl mutations
that reduced drug susceptibility in P. falciparum also did so in P. vivax. We aligned the pfimdrl
and pvmdrl genes and mapped where the 86Y, 184F, 1042C, and 1264D mutations aligned to
pvmdrl, including the 86Y and 184F mutations combined into a single haplotype. The full list of

haplotypes is displayed in Table 4.4
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Table 4.4: List of pvmdrl Haplotypes Assayed

V221L |D500N |S513R |S698G |L845F (L908M |M958T |Y976F [L1076F |K1393N (Name [SNPs
V D S S L L M L K HI Base Haplotype
v D S S L L M F L K H2 H1+976F
v D S S L L M Y F K H3 H1+1076F
v D S S F L M Y L K H4 H1+ 845F
v D S G L L M Y L K H5 H1+698G
v D R S L L M Y L K H6 H1 +513R
\Y D S G L L M Y F K H7 H1+698G+1076F
\Y D R S L L M Y F K HS H1+513R+1076F
\4 D S S L L T F L K H9  |H1+958T+976F
\% D R G L L M Y L K HI0 |HI+513R+698G
H1+1076F+
\Y D S S L L M Y F N HI1 K1393N
\% D S S F L M Y F K H12 |[H1+845F+1076F
\Y D R S L L M F L K H13 H1+513R+976F
\% D S G L L M F L K H14 |H1+698G+976F
H1+221L+698G+
L D S G L L M Y F K H15 1076F
H1+845F+1076F+
A% D S S F L M Y F N HI16 K1393N
H1+698G+958T+
A% D S G L L T Y F K H17 1076F
H1+698G+908M+
A% D S G L M M Y F K HI18 1076F
H1+
D500N+698G+
A% N S G L L M Y F K H19 [1076F
H1+513R+
A% D R S L L M Y F N H20 [1076F+1393N
HI1+500N+698G+
v N S G L L T Y F K H21 |958T+1076F
HI1+500N+698G+
v N S G L M M Y F K H22 |908M+1076F
H1+698G+908M+
v D S G L M T Y F K H23  |958T+1076F
Single Mutations in Sal-1 Background Not in Population Dataset
H1+698G+908M+
A% D S G L M T Y L K H24 958T

120




Table 4.4 (Continued): List of pvmdrl Haplotypes Assayed

HI+908M+958T+
1076F

Double Mutant |Triple Mutant

Generation of P. knowlesi containing the pvmdrl in place of the native pkmdrl
Next, we constructed plasmids each containing the 27 pvmdrI haplotypes. We amplified

pvmdrl from Sal-1 genomic DNA and used PCR to introduce the mutations iteratively until we
constructed all 27 haplotypes. We also constructed plasmids that mapped known pfmdri drug
resistance-associated mutations N86Y, Y184F, N1042C, D1246Y onto the pvmdrl gene as single
mutations, and as an N86Y, 1845F haplotype. Finally, we constructed an overexpression plasmid
containing the H1 pvmdrl haplotype to mimic the effect of copy number variation. Sanger

sequencing confirmed pvmdrl plasmid haplotype sequences.
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Figure 4.2: Allelic Replacement Strategy and Experimental Design: 4.2A: Displays plasmid
constructs for the Cas9 and Guide RNA Plasmid on the left, and the allelic replacement plasmid
on the right. 4.2B: Shows an example of replacement of native pkmdrl locus with pvmdrl. The
left column in each picture displays a PCR reaction with our P. knowlesi specific mdrl primer set,
and the right column displays a PCR reaction with our P. vivax specific mdrl primer set. 4.2C:
Displays drug assay experimental workflow. First, we isolate schizonts using a percoll gradient
and let them reinvade leukfiltered blood for five hours to synchronize parasites. We then removed
schizonts that did not invade to ensure parasite synchronization. Parasites were diluted to 0.8%
parasitemia, 1% hematocrit and dispensed in a 384-well drug plate and cultured for 48 hours.
Parasites were stained with SYBR, and fluorescence was read to measure parasitemia after drug
exposure.

Each pvmdrl variant plasmid was transfected with two Cas9-sgRNA plasmids targeting
the 5° and 3’ end of the pkmdri gene (Fig 4.2A). We confirmed plasmid integration into the P.
knowlesi genome using species-specific primers (Fig 4.2B). We cloned recombinant parasites by
limiting dilution to generate isogenic lines for each haplotype. After isolating isogenic clones, we

extracted genomic DNA and sequenced the entire pvmdrl gene to ensure that the pvmdrl gene in

that clonal line was both present and the correct haplotype.
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Several pvmdrl Haplotypes and Overexpression Confer Reduced Susceptibility to Mefloquine,
Halofantrine, Lumefantrine, and Dihydroartemisinin

We synchronized parasite lines and diluted them down to a final parasitemia of 0.8%. We
plated parasites on drug plates containing concentration gradients of chloroquine (CQ),
dihydroartemisinin (DHA), mefloquine (MFQ), lumefantrine (LUM), ferroquine (FQ),
piperaquine (PIP), halofantrine (HF), monodesethylamodiaquine (MDAQ), and pyronaridine
(PYN). We let parasites incubate on the plates for 48 hours (~two cycles) and then added lysis
buffer with SYBR to measure DNA concentration as a measure of parasite survival at the various
drug concentrations (Fig 4.2C).

We assayed 24 of the 27 pvmdr1 haplotypes lines, the one overexpression line, four pfindrl
mutants, and the P. knowlesi YHI line (n=30 lines), for their response to CQ, DHA, MFQ, LUM,
FQ, PIP, HF, MDAQ, and PYN (Figure 4.3). We made transgenic lines containing the H4, HS,
and H13 haplotypes, but were unable to isolate isogenic clones, and fully assay them by the time
of writing. We included the HI ancestral haplotype in each assay as the control line to compare
fold-changes in other lines against and normalized all lines against H1 for analysis. We also
assayed the P. knowlesi YHI1 line. Each line was assayed with 5-12 biological replicates per drug.

HS8 was the exception, and only had four biological replicates per drug by the time of writing.
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Figure 4.3. Antimalarial ICso Values for All Assayed Lines: Displays ICso values for all 24
assayed lines. Error bars represent standard deviation of all biological replicates. We used an
ANOVA test with 30 degrees of freedom to test if there was significant variability across all lines
in their response to each drug. We used a pairwise t-test to assess if the mean fold change for each
line was different for all pairwise comparisons, using the Bonferroni-Holm correction. *P < .05,
**p < .01, and ***P <.001, compared with the H1 ancestral pvmdrl line.
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pvmdrl lines, H2, H12, H16, H20, and H23 displayed reduced susceptibility to several of
our compounds (Figure 4.3). The H2 haplotype displayed a ~2-fold shift in the ICso of LUM, HF,
and MQ, though only the fold-increase in MQ was statistically significant. H2 is a single tyrosine
to phenylalanine substitution at amino acid position 976 (Y976F) in the ancestral background. The
H12 haplotype displayed a statistically significant 2.5-fold increase in the MQ and HF ICs¢s, and
a 3-fold increase in LUM. H12 is a double mutant in the ancestral background, with leucine to
phenylalanine substitutions at positions 845 (L845F) and 1076 (L1076F). The H16, H17 and H23
all displayed significant 1.5-2-fold shifts in the ICso of DHA. H16 and H23 also displayed a
significant ~1.5-fold and 2-fold increase in MQ 1Csp respectively, and a ~2-fold increase in HF
ICso, though it was not significant. The H16 and H17 lines are triple mutants, and H23 is a
quadruple mutant in the ancestral background. H16 contains the L845F, L1076F, and K1393N
mutations. H17 and H23 both contain the S698G, M958T, and L1076F mutations. H23 also
contains the L908M mutation. The H20 haplotype displayed a significant ~2-fold increase in MQ
ICs0. H20 constraints the 513R, 1076F, and 1393N mutations. The H1 overexpression line
displayed a significant ~4-fold increase in the LUM and HF ICsos, a ~3-fold increase in the ICso
of MQ, and a 2-fold shift in the DHA ICso. The H7 haplotype displayed increased sensitivity to
several compounds, including a ~2-fold increase in sensitivity to MQ, ~1.5-fold increase in
sensitivity to LUM and CQ (Figure 4.3), though these fold-decreases were not statistically
significant. H7 is a double mutant in the H1 background, with the S698G mutation L1076F
mutation. Several other haplotypes also possibly display intermediate sensitivity haplotypes;
however, these shifts were not statistically significant possibly due to the variability of the assay.

Some of the pfindrl mutations associated with P. falciparum drug resistance mapped onto

pvmdrl resulted in increased ICsos for many compounds. We noticed a general trend towards
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decreased susceptibility towards MQ, LUM, and HF, though not all the increases were statistically
significant. The 184F and 1246Y mutations resulted in 2-fold increases in the MQ. The other
pfmdrl mutations had small increases in the ICsos of DHA, MQ, LF, and HF. We did not observe
an increase in the ICso of MDAQ, FQ, PIP, CQ, and PYN in any of the lines expressing the pfindr1
SNPs mapped onto the pvmdri.

There was significant variation in the mean ICsos for MQ, LF, HF, DHA, CQ, and FQ
across all 30 assayed lines (P < 0.01, ANOVA test for all lines). MQ, LF, HF, and DHA all had
at least two lines with significantly higher ICsos compared to the H1 control. These compounds
also had significant variability between other lines in the assay. No lines had significantly higher
CQ and FQ ICsos compared to the H1 control. However, there were significant differences in the
CQ and FQ ICsps across all lines, suggesting differences in the response to these drugs among the

circulating pvmdr1 haplotypes.
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Figure 4.4: Heatmap and Clustering of pvmdrl line ICsos: displays heatmap of the nine
antimalarial ICso in each line. Dendrogram shows hierarchical clustering of drug ICsos.

We next wanted to test if any of the ICso fold-changes correlated with each other to identify if any
of the lines had cross resistance to multiple compounds. We observed ICso increases generally
clustered together for MQ, LUM, and HF. This observation suggests cross resistance to MQ, LUM,
and HF for all lines that displayed reduced susceptibility to those compounds (Figure 4.4). This

observation was supported by hierarchical clustering of the ICso values for each line. We also
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observed that increases in DHA ICso did correlate to a lesser extent to other decreases in
susceptibility to other antimalarials. We did not observe collateral sensitivity in any line. We
observed only small shifts in the ICso of FQ, PYN, MDAQ, and PIP across all lines.

Correspondingly, the ICsos for this set of compounds clustered together for all lines.

4.5 Discussion

pvmdrl Haplotypes Confer Reduced Drug Susceptibility and are Prevalent in the Greater
Mekong Subregion and Oceania.

This study provides the first molecular genetic evidence that pvmdrI can mediate multidrug
resistance in P. vivax. The extensive interrogation of globally circulating pvmdrl alleles reveals
decreases in susceptibility to several widely used antimalarials. The H2, H12, H16, H17, H20, and
H23 haplotypes, in addition to the pvmdri overexpression line, all display 2-4-fold resistance to
LUM, MQ, and HF (Table 4.5). H2 is widespread throughout Southeast Asia, where it was present
in 83% of Vietnamese samples, 18.5% of Thailand samples, 75% of Papua New Guinea samples,
17% of the Myanmar samples, 67% of the Malaysia samples, 100% of the Indonesian samples,
12% of the Chinese samples, and 57% of the Cambodian samples. H2 displays a significant
increase in MQ ICso, and a ~2-fold shift in the ICso of LUM and HF, though this shift was not
statistically significant. The high prevalence of H2 suggests possibly widespread reduced P. vivax

sensitivities to these drugs throughout Asia and Oceania.
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Table 4.5: Lines with a 2-fold increase in ICso of at least one drug.

Line SNPs vs H1 Mean ICso fold Change vs H1

H2 +976F CQ:1.30, DHA:1.20, MQ:2.0, LUM: 2.00, HF: 2.18

HI12 +845F +1076F CQ:1.24, DHA:1.65, MQ:2.50, LUM: 3.18, HF: 2.92

H16 +845F+1076F+1393 | CQ:1.30, DHA:1.88, MQ:2.22, LUM: 1.83, HF: 2.25
N

H17 +698G+958T+1076F | CQ:1.16, DHA:1.82, MQ:1.23, LUM: 1.32, HF: 1.31

H20 +513R +1076F CQ:1.35, DHA:1.75, MQ:1.82, LUM: 2.16, HF: 1.74
+1393N

H23 +698G+908M+958T | CQ:1.15, DHA:2.19, MQ:1.54, LUM: 1.55, HF: 1.99
+1076F

pvmdrl HI (no SNPs) CQ:1.35, DHA:2.28, MQ:3.14, LUM: 4.52, HF: 4.54

overexpression

Compounds with significant fold increases in their 1Cs are bolded. Compounds with 1Cs fold
increases greater than 2 (or 1.5 in the case of DHA) are underlined.

H12 is rare in our dataset and was only found in one sample each in Malaysia and
Cambodia (frequencies of ~5% and ~17% respectively). H20 was found in 30% of the samples
from Thailand and less than 1% of samples from Brazil. H16, H17, H23 were also rare, and found
in less than 5% of samples from India, Peru, and Mexico, respectively. Despite the observation
that several reduced susceptibility haplotypes are rare, they are found distributed around the world.
Our dataset may also paint an incomplete picture of the true frequency of these variants, given
unequal sampling depth between countries. This work highlights the urgent need for in vivo studies
exploring links between pvmdrl mutations and treatment failure to ACT partner drugs, even if
those drugs are not yet recommended as P. vivax first-line therapy. There is prior evidence for co-
selection of P. falciparum and P. vivax drug resistance in regions where both species are co-

endemic*3#+>_ SP treatment prescribed for P. falciparum has been shown to select for SP-resistant
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P. vivax dhfi alleles****>_ While ACTs are only recommended in a few regions as the first-line P.
vivax treatment, they have been recommended to treat P. falciparum for close to two decades.
Consequently, P. vivax has been subjected to selection pressure from these same antimalarial
compounds. Our study provides evidence that exposure to MQ, LUM, HF, and DHA has been
selected for pvmdri alleles with reduced susceptibility to these drugs. Our work emphasizes the
importance of understanding the link between circulating pvmdrl alleles and their predictive
power of ACT treatment failure.

We identified several common SNPs across resistant lines. The H12, H16, H17, H20, and
H23 lines had the 1076F mutation (Table 4.5). 1076F alone does not appear to cause resistance,
because the H3 haplotype, a single 1076F mutation in the ancestral background, did not
demonstrate reduced susceptibility to any compounds. However, the addition of the 845F mutation
(H12 Haplotype) or the 698G, 908M, and 958T mutations (H23 Haplotype) resulted in reduced
susceptibility to MQ, LUM, and HF for H12 or DHA for H23. Comparing the H23 vs H24, and
the H12 vs H3 haplotypes further supports a role for 1076F in the development of drug resistance.
H24 and H23 have the same haplotype (698G, 908M, and 958T), except for the amino acid at
position 1076 (1076F for H23 and L1076 for H24). H24 had no shift in the HF ICs¢ and displayed
reduced susceptibility to DHA relative to the H23 line, while H23 displayed reduced susceptibility
to both compounds. This observation suggests a critical role for mutations at position 1076 for the
development of multidrug-resistant pvmdrl alleles. The 1076F mutation could be critical for the
development of reduced drug susceptibility.

The 845F and 513R mutations, in addition to 1076F, may confer reduced susceptibility to
several compounds. H12 contains 845F plus 1076F and has reduced susceptibility to DHA, MQ,

LUM, and HF. H16 also contains both mutations in a slightly different genetic background, but
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also displayed similar decreases in susceptibility to these compounds. Unfortunately, we could not
determine if the 845F mutation alone is sufficient to lead to reduced susceptibility phenotypes,
because we were unable to assay H17, the single 845F mutation in the ancestral background, by
the time of this writing. 513R may also play a role in the development of drug resistance. H20
contains 513R and 1076F and displays a ~1.5-fold shift in DHA 1Cso and a 2—fold in LUM ICso.
The H11 haplotype, which does not contain 513R, but otherwise has the same mutations as H20,
displayed no increase in 1Cso towards any antimalarials. Similarly, the H3 (+1076F in ancestral
background) and the H25 (+513R in ancestral background) lines did not display any increases in
the ICso of any antimalarials. These data suggest that 513R in concert with 1076F mediates reduced
susceptibility to MQ, LUM, and HF. Notably, we did not observe opposing sensitivities in any of
our pvmdrl lines.

H2 was our only resistant line that did not contain 1076F. H2, which is a single Y976F
substitution in the ancestral background, displayed a 2-fold increase in the ICso of MQ, LUM, and
HF. Unlike the other reduced drug susceptibility lines, it did not have a shift in the ICso of DHA.
Mutations at position 976 had been associated with possible CQ resistance®®. The H2 haplotype
did not display an increased CQ ICso, nor any other line with the 976F mutation. The H9, H14,
and H27 lines also had the 976F mutation but did not display increased ICsos to any other
antimalarials in the assay. This observation suggests that the association of 976F with reduced
antimalarial susceptibility depends on the genetic background it arises in. The H27 line, which has
976F in the SAL-1 (H23) background, displayed increased sensitivity to HF, LUM, and MQ. H27
was not observed in our population genomics dataset, perhaps because of decreased fitness costs
due to growth defects or increased drug sensitivity. This observation suggests the 976F mutation

can only persist on certain genetic backgrounds. The H13 line also contains a 976F mutation and
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the 513R mutation, but we were not able to completely assay this line by the time of writing. H2
1s one of the most common haplotypes in Southeast Asia, suggesting it can spread readily and be
a useful marker of emerging ACT partner drug resistance in that region.

None of the lines displayed any shift in the ICsos of FQ, PYN, MDAQ, and PIP, and any
increase in the ICso of CQ relative to the H1 control. However, there were significant differences
in CQ ICso (P <0.001=, ANOVA), and to a lesser extent FQ ICso (P < 0.01), across all 30 assayed
lines. These results show that pvmdrl mutations may mediate small differences in susceptibility
to these two drugs among circulating P. vivax lineages. However, no haplotype displayed a clear
reduced susceptibility to CQ phenotype (the max fold increase was ~1.35-fold). This result
demonstrates that pvmdrl alone does not mediate high-grade CQR, and that SNPs in pvmdri
should not be used as molecular markers of high-grade CQR. This contrasts with prior work that
linked 976F with a 1.7-fold increase in CQ ICs0®. One explanation for these conflicting
observations is that pvmdrl alleles containing 976F (or specifically the H2 haplotype) are
genetically linked to a gene that mediates high-grade CQR. Another possible explanation is that
high grade CQR is multigenic, and may involve resistant pvmdri alleles plus another gene,
possibly pvcert. Several lines showed small increases in CQ ICso, suggesting a trend towards small
reductions in CQ susceptibility. Mutant pvmdrl alleles may therefore play a role in the
development of high-grade CQR.

No pvmdrl haplotype conferred reduced susceptibility to FQ, PYN, MDAQ, and PIP
relative to H1. This observation supports the conclusion that the shifts we observe in the ICsos of
DHA, MQ, LUM, and HF relative to H1 are due to genuine biological change that mediate reduced
susceptibility specifically to these antimalarials, not to others. If we observed shifts in the 1Cso

relative to H1 for FQ, PYN, MDAQ, and PIP, that might imply that the shifts we observed in DHA,
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MQ, LUM, and HF are random noise due to assay variability. Notably, we also did not observe a
significant difference (P > 0.05, ANOVA test) across all 30 lines in the variability of PYN,
MDAQ, and PIP. This result demonstrates that pvmdrl alleles do not mediate susceptibility to
these compounds and supports the conclusion that the observed increases in ICsos of the other

antimalarials are genuine.

pvmndrl Alleles Antimalarial ICso Increases Are Similar to Changes Seen in P. falciparum
pfmdrl and Suggests Clinical Importance

There are striking similarities between the 1Cso increases in MQ, LUM, DHA, and HF due
to pvmdrl mutations, and previously reported in vitro ICso increases observed in P.

falciparum 15396162

Previous studies reported a similar relationship between pfindrl mutations
and observed ICs fold-changes to antimalarial compounds®!6262.83 The pfindrl N86 allele results
in 2-4 fold increases in the ICsos of LUM and MQ, and a 1.5 fold increase in the ICso of DHA.!63
Conversely, the 86Y allele can lead to amodiaquine resistance, and has also been significantly
associated with artesunate plus amodiaquine (ASAQ) treatment failure®'-%4%5. The S1034C and
D1246Y pfindrl alleles can also result in a ~2 fold shift in parasite resistance of HF and MQ%.
The pfimdrl 1042D allele results in a 2-fold increase in quinine (QN) resistance compared to the
N1042 wild-type allele®. pfindrl copy number increases have also been associated with increased
resistance to MQ, HF, and LUM. pfmndrl copy number increases result in a ~2-4-fold increase in
the 1Cso of both MQ and HF in vitro.®® Conversely, disrupting one of the two pfindrl copies in a
P. falciparum line with two copies of pfindri resulted in a 3-fold decrease in MQ 1Csy, a 4-5-fold
decrease in LUM ICso, and a ~2-fold decrease in HF ICs02. The similarity between the ICso fold-
changes in our pvmdrl mutants and overexpression lines to the ICso fold-changes resulting from

pfmdrl mutations may also help contextualize the impact of in vitro resistance to in vivo treatment

failures.
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While pfindrl in vitro shifts only result in 2-4-fold changes to the 1Cso of these drugs,
work linking the pfindrl genotypes to clinical outcomes suggests that even these modest in vitro
changes result in significant risk for in vivo treatment failure. One study found an increased
prevalence of the N86 in P. falciparum parasites present in patients with artemether-lumefantrine
(AL) treatment failure, compared to the allele frequencies of N86 in the parasites prior to AL
treatment®’. The same study also found a 2-fold increase in the parasite ICso of artemether and
~2.5-fold shift in LUM ICs in ex vivo assays of parasites from patients with treatment failure®’.
Other studies have shown that the N86 allele is associated with a significant risk of AL treatment

failure®4:68-70

. pfmdrl CNVs are associated with significantly increased odds of treatment failure
in patients treated with AL and MQ%7172, The 86Y allele is associated with recrudescent infections
in patients treated with AQ’?. A corollary of the relationship between mutations in pfindr1 resulting
in in vitro shifts in drug ICsos and associated with risk of treatment failure, coupled with the similar
ICso fold-changes observed in several of the pvmdrl mutant lines in our study, suggests that
mutations in pvmdrl may increase risk for ACT treatment failure for P. vivax.

The few studies linking pvmdrI polymorphisms to clinical outcomes support a connection
between pvmdrl polymorphisms and the risk of treatment failure®!®. Other work has associated
increased pvmdr1 copy-number with a 2-fold increase in MQ ICs ex vivo®. Additionally, a clinical
trial comparing the efficacy of AL to CQ+PQ found higher treatment efficiency in the CQ arm
than the AL arm’>. The authors posited that one reason for the reduced treatment efficacy in the
AL arm was due to the short half-life of LUM, which resulted in faster P. vivax relapse’. The
artemisinin component of ACTs will rapidly kill P. vivax parasites, while partner drugs that are

eliminated from the body more slowly suppress blood-stage parasites that originate from

reactivated hynozoites’. LUM has been shown to have the shortest period between treatment and
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P. vivax relapse of all ACT partner drugs’6~’®. Therefore, P. vivax infected patients treated with
LUM will experience relapse more quickly, usually within 20-80 days’. A 2-4-fold decrease in P.
vivax susceptibility to LUM, as seen in several lines in our study, could lead to a faster time to
relapse, since hypnozoites will not be suppressed as LUM concentration wanes. Decreased P. vivax
LUM susceptibility would limit the efficacy of AL treatment. Ethiopia has used AL as the front-
line P. falciparum treatment regimen since 20037°. The use of AL against P. falciparum cases
could have co-selected for LUM resistant pvmdrl variants’”. Decreased treatment efficacy of AL
compared to other ACTs has been documented in other regions as well’839,

This work has significant implications for future P. vivax treatment policy, particularly
considering current efforts exploring the use of different ACT regimens as a universal cure for P.
falciparum and P. vivax 3'. First, in regions where ACTs are used as the front-line therapy for P.
vivax, surveillance for the H2, H12, H16, H20, and H23 haplotypes will be critical to both monitor
the effectiveness of ACTs and track the spread of drug resistance alleles. Genomic surveillance of
the pvmdrl mutations can help guide treatment policy towards deploying ACT regimens that
regional pvmdrl haplotypes are more susceptible to. Secondly, for regions considering
recommending ACTs as P. vivax first-line therapy, genomic surveillance of the resistant pvmdr]
haplotypes will also help determine which ACT regimens will be most effective in that region. We
did not observe resistance to PIP and MDAQ. This evidence suggests that ACT regimens using
DHA-PIP or AS-AQ could be more effective than AL for P. vivax treatment. Molecular
surveillance of resistant pvmdr1 alleles and other possible P. vivax resistance genes will be critical
to effectively deploy antimalarial treatment to achieve the elimination of the parasite. Targeted

sequencing approaches, such as amplicon sequencing, will help capture the emergence of resistant
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haplotypes as they begin to emerge in the population, and explore the full extent of pvmdrl

variation.

Study Limitations, Conclusions, and Future Directions

This study had some limitations. First, the pvmdrl population genomic dataset likely did
not capture the full extent of pyvmdri genetic variation, because it did not contain samples from all
countries with endemic P. vivax. Therefore, we did not evaluate the full extent of circulating
pvmdrl variation in the P. vivax population. We also had only one or two samples from some
countries, which resulted in a shallow sampling depth that likely does not represent the full extent
of pvmdr 1 haplotypes in that country. Another potential limitation is the P. knowlesi model system,
while a useful tool to study P. vivax biology, has differences between its biology and P. vivax
biology®. These differences include the lack of P. knowlesi to form hypnozoites, the observation
that not all P. vivax genes have 1:1 orthologs in P. knowlesi, and different host and vector
preferences®?. Additionally, the ability of certain pvmdr1 alleles to confer drug resistance in vivo
may depend on the genetic background they arise on. Recapitulating the exact genetic background
that resistant pvmdr1 alleles may arise on is difficult in the P. knowlesi model system, since we do
not know if other possible P. vivax resistance genes may interact with pvmdrl alleles to confer
drug resistance. These observations may explain future possible differences between in vitro
observations of pvmdrI mutations and ex vivo resistance observed in the field. However, despite
the biological differences between P. vivax and P. knowlesi, prior work has shown that the protein
products of pvmdrl sequences expressed in P. knowlesi localize to the P. knowlesi digestive
vacuole'3. This observation suggests P. knowlesi is an appropriate system to characterize pvmdrl
alleles, since pvmdr1 is functionally similar to its pkmdrl ortholog. Additionally, our P. knowlesi

transgenic lines were viable, suggesting that pvmdri can fulfill the function of pkmdr1.
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We only observed small 2-3-fold-changes, which made it difficult to accurately determine
the significance of the smaller ICso fold changes caused by several of the assayed pvmdrl
haplotypes. We standardized our assay procedure to limit variability by tightly synchronizing
parasites and diluting all parasites to a final parasitemia of 0.8% before plating. However, factors
such as the health of parasites entering the assay, previous culturing conditions, slight variations
in drug concentration during plate printing, or minor differences in the culturing conditions during
the assay from media components may also explain some of this variability. Fitness differences
between the lines may also contribute to the variability of the assay. However, since we conducted
at least five biological replicates for each of our parasite lines and each drug, we had the statistical
power to detect true differences in the 1Cso between lines. LUM and HF particularly had a lot of
variance in the assay, which may explain why the ICso fold-changes of 2 or more relative to H1
for several lines were not significant. The Bonferroni-Holm correction can create a high threshold
for significance and is affected by the number of pairwise comparisons. We measured significance
by performing pairwise t-tests for all 30 lines (n=900 comparisons), which may have resulted in a
too strict cutoff for significance after adjusted for multiple hypothesis testing. It is possible that
using another multiple hypothesis testing correct method or repeating the assay for those lines
could lead to fold increases in those lines being statistically significant. We chose to describe the
ICs0 fold-increase for those lines with significant increases for that reason.

Future work for this project will explore if increased copy number of different pvmdrl
alleles in their native genetic pvmdrl background further increases the 1Cso responses towards the
set of antimalarials. We have selected the H1 ancestral line, the H7 line that was the most sensitive
haplotype, the H2 line, which was the most prevalent resistant allele, and the H12 line, our most

resistant haplotype, as the lines to insert a second copy of their pvmdrl allele in their respective
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pvmdrl background. We constructed transposon plasmids that contain the H1, H2, H7, and H12
pvmdrl haplotypes. We then transfected the H1, H2, H7, and H12 transposon plasmids containing
a Blasticidin-S Deaminase resistance selection marker into the H1, H2, H7, and H12 transgenic P.
knowlesi lines respectively to insert a second copy of that same pvmdrI allele into each transgenic
line. We are currently using a serial dilution approach to isolate isogenic clones for each line and
will assay their drug susceptibility phenotypes once this process is finished. We have also isolated
H4, HS, and H13 isogenic clones and are in the process of assaying their drug susceptibilities.

We will also conduct growth fitness assays for our lines with the most sensitive (H7) and
resistant (H2, H12, H16, H20, and H23) phenotypes to understand if these haplotypes result in a
growth defect. We will use the method described in Small-Saunders et al** where we will co-
culture each of the lines with a tdTomato tagged H1 as a comparison line in a 1:1 ratio. We will
sample each co-culture every two days for 10-12 days and observe the percentage of tdTomato+
parasites by flow cytometry as a measure of parasite growth in competition with the control line.
If the percentage of tdTomato+ parasites remain constant over the course of the assay, it would
imply no growth defect. If the percentage of tdTomato+ parasites decrease, it would imply that
pvmdrl allele has a fitness advantage. If the percentage of tdTomato+ parasites increase, it would
imply that the mutant pvmdr1 allele confers a growth defect. Finally, we will confirm the level of
pvmdrl protein expression using Tandem Mass Tag Mass Spectrometry for each line.

This study successfully characterizes a large set of geographically representative pvmdr1
haplotypes and establishes a role for increased pvmdrl copy number increases or overexpression
in mediating drug resistance. The findings of this study can be used to support molecular
surveillance efforts focused on the resistant pvmdrl haplotypes and pvmdrl copy number

variation. Our work also suggests that future deployment of ACTs against P. vivax may not have
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maximum effectiveness because years of their usage against P. falciparum has selected for pvmdr1
alleles that can mediate reduced susceptibility to DHA and ACT partners MQ, LUM, and HF.
Deployment of ACTs could also select for existing resistant haplotypes already present in the
population. Future work is needed to associate the clinical significance of the in vitro increases in
the DHA, MQ, LUM, and HF ICsos with the risk of treatment failure. However, similar 1Cso fold
changes were observed in P. falciparum and linked with a significant risk of treatment failure. This
observation suggests these mutations could lead to the risk of MQ or ACT treatment failure using
LUM, and further work is needed to clarify if this is indeed the case. This work also supports the
use of P. knowlesi as a model system to characterize candidate P. vivax resistance genes and will
further support the use of this model to advance knowledge of P. vivax drug resistance biology.
Further work is also needed to understand the transmission dynamics and general fitness of
resistant vs susceptible pvmdrl alleles in high and low transmission settings, and understand the
different genetic backgrounds that resistant pvmdr1 alleles can arise on, Additional work could
also be done to study how different pvdmrI alleles may affect transmission in the mosquito, given
prior work suggesting that some resistant pfmdrl alleles can also have increased transmissibility
in mosquitos®*. Finally, we demonstrate that pvmdrI alleles alone do not mediate high-grade CQR,
and pvmdrI SNPs alone should not be used as markers of CQR. Future work is needed to identify

and characterize other candidate genes that mediate P. vivax CQR.
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5.1: Genomic epidemiology tools will be critical to achieve P. vivax elimination and to study
P. vivax biology

There has been a significant reduction in P. vivax cases in recent years, raising the
possibility of sustained P. vivax elimination in several parts of the world'. Genomic
epidemiology will be a critical tool to achieve that goal by identifying threats to elimination from
imported cases, identifying and tracking drug resistance, and identifying local sources and sinks
of P. vivax transmission”™,

In Chapter Two, I demonstrate how advances in the ability to conduct whole genome
sequencing from clinical P. vivax isolates and genomic epidemiology tools can be applied to
assist elimination efforts. I used population genomic and phylogenetic techniques to identify the
evolutionary relationship between P. vivax samples collected in Panama and P. vivax strains
worldwide. This approach identified several imported P. vivax samples and their general region
or country of origin. We did not have the sampling depth worldwide in our dataset to obtain the
resolution to pinpoint the exact country for all imported samples. However, this work illustrates
how even limited genomic can still be informative by simply identifying cases as imported or
not. Identifying imported cases will be critical to achieve elimination by identifying where and
how P. vivax cases are imported. Future applications of phylogenetics to identify imported cases
could take advantage of deeper sampling of P. vivax populations worldwide to power
phylogenetic epidemiological approaches. A globally representative set of P. vivax samples
could be used to pinpoint the country or region of origin of imported P. vivax cases. For
example, we were unable to identify the country of origin for the CL2 lineage, but found it
clustered with samples from Colombia. It is possible that future re-analyses of this data with a
more globally representative P. vivax sample set will better identify their country of origin.

Additionally, future genomic epidemiological analyses that compare their samples to a globally
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representative P. vivax dataset and estimate recent common ancestry using identity-by-descent
(IBD) could highlight the region of origin of imported cases and how relatively recently that
parasite lineage was imported. These tools will help identify sources of parasite importation and
direct public health efforts to staunch their transmission to help achieve elimination.

Furthermore, IBD analysis can illuminate patterns of transmission in a country. In
Chapter Two, I found that there was one single clonal lineage transmitted throughout Panama.
This finding was surprising, given prior work studying P. falciparum population structure that
showed distinct parasite populations on either side of the Panama Canal®. The finding suggests
that P. vivax is transmitted throughout the country, rather than fracturing into sub populations as
might be expected in a low transmission setting®’. This may be because P. vivax hypnozoites can
reactivate in persons after they have traveled away from the place they were originally infected?.
The analysis in Chapter Two informs the malaria elimination strategy in Panama by supporting
the continued need for country-wide surveillance and elimination efforts, instead of efforts
targeted on localities with the highest cases. There is another epidemiolocal scenario where IBD
could highlight distinct parasite subpopulations transmitted locally. This scenario would support
targeted elimination efforts concentrated on those localities. Future uses of IBD analysis can be
used to inform malaria control and elimination strategies by inferring transmission dynamics,
sources and sinks of parasite transmission, and population structure to best deploy public health
resources.

Genomic epidemiology can also be used to identify and track the spread of P. vivax drug
resistance. Prior to this work, only mutations in pvdhfr were validated P. vivax markers of drug
resistance. This information was not actionable for P. vivax control programs, because

sulfadoxine-pyrimethamine (SP) had never been recommended for P. vivax treatment.
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Widespread chloroquine resistant (CQR) P. vivax in Papua New Guinea and Indonesia has
necessitated a change to use ACTs’. Other countries also have evidence of CQR P. vivax®'!.
pvmdrl mutations have been used as molecular markers of CQR, despite not being validated in a
heterologous model system'?~'4. Use of a not validated molecular marker of drug resistance
could lead to unwarranted changes in treatment policy to more expensive ACTs '°. Work in
Chapter Four demonstrates that pvmdri does not mediate CQR but validates that it confers
reduced susceptibility to dihydroartemisinin (DHA), lumefantrine (LUM), Mefloquine (MQ),
and Halofantrine (HF) in vitro. This work also highlights several drug resistant pvmdr1
haplotypes. The work in Chapter Four suggests that Artemether plus Lumefantrine (AL)
treatment is likely to be less effective than ACTs with Amodiaquine or Piperaquine as the
partner drugs. Targeted molecular surveillance of these drug resistant pvmdr1 haplotypes can be
deployed to identify if there is resistance to these compounds and support which ACTs to deploy.
The work in Chapter Four demonstrates that pvmdrI does not mediate high-grade CQR and
should not be used as a marker of CQR. Further work is needed to find a validated marker of
CQR in P. vivax. Identifying a molecular marker of CQR will be critical to support P. vivax
control and elimination, and to deploy effective treatments.

The decreasing cost and continued ease of deploying sequencing technologies has great
potential to support public health efforts combating malaria and other infectious diseases?>.
These technological advances could be used to support future cloud-based genomic
epidemiology platforms, where a pathogen sequence or set of sequences are uploaded and varied
analyses could be carried out on them. I present a use case and analysis workflow in Chapter
Two that could be used in computational genomic pipelines to rapidly identify if cases are either

locally transmitted or imported, and if imported, identify the region of origin. Additionally, these
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platforms could identify if parasites carry drug resistance alleles, such as the pvmdril drug
resistant haplotypes discussed in Chapter Four. This capability will allow for identification of
drug resistant parasites, the ability to track the spread of drug resistance, and provide information
to recommend appropriate treatment policy. Deploying treatment regimens that drug resistant
parasites are still susceptible to will be critical to achieve P. vivax elimination. These future
platforms will be an important tool to translate genomic epidemiology information into
epidemiological intelligence that can be used to support malaria elimination efforts.

Lastly, Chapter Two illustrates the potential of selective whole genome amplification
(SWGA) to amplify and sequence P. vivax from clinical isolates. P. vivax can be difficult to
sequence directly from clinical samples because of its low parasitemia, which can make isolating
P. vivax DNA in sufficient quantities for sequencing difficult'®. Methods such as hybrid-capture
and leukocyte depletion can enrich P. vivax DNA concentration in samples with low parasitemia,
but such methods are expensive and difficult to scale'®!”. SWGA has enabled higher coverage
sequencing of P. vivax samples directly from clinical samples, and is more easily scalable and
cheaper compared to the aforementioned methods '®. SWGA can enable genome-wide
association studies and identify SNPs associated with host tropism or for drug resistance
phenotypes. SWGA could also be applied for genomic surveillance efforts and provide a rich
dataset to study relatedness and evolution of P. vivax in various transmission settings. However,
whole-genome data might not be needed to study parasite relatedness and perform public health
surveillance. Amplicon panels, which enable high sequence coverage of select loci, can also be
used to achieve these public health surveillance goals as well'®2!. Continued use and
development of SWGA and amplicon panels for application for P. vivax genomic surveillance is

an exciting and impactful step forward for malaria genomic epidemiology.
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5.2 Using Population Genomics, Evolutionary Analysis and Heterologous Genetic Systems
Can Allow the Characterization and Validation of P. vivax Drug Resistance Genes.

This dissertation provides the first molecular genetic validation of a P. vivax drug
resistance against antimalarial regimens used to treat P. vivax in some regions. The work in
Chapter Four demonstrates the use of allelic replacement in P. knowlesi of a native P. knowlesi
gene with its P. vivax ortholog to characterize its ability to mediate drug resistance. Three
resistant pvmdr1 haplotypes, H2, H12, and H20, are present throughout Southeast Asia. The H2
haplotype, which is a single tyrosine to phenylalanine substitution at amino acid position 976 in
the ancestral background, resulted in a 2-fold shift in the MQ, LF, and HF 1Cses. The H12
haplotype is a double mutant with leucine to phenylalanine substitutions at positions 845 and
1076. The H20 haplotype is a triple mutant with a serine to arginine mutation at position 513, a
leucine to phenylalanine substitution at positions 845 and 1076, and a lysine to asparagine
mutation at position 1393. Both haplotypes resulted in 1.5-fold shifts in the DHA ICso, 2-fold
shifts for the MQ and HF 1Cso, and 2-2.5-fold shifts in the LF ICso. We also observed that our
pvmdrl copy number variation line results in 2-fold shifts in ICsos of MQ, HF, and a ~4-fold in
LF ICso. The H17 and H23 (Sal-1 genetic background) haplotypes are found in South America
and displayed significantly reduced susceptibility to DHA. The molecular validation that pvmdr
haplotypes and copy-number variation can confer reduced drug susceptibility can be used for
genomic surveillance of P. vivax drug resistance going forward.

This work builds upon previous studies to validate P. knowlesi as a model system to
characterize P. vivax gene function???*, We demonstrate that we can use transgenic P. knowlesi
lines expressing P. vivax genes to reliably characterize those alleles with regards to drug
resistance phenotypes. This work helps build a technical foundation for further research using P.

knowlesi to study the P. vivax drug resistance biology. However, model systems for drug
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resistance validation are only useful if there are candidate genes to characterize. The work in
Chapter Three has generated a set of candidate drug resistance genes uniquely under selection
pressure in P. vivax. 1 discuss in this chapter why one of the candidate genes, plasmepsinlV, is a
particularly compelling candidate for characterization, and outline an experimental plan to study
if it confers a drug resistance phenotype. The work in this thesis provides an outline of what
candidate drug resistance genes to prioritize for functional validation, and the experimental plan
and tools to do so in P. knowlesi. Future studies can follow the analysis outline discussed in
Chapter Three to conduct comparative selection scans using more geographically representative
P. vivax sample sets and identify other compelling candidate drug resistance loci for validation.
Understanding of P. vivax biology can be rapidly advanced by pairing population genomic and
evolutionary analyses with the P. knowlesi model system for functional characterization.
5.3 Future Advances in Heterologous Genetic Systems and their Application to Studying P.
vivax Biology

Further development of the P. knowlesi model system to study P. vivax will help
elucidate the biology of this parasite of public health importance. P. knowlesi has been used in
other studies to study P. vivax genes involved in invasion, and to screen blood stage antigens that
could be used as the basis of vaccine development?*?°, P. knowlesi is highly genetically
tractable, making it a potent genetic system to characterize P. vivax genes>>?’. There are only
two selection markers, hDHFR and blasticidin (BSD), that currently work in P. knowlesi. This
limits the ability to study the interaction of P. vivax genes and how their combinations might
affect phenotypes, because we can only express two different P. vivax genes at a time in P.
knowlesi and select for using drugs. The ability to express multiple candidate drug resistance P.

vivax genes would be a valuable tool to understand the genetic backgrounds where high-grade
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chloroquine resistance and drug resistance can arise. Development and validation of selection
markers for use in P. knowlesi will allow the study of P. vivax genetic interactions.

Future work in P. knowlesi should take advantage of the genetic tractability of the
parasite to conduct pooled screens for phenotypes. Our approach to studying the large array of
haplotypes in pyvmdrl may have been more efficiently studied using a pooled phenotyping
approach that utilizes molecular barcodes for each haplotype. In this method, we would have
added a unique DNA barcode into each pvmdrI haplotype plasmid. We then could have pooled
the 27 haplotypes and assayed them after exposure to different concentrations of a compound(s)
of interest. We next would collect DNA of the parasite pool after drug exposure for 1-2 P.
knowlesi life cycles (~36-48 hours) and use next generation sequencing to deconvolute from the
pool to identify the relative proportion of parasites lines that are represented in the surviving
mixture of parasites. This approach could rapidly screen for resistant lines and select those lines
that appear resistant for further characterization of their ICsos in a drug susceptibility assay. This
approach could be useful for highly polymorphic drug resistance genes, like pvmdrI or pvmrpl,
to identify drug resistant haplotypes. Beyond applications to studying drug resistance, the
development of a pooled barcoding system for P. knowlesi could be used to screen for antigens
for vaccine development, cell invasion genes to understand host tropism and invasion pathways,
and other phenotypes of interest. Coupling the genetic tractability of P. knowlesi with pooled
phenotype approaches will give the P. vivax field a power genetic system for functional
characterization.

Recent development of a P. cynomolgi continuous culture system also opens further
avenues to explore P. vivax biology. P. cynomolgi is much more closely related to P. vivax than

P. knowlesi, meaning it likes shares more conserved biology with P. vivax. One critical
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advantage of P. cynomolgi over P. knowlesi as a model system is that P cynomolgi can form
hypnozoites. The ability of P. cynomolgi to form hypnozoites will allow for the screening of new
compounds that target P. vivax hypnozoites and enable radical cure. Identifying hypnozoite
targeting drugs is important, because it is difficult to achieve radical cure using CQ, MQ, or
ACTs without primaquine (PQ) or tafenoquine (TQ). However, these drugs can cause hemolysis
in patients G6PD deficiency?®? precluding their use in many P. vivax endemic regions. As such,
successful P. vivax elimination will be difficult if there is no drug that can kill hypnozoites
without causing hemolysis in G6PD deficient patients®’. P. cynomolgi holds great promise to
function as a screening platform for compounds that target the hypnozoite stage®'. Further
development of P. cynomolgi CRISPR/Cas9 genetic systems and episomal overexpression
systems can allow the screening of P. vivax vaccine candidate antigens, drug resistance genes,
and invasion genes in a species that more closely resembles P. vivax biology. P cynomolgi may
be less genetically tractable than P. knowlesi, but its shared biology will be a compelling

additional heterologous model system to study P. vivax biology>?.

5.4 Concluding Remarks

The aim of this dissertation was to propel understanding of how genomic epidemiology
could help with P. vivax elimination efforts, and to provide a blueprint on how to both identify
and prioritize candidate drug resistance genes, and to validate those genes so that they can be
used for future genomic epidemiology and molecular studies. This thesis builds upon other prior
work applying population genomic tools to aid malaria elimination and demonstrates a use case
towards applying these tools to help aid elimination programs reach their endgame. Moreover,
this thesis provides the first molecular genetic confirmation of a P. vivax drug resistance gene,

pvmdrl, using a P. knowlesi model system. This finding is a critical advancement for the field
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for several reasons. First, it demonstrates that, contrary to previous suspicions, pvmdrI does not
mediate P. vivax chloroquine resistance (CQR). This is important because prior studies have
used the existence of mutations in pvmdrl to suggest that there is CQR P. vivax circulating in
those regions and recommended a possible change in treatment policy. This work demonstrates
that pvmdrl does not result in high-grade CQR, meaning it is unwarranted to change P. vivax
treatment policy based on pvmdrl mutations. It is possible that there could be linkage of pvmdr1
with the gene that mediates P. vivax CQR, and this scenario warrants further study. This work
provides evidence that pvmdrl mediate resistance to MQ, LF, HF, and to a lower extent, DHA.
This finding is clinically relevant because of considerations shifting treatment policy towards use
of ACTs either in regions where there is widespread P. vivax CQR or as a universal cure
approach where ACTs are the recommended treatment for both P. vivax and P. falciparum. This
finding suggests that the artemether-lumefantrine (AL) ACT may not be as effective, given that
three of our pvmdr1 haplotypes mediate 2-4-fold shifts in the LUM ICso. The findings in this
thesis also support molecular surveillance efforts focused on pvmdrI mutations to monitor the
risk of partner drug resistance. Additionally, this finding supports the use of DHA-PPQ or AS-
AQ to treat P. vivax if a switch to an ACT regimen is required. Lastly, this work confirms the
utility of P. knowlesi as a model system to study P. vivax drug resistance. This confirmation,
coupled with the list of candidate resistance genes in Chapter Three, can set the foundation for
future efforts to study P. vivax drug resistance.

The work in this thesis, coupled with experimental work in progress at the time of
writing, will empower future efforts to elucidate the drug resistance biology of P. vivax and

provide the field with tools to track its spread. This dissertation will help advance the study of P.
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vivax, which supports its successful elimination through knowledge of drug resistant alleles and

the deployment of genomic tools to track its transmission.
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Supplemental Figure 2.1: Pairwise IBD Estimates Increase with Sample Quality. Depicts
pairwise IBD estimates for all Panamanian sample pairs with IBD > 0.875 plotted against the
mean proportion of high coverage sites (sites with > 5x coverage) in each sample pair. The line
indicates a linear regression the box displays the Pearson correlation coefficient between the two
axes variables
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Supplemental Figure 2.2: Annotated heatmap of pairwise Nei’s standard distance
comparisons between all 2007-2009 and 2017-2019 samples using SNPs that were callable
in at least 80% of samples. Each block row and column present a single sample. Brackets
indicate sample groups.
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Supplemental Figure 2.3: Principal components analysis of Panama samples and
previously collected samples from Central and South America, Asia, and Africa. Samples
are colored by the region of origin. Parentheses contain the percentage of variance explained by
each principal component.
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origin. Parentheses contain the percentage of variance explained by each principal component.
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Supplemental Figure 3.2: Outlines the number of samples excluded due to each filtering step.
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Supplemental Figure 3.3: P. vivax DoS values plotted against P. knowlesi DoS values for pooled
population and each of the five subpopulations. All drug resistance candidate genes are
highlighted and labeled
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Supplemental Figure 3.4: P. vivax DoS values plotted against P. knowlesi DoS values for all
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Supplemental Figure 3.5: Distribution of iHS -logio (P values) for P. vivax in Colombia and
Peru/Brazil Populations. Displays the distribution of iHS -logio (P values) for P. vivax Colombia
and Peru/Brazil populations. Drug resistance genes are highlighted in blue and transporter
genes are highlighted in red. Genes with iHS scores in the top 2% of in their respective P. vivax
population are labeled. All genes with iHS scores in the top 2% of -logio (P values) in any of the
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167



Supplemental Table 3.1: List of Transporter Genes

P. vivax Gene ID
PVP01_0106100
PVP01_0109000
PVP01_0109300
PVP01_0113600
PVP01_0206600
PVP01_0208700
PVP01_0209900
PVP01_0210500
PVP01_0211500
PVP01_0317600

PVPO1_0407900

PVPO1_0414900
PVPO1_0415200
PVPO1_0418900
PVP0O1_0420400
PVPO1_0621200
PVP0O1_0621700

PVP01_0713100

PVP01_0714400

PVP01_0717900

P. knowlesi Gene ID

PKNH_0104400
PKNH_0107300
PKNH_0107600
PKNH_0112000
PKNH_0205300
PKNH_0207400
PKNH_0208700
PKNH_0209300
PKNH_0210300
PKNH_0317300

PKNH_0403800

PKNH_0411200
PKNH_0411500
PKNH_0414700
PKNH_0416200
PKNH_0621300
PKNH_0621800

PKNH_0712600

PKNH_0714000

PKNH_0717500

Gene Product Description

ATP synthase subunit C
cytochrome c oxidase subunit 4
chloroquine resistance transporter
V-type proton ATPase subunit a
mitochondrial carrier protein
V-type proton ATPase subunit C
novel transporter 1

StAR-related lipid transfer protein
nucleoside transporter 4

V-type ATPase VO subunit e

ATP synthase subunit alpha
mitochondrial

Sec61-gamma subunit of protein
translocation

transporter
pantothenate transporter
hexose transporter
acetyl-CoA transporter

ADPATP carrier protein 1

major facilitator superfamily-
related transporter

major facilitator superfamily
domain-containing protein

major facilitator superfamily
domain-containing protein

168

Gene Name
N/A
COX4
CRT
N/A
N/A
N/A
NPT1
N/A
NT4
N/A

N/A

N/A
N/A
PAT
HT1
ACT
AAC1

MFR4

MFS2

MFS3



Supplemental Table 3.1 (Continued): List of Transporter Genes

PVP0O1_0724900
PVP0O1_0726300
PVP0O1_0726500
PVPO1_0733200
PVP0O1_0820500
PVP0O1_0821200
PVP0O1_0823500

PVP0O1_0930500
PVP01_0933600
PVP0O1_0939400
PVP0O1_0940800

PVP0O1_0948300

PVPO1_1003700
PVPO1_1010000
PVPO1_1010100
PVPO1_1010900
PVPO1_1011300

PVP01_1014700

PVP01_1017500

PVPO1_1028700
PVPO1_1110300

PVP0O1_1117400

PVP0O1_1132100

PKNH_0724300
PKNH_0726200
PKNH_0726400
PKNH_0733200
PKNH_0821500
PKNH_0822500
PKNH_0825200

PKNH_0927800
PKNH_0931000
PKNH_0936600
PKNH_0937900

PKNH_0945600

PKNH_1002500
PKNH_1009000
PKNH_1009100
PKNH_1009900
PKNH_1010300

PKNH_1013900

PKNH_1016800

PKNH_1028300
PKNH_1109600

PKNH_1117400

PKNH_1133000

monocarboxylate transporter
cytochrome c oxidase subunit 5B
cytochrome c oxidase subunit 6B
V-type proton ATPase subunit E
ABC transporter | family member 1
P4-type ATPase ATP7

formate-nitrite transporter

major facilitator superfamily-
related transporter

aquaglyceroporin

guanylyl cyclase alpha

V-type proton ATPase subunit F
ATP synthase subunit delta

mitochondrial

phosphoenolpyruvate/phosphate

translocator

MerC domain-containing protein
divalent metal transporter
multidrug resistance protein 1

magnesium transporter NIPA

V-type proton ATPase 16 kDa
proteolipid subunit

major facilitator superfamily
domain-containing protein

UDP-N-acetylglucosamine

transporter

cytochrome c oxidase subunit 2A

V-type proton ATPase 21 kDa
proteolipid subunit

mitochondrial import receptor

subunit TOM40

169

N/A
COX5B
COX6B
N/A
ABCI3
N/A
FNT

MFR5
AQP
N/A
N/A

N/A

PPT
N/A
N/A
MDR1
N/A

N/A

MFS1

N/A
COX2A

N/A

TOMA40



Supplemental Table 3.1 (Continued): List of Transporter Genes

PVPO1_1134800
PVPO1_1139800
PVPO1_1145400
PVPO1_1231400
PVPO1_1235600
PVPO1_1235700
PVPO1_1242100

PVP0O1_1250100
PVP0O1_1259100

PVPO1_1266200
PVP0O1_1268000
PVPO1_1207600
PVPO1_1212900

PVPO1_1213900

PVP0O1_1301500
PVP0O1_0509900

PVP0O1_1317400
PVP0O1_1318500

PVP0O1_1321100
PVP0O1_1322800
PVP0O1_1327100
PVP0O1_1404400
PVP0O1_1405100
PVP0O1_1407500

PKNH_1135700
PKNH_1141100
PKNH_1147200
PKNH_1205600
PKNH_1209800
PKNH_1209900
PKNH_1216800

PKNH_1225000
PKNH_1234200

PKNH_1241500
PKNH_1243300
PKNH_1253700
PKNH_1259500

PKNH_1260500

PKNH_1302100
PKNH_1318400

PKNH_1326700
PKNH_1327800

PKNH_1330500
PKNH_1332200
PKNH_1336100
PKNH_1403700
PKNH_1404400
PKNH_1406800

major facilitator superfamily-
related transporter

zinc transporter ZIP1

cation/H+ antiporter

V-type proton ATPase subunit G
sulfate transporter

exported protein 2

ATP synthase (C/AC39) subunit

V-type H(+)-translocating
pyrophosphatase

multidrug resistance protein 2

major facilitator superfamily
domain-containing protein

copper transporter
nucleoside transporter 1

V-type proton ATPase subunit D

sodium-dependent phosphate
transporter

mitochondrial phosphate carrier
protein

nucleoside transporter 2

voltage-dependent anion-selective

channel protein

cytochrome c oxidase subunit 2B

major facilitator superfamily
domain-containing protein

ABC transporter G family member 2

copper transporter

sodium/hydrogen exchanger

CorA-like Mg2+ transporter protein

V-type proton ATPase subunit H

170

MFR1
ZIP1
CAX
N/A
N/A
EXP2
N/A

VP1
MDR2

MFS6
CTR1
NT1
N/A

PiT

PIC
NT2

N/A
COX2B

MEFS5
ABCG2
CTR2
N/A
MIT2
N/A



Supplemental Table 3.1 (Continued): List of Transporter Genes

PVP0O1_1411000

PVP01_1412300

PVP0O1_1412900

PVP0O1_1424600

PVPO1_1425000
PVPO1_1429900
PVPO1_1438000
PVPO1_1441600
PVPO1_1441900
PVPO1_1445400

PVP0O1_1447300

PVP0O1_1453300

PVP0O1_1453800

PVP0O1_1458700

PKNH_1410400

PKNH_1411700

PKNH_1412600

PKNH_1424500

PKNH_1424900
PKNH_1430300
PKNH_1438800
PKNH_1442600
PKNH_1442900
PKNH_1446600

PKNH_1448500

PKNH_1454900

PKNH_1455400

PKNH_1460700

ATP synthase subunit O

mitochondrial OSCP
ATP synthase subunit gamma
mitochondrial N/A
V-type proton ATPase catalytic

subunit A N/A
ATP synthase subunit epsilon
mitochondrial N/A
cation diffusion facilitator family

protein CDF
aquaporin AQP2

phospholipid-transporting ATPase 2 ATP2
phospholipid-transporting ATPase  N/A
vacuolar iron transporter VIT

potassium channel K1 K1

multidrug resistance-associated

protein 2 MRP2
vacuolar-type H+-translocating

inorganic pyrophosphatase VP2
ATP synthase subunit beta

mitochondrial N/A

S-adenosylmethionine

mitochondrial carrier protein SAMC
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Supplemental Table 3.2: Divergence and Polymorphism Counts for All Drug Resistance
Orthologs and Transporter Genes

Gene_ID

PVP01_0621700
PVP01_1120000
PVP01_1322800
PVP0O1_0820500
PVP01_0621200
PVP01_0933600

PVPO1_1429900

PVP01_1242100

PVPO1_0407900

PVP01_1453800

PVP0O1_0106100

PVP01_0948300

PVP01_1424600

PVPO1_1412300
PVPO1_1438000
PVPO1_1145400
PVPO1_1425000
PVPO1_1110300

PVP01_1318500

Name
Description

AAC1
AAT1
ABCG2
ABCI3
ACT
AQP

AQP2

ATP synthase
(C/AC39) subunit

ATP synthase
subunit alpha
mitochondrial

ATP synthase
subunit beta
mitochondrial

ATP synthase
subunit C

ATP synthase
subunit delta
mitochondrial

ATP synthase
subunit epsilon
mitochondrial

ATP synthase
subunit gamma
mitochondrial

ATP2
CAX
CDF
COX2A

COX2B

Dn

Ds

Pn

Ps

(Pv) (Pv) (Pv) (Pv) DoS (Pv)

13

55

82

538

39

25

65

28

29

15

122

11

54

24

11

42

93

182

574

109

27

61

48

185

166

19

11

35

218

78

89

26

46

6
19
19

61

20

17

172

15

9

7

48

12

4

20

10

11

18

-0.0493506

-0.3069498

-0.4201632

-0.0758201

-0.0698198

0.0521978

0.01587302

-0.2980769

-0.3060446

-0.2957265

-0.4350649

-0.2333333

-0.025641

-0.0125

-0.1268908

-0.2764045

-0.3366633

-0.02

-0.8070175

Dn

Ds

Pn

Ps

(Pk) ' (Pk) (Pk) (Pk)

15

99

74

587

52

28

98

30

36

10

15

181

20

80

27

13

60

89

211

600

111

37

86

60

215

173

31

20

11

45

251

91

92

26

64

0

27

12

155

51

37

15

17

39

41

198

41

18

48

33

35

53

11

10

23

130

35

48

21

19

DoS (Pk)

0.2
0.11750484
0.03323403
0.05543053
0.19135883
0.15076923

0.01745718

0.00953895

0.04350161

0.05558214

0.09005629

0.03952569

-0.0461538

-0.03125
0.1974246
0.05518018
0.22702104
0.38443396

-0.0711688



Supplemental Table 3.2 (Continued): Divergence and Polymorphism Counts for All
Drug Resistance Orthologs and Transporter Genes

PVPO1_0109000
PVPO1_0726300
PVPO1_0726500
PVPO1_0109300
PVPO1_1268000
PVPO1_1327100
PVPO1_0526600

PVP01_1429500

PVP01_1010100
PVP01_1424900
PVP01_1235700

PVP01_0823500

PVP0O1_0939400
PVP0O1_0420400
PVPO1_1445400

PVP0O1_1211100

PVPO1_1011300
PVPO1_1010900

PVP01_1259100

PVPO1_1010000
PVPO1_1134800
PVPO1_0713100
PVPO1_0930500
PVPO1_1017500
PVPO1_0714400

PVP01_0717900

COX4
COX5B
COX6B
CRT
CTR1
CTR2
DHFR

DHPS

divalent metal
transporter

DMT1
EXP2

FNT

guanylyl cyclase
alpha

HT1
K1

Kelch13

magnesium
transporter NIPA

MDR1

MDR2

MerC domain-
containing protein

MFR1
MFR4
MFR5
MFS1
MFS2

MFS3

11

17

7

45

38

22

71

82

71

30

20

37

515

48

286

15

14

94

301

56

129

45

48

34

267

92

18

32

18

74

31

13

99

112

123

79

44

82

682

139

520

88

85

297

335

25

224

98

148

109

237

123

3
10
6
4

20

10

14

13

18

90
14

30

32

30

12

21

27

33

10

173

3 -0.1206897
13 -0.0878438
8 -0.1485714
14 0.15592904
8 -0.1635611
1 -0.2047619
26 0.13986928

9 -0.1860152

20 -0.02796
8 -0.4170783
4 -0.0208333

4 -0.2890756

99 -0.0459482

17 -0.1949284
34 -0.1139113

4 -0.4543689

10 -0.0893551

45 -0.1751752

25 -0.0721841

6 0.02469136
19 -0.1595609
14 -0.018648
22 -0.3061224
10 -0.047952
13 -0.1876294

11 -0.0482835

14

13

11

59

68

24

71

97

126

47

19

41

613

67

287

21

21

139

301

72

181

63

85

44

291

102

27

49

19

78

40

21

138

106

139

63

40

96

752

92

557

116

93

340

333

41

218

91

189

107

247

110

24

14

15

29

20

13

230

10

68

11

33

64

11

29

11

17

92

30

29

43

26

13

49

57

51

42

27

30

343

51

212

62

50

141

166

13

85

56

32

44

103

26

0.19860627

0.0884653

0.36666667

0.36543954

0.14962963

0.01481481

0.10533792

0.14062321

0.19378156

0.19090909

0.25306838

0.11008088

0.04768809

0.25744922

0.09719025

0.00259974

0.12760675

0.10053272

0.19650254

0.17883481

0.19924812

0.31231672

0.05440502

0.0127022

0.06909732

0.3776838



Supplemental Table 3.2 (Continued): Divergence and Polymorphism Counts for All
Drug Resistance Orthologs and Transporter Genes

PVP01_1266200

PVP01_1405100

PVP01_0206600

PVPO1_0724900
PVPO1_1447300
PVPO1_0209900
PVPO1_1207600
PVPO1_0509900
PVPO1_0211500

PVP0O1_1411000

PVP01_0821200

PVPO1_0418900

PVPO1_1441600
PVPO1_1301500
PVPO1_1213900
PVPO1_1340900
PVPO1_1003700

PVP01_1458700

PVP01_0414900

PVP01_1404400

PVP0O1_0210500
PVPO1_1235600
PVPO1_1132100

PVP01_0415200

MFS6 49
MIT2 40
mitochondrial

carrier protein 42
monocarboxylate
transporter 61
MRP2 464
NPT1 68
NT1 41
NT2 80
NT4 55
OoscpP 24
P4-type ATPase

ATP7 196
PAT 19
phospholipid-
transporting

ATPase 154
PIC 11
PiT 76
PM4 16
PPT 38
SAMC 27

Sec61-gamma
subunit of protein
translocation 7

sodium/hydrogen

exchanger 210
StAR-related lipid

transfer protein 157
sulfate transporter 34
TOMA40 38
transporter 135

88

85

42

124

500

133

88

87

116

28

447

135

344

31

119

88

52

19

14

240

109

128

103

271

13

19

10

63
14
12
13

10

28

14

22
12

17

20

31

21
12
10

14

174

8

7

12

45

15

37

44

46

31

17

19

17

7

54

15

23

-0.2613834

-0.4107692

0.04545455

-0.2036036

-0.1020055

-0.1444502

-0.3880529

-0.1400057

-0.2339181

0.12820513

-0.1259481

-0.485319

-0.0240964

0.05500821

0.03557692

0.00384615

-0.0905983

-0.2130435

-0.3333333

-0.1791667

-0.1597744

0.02805836

-0.1304965

-0.0458661

64

47

46

77

590

99

59

98

75

22

201

29

143

15

105

23

55

22

279

177

41

35

167

103

95

62

135

625

134

92

99

114

30

390

113

372

52

130

89

69

40

15

289

93

136

101

268

17

24

12

146

18

27

68

38

22

37

75

30

10

19

49

38

42

43

176

51

42

58

30

19

164

42

164

26

58

31

75

41

167

43

66

32

109

0.12565778

0.33098592

0.06228956

0.14502573

0.03218056

0.16402314

0.24787133

0.17981487

0.25396825

0.10164835

0.04699807

0.06136821

0.08955109

0.18684356

0.17180851

0.11712185

0.11319124

0.26594982

0.11052632

0.18127983

0.24459665

0.18816016

0.0192577

0.23547055



Supplemental Table 3.2 (Continued): Divergence and Polymorphism Counts for All
Drug Resistance Orthologs and Transporter Genes

PVPO1_1028700

PVPO1_0317600

PVP01_1014700

PVP0O1_1117400

PVP0O1_1412900

PVP0O1_0113600

PVP01_0208700

PVP01_1212900

PVP01_0733200

PVP01_0940800

PVP0O1_1231400

PVP01_1407500

PVP01_1441900

PVP01_1317400
PVP0O1_1250100
PVP01_1453300

PVPO1_1139800

UDP-N-
acetylglucosamine
transporter

V-type ATPase VO
subunit e

V-type proton
ATPase 16 kDa
proteolipid
subunit

V-type proton
ATPase 21 kDa
proteolipid
subunit

V-type proton
ATPase catalytic
subunit A

V-type proton
ATPase subunit a

V-type proton
ATPase subunit C

V-type proton
ATPase subunit D

V-type proton
ATPase subunit E

V-type proton
ATPase subunit F

V-type proton
ATPase subunit G

V-type proton
ATPase subunit H

VIT

voltage-
dependent anion-
selective channel
protein

VP1
VP2

ZIP1

139

12

87

14

10

27

20

143

27

93

19

17

127

311

113

27

76

14

31

56

42

77

122

209

68

16

20

12

17

175

13

23

88

19

-0.1627668

0.41666667

-0.1129032

-0.25

-0.1496212

-0.2465233

-0.111986

-0.2

-0.0837209

-0.8235294

NA

-0.0291439

-0.1349206

-0.1848291

0.02084507

-0.0659722

-0.1157895

143

13

10

88

11

14

22

34

129

36

115

18

23

16

126

359

117

36

69

20

34

50

51

83

116

220

83

41

16

3

5

133

5

40

18

49

104

42

26

18

14

20

21

40

53

142

34

0.04809073

0.05777778

0.36111111

0.11111111

0.03431373

0.06353468

0.04048295

0.12575366

0.1038961

0.2

0.08108108

0.00749625

0.16993007

0.13975637

0.14045977

-0.1140089

0.17431588



Supplemental Table 4.1: Haplotype Counts by Country

Brazil Cambodia China Colombia Ethiopia Gabon India Indonesia Laos Madagascar

H1 0 0 2 0 2 9 1 0 0
H2 0 12 1 0 0 0 0 5 0
H3 0 1 1 0 0 0 0 0 0
H4 0 5 0 0 0 0 0 0 2
H5 15 0 0 0 7 0 0 0 0
H6 0 0 0 0 6 0 0 0 0
H7 8 0 0 3 0 0 0 0 0
H8 2 2 3 0 0 0 0 0 0
H10 0 0 0 0 8 0 1 0 0
H11 0 0 1 0 0 0 0 0 0
H12 0 1 0 0 0 0 0 0 0
H13 5 0 0 0 10 0 0 0 0
H14 1 0 0 0 2 0 0 0 0
H15 1 0 0 25 0 0 0 0 0
H16 0 0 0 0 0 0 2 0 0
H17 0 0 0 0 0 0 0 0 0
H18 5 0 0 1 0 0 0 0 0
H19 46 0 0 0 0 0 0 0 0
H20 1 0 0 0 0 0 0 0 0
H21 37 0 0 0 0 0 0 0 0
H22 2 0 0 0 0 0 0 0 0
H23 0 0 0 1 0 0 0 0 0

123 21 6 30 33 0 3 5 2

176



Supplemental Table 4.1 (Continued): Haplotype Counts by Country

North
Malaysia Mauritania Mexico Myanmar Nicaragua Korea Panama PNG

H1 0 0 0 1 0 0 0 4
H2 4 0 0 1 0 0 0 15
H3 0 0 0 1 0 0 0 0
H4 0 0 0 1 0 1 0 0
H5 0 1 0 0 0 0 0 1
H6 0 0 0 0 0 0 0 0
H7 0 0 0 0 0 0 1 0
H8 0 0 0 2 0 0 0 0
H10 0 0 0 0 0 0 0 0
H11 0 0 0 1 0 0 0 0
H12 1 0 0 0 0 0 0 0
H13 0 0 0 0 0 0 0 0
H14 0 0 1 0 1 0 0 0
H15 0 0 0 0 0 0 0 0
H16 1 0 0 0 0 0 0 0
H17 0 0 0 0 0 0 0 0
H18 0 0 17 0 0 0 0 0
H19 0 0 0 0 0 0 0 0
H20 0 0 0 0 0 0 0 0
H21 0 0 0 0 0 0 0 0
H22 0 0 0 0 0 0 0 0
H23 0 0 1 0 0 0 0 0

6 1 19 6 1 1 1 16

177



Supplemental Table 4.1 (Continued): Haplotype
Counts by Country

Peru Sri Lanka Thailand Vietnam

H1 0 1 6
H2 0 0 5
H3 0 0 2
H4 0 0 0
H5 0 0 0
H6 0 0 1
H7 31 0 0
H8 0 0 3
H10 0 0 0
H11 0 0 2
H12 0 0 0
H13 0 0 0
H14 0 0 0
H15 3 0 0
H16 0 0 0
H17 2 0 0
H18 0 0 0
H19 0 0 0
H20 0 0 8
H21 0 0 0
H22 0 0 0
H23 0 0 0

36 0 21

178



