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Whole-organism malaria vaccines have shown great promise in initial clinical trials
against controlled human malaria infections (CHMI) with homologBudgalciparum
strains. However, efficacy against heterologous CHMI and against natural infection is
somewhatlower. While the reason for lower efficacy against #vagcine strains is
unknown, several knowledge gaps, if addressed, would assist in developing highly
efficacious wholeorganism malaria vaccines:irst, regions of the parasite genome
responsibldor protection have not been identified. Such identification could be achieved
by comparing breakthrougB. falciparuminfections in vaccinated individuals with the
vaccine strain; however, it is not clear how best to genetically characterize breakthrough
infections, in vaccinated individuals. Second, vaccine and challenge strains have not been

characterizedand compared at the genomic level to circulating strains from parasite



populationsin malaria endemic regiongFinally, a rigorous investigation of allele
frequencyluctuationsbetweertemporally isolategarasitgpopulations would help predict

if such changes would affect vaccine efficddging next and thirdgeneation sequencing
technologies, new reference assemblies for wbhay@nism malaria vaccine @rCHMI

strains were generated, along with reference assemblies for 19 clinical isolates to use for
improved read mapping and characterization of clinktafalciparumisolates. Using a
geographiespecific reference assemblynproved the ability to charaetize clinical
isolates through increased read coverage, and so these references may be helpful to
characterize breakthrough infections (particularly for studies in Southeast Asian
populations). In addition, assemblies for vaccine and CHMI strains révmaands of
variants between these parasites. CHMI strains also have variants which convey
differences in immunological potential, thus confirming their appropriateness as
heterologous CHMI strains. Vaccine and CHMI strains were also shown to representativ
of their respective geographic origins when compared to extant parasite populations from
malaria endemic regions. Finally, we show that while there were fluctuations in allele
frequencies between West and East African parasite populations over alnesside,d

none affected the frequency of vaccine candidate alleles in a way that would meaningfully
impact vaccine efficacy. These results will greatly assist in the interpretation of-whole
organism malaria vaccine trials, and will pave the way for the desigextgeneration

whole-organismmalariavaccines.
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Chapter I. Background and Significance

An introduction to malaria: epidemiology and lifecycle

Malaria is a parasitic disease caused by members of the eukaryotic genus
PlasmodiumOnce endemic as far north as teenperate regionsf Europe, Asia, and
North America, during the 20century malaria wagriven backo tropical and suitropical
regions of South America, Africa, South/Southeast AsiaGuehnia Degite continued
progress in reducing malaria incidence over the past déaaaégria remains a significant
public heah burden in these regions: there were approximately 216 million cases of
malaria (and 445,000 deaths) globally in 28 26tica shoulders much of this burden: 90%
of malaria cases occurred in Africa in 2016 (74% in-Sabaran$ and hese numbers are
comparable to morbidity anohortality estimates from 2015Such stagnationafter a
decade of steady reductions in these metrics is troublingnagdhint at the reversal of
therecentprogress towards achieving malaria elimination goals.

Five known Plasmodiumspecies infect and cause malaria in humams:
falciparum P. vivax P. malariag P. ovale andP. knowlesi Of these fiveP. falciparum
is responsible for mosglobal malariadeaths’ and is the subject of this dessation
Parasites of the genuBlasmodiumbelong to the phylum Apicomplexa. Like other
members of this phylum, thH& falciparumlife-cycle consists of multiple stages that make
up asexual and sexual stagdgansmitted by femal@nophelesnosquitoes, thparasite
life cycle in humans begiwith the bite of an infected female mosquito, which carries the
sporozoite stage of the parasite in the salivary glands. When probing for a blood meal,

sporozoites are released by the mosquito into the skin, where #ieytheir way to the
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vasculature through gliding motility, possibly mediated through several parasite proteins
such as the circumsporozoite protein (CSP) and thrombospretaied anonymous
protein (TRAP)’ Following a brief circulation in the blood, the sporozoites enter
hepatocytes in the liveHere, the sporozoites begin to reple inside the pasitophorous
vacuole membranefter 7-10 days, newly formed merozoites rupture from the infected
hepatocyte into the blood stream. While only ~100 sporozoites are injected through the bite
of an infected mosquito, each sporozoite camdpce tens of thousands of merozoites
during the course of the liver stayje.

Once parasites have-emtered the bloodtream, the erythrocytic phase of the
malaria life cycle commences. Merozoites invade uninfected erythrocytes through binding
of host receptors on the erythrocysurface with merozoite proteins, such as apical
membrane proteid (AMA-1)° and merozoite surface proteins (MSPs)Asexual
reproduction occurs within infected erythrocytes and these cells rupture in waves
approximately every48 hours (coinciding with cyclic feverskthrough parasite
synchronizatiort! Newly released merozoites quickly invade uninfeesdhrocytesand
the cycle repeatsEventually, some parasites in infected erythtesycommit to produce
gametocytes. While the mechanisms that trigger this switch to the beginning of the sexual
stage of the parasite are not well understood, it has been shown that transcription of several
apicomplexan regulatory genes (AP2) are requinethis commitment? including AP2
G, which is recognized as the master regulator in the initiation of sexual develdpment.
Mature gametocytes are ingested gedingAnophelesnosquitg they then travel to the
mosquitods midgut, wher e t.AWhen mhleandfenealea n e xt

gametocytes are collected in the mosquito midgut, they fuse to form a zygote tbestart



diploid phaseOver the course of two weeks, the parasite developeaploidsporozoites,
which migiate to the salivary gland$he life cycle begins again once the mosquito takes
a blood meal from a new hogt person who is bit multiple times byfférent mosquitoes
carrying different parasite strains may end up with a case of malaria caused by genetically
diverse strains d®. falciparum referred to as polyclonal infections. Polyclonality has been
shown to be associated with endemicity, with @agiof high malaria transmission having
higher prevalence of polyclonal infectiotfs®

There are several intervention methods recommerngedhe World Health
Organization to prevent or treat malaria, and can be grouped into two categories: vector
control and chemopreventidnThe former are intervemtns that target the vector or
prevent vectors from feeding on people; these methods include the use of insecticide
treated bed nets and indoor residual spraying. The latter category relies on appropriate drug
treatments to target the parasite. Combinati@napy is encouraged over monotherapy to
prevent the emergence of drug resistadficBhemoprophylaxis is used by individuals
traveling to malaria endemiegions from norendemic regions to prevent blesthge
infection and subsequent disease. The same idea is expanded to seasonal malaria
chemoprevention and madsug administration campaigns in malaria endemic regions to
both prevent and treat malaria, ialnare viewed as ways to accelerate malaria elimination

in high-risk groupst’

Whole genome sequencing and population getics ofP. falciparum

The P. falciparumgenome was sequenced in 2002 (reference strain 80Hg
genome consists of 14 nuclear chromosomes, which vary in length frormilliéa base

pairs (Mbp) (chromosome 1) to 3.29 Nib(chromosome 14). In addition to nuclear
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chromosomes, the parasite also houses genetic material in two mEgartee
mitochondron and the apicoplast (the fat a chloroplastike organelle likely obtained
through symbiosis during the evolution of the parast&ogether, these two circular
genomes finalize the 16 chromosomes of the pargsiteme, which total23.3 Mbp in
length and containgver5,500 genes. The genomehaffalciparumis extremely AFrich,
with levels of 80% AT in coding regions and u@@% AT in nonrcoding regions®?°The
parasite genome is haploid during the human host stages, and is diploidhimofitesles
vector after sexual reproduction of the gametocytes and before meiosis, which gives rise
againto haploid sporozoitedf male and female gametocytes from different parasite
infections (i.e., different parasite strains) have fused to form the zygoteahelgenomic
and genic sequences can be created throaggimbination.

Recombination is an iportant mechanism for the generation of new alleld2.in
falciparum and has been shown to occur more often in some regions of the genome than
in others?! these regions are csidered recombination hotspots and often housainers
of multi-gene families \(ars, rifins, stevors surfins, etc), particularly in subtelomeric
regions® Multi-gene families are thought to be important for blood stapecific
processes that lead taffdrent disease presentations and they hasen shown to be
extremely diversé>?3Higher rates ofecombinatiorin these regions (compared to the rest
of the genomejs thought to contribute to the generataindiversity in these familieand
other diverse antigerthroughout the genonté2® and such diversity is maintained by
balancing selection froimmune pressuré.Along with recombination, mitat base pair
mutationg®?%andhigh indel mutation rate€ may contribute to the divsity observed, with

upwards of sixmillion new bp substitutionand 55 million newindels (insertions or



deletions)ccurring in the global parasite population every two dysparticular, indels
appear to contribute to leaomplexity regions in norcoding regions, making polymerase
slippage and recombination events more liKeR?.

Whole genome sequencing (WG8thndogies have recently become extremely
useful tools in the study &f. falciparumpopulations. Nexgeneration WGS platforms can
generateshort (hundreds of hmr long(thousands dbp) reads; botlhave their advantages
and disadvantages. Lomgad sequemag historically has needed a much larger amount of
parasite DNA as an inputestricting its use to higparasitemia samplger samples that
can beadapted to culturfar the generation of additional genetic matetiabdditionjJong-
read sequencingaiformstend to havéigher error ratesn the case dPacific Biosciences
(PacBig sequencing, the error rate of raw reads can be as hitffea€>° and tends to
manifest as short (one to two bp) ind&sdowever, longread sequencing allows the
generation ofvhole genomeassemblies that, wlei potentially not 100% accurate at the
nucleotide levelwill capture mosbf the parasite genome, including the diverse members
of multi-gene familiesand large structural variantth comparisondata fromsecond
generation Isortread sequencing platformsugch as lllumina HiSggwhile resulting in
more fragmented assembliggven the shorter read lengttare much more accurateith
error rats around.1%2%:30

Because of the difficulty in obtaining enough parasite DNA for isolate
characterization using lorgadsequencing platformshortread sequencing has bebe
most common sequencing method used thusirfathe study ofP. falciparum To
characterize strainshortreads are mapped to a reference genome (normally 3D7), and

singlenucleotide ptymorphisms ENPs) and/or indelsre calledbased on a consensus call



of all the reads mapping to a specific genomic location. However, mostmapaping
algorithms have strict cudffs of where a read can map to avoid reads mapping in the
wrong place. Given thgenetc diversity that exists iertainregions of the genom@ee
above, there is a risk of failing to map reads to treference and an unintended
consequence may be a failue characterize the most diverse regions of the parasite
genome. The use of a gle referencén other organismkas also been shown to introduce
bias into thetypes of SNPs recoverett:* In addition, if the isolate which has been
sequenced is a polyclonal infection, these methods will not allow phasing and haplotype
reconstruction for each strain within the infection. Because of this, analyses may restric
their data sets to monoclonal samgtesgverely restricting the overall number of samples
that can be used for such analygearticularly from malaria endemic regionS)potential
way to circumvent this issue is to allow more than one allele to be called at a position and
removing positions that have more than one allele present ata®eremoving samples
or sites that are more heterozygous than expétf8ddowever, these methods may
potentially remove the most polymorphic sites from the analysis. Developingasethr
analyzing polyclonal infections is currently an ongoing area of research.

Despite these limitationsariant discovery through read mapping processes using
WGS datahas provided great insight into the population structure of circuld®ing
falciparumstrains. Thd. falciparumglobal parasite population shows distinct population
structure by geography, with parasite populations in Africa distinct from th&mitheast
Asia and Oceani¥;*° corroboratingearlier observations seevith SNP panef§4! and
microsatellite marker® Unique supopulations can also be deted within geographic

regions, such as the population structure documented apavagits from the Greater



Mekong Sukregion3%43 In addition tothe distinct populations caused kgographic
separation of parasitethere may also be shifts in allele frequencies and population
structure over time, for which there is a small bodlyiterature. Several studies using
samples collected in South America ovéf year periods have used microsatellite markers
to detectedvariations in population structure and haplotypes over the course of the study
periods*¥4® Many of hese areas are lethansmission settings (particularly compared to
the hightransmission settings seen in Africa), and so temporal variation may occur more
(or may be more readily detectable) in lnansmission settings given the lower
prevalence of malaa and smaller effective population sizes. Another study utilizing
samples collected in Peru from 1998 to 2006 focused specifically on changes in the
prevalence of 3D7 allelic versions for several vaccine candidates using targeted
sequencing, including CSRAMA-1, and MSPL.%" Several other studies in Mali have
explored how haplotype frequencies change over time at the population level fet, ISP
and at the individual level among repeat infections for AMAR

Theuse ofWGS data omjuestions related temporalshifts of parasite populations
andallele frequency changéms been best addressed to date by Damelsolleague®
whoused a 245NP barcode to interrogat4,000 samples collected from Senegal between
2006 and 2013, with an average of WD samples per year. The study was also able to
generate WGS data for 164 of those same sarfiplesa fouryear time perioto compare
methods.The study detected changes allele frequencies from ye#o-year and a
detectable reduction in effective population $a®wing a period of intense public health
interventions in the regionhese genomic data mirrored trends in epidemiologiz

(which showed a reduction malaria incidence following the period of interventigns)



suggesting that genomic data can be used to assess temporal changes across the parasite

genome, and can capture the influence of specific selective pressures.

Elimination challenges forP. falciparum malaria

There are severglossiblereasons whyelimination ofP. falciparumhas proven
difficult, particularly in the regions of the globehere it is most prevalent. Initial
elimination campaigns in the mRD" century largely failed due #@combinatin ofvector
resistance to insecticidesparasite resistance to chloroquineand sulfadoxine
pyrimethamine(first-line drug treatmemtat the time), and eventually, a decline in funding
and overall interes? Renewed effortat the turn of the centuhave led to a steady decline
of P. falciparummalaria around the glot¥é;however, cuent effortsare nowthreatened
by the continued emergence of resistamideoth the vector and the parasite to insecticides
and firstline treatments

Parasite drug resistance poses a particularly urgent threat to current malaria
elimination efforts. Stding just after the turn of the century, the recommendation from the
World Health Organization was to give artemisinin, a drug for which resistance had not
been documented) combination with other drugs (artemisinin combiaattherapy, or
ACT) to slow the emergence of resistaniéeHowever, teatment failure toACT was
documentedhot long after in the Greater Mekong Subregdio® A molecular marker for
artemisinin resistance wassdovered several yeagdter the first reports of treatment
failure; a series of mutations occurringarkelch gene on chromos@ii3 (eferred to as
K13) appeared to correlate strongly with delayed parasite clearance in laboratory cultured
strains exposed to artemisinthMolecularepidemiology studies of K13 mutatioseon

confirmed an assaation with treatment failures in clinical isolat&s>°6In addition, these
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studies discovered that identical K13 mutatidragl arisenindependentlyon different
genetic background imliverse parasite populatiorfs, indicating that containment of
resistancemay not be feasible. There igrowing concern thatesistant parasites will
eventually make theway from Southeast Asi@ Africa, with disastrous consequences
for public healthWhile no such jump has yet been detected, recently a novel KaBanut
was detected in a patiewtth delayed parasite clemrce who had contracted the infection
in Equatorial Guined’ suggesting that artemisinin resistance may arise separately in
Africa.

In addition tothe ongoingepidemic of artemisinin resistant parasitesistance to
a partner drug in ACT,iperaquire, has also been document&@€opy number variation
in the plasmepsingenes Il and Ill have beem®wyn to be associated with piperaquine
resistancé®® although SNPsn the P. falciparum chloroquine resistance transporter
(pfert) and other gendsave also been associated withhhwvalues ofex-vivo piperaquine
inhibitory concentration3>®In adlition, recent research@hs a potential expansion of a
lineagecarrying a common K13 mutation (580Y), along with pleesmepsirtopy number
variation, spreading and becoming a dominant strain in infections captured in and around
Cambodig! While reversion to chloroquirsensitive parasites has been observed in
Africa after chloroquine therapy was discontinGéthany parasites in Southeast Asia are
still resistant to chloroquine and sulfadoxigmgimethaming®® and so the current variety
and expanse of drug resistance poses substantial threats to ongoing elingfiatis. In
the absence of new treatment options, it is critical that new tools are developed for malaria

elimination purposes.



A highly efficacious vaccine againg®. falciparum would be an extremely
beneficial tool in the fight for malaria eliminatip and thus there are numerous in
development. Prerythrocytic vaccines inhibgporozoiteandbr liver stage development
of the parasite, thus blocking both disease development and transmission. Erythrocytic
vaccines block bloodtage development; thegaccinesaim to reduce parasite burden in
the blood, the limiting clinical infectionTransmission blocking vaccines do not prevent
the development of disegdeut shouldblock transmission from one infected person to
another by blocking tagjs associatedith sexual stages of the parasitegferent vaccine
types have different advantages and disadvantages, and different types of vaccines may be
needed depending on their overall efficacy and effect on both disease prevention and
transmission. Public hahlleaders estimate a malaria vaccine needs to convey at least 80%
protection over 6 months to be an effective eliminationitooialaria endemic regior?é°°
So far, no malaria vaccine has met this mark.

Most P. falciparum vaccines in development are subunit vaccines (vaccines
containing one or several proteins or key epitopes). Leadingrptierocytic vaccine
candidates are either expressed on the sudathe sporozoites, such as C8Pproteins
expressedduring liver stage development, such as liver stage antigen 1-{).SA
Erythrocytic vaccines tend telicit antibodies againgbarasite proteins involved with
erythrocyte invasion, such as AMBandMSP-1. However efficacytrials ofthese vaccine
candidaes testing efficacy in humans have led to disappointing ré8iitsThe only
vaccine to reach licensure is the RTS,S vaccine, -@qthrocytic subunit vaccine based
an 189 amino acid sectiafi the CSP proteiriThe streture of CSP consistof conserved

N and C terminthat flank a repetitive repeat region that contains B cell epitSihs; C
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terminus also contains two regions (Th2R ah@R) that contain CD8+ and CD4+ T cell
epitope’ (which may alsdunction as B cell epitope$}.The RTS,S vaccine contains the
most downstream portiaof the repeat region, as well as the region of the C terminus that
contains the Th2R and Th3R sequenddsase Il trials estimate protection in Afnica
children to be between 3% depending on thergetage group and clinical endpoint
used’?® Despite low efficacy of the vaccine, RTS,S became the first malaria vaccine to
reach licensure in 201%.Howe\er, the future use of RTS,S is still being debated, given
the changes in malaria epidemiology over the past decade, combined with factors such as
the estimated costs and the lack of testing outside of African popul&tions.

Genetic diversity inmanyimmunologically important antigefi%®! may greatly
contribute to the lack of efficacy seen in these subunit vacciiessequence includéal
the RTS,Svaccineis based on the reference (3D7) CSP seque®eeeral studies have
investigated the genetic diversity in regions hypothesized to be important for immunity;
many molecular epidemiolog studies have focused on thecéll epitopecontainng
regions in the C terminus. Studies investigating the prevalence of the 3D7 allele for the
Th2R/Th3R regions of CSP have shown a wide variety in the number of amino acid
haplotypes present at these loci; four Th2R/Th3R combined haplotypes were found in
Peru}’ 14 Th2R and 12 Th3R haplotypes were found in an RTS,S vaccine testing in
Kenya®® six Th3R haplotypes in the Gami§fa39 combined Th2R/Th3R haplotypes in
Siera Leoné?? five combined Th2R/Th3R haplotypes in Iran/Pakistan/AfghanfStan,
eight combined Th2R/Th3R haplotypes the Myanmar/Thailand bordé&t,and a single
combined Th2R/Th3R combined haplotype was found in Papua New GHiNea.only

is CSP diverse in these immunologically important regions, but the prevaleB&/-of
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specific alleles tended to be extremely 16822 (with one excepon in Sierra Leae,
where the prevalence reached £8%avhich may contribute to low vaccine efficacy seen

in RTS,S trials. While an initial study found no statistically significant difference in the
frequency of 3D7 CSP alleles between vaccinees and controlsifptyase Il clinical trial

in Kenya®the frequency of 3Dike strains (identical in either the Th2R or Th3R regions)

in their study population was 1.7% (4/227), potentially preventing this study from detecting
sievelike effects from the vaccine. A secondaryabsis of a larger RTS,S phase Il
clinical trials in West and East Africa showed that vaccinated individuals were more likely
to be protected from 3Dlike strains (by matching sequences from infections in the Th2R
and Th3R regions to that of 3D7) as cargd to norBD7-like strains (50% versus 33%,
respectivelyf® In addition, the frequency of the 3D7 allele varied considerably across
study sitesin the control (nofvaccinated) group the 3D7 matched alleles ranged from 7
25% in West African sites, and frorad3% in East African sitesSimilar patterns have also
been found for an AMAL subunit vaccineEMP2.1, while overall efficacym a Malian
phase Il trial was 17.%, efficacy against 3DlWke strains was 64%, and strains matching
the 3D7 vaccine component were only present in 22 of the 383 study participants who were
followed for the entirety of the stud.A secondary analysis of this data not only
confirmed this strawspecific efficacy, but also found that a single polymorphic residue
appeared to predict whether an infection would causealidisease among vaccinated
individuals®” Together, these studies stress the igymme of understanding the genetic
diversity of parasites at the locus of interest when designing a vaccine, and that vaccine

efficacy may increase when used in regions where a vaccine strain predominates.
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Whole-organism P. falciparumvaccines

History ofwholeorganism malaria vaccines

The potential protection from inoculation with whole parasites has been
documented since the early 190006s, when py
neurosyphillis. Patients were inoculated with |Revivaxparasites, Wich generated a
fever which killed the spirochetes responsible for the syphilis infection. However, repeated
infections of P. vivaxover time led to lower fevers or even asymptomatic infection
(reviewed in McKenzieet al),® suggesting the body might be able to control malaria
infection after repeated exposure. In 1945, Julesnerehowed it was possible to protect
Rhesusnonkeys againg®. knowlesinfection with killed sporozoites and adjuvafitdn
1967, the landmark paper by Ruth Nussensweig showed that radititanated
sporozoites delivered by mosquitoes, produced by irradiating infected mosquitoes, could
provide sterilizing immunity against subsequent infection in mice usihgmologous
strain of P. berghei(a rodentPlasmodiumspeciesf® Subsequens t udi es i n the 1
brought these experiments back to humans, showing that protection could be achieved in
this manner again®. falciparum®* Additional studies showed that similar results could
be achieved with heterologous challerfdesd against other human malaria speties.

However, the number of mosquitoes neettedeliver an inoculating dose was not trivial
(upwards of a thousand bites in a single sesSfoagd it was not clear how one could
deliver irradiated sporozoites without the vector. Therefore, these studies were considered
to be proofof-concept that protdion through vaccination could be achieved, but not
necessarily with a whole organism vaccine, and moving forward efforts have focused

almost solely on subunit vaccines.
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In part because of the failure (or low efficacy) of subunit vaccines, the interest in
whole-organism vaccines has recently been renewed. Over the past 15 years, Sanaria Inc,
a company devoted solely to the development and producteowlbbleorganismmalaria
vaccine, developed methods to mpssduce and formulate a vaccine based oratiuit
attenuatedsporozoites; e resulting cryopreserved vaccine is registered as PfSPZ
Vaccine¥ The strain used in the vaccine is NF54, the initial stock from which the reference
strain 3D7 was clone®® An initial phase 1/2a trial administering the vaccine
intramuscularly in humans failed to achieve protectfdmpwever, results from the same
study in norhuman primates showed that protection could be achieved when administered
intravenously.

Thefirst intravenous study in malari@aive humans in the United States showed
100% protection agnst homologous (3D7) controlled human malaria infection (CHMI),
in which vaccinated or control participants are exposed to fully infectious sporozoites
throughmosquito bitesin a small rumber of study participants (nF@ho received the
highest dose of the vaccine (1.8510° sporozoitesj® Additional trials have confirmed
that protection against homologous CHMI is high-{®®%) and that lonterm (612
month) protection can be achiev€d® In addition to the radiaticattenuated PfSPZ
Vaccine, vaccines based genetically attenuated parasif@AP) with disrupted genes
important to liver stage developme(®fSPZGAP), and fully infectious sporozoites
administered under the cover of chemopropkid (Cryopreserved P. falciparum
sporozoite chemoprophylaxis vaccineP68PZCVAC) are also being develop&twhile

PfSPZCVAC may generate the most diverse immune response given its ability to progress
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throughthe entire liver stag€?1%this vaccination method risks a blood stage infection if
the chemoprophylaxis regimen is not followed. PfSPZ Vaccine and P& in
contrast, present safer options, since parasite develoamests during early or late liver

stages, respectively, preventing infection.

Table 1: Summary of recent wholerganism malaria vaccine trials

Efficac Time of CHMI
Vaccine CHMI (Strain) (%)* y After Last Study Population Ref.
Vaccination
PSPz HM (3D7) 100 3 weeks Malarianaive adults, USA %
Vaccine
Malaria-naive adults
PfSPZ protectedagainst 100
Vaccine HM (3D7) 100 1year homologous CHMI at 3
weeks, USA
PfSPZ Malaria-naive adults, 102
CVAC HM (NF54) 100 10 weeks Germany
HM (3D7) 92
VPfSF.)Z 3 weeks Malarianaive adults, USA
accine HT (7G8) 80
Malaria-naive adults
PfSPZ protected against 105
Vaccine HT (7G8) 83 33 weeks homologous CHMI al9
weeks, USA
Malaria-naive adults
PfSPZ protected against 106
CVAC HT (NF135.C10) 15 14 months homologous CHMI at 21
weeks the Netherlands
PfSPZ HT (NF166.C8) 11 Malarianaive adults, the
CVAC 14 weeks Netherland 107
HT (NF135.C10) 20 etheriands
PfSF.)Z Natural Infection 34 24 weeks African adults, Mali 108
Vaccine

Abbreviations: CHMI, controlled human malaria infection; HM, homologous; HT, heterologous

*Efficacy was calculated as number of protected vaccimaes the total number of subjects vaccinate
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Potential issues with wieorganismP. falciparumvaccines

The PfSPZ Vaccine has moved on to clinical trials against heterologous challenge,
field trials in African populations, and age-éscalation trials from adults to infants.
SeveraP. falciparumclones have been used fatérologous CHMI: 7G8 from BraZzif?
NF166.C8 from Guine&? and NF135.C10 from Cambodi&. However, results from
these trials indicatiat, like subunit vaccines, straspecific efficacy may bpresent even
for a wholeorganism vaccination approach.

Table 1 summarizes the main efficacy findings from CHMI clinical trials using
homologous and heterologous CHMI strains. Protectgainst heterologoustrains
assessed using CHMIfor both PfSPZ Vaccine and PISPZC has beeower that that
provided against homologous stratfts19®1%7 |n addition, the first clinical trial conducted
in an adultAfrican population showedgreatly reduceefficacy against natural infection
(Table 1).1° Altogether, these resulsuggest that NF54y itself and/or at the current
vaccine dosing regien, may not be enough to protect agaitisé diverse parasite
populationghat arepresent in malari@ndemic regionaround the world

It is difficult, however, to fully interpret the results of these trials, given the
variation in dose (not shown), tinkd CHMI after vaccinations, and variation in study
populations. In addition, the lack of knowledge on the genetic relationship between vaccine
and heterologous CHMI strains is a critical piece of missing information for interpreting
the results of CHMINF54, the vaccine strain used in PfSPZ Vaccine and thewtiate
organismbased malaria vaccines, has yet to be characterized. NB5daise ofiairport
malariapisolated from a patiefitving near an airport in the Netherlands but had never left

the caintry.!®® While a previous genetic analysis has pointed to an African origin for
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NF5411%a specific geographic location of origin has not yet been identifleeireference
strain 3D7(used as a homologous CHMI stramgs cloned from NF54 several years after
NF54 was isolateéf and it has been assumed that these two strains have remained
genetically very similadespite having beeseparated in culture for almost 30 years.
However, it has been documented that cultured strains do accumulate mutations over
time?° and therefore any mutations in key antigenic regisosld mean that 3D7 is not
truly a homologoustrain and impact the interpretation of CHMI resultkere are also
several documented phenotypic differences between NF54 and 3D7 when grown in culture,
including the variable ability to produce gametes:!2

In addition, 7G8, NF135.C10, and NF166.C8 have not been rigorously compared
to each other or to NF54t the wholegenome levelto confirm that they are adequate
heterologous strain@lthoughthey do appear to have distinct infectivity phenotypes when
used as CHMI straind®’ Uncharacterized vaccine and CHMI strains make it difficult to
select(1) additimal CHMI strains to test ho@anNF54-based vaccine coufatotect against
P. falciparumstrains from other regions of the world and (2) appropriate additional vaccine
straingif a multi-strain wholeorganism vaccine were to be attemptdeterologous CHMI
results are only a reliable indicator of efficacy against monoclonal infection in fieldysettin
if the CHMI strains used areharacteristic of the geographicgren from which they
originate, and dditional vaccine strains should not be antigenically sinid NF54if the
goal of a multistrain vaccine is to stimulate additional, complementary immunological
responses. Confirmation that they are similar to circulating parasites in the field at both the

genomic and genetic level before, and not after, threg@ected for their use as CHMI or
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vaccine strains is imperative, given what was found retrospectively on the frequency of the
3D7 allele for CS#8%8land AMA1%8 vaccines.

It also remains unknown what regions of the parasite genome are important for
protection when a person is immunized withviaole-organismP. falciparumvaccine.
Genes expressed during the sporozoite and liver stage of the parasite, such as CSP and
LSA-1, respectively, are obvious candidatdthough thugar these genes do not correlate
perfectly with protection. There is also evidence that there are sligfféyedit subsets of
genedor which antibody titers ar@sociated with protection with PfSPZa¢cine(Obiero
and Felgner, personal communication) or PfSRZAC.1%2 Both humoral and cell
mediated responses have been observed in individuals protected against homologous
challenge®®1% although studies in rodents ambr-human primates point to a great
importance of celmediated immunity (specifically through CD8+ T cef§§1311°
Identifying specific correlates of protection will be criticaldptimizingwhole-organism
vaccines, and for potentially identifying candidates for subunit vaccines (which would be
easier to mass produce). Identification of these regions using stamut#yddybased
immunological assays has not identifiededinite candidate(s).

Trials for both PfSPZ Vaccine and PfSEX/AC are planned or are now underway
in Burkina Faso, Equatorial Guinea, Tanzania, Kenya, and Indonekiah will
investigate vaccine effectiveness against nainfattion inboth adults andhildren under
five years of age in malaria endemic regio@bkaracterization of breakthrough infections
(infections in vaccinateohdividuals)and comparison of thesgrainsto the vaccine strain
NF54, could identify regions of the genome that differ and pioiobrrelates of protection

such sieve analyses have identified correlates of protection for other vaéeiiésiven
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the documented divsity among parasite populations and the issues with characterizing
clinical isolates through read mapping processes (see abagb)ckaracterization may
best occur through the use géographiespecific referenceso that the amount of the
genome thais able to be characterizedrmsaximizeld. However, currently thenly high
quality referene is the West African 3D7 clone, which took six years to complete with
Sanger (short read) sequenclAd?®?* Recent advances in losigad sequencing
technologies stw greatpotential for assembling genomes, as was shown recently with a
3D7 PacBio assembfy#? However, the high error rate of thisgsencing platform
appeared to introduce thousandshbgf indels into the assembly. These issues were
particularlyfrequentin AT-rich homopolymer runs which are extremely common in both
coding and noftoding regions, complicating analysis of assembliesrgése exclusively

with PacBio data. Bioinformatic pipelines optimized to handle this error typé .for
falciparumassemblies are therefore needed.

Finally, due to the slow progress of malaria vaccine development, there has never
been a mass vaccination gaagn in malaria endemic regions, and it is unknown how this
will affect the population genetics and genomics of parasite populations. Given how little
is currently known about how parasite populations change over time, it may be difficult to
tease apartrgy vaccinespecific populatioflevel effects after the implementation of a
vaccination campaign from what would be expected of natural population evolution. Only
a small number of studies hagbownthat parasite populations can undergo temporal
fluctuationsat the population levéteviewed above}**448 Of these studies, ontwo have
specifically interrogated the change in prevalence of alliéoci encodingntigens; thee

studiesdid not utilize WGS, limiting the number of genes that could be to be andi$zed.
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Analysis in many different genes anehgmic regions may be important when considering
whole-organism malaria vaccines. Daniels and colleagues utilized WGS data, but only
looked at broad population genetic measurements such as heterozygosity, and did not
report specific loci that underwent cigges in allele frequency over tirfEStudies utilizing
microsatellite dat& 4’ have been able to show changes in parasite population structure, but
again, data on allele frequency fluctuations at specific loci was lacking from these analyses.
Finally, many of the above studies toplace inSouth America, a region of low malaria
transmission (as compared to regions in-Sabaran Africa, arguably the most important
region where an effective vaccine against malaria is neellledg research is needed to
understand how parasite poguwdas in malaria endemic regionshange in allele
frequencies across the genome andatentially immunogenically important loci. In
particular, asspecific understandgof how NF54based alleles change over timeuld be
beneficial ininforming the devaebpment of future wholerganism malaria vaccineand

to predict how often strains used in the vaccine should be updated to maximize protection
from circulating parasitpopulations in endemic regions.

In summary, the development of whalgganism malariavaccines faces
considerable challenges. The reliance on a single strain (3D7) for both vaccine design and
strain characterization, as well as the lack of knowledge on the genetic relationship between
vaccine and CHMI strains are critical knowledge gaps thélled, have the potential to
greatlyfacilitate theinterpretation of clinical trials where homologous and heterologous
CHMI are usedIn addition, the genetic relationship betweenFZStrains and clinical
isolatesseparated by both geography amde would assist in predictindpe anticipated

efficacy ofwhole-organism malari@acdnes in malaria endemic regions. These issues are
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viewed as majordevelopmentalhurdles by the United States Food and Drug

Administration!?®further highlighting the importance of addressing thesevledge gaps.

Study Objectives and Aims

Thestudydescribed here will address some of the above questions related te whole
organismP. falciparumvaccines. Specifically, we will characterigee vaccine strain
NF54 and CHMI strains 7G8, NF166.C8, and NRBb.C10 (hereafter referred to as
PfSPZ strains)by using a combination of short and leread sequencing platforms to
generate newassemblies for these strains. The assembly pipelines developed here will also
be used to generate assemblies for 19 cling@htes gathered recently from diverse
geographic regions, to be uskx improved characterization of clinical isolates (and, in
the future, breakthrough infectioresy geographispecific referencence characterized,
the PfSP4trains can be compartmthe circulating parasite population in malaria endemic
regions to determine how well PfSPZ strains represent the respective geographic origins,
and how well PfSPZ strains will be able to protect against strains from around the globe.
Finally, given tha other wholeorganismvaccines have been shown to influemdiele
frequencies irpathogerpopulations crosssectionalsamplingsof parasites from a single
geographic region separated temporally will be compared to see how parasite populations,

and spedically the frequency of NF54pecific alleles, change over time.

Aim 1: Investigate the association between the geographic origin of a reference assembly
and the ability to characteri®e falciparumisolates through read mapping processes.
Hypothesis: Clinical isolates characterized against a reference assembly of similar

geographic origin will allow improved sample description (through higher, and more
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accurate, coveragerompared to results obtained whertlaical isolatesfrom a more
distant geogaphic origin is used.

Aim 1.1: Develg bioinformatic methods to genera®e falciparumreference genome
assemblies foseveal geographic regions, namely West AfricasEAfrica, and Southeast
Asia.

Aim 1.2: For each isolate, compare the proportion ohaaference genome that remains
uncovered after read mapping and determine whether the ability to call variants is improved

by using a geographicalglose reference for each isolate.

Aim 2: Compare the genetic compositionRoffalciparumstrains used fovaccination and

in CHMI studies to the genetic variation among circulatihgfalciparumisolates in
malaria endemic regions.

Hypotheses: NF54, the current vaccine strain, will be more closely related to rAfrica
isolates than isolates from other geograplorigins; CHMI and proposed additional
vaccine strains (7G8 from Brazil, NF166.C8 from Guinea, and NF135.C10 from
Cambodia) will cluster with isolates from their respective geographic origins.

Aim 2.1: Characterize the genomic composition of the NF543,78d NF166.C8, and
NF135.C10 using sherand longread sequencing technologies and assembly generation.
Aim 2.2: Compare genetic composition gencmigle, and in target antigens and epitopes,
of the vaccine and CHMI strains with the genetic variatiomfibbamong clinicaisolates

from around the globe.

Aim 3: Estimate howP. falciparumpopulations change over time.
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Hypothesis: In parasite populations in malaeademic regions, allele frequencies in key
antigenic regions will not change over a periocmht years in a manner that may require
updates to the vaccine composition.

Aim 3.1: Estimate regions of the genome undergoing allele frequency changes due to
genetic drift or selection when comparing two cresstional samples of parasites
separated bgight years from the same geographical areas of West and East Africa.

Aim 3.2: Estimate the dynamics of NF54 allele frequency in regions identified in Aim 3.1,

as well as in loci encoding pexythrocytic antigens, when comparing two crssstional

sampla of parasites separated by eight years from the same geographical areas of west and

east Africa.

Significance and Innovation

Whole-organismvaccines against malaria have historically not been considered
feasible, given the hurdles related to productiod administration of irradiated
sporozoites. However, the initial success of PfSPZ Vacamd PfSPAVAC have
renewed interest in these vaccine formulatioRsis thesisutilized cuttingedge WGS
technologies to answer pressing questions pertaining tadelielopment of whole
organism vaccines. The useao€ombination of short arldng-read sequencing platforms
for the description oP. falciparumstrains is particularly novel. There is currently only
one published assembly based on tosad sequencintf? which is for the 3D7 reference
genomeThis thesis will contribute over 20 new assemblieB.dalciparumisolatesirom
around the globe, including the PfSPZ strains. This will not only assiahswering
guestions pertaining t@hole-organism vaccine development, but will also pave the way

to study basic biological questions about parasite genomes, which has been difficult with
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shortread sequencing platforms. In addition, the use of 3D7 as a referenoeadbr
mapping and variant discovepypelines has become second natime is done witbut
considering the implications of parasite diversity on this analysis metreahréphie
specific highquality references generated with this aim will allow for enhanced sample
characterization while still utilizing the shagad sequencing platformso The best of our
knowledge, there have been no published papers utilizing a reference genome for SNP
calling other than 3D7.

Selection of vaccine strairfsr, in the case of subunit vaccineglection of alleles
in target loc) has not, for the most patbeen driven by the study of frequency of said
alleles in malaria endemic regions. This has been hampered by the lack of sequencing data
for a robust set of clinical isolates for which to conduct molecular epidemiological studies
of vaccine candidate3.his thesis willinvestigate allelic and parasite strain diversity by
geography, with emphasis on frequency analyses of the alleles encoded by the vaccine
strains. Such an analysis of vaccine strains has not been possible in the past, given that
malaria vacme developmenfor most of the current vaccine candidates begun before
the onset of WGS. With the current sequencing tools, we hope to inform vaccine
development and tentatively assist in vaccine efficacy prediction before the vaccine reaches
phase Il trials and not after (as was the case with RT%,S).

Finally, there are very few studies investigating temporal changes in parasite
populations over time. The maityrhave relied on microsatellite deff}’ or SNP paneld?
Here, we propos# utilize WGS data from both West anddt Africa to address how
parasite populations change with respect to loci that may affect efficatyobteorganism

sporozoite vaccines. Otemporal comparisons will be eigiars n both study regions.
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To the best of our knowledge, these comparisons will be the longest do’w @&latg

and will be the first to estimate changes over time to predict changes in vaccine efficacy
over time with WGS dataThis will not only assist in answering basic biological questions
about parasite population evolution, but also how often malaria vaccines may have to be

updated to maintain protection against circulating strains.
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Chapter Il. Samples andViethods

The aims for this thesi@lescribed in Chapters {W) share samples, sequencing
methods, and many bioinformatics and analytic tools and methodologies. This chapter
(Chapter Il)gives an overview of the above aspebte are core concepts or methods used
in this dissertation, including sample collection and preparation, generation of-whole

genome sequencing data, and the development of bioinformatic pipelines.

Samples

Genomic material for the cultwadapted PfSPZ stins NF54, 7G8, NF166.C8,
and NF135.C10 was provided by Sanaria, and sequencin@ dnstitute for Genome
ScienceslIGS). For clinical isolates, a crosectionalsetof samples from South America
(Brazil), West Africa (Mali), East Africa (Malawi), and8theast Asia (Myanmar, Laos,
Thailand, and Cambodia) were collected from clinical trials and surveys of malaria burden
through collaborations with the Division of Malaria Research (DMR) in the University of
Mar yl and Sc ho cCenteofor VadandevelopmendTeese samples were
collected through passive sampling by clinics in the different regions, mainly through
surveys of malaria burden or drug efficacy studies, providing a representative safple of
falciparumparasites from patients who cormethe clinics in these regions. For the drug
efficacy studies, samples were taken on the day of diagnosis before the patient had started
drug treatment, ensuring that parasite diversity will not be influenced by drug treatment at

the time of sample colléon.
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Additional samples from Burkina Faso, Guinea, Kenya, Tanzania, Papua New
Guine, French Guiana, Peru,and Golbi a wer e obtained from the
Archive (SRA) to ensure that global diversity was represent in our analysis, and to
representocations where there are ongoing clinical trials for whmiganism malaria
vaccines (Burkina Faso, Kenya, and Tanzania). A summary of all clinical samples to be

used in this thesis and their sources can be found beldabie 2.

Table 2: Origin of clinical samples for allims

. . Year of Aim  Aim Aim PacBio
*
Countries Source Study Type Collection 1 2 3 Assemblies
Mali IGS Case/control stugy of 2002 ) ) 45 2
severe malarid
Mali IGS Cohort study of 2010 54 54 54 4
malaria incidence
Burkina Faso  SRA Unknowr?® 2008 - 56 - -
Guinea SRA Unknowr?® 2011 - 123 - -
Kenya SRA Unknowr?® 2007 - 53 - -
Tanzania SRA Unknowry® 2010, 2013 - 68 - -
Malawi IGS Drug comb. study® 20072008 - - 37 4
Malawi IGS Cohort study of 2016 ~ 113 35 .
malaria incidence
ACT efficacy study
.55
Myanmar IGS (TRAC)>Cross 55105013 19 19 - 4
sectional survey of
malaria
Thailand IGS ACT efficacy study 20132014 36 36 - -
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Table 2, Continued

. « Year of Aim Aim Aim PacBio
*
Countries Source Study Type Collection 1 2 3 Assemblies
Cambodia  Igs  Crosssectonalsunvey ,,,q5014 125 125 - 3
of malarig®
ACT efficacy study
Laos IGS (TRAC) 20122013 2 2 - 2
Papua New — gp, Unknowr?® Unknown 45 45 - -
Guinea
Brazil IGS Malaria surveillance 2016 - 21 - -
French Guiana SRA Chloroquine 20092013 - 36 - -
susceptibility studi?®
Colombia SRA Unknowrs?® 2011 - 16 - -
Peru SRA Unknowrs?® 2011 - 11 - -
Totals 281 778 171 19
*| GS: I nstitute for Genome Science, SRA: NC

** Study types without a citation indicate studies for which samples are being used, for the first tir
this thesis.

Generation d whole genome sequencing data

This thesis utilized two main methods of sequencing: siead sequencing (based
on lllumina HiSeq platforms) and lorrgad sequencing (based tme PacBio RS Il
platform).A total of 23P. falciparumstrains (including the fauPfSPZ strains) underwent
bothlong- and shorread sequencing.lAremaining samples underwent shoeaid whole
genome sequencing onlihe below sections describe sample preparation and sequencing

methodologies for both types of sequencing platforms.
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Sample processing for PfSPZ strains and 19 clinical isolates for the generation of new
reference assemblies

Genetic material for the four PfSPZ strains were provided by Sahdrisd( WCB
SANO02-073009; 7G8: WCB SANGR21214; NF135.C10: WCB SANEI10410;NF166:
Mother Cell Bank/research stock SANBR0613). The 19 clinical isolates that also
underwent wholggenome sequencing were parasites collected from ongoing or completed
DMR studies and were grown in culture at DMR to obtain enough parasite DNA foloPacBi
sequencing. Brieflya cryovial for initiating asexual blood stage cultures stored in liquid
nitrogen vapor phase was thawed. The parasites were wiashegcreasing saline series
and then resuspended in complete growth medium. After thawing, theesuluiere
maintained in sealed flasknder hypoxic conditions, and stored in a 37°C incubator. Every
3-4 days post thawing, fresh uninfected processed humesd®lood cells were added to
split the culture at a final 5% hematocrit. The culture was sulesgly expanded. The
complete growth medium was changed daily except during the first 24 hours post splitting.
Fieldsstained thin blood smears from culture samples were used to assess and to monitor
the parasite growth by light microscopy. Parasites weren until 102 0 € g of DNA

collected &nywhere from 4 month3.

Sample processing for clinical isolates

Clinical isolates were prepared for whglenome sequencing in two different ways,
depending on how the samples were collected in the fieldaflples from Southeast Asia
and Malian samples collected from 2010 were collected as ~2 ml venous blood draws, and

were leukocytadepleted with cellulose filtration columns (WWARN Procedti¥edt the
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time of sample collection tincrease the parasite-human DNA ratio and improve the
amount of parasite sequengenerated. Samples from Brazil, the 2002 Malian samples,
and the Malawian samples were not leukodgeleted before being cryopreserved, and
so these samples contained a mixture of parasite and humandbBAo cell lysis after
cryopreservation The Mabwian samples collected 20072008 had the Buffy coat
removed at the time of sample collectiovhich also helps with the reduction of human
DNA, although the reduction is nas large as that with leukocydepletion wih cellulose
filtration columns To improve the parasi®-human DNA ratio imon-leukocyte depleted
samples, a selective whegeenome amplification (SWGA) protocol (adapted fr@yola

and colleague$}*was used to amplify parasite DNA in the sample using paisiséeific

probes (Shakt. al., In preparation).

Wholegenome sequencing

Pacific BiosciencesRacBig sequencing wasonductedfor 23 P. falciparum
strains (19 clinical isolates plus four PfSPZ strains). DNA (prepared as above) was
fragmented with the Covaris E210, and the fragta were size selected to include those
>15 Kb in Il ength. Li braries were prepared
cells were sequenced per library, using P6C4 chemistry and-mibR@ movie on the

PacBio RS Il (Pacific Biosystems, Menlo Pa@d).

Shortread sequencindata was generatddr the 23P. falciparumstrains above
and for the entire collection of clinical isolates using the lllumina HiSeq 2500 or 4000
platforms. The sSWGA samples were sequenced with HiSeq 4@00other samples,

processed two years prior, were sequenced withd2560.Genomic DNA libraries were
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constructed for sequencing on the lllumina platform using the KAPA Library Preparation

Kit (Kapa Biosystems, Woburn, MA). DNA was fragmented with the Covaris E210 to
~200bp. Libraries were prepared using a modi fi
DNA was purified between enzymatic reactions and the size selection of the library was
performed with AMPure XT beads (Beckman Coulter Genomics, Danvers, MA). The PCR
amgification step was performed with primers containing an index sequence of six
nucleotides in length. Libraries were assessed for concentration and fragment size using

the DNA High Sensitivity Assay on the LabChip GX (Perkin Elmer, Waltham, MA). The

library concentrations were also assessed by qPCR using the KAPA Library Quantification

Kit (Complete, Universal) (Kapa Biosystems, Woburn, MA). The libraries were pooled

prior to sequencing

Bioinformatic methods

Generation and characterization of assemblies

Two assemblers were tested to generate-bigility referencgenomeassemblies.
The first, the Hierarchal GenorfessemblyProcess(HGAP) %3 is the assembler that
comes with the smrtanalysis pipeline fré@cBiq and has been used in the past to generate
a PacBio assembly for 33%° The second, Canu, is a recently puldghongread
assembler based on the Celera assermitfi&ssemblers were run on all default settings,
with the exception of tweaking the corMaxEvidenceErate parameter for Canu to 0.15
(recomnended for AT rich genomes as\rsion 1.3). After comparison of raw HGAP
and Canu assemblied was apparent that Canu assemblies were structurally more
complete (for example, the average number of contigs generated from the HGAP assembler

was 48, compared to 25 generated from the Canu assenilalbl® 8) andso Canu was
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Table 3. Raw assemblgharacteristics for HGAP and Canu assemblies

Cumulative

. . .
Sample Origin Assembler # of Contigs Length n50
HGAP 1,541,876
NF54 West Africa 42 23,795,070
Canu 32 23,452,658 1,527,116
, HGAP 36 23,684,037 1,620,297
NF135.C10 Cambodia
Canu 19 23,540,633 1,631,396
HGAP
IGSMLI 002 Mali 36 23,593,991 1,646,297
Canu 16 23,193,290 1,649,870
HGAP
IGSMLI-004 Mali 42 23,738,734 1,607,240
Canu 23 23,396,228 1,634,925
HGAP
IGS-MLW-005 Malawi 44 23,915,989 1,517,464
Canu 24 23,584,659 1,718,245
HGAP
IGSMLW-002 Malawi 40 24,064,177 1,489,505
Canu 25 23,793,817 1,518,017
HGAP
IGS-MLW-003 Malawi 106 24,073,536 975,412
Canu 51 23264632 1231754
HGAP
IGS.CBD-002 Cambodia 55 23,766,586 1,449,282
Canu 23 23192908 1625351
HGAP
IGS-CBD-001 Cambodia 44 23738800 1507825
Canu 24 22,999,393 1,614,579
HGAP
IGS.CBD-003 Cambodia 30 23,481,733 1,625,469
Canu 21 22,945,207 1,451,852
HGAP
IGSLAO-002 Laos 55 23,925,257 1,431,002
Canu 25 23,385,768 1,507,600
HGAP
IGSMNM-001 Myanmar 49 23203789  130®75
Canu 20 22,768,670 1,425,604
HGAP
IGS-MNM-002 Myanmar 52 23,267,279 1,557,030
Canu 27 22,886,141 1,415,383
HGAP
IGSMNM-003 Myanmar 47 23,807,175 1,503,715
Canu 20 22,965,623 1,648,667
HGAP
IGS-MNM-004 Myanmar 45 23710123 1493050
Canu 21 22412432 1472966

*Only samples for which an HGAP assembly was generated are shown; because of these initial
HGAP assemblies were not generated for all clones.

used for all dowsstream analyses(HGAP assemblies were sometimes used for

confirmation of large structural variants observed in the Canu assemblies.
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Given the high error rate of PacBio sequencing, several steps were taken to remove
as many sequencing errors from the raw assemblies as possible. To optimize downstream
assembly corremn processes and parameters, the assembly for NF54 was compared to
the 3D7 referencegenome as these strains should be genetically and structurally very
similar, the percentage of total differencese@sured ibase pas andthe proportion of
the 3D7 g@nome not captured by the NF54 assembly) between the NF54 assembly and the
3D7 reference (PlasmoDBv24) was calculated after each attempted correction step. Quiver
(smrtanalysis v2.3§2and Rlon (v1.13)*°were usedd remove any remaining sequencing
errors from the assembly by using either the PacBio reads (Quiver) or the lllumina reads

NF54 7G8 (Pilon).  Quiver,

which works by
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Figure 1: Improvement after correath with Pilon and Quiver. After each iterat
of Quiver (xaxis), the percentage of differences in the assembly comparec placement of

3D7 reference genome (including regions not captured by the assemb
calculated (yaxis). The four PfSPZ strains are shown
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potentially erroridden reads (thousands of bps in length)a potentially erroridden

assembly.

To improve mapping (and therefore corrections), the output of a first iteiation
Quiver was fed back in to Quiver, under the assumption that the slightly more accurate
assembly from the first run of Quiver codérve as a better reference to map reQdsver
was run iteratively in this mannéo reach a (stable) maximum reduction percent
differences between the two genonfeiton wasalso optimized by seeing what parameters
reduced the number of differences between NF54 and 3D7. The end pipeline included two
Quiver iterations, as this consistently led to a stable maximum redumtween not only
NF54 and 3D7, but also the three other PfSPZ strains andR§¥¢ 1), and Pilon was
run using the following parametersfixbases,--mindepth 5--K 85, --minmq 0, and-

minqual 35.

Final assemblies were annotated with the 3D7 ttiom (PlasmoDBv24) using
gmag?® (June 18 2014 version)B 5, -t 10, -K 1500, --crossspecies). The shosnps
utility of Mummer was used to identig§ingle nucleotide polymorphismSNP9 and small
(<50 bp) indels. To identify structural variants (insertions, deletions, siores, and
translocations larger than 50 bpyp programs were used. The first, Assemblytiésised
Mummer alignments of the reference assembly of interest and 3D7 to identify regions with
structural differences. Secondgyach i sol ateds PacBio reads
reference genome using tNextGenMapLR (NGLMR) aligner'*®and regions witlsplit-
read alignments, higmismatched regions, and/or regions with unexpected coverage
statisticswere identified using Sniffle$® PacBio read alignments in these regiavere

visualized with Ribbok*° as needed.
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Read mapping and SNP calling with shiirdd whole genome sequences
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Read mapping and SNP calling

using shorread whole  genome
sequencing datavas utilized in all three

Aims of this thesis. Read mapping was
done using bowtie2 (v2.24Yto generate

bam files; bam files were prepared for SNP
GATKO s

cal | i usi

ng ng
Documentatiot?'143 Coverage statistics
from final bam files were generated using

samtool$** and bedtool$*®

For SNP identification, a pipeline
was reeded that could handle a normally
haploid organism, but for which multiple
strains were possibly present in each
sample (ie., polyclonal infections). To
develop such a pipeline, we first used
lllumina data 12 clinical isolates from Mali
collected in 201Gor which polyclonality
established

was previously

by
microsatellite analysté® and three of the
four PfSPZ strains sequenced at the

beginning of this project (NF54, 7G8, and



NF135.C10). SNPs were
260360

4044 called individually on each of

EEOE

the 12 Malian samples using
° j oi nt GATKO s

Genotyper  (v3.1.1), and
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Figure 3: Relationship between read mapping and uncoveragi

Cambodian isolates, the proportion of the 3D7 reference genor ploidy=1 (haploid) or
remained uncovered by reads after read mapping was plotted
the total number of reads that mapped t& 3Bach sample is a d
samples are also colopnded by the size of the library insert usec
whole genome sequencing preparation.

ploidy=2  (diploid). For

diploid runs, two data sets

were developed, one that allowed heterozygous (0/1) calls, and one that converted
heterozygous calls to homozygous reference (0/0 or homogyajtarnate (1/1) allele, if

the allele depth for either the alternate or reference allele was at 50%. This process is
hereafter referred to as calling the major allele. To choose which of the three ploidy
methods (haploid, diploid, or diplcichajor allelg to use in downstream analyses, principle
coordinate analyses (PCoAs) were used to visualize patterns in the dataset. The goal was
to have PCoA plots for which the first two coordinates (which represent the two
coordinates explaining the most of the viaoia in the data set) describing samples based

on geographic origin, amibt by polyclonality. PCoAs were generated by creating a pair

wise genetic distance matrix using custom python scripts and the cmdscale function in R.
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We saw that calling SNPs on gplbid setting and allowing heterozygous caisgfre 2,

left panel) introduced a bias so that several polyclonal samples explained the majority of

the variation in both coordinates 1 and 2 and collapsed samples from distinct geographic
origins into a sigle cluster. Using a haploid dataset, while allowing the first coordinate to

explain geographic origin, also had the second coordinate explaining variation in several
haploid samplesHigure 2, middle panel). In contrast, diploid with the major alleleezll

at heterozygoupositionsal | owed for the best description
with the least amount of separation passed solely on the status of cloRgjitye(2,

bottom panel).

Table 4: Overlapbetween SNP datasets, from SNdRmtified in the reference assemblies ai
SNPs identified through read mapping, for the PfSPZ strains
SNPs Found % of Assembly SNPs % of Read Mapping

Strain ENAZ Ssgr%l;?f from Read shared by Read SNPs shared by
Mapping Mapping SNPS Assembly SNPS
NF54 1,381 402 16.0 61.9
7G8 43,859 8,727 17.0 86.6
NF166.C8 51,011 14,190 22.2 79.9
NF135.C10 53,467 9,678 15.3 84.6

As several analyses in this thesis relied on combining data from publicly available
sources with data generated at IGS, sewwhar sample and position filters were put into
place to arrive at final highonfidence SNP data sets designed to eliminate possible biases
introduced by differences in sequencing platforms and locations. First, samples with less
than 10 million reads thanapped to th8D7 reference genome were not included in any
final analyses, as samples with less than this number tended to have wide ranges in the
proportion of the 3D7 reference genome left uncovered (and therefore, the amount of the
clinical isolate hat could be characterized through read mappifigu(e 3). In adlition,

potential false positives were removed fridm dataset implementing the following hard
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filter using GATKOGs Variant Filtration:
&& (MQO/(1.0 * DP)) > 0.1. The filter was built by 1) observations of the distribution of
parameter values in our dataset and 2) attempting to maximize the overlap between SNPs
found in the PISPZ assemblies (potential true positives) to the SNPs found thradigh rea
mapping and SNP tmg. Calling the major allele at 50% was deemed to introduced too
many false positives into our data, so the threshold was increased to 70% (if no allele was
present in at least 70% of reads, then the genotype was assigned as .niisssgsulted

in 62-87% of SNP calls from the read mapping prodessso bepresent in the assembly
(Table 4). This filter may beoverly conservative, in that only ~2% of the assembly
SNPs were recovered in the read mapping dataset, but we diesreadappropriate trade

off given the risk of biases introduced by different souates typesof sequencingised

for this thesis

While the above filter was deemed adequate to explore questions related to
population structure where distinct populatstructure is known to occur (such as between
continents and the drug resistapopulations of Southeast Asia), it was too stringent to
answer more subtle questions related to potential shifts in allele frequesgesiélly for
the analysis required férim 3). Therefore, a second pipeline was built for those analyses,
utilizing a joint SNP calling approach which leverages evidence across samples to identify
rare or hardo-c al | variant s. |l ndi vi dual g.vecef
HaplotypeCaller (jwidy=2), combined with CombineGVCFs, and genotyped with
GenotypeGVCFsBiallelic SNP positions were selected using VariantFiltration, and the

major allele(70%)was called for heterozygous calls at those sites. A new hard filter was
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Table 5: Overlap between SNP datasets, from SNPS identified in the reference assembl
SNPs identied through read mapping, for Mali and Malawian strains

Read MappingNPS, Read Mapping SNRs

. . Assembly Hard Filter Hard Filter, MAF> ~2%

Sample Origin SNPs Total % Shared by Total % Shared by

Assembly SNPs Assembly SNPs

IGS-MLI -004 Mali 50,743 16,142 76.9 5,494 95.2
IGS-MLI -005 Mali 51,098 13,035 67.6 3,822 93.6
IGS-MLI -006 Mali 50,966 16,483 69.5 5,241 95.3
IGS-MLI-001 Mali 45697 15,044 72.6 5,470 93.9
IGS-MLI -002 Mali 47,635 16,380 75.6 5,494 94.5
IGS-MLI-003 Mali 48,069 16,103 76.4 5,506 94.4
IGSMLW-001 Malawi 49,686 13,354 42.3 5,000 94.8
IGSMLW-005 Malawi 53,337 19,113 34.3 5,193 94.8
IGSMLW-002 Malawi 54,006 19,738 32.0 4,913 94.7
IGSMLW-003 Malawi 47,662 13,350 41.2 5,182 95.2

built in asimilar mamer described abovaut, instead asemblies of samples generated in

Aim 1 from Mali and Malawi wereompare to 3D7, and the resulting SNP differences

wereused to compar® theSNP calls® generate a filter for joint SNP calling. The filter

for joint SNP calling was: QD < 2.0, MQ < 15.0, SOR > 3.0, DP < 10, QUAL < 30. The
overlap between the SNPs that passed this hard filteBBR$ found in each of the Mali

and Malawian samples that hassemblies is shown ifigble 5). For the Malian samples,

the overlap between the tv&NP sets was similar fbable 3; however, the overlap was
lower in the Malawiarsamplesand so in the future the hard filter may need to Hauik

for specific geograpmc locations. A second pass was done to remove sites with low minor
allele frequencie@minor allele must be present in at least two samples per dasstetse

sites may represent remaining sequencing error. After this step, the proportion of SNPs
detected by readnapping that were also present within the assembly SNPs was around

95% for all samples.
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Reconstructing gene sequences using targeted assembly efesttovtholegenome
sequencinglata

While SNP calling is very useful in terms of generatirtgghconfidence panel of
variants for which to conduct population genetic studies, it may not be as reliable for
reconstructing the total sequence of a gene, particularly if a sample is extremely
polymorphic (withvariantslike tri- or quadrallelic posions) or contains indels of variable
lengths (causing issues with read mapping). To reconstruct loci of interest, a targeted
assembly pipeline develop@dour lab was used to assemblemina reads that mapped
to the regiorinterest inthe reference g@me with shorread assemblerdlatsumua et.
al. In preparatioh Using a reference genome and gff3 file, reads were first mapped to the
loci of interest (identified through coordinates in the gff3 file). Readsdheatessfully
mayped to the region of iterest are then assembled using first SPAtleand if not
assembled on the first try, fragmentere assembled into larger contigs using HGAP.
Sequencefrom this processvere aligned using clustamega*® and manually inspected

in Mesquite to correct misalignmeraad translate to amino acid sequeri¢gs

Detecting population structure, drift, and selection

Population structure

Population structure was detected using two main approaches. The first were
PCoAs; as mentioned ale, PCoAs are data reduction techniques which use distances to
construct coordinates that explain the most variation in the dataset of interest. PCoAs were
chosen over principle component analyses, as they have been shown to be more robust to

missing datd®® To generate PCoAs from SNP calls, custom python scripts were used to
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calculate a pairwise genetic distance matrix between each sample in a merged vcf file

(using only positions that passed the SNP jiltand the cmdscale function in R. The

program Admixture (v1.3j'was also used to investigate population structure, which uses

maximum likdihood estimations tossigngpr opor ti on of an eacmdi vi du a
of K populations, given a set of SNPs arth\alue. After data sets were pruned for missing

data, low minor allele frequency sites, and linkage disequilibrium, Admixture was run with

multiple values oK. To choose the appropridte eachK was run with 10 replicateshe

crossvalidation (CV) error from the replicate with the highest loglikelihood value were

plotted, and th& with the lowest CV value was chosen as the fmahber of populations,

K.

Detecting allele frequency changes due to drift or selection

To detect frequency changes in alleles between timepoints in each region, we
utilized two commonly used population metrics usieffools (v0.1.14)> The first was
the fixation index, ofO , which is a measure of the differences in the variance of allele

frequencies between two groups of samples, and is commonly expressed as:

70E@MBO — (1)

where, is the variance of an allele frequendgetween different hypothesized
subpopulations (in our case, subpopulations were defined as being separated over time)
and, is the variance in the total population (both tipwnts together). Measureskir

range from O (no difference in allefeequencies between groypshich are deemed to

have been sampldtbm the same population) to 1 (complete separation of subpopulations

in terms of allele frequencied) the variation in allele frequencies between the two groups
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of samples issimilar to the variation in allele frequencies within the entire population
(implying that allele frequency variation is explained by the subdivision of those two
groups of samples), then the ratio will approach one. If the variation in allele frequencies
between th two subpopulations is very small (implying that the allele frequencies in the
two population are very similar), then the ratio will approade.i g Fst>8sggenerally

not estimable given that it requires knowledge of the variance of allele frequencies in the
entirepopulation and does not take into account statistical error introduced by sampling
from the entire population. To account for differences in sampling variation both within
subpopulations and variation in sampling subpopulations within the total populagon

usedWe i r and Cweredimatoh a mo s

W Q@e B¢ O Q@I O 2)

where $is the variance of allele frequencies, r is the number of populations sampled, n is
the number of individuals in eaplopulation, and h is the observed mean heterozygtsity.
This estimée is more robust to variations in sample sizédn addition, (1) teds to
overestimate differentiation at low levels Bfr, whereas (2) does ntf This may be
important, particularly when comparing regions or timepoints when the estimated
population differentiation is likely to be small. To detect significket values, we

conducted a onsided Ztest(Ho: x = 0, H: x > 0) using the chromosomelerage forO .

Fstwill detect shifts in allele frequencies, but doesprotide specifics in the type
of selection that may be occurring at a particularly genomic locafiongain a better

understanding of what selection pressures (if any) may be causingesha allele
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frequenci éswa sT aujsienda.D sTcalgulatedaudirsg variants in coding

regions, and is estimated as:

YO XDO  —— (3)

where™Qis the average number of SNPs found in all pairvasmparisons across the

sequences afand"Yis the number of segregating sites among the sample popuf&tion.
Both Qand— are estimates of the expected numiiepolymorphisms between any two

sequencesand under a neutral model of evolution, should be the sambaldncing

selection is taking place that causes a higher than expected number of polymorphisms (and

haplotypes) between sequences, tiédmill be larger than—and T al wiln@eo s

positive. If directionalselection is causing a low number of haplotypes across samples,
thenQwill be smaller,resulting in negativd aj i lhaédkues. Tajimabés D ca
val ue fr om Nati valuEsnticat that therlecgs in question is undergoing
directionalselection, possibly due to a population bottleneck or a selective sweep. Extreme

positive values, on the other hand, indicate that there is an excess of mutations at this

region, pasibly being maintained by balancing selection. ¥alaround zero indicate that

the segregate variation is neutral A T aj surpassing+ 2 | is considered to be a

biologically meaningful value, and were the cutoffs used in this thestetErmine

signi fi camwtal Tuaejsi. nhamdescailcuteded soth using SNP calls and with
reconstructed gene sequences. Finally, we utilized SNP calls to detect regions with

extended haplotype homozygosity (EHH) using cogsulation tests (XfEHH) using
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sekcan (v1.2.0a)°’ another metric of positive selection that can alstecteselective

sweeps,tocompiee nt t h eDand® metrec s
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Chapter Il I. New Plasmodium falciparumgenome assemblies from
diverse endemic regns enables the comprehensive genomic and
genetic characterization of clinical isolates.

Abstract

The Plasmodium falciparunB8D7 genome is the only higiuality reference
assembly available to the research community to guide genetic and genomic Shelies.
characterization of other strains is based on the identification of sequence variants relative
to 3D7(which is thought to be of African originand both the gene and genome structure
of 3D7 are viewed as representative of the species. The lackeofretbrence assemblies
makes it difficult to describe structural variants that occur in nat@ralalciparum
populations, and may result in the underestimation of genetic diversity in highly
polymorphic genomic regions obtained through read mappasgdapproachesNew
reference assemblies were generated fdP.1flciparumstrains fromWest Africa, East
Africa, and Southeast Asiasing a combination of Pacific Biosciences and lllumina
sequencing technologie§hese assemblies capture large structuaabmts that explain
copy number variations of drug resistance genes and members ofyemdtifamilies.

These and other smaller structural variations affecting gene sequences also show specificity
to different geographic parasite populations. In additimproved read mapping across

the genome of short lllumina reads from clinical isolates is found when using a reference
assemblyf a similar geographic origin, particularly for isolates among the subpopulations

of Southeast Aia, exposing the limitatiored SNP calling methodologies that rely only on

3D7 for the characterization of clinical isolate§hese higkquality reference assemblies
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will provide a new resource for the malaria research community to expand the

characterization d®. falciparumclinical isolates in novelvays.

Introduction

Plasmodium falciparums the parasite responsible for the majority of malaria
deaths around the worfdThe 3D7P. falciparumreference genome wasublishedin
200218 the genome consists of 14 nuclear chosomes, as well as circular genomes in
two organelles (the apicoplast and the mitochondria), totaling 23.3 Mbp in length. This
reference genome has guided malaria research for over a decade. The generation of the
3D7 reference genome took six years to clete?® 124 given the labointensive process
of assembly generation in the early days of sequencing, another way to quickly characterize
malaria parasites was needed. Curreritig, process of characterizing clinical isolates
using the 3D7 reference genome involves the generation of shotiyodesdto several
hundred baseair in length) reads for a clinical isolate through whgg@ome sequencing,
and mapping these reads agaitme 3D7 reference through a process called read mapping.
Read mapping algorithms attempt to locate the position in a reference gématnme
orthologous to the redasased on sequence identity; several popular read mappers include
bowtie24° andbwa-mem?°® The accuracy of these aligners is very important, given that
the mapped reads are used as the inpavieriant identification pipelines to identify small
sequencevariants like single nucleotide polymorphisms (SNPs) and insertions and

deletions (indels).

Read mapping approaches using the 3D7 reference have allowed the discovery of

distinct parasite popuii@n structuré’*and extensive genetic diversitaround the globe.
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However, several limitations exist with using a single reference genome. First, read
mapping algorithmsely heavily on sequence identity to map reads to their appropriate
location on the genome. Given the genetic diversity that exidtsr and between parasite
populations, reads representing these regions may fail to map to the reference genome, and
thus themost diverse regions of the genome of a clinical isolate will not be characterized,
underestimating diversity in thegenomicregions.If such an effect exists, it may lead to

biases in analyses outcomes and interpretation, as has been seen for isata¢eisif-1>°

In addition, there is no reason to assume tklz 3D7 reference genomes
representative of the structure of Bl falciparumgenomes around the world. In other
organismslike humans, structural variants account for more nucleotide changes than do
SNPs or indel$®® Shortreads and read mapping are best used to characterize small
variants (SNPs and short indels), but identifying larger (>50 bp) structural variants such as
insertions, deletions, inversions, and translocations with this typet@fis much more
difficult. Dueto the short read length, it is difficult to characterize long structural variants,
and it has been shown that usihg llluminasequencing platform alone has low sensitivity
and specificity:®! Several studies iR. falciparumhave used paireend sha-read data to
explore the distribution of short ind&4%and have identified regions tife genomehat
contain possible recombination hotspotd sanslocation$®?8152However, in addition to
the above limitations, many of these studies have been conducted using the progeny of
genetic crosses of lortgrm cultureadapted parasites, vahi do not necessarily reflect or
give information on the frequency of structural variants in extant parasite populations in

malariaendemic regions.
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The generation of new reference assemblie® fdalciparumwould greatly assist
in the characterizatioof clinical isolates both genetically and genomically. Reference
assemblies could be made fremdemic areasnown to have distinct parasite populations,
and these could be used for mapping reads from clinical isolates from the same population,
hopefully maximizing the ability to characterize these isolates. In addition, assemblies
would allow a more thorough comparison of structural variants that may occur in parasite
populations Recent advances in losigad sequencing technologies show gpsdéntial
for assembling genomes, as was shown recently with a 3D7 PacBio as§&miy paper
presents 19 new referenceasiblies fronP. falciparumstrains isolated from West Africa,
East Africa, and Southeast Asia from retgeoollected clinical isolateshese reference
assemblies can assist in the identification of previously undocumented structural variants
and improvethe characterization of clinical isolates through read mapping using a

geographiespecific reference assembly.

Methods

Samples

PacBio assemblies for 19 clinical isolates from West Africa (Mali, n=6), East
Africa (Malawi, n=4), and Southeast Asia (n=9) wagenerated for this study. These
isolates weraselectedrom studies conducted by the Bilon of Malaria Research (DMR)
or in collaboration with DMR Chapter Il, Table 2); all werefrom uncomplicated cases
of clinical malaria. In addition to samples fassembly generatiord,79 clinical isolates
(collected as part dhe same studigbat the isolatessed for assembly generatio@re

from) were used to generate shaad data to use for read mapping against the assemblies.
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Whole genome sequencing

To generate enough genetic material for PacBio sequencing, each of the 19 clinical
isolates were grown in culture ftireefour monthsmaximumuntil 102 0 € g o f DNA
could becollected Briefly, acryovial for initiating asexual blood stage cultures stored in
liquid nitrogen vapor phase was thawed. The parasites were washddcreasing saline
series and then resuspended in complete growth medium. After thawing, the cultures were
maintained in sealed flask under hypoxic conditions, and stored in a 37°Ctorctdvary
3-4 days post thawing, fresh uninfected processed hurvaa ®lood cells were added to
split the culture at a final 5% hemactocrit. The culture was subsequently expanded. The
complete growth medium was changed daily except during the firsil24 post splitting.
Fieldsstained thin blood smears from culture samples were used to assess and to monitor

the parasite growth by light microscopy.

Total DNA was prepared for PacBio sequencing using the DNA Template Prep Kit
2.0 (Pacific Biosciences, &hlo Park, CA). DNA was fragmented with the Covaris E210,
and the fragments were size selected to include those >15 Kb in length. Libraries were
prepared per the manufacturerdés protocol . Tt
using P6C4 chemistry arad128minute movie on the PacBio RS Il (Pacific Biosystems,
Menlo Park, CA). These isolates also underwent whole genome sequencing with the
lllumina Hiseq 2500 platform; briefly, genomiNA libraries were constructadsing the
KAPA Library Preparation Ki(Kapa Biosystems, Woburn, MA). DNA was fragmented
with the Covaris E210 to ~200 bp. Libraries were prepared using a modified version of
manufacturero6s protocol. The DNA was purifie

selection of the library was germed with AMPure XT beads (Beckman Coulter
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Genomics, Danvers, MA). The PCR amplification step was performed with primers
containing an index sequence of six nucleotides in length. Libraries were assessed for
concentration and fragment size using the DNigh Sensitivity Assay on the LabChip

GX (Perkin Elmer, Waltham, MA). The library concentrations were also assessed by gPCR
using the KAPA Library Quantification Kit (Complete, Universal) (Kapa Biosystems,
Woburn, MA). The libraries were pooled and segqaehon a 100PE Illumina HiSeq 2500

or 4000run to generate 100bp or 150 bp pakad reads, respective(Yllumina, San

Diego, CA).

Generation of assemblies

To generate new assemblies, two assemblers were tried. The fildiethechal
GenomeAssemblyProces§yHGAP), is the assembler that comes with the smrtanalysis
pipeline from PacBio, and has been used in the past to generate a Bss&nbly for
3D7.1% The second, Can(v1.3)'** is a recently published loagead assembler that
replaced the old Celera assembler. Assemblers were run on all default settings, apart from
tweaking the corMaxEvidenceErate parameter for Canu to 0.15 (recommended for AT rich

genomes as of version 1.3).

To optimize downstream assembly correction processes and parameters, we also
generated PacBio data for tRe falciparumisolate NF54, the stock from which 3D7 is
cloned!'? As these two should be genetically and structurally very similar, the percentage
of total differences (by both base pair and proportion of the 3D7 genome not captured by
the NF54 assembly) between the NF54 eddg and the 3D7 reference (PlasmoDBv24)

was calculated from the raw assemblies, and after each attempted correction step. Quiver
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(smrtanalysis v2.3%2 and Rlon (v1.3)*°were used to remove any remaining sequencing
errors from the assembly by using either the PacBio reads (Quiver) or the lllumina reads
(Pilon). Quiver was runteratively to reach a (stable) maximum reduction in percent
differences between the two genonf€hapter Il, Figure 1). Pilon was run using th

following parameters-fixbases;-mindepth 5;-K 85, --minmq 0, and-minqual 35.

Characterization of assemblies

Final assemblies were annotated with the 3D7 annotation (PlasmoDBv24) using
gmap(72) (June 1& 2014 version) 5,-t 10,-K 1500,--crossspecies). The shoanps
utilitiy of Mummer was used to identify SNPs and small (<50 bp) indels. To identify
structural variants (insertions, deletions, inversions, and translocations larger than 50 bp),
each isolatebdés PacBio reads were mapped
NextGenMapLR (NGLMR) alignet® and regions withsplitread alignments, high
mismatched regions, and/or regions with unexpected coverage statistesdentified
using Sniffles’®® Shared structural variants between assemblies were identified by

comparing the vcf files outputted from Sniffles with custom bash scripts.

SNP calling and admixture analysis

To explorehow the Cambodian clinical isolates used for assembly genrerzatid
shortread sequencing fno subpopulations in the context of Southeast Asian isolates, an
admixture analyses was done using SNP calls from clinical isolates from Southeast Asia
arnd Oceania (Myanmar, Thailan@ambodiaand Papua New Guineasz195). Briefly,
reads were aligned to the 3D7 reference genomenB@Bv24) using bowtie2 (v2.2.41°

samples with less than 10 million reads mapping to the reference were excludedpkss

51

aga



with less than this amount had reduced coverage across the geTloapeef |, Figure

3. Bam files were processed accor/d*hg to GA
andSNP calling was donenandividual samples usingrified Genotyper (GATK v3.3.1)

using a diploid setting. Heterozygous calls were removed by calling the major aliede; i
major allele was supported by > 70% of reads at a heterozygous position, the major allele
was assignedsahe allele at that position (otherwise, the genotype was coded as missing).
Additional hard filtering was done to remove potential false posi{fDes< 12 || QUAL <

50 || FS > 14.5 || (MQ8= 2 && (MQO/(1.0 * DP)) > 0.1) and to removeon-biallelic

SNPs SNPs with a minor allele frequency less than 0.01, and no more than 20% missing
genotype values across all sampl€be data set was additionally pruned forkége
disequilibrium using plink3 (window size of 25 SNPs, window step of 16,dR0.3). The

final data set consied of 8,167 SNPadmixture (v1.3}*'was usedo analyze population
structure; he number of population, wastested for values betweéq=1 to K=15 and

run with10 replicates for eadk. For each population, the cregalidation (CV) error from

the replicate with the highest loglikelihood value were plotted, an# thigh the lowest

CV value was chosen as the final population number.

Comparison of coverage usingferences from different geographic regions and
statistical analyses

To choose a reference for read mapping, a PacBio assembly from West Africa and
another fromSoutheast Asia were chosen by assessing several assembly characteristics,
including the nurber of contigs, n50 (the ability to reconstruct close etatire
chromosomes), and the cumulative length of the assembly. The latter was especially

important, given the possible range of assembly lengths; longer assemblies may have
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incorrectly uncollapsedrepetitive regions, and shorter assemblies may have been unable
to reconstruct these regions (or, these regions may be real and are characteristics of clinical
isolates from the regions where they originated). Either of these options may impact read
mapphng statistics and bias results when comparing across assemblies; we therefore

attempted to choose assemblies with similar cumulative lengths.

The main outcome of interest was uncoverage, the proportion of the assembly left
uncovered by reads. This wadatdated as the number of base p&bp) left uncovered
after read mapping, divided by the total length of the assembly. A proportion was chosen
over using the raw number of base pairs in a further attempt to control for variable assembly
lengths. For edcclinical isolate, bam files were used to obtain coverage statistics across

the entire genome and in coding regions using bedtodl%.{.14°

Clinical isolates from West Africa (Mali) and Giheast Asia (Cambodia) were
used for read mapping comparisons. Clinical isolates from both locations were mapped
against each reference assembly, and uncoverage was compared between both sets of
clinical isolates for each reference assembly separ&atyples with less than 10 million
reads mapping to the referenagssemblywere excluded, as samples with less than this
amount had reduced coverage across the genShapter I, Figure 3). Given the well
documented parasite population structure that existsngst samples from Cambodfa®
it is unlikely that an exposure based on geopolitical boundaries represents distinct,
genetically homogenous populations in this country. Therefore, a secondary analysis was
done breaking Cambodian isolates into subpopulations based on their assigomeiné f
above admixture analysis. For Cambodian isolates only, an additional analysis was done

using population as a continuougenomathatabl e
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was assigned tpopulationK;, with i between andK, from which theCambodian reference

assembly of interest was placed).

To quantify the association between geographic origin of clinical isolates (or
proportion of genome assigned Ky on uncoverage, linear regression models were run
using a logtransformed uncoveragariable as the outcome and geographic location (or
proportion of the genome assigned to a specific subpopulation) as the expomgative
association was observed in our data set betvibesry insert size and uncoverage
(Chapter II, Figure 3). Likewise, even after excluding samples with less than 10 million
reads mapped to the reference assembly, timere still be slight additional gains in
uncoverageg(Chapter Il, Figure 3), and therefore differences in uncoverage between
clinical isolates of diffent geographic regions and variable genetic relatedness could be
overcome by additional sequencing. We therefore also includedniotaber of reads
mapped to the assemblythe adjusted modelall statistical analysis was done using R

Studio (\.0.153.

Directly comparing a sampleds uncoverage
difficult due to different coordinates in each assembly. To directly compare coverage
results from a single sample using different reference assemblies, the location of each
proteincoding gene was identified using the gff3 file from the assembly annotation. The
average coverage of the gene was calculated across all samples for each reference assembly
used. The differences in coverage for each gene between the two refassmoblies

were then calculated.
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Results

Assembly characteristics

Summary asenbly characteristicéor the 19 clinical strains are shownTiable 6.
Overall, the assemblies as&ucturallyvery complete in terms ofcumulative length, n50,
contigs,and number of coding sequences detgcfEde assemblies were all close to the
23.3 Mbp lengthof the 3D7 genomeassembliedor Southeast Asian strains veeon

average slightly shortecompared to assemblies for African strains. The average AT

Table 6 Assembly characteristics for 19 clinical isolates

Sample N # of Cumulative N50 AT Content Anio?;te q
Contigs Length (Mb) (%)
CDS
West Africa 6 29.5 23.45 15.94 80.66 5,449
East Africa 4 27.5 23.49 15.54 80.61 5,452
Southeast Asia 9 23.0 22.97 15.08 80.68 5,451
3D7 Reference 16 23.33 1.69 80.66 5,452

Medians reported for all statistics
content of each genomeas around 80%, consistent with the 3D7 reference assembly.
There are 5,542 annotatetbding DNA sequencegCDS) in the 3D7 reference
(PlasmoDB24); almost all assemblieslentified a similar number of CDSFor the
assembliesn which notall 5,542 coding sequence®re identifiednormally the number

of genes missing was less than 20, with one assembly missing 65 genes. Some of these
correspondedvith missing sections of the genomer £xample, PS250 was missing 14
genes, all of which fall in 81.5Kbp region at the end of chromosome 9 thatbit present

in our assembly oraw PacBio readS'hese missing segments may represequencing

or assenbly error, or real deletions (see below)
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Structural variations irP. falciparumpopulations

Large translocations were identified by aligning each reference assembly to 3D7;
four translocations in one sample each from West and East Africa and twodtihe&st
Asia were identied. All of these translocation events invohesither chromosome 5 or 7,
andthe breakpoints felih regions thahoused members of muljene families. We have
previously identified a translocation in the Cambodian culad&ped strain NF135.C10,
where a middle section of chromosome 7 had been exchanged (and inverted) for the end
segment of chromosome 8 (s€lapter IV). Furthermore, this translocation was well
supported by PacBio read€Hapter IV; Appendix, Figure 17), and sothese may
represent real rearrangements of chromosomes in clinical isolates from malaria endemic

regions.

In addition to translocations, other types of structural variants, including indels,
deletions, inversions, duplications, anderned duplications were identiidoy mapping
clinical isolatsdPacBio reads to the 3D7 reference genome. Insertions and deletions were
the most common type of structural variant identified; interestingly, inserntaisve to
3D7 were more common in ssmblies from West African strains, while deletions were
more common among assemblies for Southeast Asian straatde(7), possibly

explaining the difference seen in cumulative assembly lengths in assemblies from these

Table 7: Structural variants identified in assemblies

Sampled n Insertions Deletions Duplications Inversions d Inyerte;d
uplications
West Africa 6 1,138 936 30 26 3
East Africa 4 922 877 40 24 7
Southeast Asia 9 890 1,064 37 21 5

Medians reported for all statistics
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regions(Table 6). In comparison, aplications, inversions, and inverted duplications were

much less commothaninsertions and deletions.

By comparing the overlap of structural variant coordinates between samples,
structural variants unique to different geographic regions could be igentBieveral of
these were quite large; for example, ~21 Kbp region of chromosome 5 (at position
~946,000) was duplicated in all three of the Cambodian reference assemblies. This region
containedpfmdrl, duplications of which are associated with drug rasist tanefloquine
and artemisinin derivitie¥*'®>and manual inspection of thesmnotations showed that
this duplication conveys multiple copiestbis gene to a genome. There were several other
large structural variants that also affected copy number variations. Some of the large
deletions observed in the Southeast Asian assemblies occurred in regions housing members
of multi-gene families \(ars, rifins, stevos, etc.) For example, all four Myanmar
assemblies contained a ~13.5 Kbp deletion on chromosome 8 (at position ~427,000), which
in the 3D7 reference genome contains #&ogenes, twaifin genes, and twBlasmodium
genes encoding @&RNA of unkrown function(RUF6). A large ~41.5 Kbp deletion in two
of the Cambodian assemblies on chromosome 12 (at position ~1,695,000) contained four

var genes, aifin pseudogene, and two RUF6 genes.

The above structural variants represent the largest sharedursttucariants
between groups of samples; however, there were also smaller structural variants that fell

within individual genes that were also shared between groups of samples. The most
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Figure 4: Anindel causing a potential protemo di ng change t o t h efactoréAP2
G.AAl i gnment of -GhNeacle@ide pesiiiahs avefcolodde@by amino acid; black repres
stop codonsB. Blast results of the nerepetitive part of the indel up to the stop codon (position indi
by the horizontal black dded bar in A.) has a high identity with nboman primate ARZ homologs.

biologically interesting was a 191 lagsertion relative to 3D%ha occurred in all but one
(IGSMNM-001, Myanmar) of the Southeast Asian assemblies towards the end (gene
position 7,299) of the transcription factor ABFigure 4A). AP2-G is possibly the best
described member of the AP2 transcription factor family, @ndonsidered a master
regulator of sexual commitment and gametocyte produétivihen the region hoursy
AP2-G was extracted from all 19 assemblies and aligned, it confirmed that all African
assemblies contained the 3D7 version of ARZIhe end of the 3D7 allele is still present

in the assemblies from Southeast Asia, butitisertioncontains a prematarstop codon,
potentially conveying a completely different end sequence to theGA\pdtein for these
strains. Blast results using the first part of itigertionup to the stop codon showed that
this was also present in the culta@apted strain DD2 fro Laos, and that it also had high
identify to part of the coding AR& sequencing of nehuman primatePlasmodium
species Figure 4B). This suggests thahe 3D7 allele was obtaingtirougha 191 bp
deletion that did not occur in the ancestor obtrstrans from Southeast Asia. This deletion

results in a longer and very diffete@-terminal end to APZ in African populations
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Furthermore, APZ sequences froid. reichenowandP. praefalciparunare lacking the
stopcodon within the insertion that is presen SoutheasAsian isolates, suggesting that
an ancestor ofSoutheast Asian isolates obtained a premature-cstdpn within this

sequence.

Geographiespecifc reference assemblies for timproved characterization of clinical
isolates through read mapy

A Malian (IGS-MLI-004) and CambodianlGS-CBD-002) reference assembly
were chosen to compare the ability of read mapping using geogisp@udic reference
assemblies. Besides being structurally compl€teapter Il , Table 3), these assemblies
were chosen because they came from similar time points and studies as the clinical isolates
to be used for read mapping. 54 clinical isolates from Mali and 107 clinical isolates from

Cambodia were mapped against each of these references, and the proptr@eondme
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Figure 5: Improved coverage with a geograpisigecific reference genome. Reads from clinical isolates
Mali and Cambodia are mapped agaiAsta Malian reference assembly afl a Cambodian referen
assemblyC. Reads from a subset of Cambodian clinical isolates that were from the same subpop!
the Cambodian reference assembly (as identified with an Admixture analysis) and Malian clinitex
are mapped against a Cambodian reference assembly.
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left uncovered by reads (uncoverage) was compared. When a Malian reference assembly
was used, clinical isolates from Cambodia had a higher amount of uncoverage as compared
to the Malian isolatedgure 5A, P < 0.001). When the same compariseas done using

a Cambodian reference assembly, Cambodian isolates had a slightly lower amount of
uncoverage as compared to the Malian isoldtggi(e 5B), and this association was only

weakly statistically significantR = 0.051).

To see if population subtructure in Cambodia was the reason behind the weaker
signal inFigure 5B, an admixture analysis was done using the Cambodian isolates, as well
as clinical isolates collected from Thailand, Myanmar, and Papua New Guinea. The
analysis placed Cambodian lates in seven subpopulationgigure 6A). Two
subpopulations contained a larger (n > 20) number of samples, while there were also
several clonal subpopulations with smaller numbers (n < 20). The Cambodian reference
assembly used in this analysi§S-CBD-002 was placed in subpopulatidt3. When
uncoverage of Cambodian clinical isolates was stratified by the seven subpopulations,
clinical isolates that belonged to K3 had lower uncoverage compared to isolates in other
subpopulationsHigure 6B, P < 0.001).It could also be shown that there was a negative
relationship between uncoverage and the proportion of the genome that was assigned to

this population by the admixture analydtsgure 6C, P < 0.001).

To see if the improved coverage using a reference &dgaihcloser geographic
(or genetic) similarity, the average coverage was calculated across Malian and Cambodian
clinical isolates for each gene, and for each set of clinical isolates, the change in coverage
between using a Mali or Cambodian referencecrafdy as calculated. Among the

Cambodian K3 clinical isolates, 1,158 genes had increased levels of coverage using a

60



<
v
|
[=]
L]
{l=]
5 S
[7:]
3
gz Mt
© 9
< L]
o ) .
° B
s
< ]
=1 oon e
]
2 :
[=] §
1 +
= 3
B. 5 .
w
g =3  n=33 =21 pn=11 p=8 p=19 =12 g -
2 s =N *
w -
a =] .
= A ,
"8 = Z "‘s . . * *
g : : £ t.oo * . .
& = —_ I ! ..
] I 1 - \ —_1 - *
5 s EE - .
-1 .
T ! ! . - = :
: oy T, W "y
[T — i
2 : X
1 L]
‘*5 o o [=TF
\o T T T T T T T T T T T T T
° K1 K2 K3 K4 K5 K6 K7 0.0 0.2 0.4 0.6 0.8 1.0
Population Proportion of Genome Assigned to K3

Figure 6: Identification of subpopulation structure among the Cambodian clinical isolates reveals ir
read mappingo a Cambodian reference assembly from the same sulatiopwas the clinical isolates.
Admixture results for the Cambodian clinical isolates placed isolates into seven subpopulatic
Cambodian reference assembly (IVCO_PL_0013) is part of the pink (K3) subpopuBationcoverag
results, stratified ¥ subpopulation assignmen. The proportion of the genome assigned to K3
uncoverage. Each clinical isolate is colored by its assigned subpopulatioA from

Cambodian reference assembly compared to using a Malian reference assembly. Most
genes had small (< 1%) increases in coverage, with 24&sdeaving increases of > 1%

and 160 genes having increases in coverage over 5%. While some genes saw changes in
coverage of 80%, all of the genes that had over 5% increase in coverage were members of
multi-gene families, includingars, rifin s, stevos, and phistA/Bs. 24 genes that were not
members of multgene families showed increases in coverage above 1%; these are shown
in Table 8. Among these genes, there were several protein kinases, conserved proteins of

unknown function, and ribosomal proteinsv&ml antigens were also in this listatigen
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Table 8 Genes with increased coverage among Cambodian and Malian clinical isolates using a
geographiespecific referencémembers of multgene families excluded)

Samples

GenelD

Product Description

# Exons in
Gene

Cambodia

PF3D7_0110100

PF3D7_0113800
PF3D7_0301200

PF3D7_0321200

PF3D7_0418400
PF3D7_0419900
PF3D7_0601600
PF3D7_0631000
PF3D7_0731500

PF3D7_0807200

PF3D7_1035200
PF3D7_1035700
PF3D7_1038400
PF3D7_1100900
PF3D7_1125300

PF3D7_1304900

PF3D7_1322@0

PF3D7_1335200
PF3D7_1335300
PF3D7_1335400
PF3D7_132200

PF3D7_1476400
PFC10_API0040
PFC10_API0043
PFC10_API0055

selenocysteinspecific elongation factor selB homologue

putative

DBL containing protein, unknown function
serine/threonine protein kinase, FIKK family
UDP-N-acetyplucosaminedolichyl-phosphate N
acetylglucosaminephosphotransferase, putative
conserved Plasmodium protein, unknown function
phosphatidylinositol «inase, putative
tetratricopeptide repeat proteinytptive
tetratricopeptide repeat protein, putative
erythrocyte binding antigeh75

conserved Plasmodium membrane protein, unknown
function

S-antigen

duffy bindinglike merozoite surface protein
gametocytespecific protein

RESAike protein, pseudogene

DNA-directed RNA polymerase

DNA-directed RNA polymerase Il subunit RPB11,
putative

conserved Plasmodium protein, unknown function
reticulocyte binding protein homologue 6, pseudogene
reticulocyte binding protein 2 homologue b
reticulocyte binding protein 2 homologue a
histidinerich protein 111

serine/threonine protein kinase, FIKK family, pseudogel

apicoplast ribosomal protein S19
50S ribosomal protein L4, putative
apicoplast ribosomal prateS4

PNNRPRRN DRPRPOWN WABR

Mali

PF3D7_0104000
PF3D7_0206800
PF3D7_0424500
PF3D7_0700900
PF3D7_0713200
PF3D7_0827600
PF3D7_1222600
PF3D7_1229600
PF3D7_1309100
PF3D7_1352500
PF3D7_1357000
PF3D7_1357100
PFC10_API0014

thrombospondifrelated sporozoite protein
merozoite surface protein 2

serine/threonine protein kinase, FIKK family
RESAdike protein, pseudogene

DnaJ protei, putative

conserved Plasmodium protein, unknown function
AP2 domain transcription factor AR2

conserved Plasmodium protein, unknown function
60S ribosomal protein L24, putative
thioredoxinrelated protein, putative

elongation factor ‘alpha

elongation factor alpha

hypothetical protein

HHHN@NHNHN@H@HHHQJNNN'EQJA

(PF3D7_1035200 erythrocyte binding antigeh75 (PF3D7_0731500 and a

gametocytespecific proteifPF3D7_1038400

There were less genes that saw an increase of coverage among Mali clinical isolates

when using a Malian reference assembly as compared to a Cambodian reference assembly.
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154 genes had increased coverage &%y and only 93 with an increase in coverage of
over 5%. 14 genes were not members of rgdtie families. One was ARZ, which may
be impacted by the structural variant documented aboweonibospondisrelated
sporozoite proteitPF3D7_0104000and meroaite surface protein 22F3D7_0104000

were among the potential antigens on the list.

Discussion

Given the distinct parasite population structure that exists betweemitnd
malaria endemic regions, a single reference genome may be inadequate &veajattion
in genome structure. In additionhis not been investigatdw the use of single reference
genome affects the characterization of clinical isolates through read mapping. A previous
limitation to constructing new reference assemhiias tha such a task relied on shotgun
Sanger squencing, whoseelatively shortreads mae it laborintensive to piece together
thehighly repetitiveP. falciparumgenome Longread PacBio sequencing platforms allow
for the generation of structuhalcomplete asemblies, and, combined with the accuracy of

lllumina data, helps alleviate the high sequegarror of PacBio sequencing.

The generation of multiple assemblies from different geographic regions here
allowed for the exploration of geograptspecific stuctural variations, something that has
been difficult to do with shomead sequencing platforms. u@ure-adaptation may
introduce mutations or structural changes in the genome as compared to the original clinical
isolate?’166 however theseclinical isolateshave not been kept in continuous culture like
strains commonly used for malaria research (such as, 3i¢h should keep any such

potential changes to a minimuin.addition, clinical isolates were also cultureddonilar
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lengths of time, and so the geograpspecific structural variants we identified here should

not be due to differences in culturing time by groups from different regions.

The large structural variants identified here are supported by previalissstiat
have attempted to explore structural variantsPinfalciparum Several studies have
identified recombination hotspots on chromosomes 5 d@hd®7Recombination dtspots
often occur in regions containing metidpy gene family membeféas was observed here.
Large insertions and deletis explaining copy number variations have also been identified
by other studies; for example, a study using a combination of methods (including
microsatellites and PCR) to identify the exact location of the amplification breakpoint
responsible for multipl@fmdrlcopies, and came up with a very similar position.469
Kbp) that was identified here using the PacBio assem¥fi&tudies exploring structure
and genome arrangement of mualtipy gene families are difficult, due to the difficulty in
reconstructing reliable sequences from ¢hgsnes (let alone the entire region of interest).
A study of specificvar gene domains in Papua New Guinea have shown limited genetic
diversity as compared to Afrid&? possibly indicating a smaller number wér gene
sequences in this region (altighuit may alsoeflect populatiorstructure or a bottleneck).
Why Southeast Asian parasites would have (or need) feaemgene sequences is
unknown; due to the high rates of parasite exposure in Africa, it may be that parasite
populations in that region have needed tonta@n more copies of these and other multi

gene family members to successfully evade the immune system.

In addition to the large structural variants influencing gene copy numbers, we also
identified smaller structural variants that impact the structurelovidual genes. The most

exciting of these wasnandel polymorphism in a wetlescribed transcription factor, AP2
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G, which is fixed (or nearly so) for different variants in Africa and Southeast Asian
populations. Since the structure of the variarBonitheast Asia is identical to that in sister
Plasmodiumspecies, the most likely explanation is that the African allele is the derived
state, resulting from a deletion in African parasifesthe best of our knowledge, this has

not been reported previdys even though thé&outheast Asian allels present in the
cultureadapted strain DD2, which has been used in many studies exploring molecular
mechanisms oP. falciparum Previous work has shown that DD2 strains produce fewer
male gametocytes as compite the stock from which DD2 was originally cloned fréfh.
Another study mapped this phenotype using a genetic cross of DD2 and HB3 to a region
of chromosome 12 which houses ABZ2'11"2however, a subsequent study identified a
smaller region pstream of APZ5 containingpfmdv1, and showed that DD2 had reduced
transcript levels ofpfmdv1.!”® The role of Ap2G in these phenotypes is currently

unknown.

We also determined that the use of a reference of similar geographic origin
increases theability to characterize clinical isolates with shread wholegenome
sequenin. Samples from one of the many distinct subpopulations observed in Southeast
Asia had much lower levels of uncoverage using a reference assembly from the same
subpopulation, as compared to using a reference assembly from Africa. One implication of
theseresults is that a reference assembly for each of these subpopulations is needed for
optimized characterization of Southeast Asia parasites. Unfortunately, we do not have
assemblies for each of thebmopulations identified in thedanixture analyses; besisi¢he
Cambodian reference assembly used here for read mapping comparisons, the other two

Cambodian reference assemblies were from population K2, another admixed population.
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The population substructure was unknown when these samples were selected fer parasi
culture and PacBio sequencing, and therefore it may be worth generating several new
assemblies for thearioussubpopulations. This will not only assist in future read mapping
projects for drugesistant parasites in this region, but would allow foretgloration of
subpopulation specific structural variants. Copy number variations have been shown to be
associated with partner drugs that are contributing to the subpopulation observed in this

region?%%174so further exploration of structural variants in these populations is warranted.

One difficulty that comes wh using geographic specific references is directly
comparirg across assemblies, or within eadsembly to the reference genome. Non
coding regions are especially difficult to map back to 3D7, given the high AT content
possibly contributing to polymerasslippage and microsatellite variation in these
regions?>1’> Here, we restricted the comparisons between assemblies by investigating
coding regions, as identgd by mapping the 3D7 annotation onto tiew assemblies.
While gene coordinates were used for this analysis, to truly investigate the impact that
geographiespecific reference assemblies have on codiggns, analyses could further
berestricted to exas. However, we have observedny instances @nnotators outputting
theincorrect coordinates for exons, particularly if indels exist withidirog sequence of
interest (Dwiveli and Moser, unpublished). Better annotation tools are therefore needed

for Plasmodiunassemblies.

While we did identify genes that had improved coveragen geographispecific
references were usethere are several points to consider. First, most of the genes were
members of multgene families which have been shown to be exhgrdiverse both

within an individual parasit&®1’® and within and between parasite populatidffst’’
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Therefore, it is probably not unexpected that a geographic specific reference would be
better able to recruit reads for these geesond, many of the genes we identified had
one or more intronic regions. We therefore cannot rule out that the increase in coverage in
all genes is not happening only in intron regions; however, we did observe increased
coverage in genes without introrsnd so intronic regions cannot totally explain the

increase in coverage we see in coding regions.

What read mapping projects might geograggpecific references be used for?
Given that the increase in coverage observed was not specific only to codongreg
genomewide association studies (GWAS) may benefit from the use of these assembilies.
A denser SNP set would allofor the identification of SNPs associated with the
phenotypes of interest at a finer scale, possibly even identifyingatisative SNPIn
addition, reaerecruitment methods are being utilized to reconstruct individual loci of
interest. For example, entivar genes are able to be reconstructed by recruiting reads to a
panel of referencear genes, with increasadr read recruitment ocering with the use of
larger gene sefsom different genome¥?2 This analyses therefore contributes 19 new sets
of var genes that can be used for read recruitment methods, and could be expanded to any
gene family of interest. Finally, the identification of specific correlates of protection from
P. falciparumis of great interest, particularly for wheteganism malaria \@ines, but
also for subunit vaccine candidates where the description of targets of antibody or cell
mediated immunity is needed. In general, the coverage of many vaccine candidate loci was
very high (for example, coverage of the cir@parozoite protein as over 100X regardless
of the referenceused). However, several antigens were identified as having higher

coverage using a geograpisipecific reference. Sieve analyses that compare breakthrough
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infections in vaccinees to infections in the general pojmnatan identify regions of the
genome (or gene) that differ in the breakthrough infectiandspecifically regions that

are different from the vaccine strain. In the case of wbajanism vaccines where
protection may & mediated by more than one locaapturing as much of thdinical

i sol at e owouldgbe writicaeto identify correlates. Our analysis here showed
increased coverage using samples and assemblies for Mali and Cambodia, and therefore
analysis of breakthrough infections from planneahtorganism malaria vaccine trials in
Indonesia may benefit from the use of a Southeast Asfanence genome. The increase

in coverage observed here may not be as great for populations within Africa; however, it
still might be beneficial to useountryspecific references in these regions (particularly
East Africa) toensure theaptureof as much variation as possible. A combined reference
genomethat included both 3D7 and n@D7 sequenceswhile computationally more

intensive, may also be a useful ¢gpterm goal for the malaria research community.

Improved characterization of variants in parasite populations has the potential to
elucidate phenomena that has long plagued elimination efforts, such as the emergence of
drug resistance and tigenetiadiversityin genes encoding antigenThe malaria genomics
world hasheavily relied on the use ahe mainP. falciparumreference, 3D7, to guide
malaria research. This new collection of referemssemblies from diverse malaria
endemic regions will shedght on aspects of the. falciparumgenome that have been

previously difficult to characterize.
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Chapter IV . Plasmodium falciparumstrains used in controlled
human malaria infection differ in genome sequence, structuregnd
iImmunological potential

Abstract

A whole-organism malaria vaccine agairfdfasmodium falciparunoffers great
promise for protecting travelers to malaeiademic regions over short time periods. In
controlled human malaria infections (CHMI), durable protection was significantlythighe
against homologous than heterologous CHMI, suggesting the presence e$stafit
factors that lead to evasion of the vacem#uced protection. We have generated the
genome assembly of the vaccine strain, NF54, and of the current strains used in
heterologous CHMI, namely 7G8 from Brazil, NF166.C8 from Guinea and NF135.C10
from Cambodiato identify genetic variants between strains that may be associated with
vaccine evasion, and determine if these strains are representative of circulating parasite
strains in the regions where they were collected. Tens of thousands of differences exist
between NF54 and 7G8, NF166.C8 or NF135.C10 across the genome and within
immunologically important regions. Comparison to a collection of over 500 clinical
isolates fron malaria endemic regions revealed that these four strains are representative of
their geographic origins. These assemblies were also used to identify several lingering
errors in theP. falciparum 3D7 reference assembly. These results will assist in
interpretation of clinical trials using heterologous CHMI, and inform the choices of strains

for regionspecific or multistrain wholeorganism malaria vaccines.
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Introduction

Malaria wagresponsible for an estimated 216 million cases of disease and 445,000
deaths in 2018 )evels of morbidity and mortality similar to those observed in Z0litese
stagnant statistics, which follow tremendous progress in reducing malaria incidence over
the past decadéighlight the pressing need for new tools to control malaria. A highly
efficacious vaccine againBlasmodium falciparunthe deadliest malaria parasite, would
greatly assist control and elimination efforts. To date, only one vaccine adainst
falciparumhas reached licensuféRTS,S is a prerythrocytic subunit vaccine based on
the circumsporozoite protein (CSP), expressed by sporozoite and eadialjyeeparasites,
with efficacy of approximately 40%. although efforts are underway to improve
immunogenicity, which may result in increased protecti8f® As an alternative to
subunit vaccinesthe entire parasite can be used as the basis for vaccination, greatly
increasng the number of antigens exposed to the host immune sySéseral variations
of a preerythrocytic, wholeorganism malaria vaccine are under development, all based
on the same West AfricaR. falciparumstrain, NF54.'2 and which utilize different
mechanisms for sporozoite preparation.

Of these vaccines, PfSPZ Vaccine (based on radiatienuated sporozoites) has
progressed furthest in clinical trial testing. PISPZ Vaccine showed 100% -$&iont
protection against homologous controlled human malaria infection (CHMI) in an initial
phase | clinical triat® and subsequent trials have confirmed that high levels of protection
can be achieved against both sherm'°*and longtermt®2homologous CHMI. However,
these studies have also shown decreased efficacy against heterologou¥tisstissed

using a strain from South America (7&8)and against natural exposure from dive?se
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falciparum isolates in a malaria endemic region in Afri€aHeterologous CHMI in
PfSPZCVAC (fully infectious sporozoites given under the cover of chemoprophylaxis)
trials have been conducted with NF135.C10 from Cambtidand NF166.C8 from
Guineat!® and whch also show lower efficacy than homologous CHRAL? A likely
main reason for the lower efficacy against heterologbuslciparumstrains is the well
documented genetic diversity in this paraspecies, which is particularly high in genes
encoding antigen$? hindering vaccine efficacy and complicating the design of broadly
efficacious vaccine¥®18Secondary analysis of data from several subunit vaccine trials
(including RTS,S) have shown evidencetiéle-specific efficacy, in that the vaccines are
more effcacious against parasites encoding the allele(s) identical to the vaccine strain
compared to nowaccine allele$§®888%he lower efficacy against heterologous, corega
to homologous, CHMI suggests that same phenomenon impacts the efficacy of whole
organism vaccines. While the entire sporozoite may offer multiple targets of protection, no
high-confidence correlates of protection currently exist, and it is unknownregjans of
the parasite genome are recognized by the human immune system, and convey protection,
upon immunization with whoterganismP. falciparumvaccines. Both humoral and cell
mediated responses have been associated with protection against homoleigbuS o192
although studies in rodents and Ammman primates point to a greater importance of cell
mediated immunity (specifically through CD8+ T cells) in ld¢agn protectiory?10>116.117

The current vaccm strain, NF8, was isolated frm a patient in the Netherlands
who had never left the countty? therefore, the origin of NF54 is unknawNF54 is also
the isolate from which the. falciparum3D7 reference genome was clorfé®therefore,

and despite having been separated in culture for over 30 years, NFS2aack assumed
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(but never experimentally confirmed) to be essentially genetically identical. For this
reason, 3D7 is often used in homologous CH##{! Several issues hinder the
interpretation of both homologous and heterologous CHMI experiments using the above
strains. It remains to be confirmed that 3B&s remained genetically identical to NF54
genomewide, or that the two are at least identical immunogenically; indeed, NF54 and
3D7 have several reported phenotypic differences when grown in culture, including the
variable ability to produce gametocyté$°In addition, 7G8, NF135.C10, and NF166.C8
have not been rigorously compared to each other or to NF54, tiontdhat they are
adequate heterologous strains, even though they do appear to have distinct infectivity
phenotypes when used as CHMI straiff$inally, heterologous CHMI results apaly a
reliable indicator of efficacy against monoclonal infection in field settings if the CHMI
strains used are characteristic of the geographic region from which they originate. These
issues could greatly impact interpretation of clinical trials wheoenologous and
heterologous CHMI are used, as well as the anticipated efficacy of these vaccines in
malaria endemic regions, and are viewed as major hurdles for-efgaaism malaria
vaccine development®

A rigorous description and comparison of the genome sequence of thesecatmains
help address some of these knowledge gaps.-tlighity de novoassemblies allow
characterization of both genome structure and genetic differences between strains;
however, the high AT content and repetitive nature ofth&alciparumgenome greatly
complicates genome assembly methtfdd.ongread sequencing technologies can
overcome some of these assembly difficulties, as was shown recently with a 3D7 assembly

generated using Pacific Biosciences (PacBio) techndfdgy.
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Here, new referae assemblies for NF54, 7G8, NF166.C8, and NF135.C10
(hereafter referred to as PfSPZ strains) were generated using approaches to take advantage
of the resolution power of loagead sequencing data and the low error rate of shad
sequencing platformsChese highguality de novoassemblies allowed for the thorough
genetic and genomic characterization of the PfSPZ strains. These results will greatly assist
in the interpretation of clinical trials using these strains as heterologous CHMI and will lay
the goundwork for nexggeneration whol®rganism vaccines for specific regions and

multi-strain vaccines.

Methods

Samples

Genetic material for the four PfSPZ strains were provided by Sahdisi( WCB
SANO02-073009, 7G8: WCB SANGR21214, NF135.C10: WCB SAN@I10410, NF166:

Mother Cell Bank/research stock SANBR0613).

Clinical P. falciparumisolates from Brazil, Mali, Malawi, Myanmar, Thailand,
Laos, and Cambodia were collected from cresstional surveys of malaria burden,
longitudinal studies of malariacidence, and drug efficacy studies done in collaboration
with the Division of Malaria Research at the University of Maryland Baltimore, or were
otherwise provided by collaboratoiGHapter Il, Table 2). These isolates were obtained
by venous blood drawsglmost all samples were processed using leukocyte depletion
methods to improve the parasttehuman ratio before sequencitig The exception were
samples from Brazil and Malawi, which were not leukocyte depleted upon collection.
These samps underwent a selective whajenome amplificatiofsWGA) step before
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sequencing, modified fromDyola et all®? Briefly, the DNA samples were diluted and

filtered using vacuum fifation prior to SWGAShah Zet. al.,In preparation)ln addition

to these samples, publiegvailable samples for which whole genome sequencing has
previously been generated were pulled from
supplement malari@andemic regions not represented in our data set (Peru, Columbia,

French Guiana, Guinea, Papau New Guitt¢d) and regions where PfSPZ trials are

ongoing (Burkina Faso, Kenya, and TanzalligGhapter 1l, Table 2).

Whole genomsequencing of PfSPZ strains

Pacific Biosciences (PacBio) sequencing was done for each PfSPZ strain. Total
DNA was prepared for PacBio sequencing using the DNA Template Prep Kit 2.0 (Pacific
Biosciences, Menlo Park, CA). DNA was fragmented with the CoR0, and the
fragments were size selected to include those >15 Kb in length. Libraries were prepared
per the manufacturerdés protocol. Three SMRT
chemistry and a 12fhinute movie on the PacBio RS Il (Pacific Bystems, Menlo Park,

CA).

Shortread sequencing was done for each PfSPZ strain and for our collection of
clinical isolates using the lllumina HiSeq 2500 or 4000 platforms. Genomic DNA libraries
were constructed for sequencing on the lllumina platformgusie KAPA Library
Preparation Kit (Kapa Biosystems, Woburn, MA). DNA was fragmented with the Covaris
E210 to ~200 bp. Libraries were prepared us
protocol. The DNA was purified between enzymatic reactions and #eeection of the

library was performed with AMPure XT beads (Beckman Coulter Genomics, Danvers,
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MA). The PCR amplification step was performed with primers containing an index
sequence of six nucleotides in length. Libraries were assessed for conaerdratio
fragment size using the DNA High Sensitivity Assay on the LabChip GX (Perkin Elmer,
Waltham, MA). The library concentrations were also assessed by gPCR using the KAPA
Library Quantification Kit (Complete, Universal) (Kapa Biosystems, Woburn, MA). The
libraries were pooled and sequenced on a 100PE lllumina HiSeq &58000 run

(lumina, San Diego, CA).

Generation of assemblies

Canu (v1.3%** was used to correct and assemble the PacBio reads
(corMaxEvidenceErate=0.15 for Affich genomes, and using default parameters
otherwise). Fo 7G8, the mitochondrial genome was not present as part afetmovo
assembly; therefore, it was recovered manually, by mapping reads to the both the 3D7
mitochondrial reference, as well as an existing version of the 7G8 mitochondrion
(AJ276847.1%° and assembling the mapped reads with Canu (same peramagiabove).

To optimize downstream assembly correction processes and parameters, the percentage of
total differences (by both base pair and proportion of the 3D7 genome not captured by the
NF54 assembly) between the NF54 assembly and the 3D7 refeRtasm@DBv24) was
calculated after each round of correction. Quiver (smrtanalysis'¥2a8)s run iteratively

with default parameters to reach a (stable) maximum reduction in percent differences
between the two genomes and the assemblies were further corrected with lllumina data
using Pilon (v1.13Y* with the following parameters:fixbases,--mindepth 5--K 85, --

minmg 0, and-minqual 35. Final assemblies were annotated with the 3D7 annotation
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(PlasmoDBv24) using gmal3® (June 18 2014 version)-B 5, -t 10, -K 1500, --cross

species).

Characterization and comparison of assemblies

Custom scripts were used to generate assembly statistics such as cumulative length,
N50, etc. Assemblies were compared to the 3D7 reference (PlasmoDBv24) using both
MUMme r 6 s 'A"tftandethe nucmebased Assemblytics tddl (unique anchor
length: 1 kbp) to generate singlecleotide polymorphisms (SNPs), indels, and larger (>50
bp) structural variants. Large structural variants were validated by mapping PacBio reads
to the 3D7 reference genome using the NGLMR {oray dignert*® and visualizing
alignments with Ribbof® Circleatof®® was used to viglize indel and SNP distribution
across the genome. To focus the analysis on regions of the genome that might be important
for protection, we used several different gene sets: 1) loci identified in the literature whose
products are expressed in f@e&throcytic stages and/or are potential -prgthrocytic
antigens (16 genes), B)ci whose products were differentially recognized by sera from
PfSPZ Vaccine vaccinees compared to controls (10 loci), 3) loci whose products were
differentially recognized by sarfrom PfSPZCVAC vaccinees compared to controls (22
loci),1%*and 4) loci encoding ARfamily proteins, important for transcriptional regulation
(27 loci) 19919t These genes were manually inspected and corrected using M&éSduite
ensure remaining sequencing errors were removed, particularly singlpdmasedels
occurring in homopolymer runs. Sequences were extracted from the assembly using the
coordinates in the gff3 files produced by gmap, aligned usingatiistega (v1.1.£f8and
analyzed with dnaSP %10.01}% for nonsynonymous and synonymous mutations in

coding regionsFor loci found to have an incorrect sequence in the 3D7 reference, the
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corresponding sequence from a previously published 3D7 PacBio assembly was used as

comparator?®

Epitope analysis

Epitopes recognizedytthe class 1 major histocompatibility complétHC) were
predicted in the amino acid sequences of the above genes using NetMHCpa#fe8.0)
each PfSPZ strairduman leukocyte antigeiH{A) types common to African countries
where PISPZ or PISRZVAC trials are ongoing were used for epitope predictions based
on frequencies in the Allele Frequency Net Datal¥4sar from the literaturt>1%
(Appendix, Table 11). Shared epitopes between NF54 and the three other PfSPZ strains
were calculated by first identifying epitopes in each gene, and removing duplicate epitope
entries that occurred due to recogmtby multiple HLA types in the gene of interest.
Epitopes with the same 9mer sequence that were identified in two or more genes were
treated as distinct epitope entries, and all unique epitope/gene combinations were included

when calculating the numbef shared epitopes.

Read mapping and SNP calling

For the full collection of clinical isolates that had whgkEnome sequencing data
(generated either at IGS or downloaded from SRA), reads were aligned to the 3D7
reference genome (PlasmoDBv24) using bow(ig22.4)4° Samples with less than 10
million reads mapping to the reference were excluded, as samples with less than this
amount had reduced coverage across the genShapter Il, Figure 3). Bam files were
processed accor di nges tHooumeatbi's*SSNB ealling waRr act i ¢

done on individual samples using Unified Genotyper (GATK v3.3.1); vcf files were
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merged using bcftools. Because clinical samples may be polyclonal (that is, eamoo@éh
parasite strain may be present), diploid calls were initially allowed, followed by calling the
major allele at positions were heterozygous calls. If the major allele was supported by >
70% of reads at a heterozygous position, the major allele w@med as the allele at that
positiony otherwise, tk genotype was coded as missiAdditional hard filtering was done

to remove potential false positives based on the following filter: DP < 12 || QUAL < 50 ||
FS > 14.5 || (MQO >= 2 && (MQO/(1.0 * DP)) 8.1. The pipeline was optimized by
maximizing the overlap of the SNP calls from each of the four PfSPZ strains with the SNPs
identified in the Pf SPZcoardsgseenabova), éhe resulsng n g
SNP calls were very specific in that thejority were also present in the assemblies, but
the stringency of our filters (designed to attempt to remove as margolofidence SNPs

as possible) means that not all of the SNPs in the assembly are present in our SNP calling

datasetChapter II, Table 4).

PCoA and Admixture Analysis

A matrix of pairwise genetic distances was constructed from SNP calls using
custom python scripts, and principle coordinate analyses (PCoAs) were done to explore
population structure, and clustering of clinical isolates #w@d PfSPZ strains, using R
(cmdscale). To explore how NF135.C10 relates the known population structure in
Southeast Asia, the program Admixture (vi>8yvas used tanalyze population structure
of the clinical isolates in Southeast Asia/Oceania (Myanmar, Thailand, and Cambodia,
Papua New Guinea=195). Using the SNP set used for the PCoAs, additional filtering
was done to remove ndmallelic SNPs, SNPs with a minaliele frequency less than 0.01,

and no more than 20% missing genotype values across all samples (the latter two values
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were obtained by plotting the distribution of these parameters and looking for inflection
points or other reasonable values based ondatat set), leaving 11,943 SNPs (0.56
SNPs/Kb). The data set was additionally pruned for linkage disequilibrium using$link
(window size of 25 SNPs, window step of 1G,d® 0.3). The final data set consisted of
8,167 SNPs. The number of populatiokswere tested for valudsetweerK=1 toK=15

and run with 10 replicates for eakkhFor each population, the cresslidation (CV) error

from the replicate with the highest loglikelihood value were plotted, an& thih the
lowest CV value was chosen as the final populationbarmAn admixture analysis for

West African and South American samples were also done in a similar manner.

To compare subpopulations identified in our South East Asia admixture analysis
with previously identified subpopulations from Cambodia (particyldmt sensitive KH1,
admixed KHA, and resistant KH2,3,4 and 5 subpopulations identified by Miotto and
colleagues§? the above SNP calls before pruning for Li&11,943) were compared to a
nonsynonymous SNP dataset=@1,257) from 167 saples used by Dwivedit all% to
identify eight Cambodian subpopulations (which used a subset of samples used by Miotto
et al). There were 2,342 shared SNPs between the two datasets, 315 of which were in
NF135.C10. A pairwise genetic distance (estimated as the proportion ofpaiase
differences between pairs of samples) matrix was generated for all 362 samples from the
2,342 SNPs, and a dendrogram was built using Ward minimum variance methods in R
(Ward.D2 gtion of the hclust function). Mutations in the propeller domain of the kelch
protein on chromosome 13 (K13) from a subset of clinical isolates were identified using

nested PCR and Sanger sequencing, as part of a prior*tudy.
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Results

Generation of assemblies and validation of the assembly protocol

To crede genome assemblies for the four strains used in CHMI studies of whole
organism malaria vaccines, namely NF54, NF166.C8, 7G8, and NF135.C10 (henceforth
referred to as PfSPZ strains), total DNA extracted from short term culture was extracted
and sequencedavith both longread (PacBio) and short read (lllumina) sequencing
technologies. The raw PacBio reads were first assembled with the Canu as$&@biee.
3D7 was cloned from NF54, the two genomes are expected to be nearly identical; therefore,
we used NF54 as a test case to driveeabsembly protocol, by adopting approaches that
minimized its difference to 3D7. The raw assembly of NF54, while containing 99.9% of
the 3D7 genome in 31 contigBigure 7A), showed ~78K sequence variants relative to
3D7 (Chapter I, Figure 1). Many of tlese differences were small-8) bp indels,
particularly in AT-rich regions and homopolymer runs, strongly indicative of remaining
sequencingnaccuracysince this is the main pattern of PacBio erfdBo maximize error
removal withexisting tools, Quiver was run iteratively on the NFS4eambly; running Quiver

twice on the assembly consistently minimized the number of differences between NF54 and 3D7
(Chapter 1l, Figure 1). In addition, lllumina reads from NF54 were used to further polish the
assembly using Pilon. The resulting NF54 adslgiwas 23.4 Mb in length and, when compared to

the 3D7 referencegontained 8,396 indels and 1,386gle nucleotide polymorphisms (SNPs), a
rate of ~59 SNPs per million base pairs, the majority of which occur in noncoding regjgure (

7B). In fact, the two genome assemblies differed only by 17-sgmonymous mutations in 15 intact
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proteincoding genes. It is possible that some of the remaining ~1,000 differences correspond to

existing errors in the reference 3D7 genome (see next section).

The same ssembly protocol was applied to the remaining three PfSPZ strains

(NF166.C8, 7G8, and NF135.C10). The resulting assemblies were structurally very

complete, with the 14 nuclear chromosomes represented by 30, 20, and 19 nuclear contigs,

respectively, with ezh chromosome in the 3D7 reference represented by one to three

contigs Figure 7A). Several shorter contigs in NF54 (67,501 bps total), NF166 (224,502

bps total), and NF135.C10 (80,944 bps total) could not be unambiguously assigned to a
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homologous segmeirt the 3D7 reference genome; annotation showed that these contigs
tend to contain members of mudfene families, and therefore are most likely part of sub
telomeric regions of these genomes. The cumulative lengths of the four assemblies ranged
from 22.8 Mop to 23.5 Mbp Figure 7B), indicating that there may be some variation in
genome length amon@. falciparum strains. In addition, the NF135.C10 assembly
contained a translocation between a section of the middle of chromosome 7 (3D7
coordinates ~520,000 t6960,000) and the beginning section of chromosome 8 (up to
coordinate ~440,000Appendix, Figure 17A); the boundaries of the translocated regions
contain members of mulgene families such asr genes. Several reasons substantiate
this translocation ahsuggest it is not an assembly artifact: 1) this translocation was also
present in an assembly created by a different (H@&B@mblerAppendix, Figure 17B),

2) NF135.C10 PacBio reads mapped to the 3D7 reference show that reads mapped to the
boundary remn of the translocation in chromosome 8 also map to regions that flank the
translocated segment on chromosome 7 (andwecga), 3) the mapping pattern of these
reads is not observed in any of the other PfSPZ strains, but instead their PacBio reads map
only to the homologous region of the 3D7 reference, and 4) while NF135.C10 PacBio reads
mapped to the NF135.C10 assembly show no abnormal pattern, mapping PacBio reads
from the other PISPZ assemblies to the NF135.C10 assembly show the appiagm
pattern hat occurred when mapping NF135.C10 PacBio reads tdApendix, Figure

17C-F). Furthermore, the regions of chromosomes 7 and 8 where the translocation occurs
are documented recombination hotspots that were identified specifically in isolates from

Cambadlia, the site of origin of NF135.CT6.
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Many structural variants (defined as indels or tandem/repeat contractions or
expansions greater than 50 bp) were identifiedaoh assembly when compared to the
3D7 genome, impacting a cumulative length of 199.0 kb in NF166.C8 to 340.9 kb in
NF135.C10 Appendix, Table 12). Several larger structural variants (>10kb) existed in
7G8, NF166.C8, and NF135.C10. Although many of thegens contained mulgene
family members, some did not. Examples include a 3lokh tandem expansion of a
region of chromosome 12 in the 7G8 assembly, and a 22adhiglrepeat expansion of a
region of chromosome 5 in NF135.C10, both of which are stgghby ~200 PacBio reads.

The former is a segmental duplication containing a vacuolar iron transporter
(PF3D7_1223700), a putative citrate/oxoglutarate carrier protein (PF3D7_1223800), a
putative 50S ribosomal protein L24 (PF3D7_1223900), GTP cyclohgdrola
(PF3D7_1224000), and three conserveldsmodiumproteins of unknown function
(PF3D7_1223500, PF3D7_1223600, PF3D7_1224100). The expanded region in
NF135.C10 represented a tandem expansion of a segment housing the gene encoding multi
drug resistance ptein 1 (MDR1, PF3D7_0523000), resulting in a total of focopies of

this gene in NF135.C10. Other genes included in this tandem expansion aresasfinon
assembly protein (PF3D7_0522700), a putative-npRNA-splicing factor DUB31
(PF3D7_0522800), aupative zinc finger protein (PF3D7_0522900) and a putative

mitochondrialprocessing peptidase subunit alpha protein (PF3D7_0523100).

Identification of errors in the reference 3D7 genome

A recently published PacBio assembly for the 3D7 genome, by Vemlar an
collaboratorg?®allowed us to identify potential errarsthe reference 3D7 genome. These

correspond to cases in which the Vemdtzall assembly supports the final NF54 assembly
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presented here over the reference 3D7 genome, when a difference between the two exists.
We identified hundreds of such cases, ideig transitions, transversions and indels. This
suggests that at least some of the remaining differences between the NF54 assembly and
the reference 3D7 assembly correspond to errors in the 3D7 reference, rather than to errors
in the NF54 assembly or toue differences between the two. It is also possible that a few

of these cases correspond to recurrent PacBio error that happened independently in the

Vembaret al PacBiebased 3D7 assembly and the NF54 assembly reported here.

In addition to small sequeadariants, there are other types of errors remaining in
the 3D7 reference. Using the same rationale as above, 34 large (>50 bp) structural errors
in the 3D7 reference genome were identified; in all cases, the Veshladrassembly
supports the NF54 assbly, including 14 variants that affect genic regiokgy(re 8).

One case was a 1,887 bp deletion in 3D7 on chromosome 10, overlapping the region
containing liver stage antigen 1 (LSA PF3D7_1036400). The structure of this gene in
the NF54 strain was reped when LSAL was first characterized, with-ldnd Gterminal

unique regions flanking a repetitive region consisting of several dozen repeats of a 17
amino acidlong motif1%1*°The CDS of LSA1 in the NF54 assembly (as well as in the
3D7 PacBiebased assembly by Vembaerr al) is 5,406 bp in length, in contrast to the
3,489 bplong 3D7 allele presenhithe 3D7 reference. The differences in length between
the LSA1 alleles in the NF54 and the 3D7 reference appeared to be a result of the incorrect
collapsing of the repeat region of LSAIn the 3D7 reference, with NF54 and 3D7 PacBio
having 79 17mer amnho acid repeat units compared to only 43 in the 3D7 reference

sequence.
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The largest apparent structural error in 3D7 was a 4,215 bp deletion in the repetitive

region of Pf11l (PF3D7_1038400), a gametocw@ecific protein. This CDS is 33,023 bp

long in both NF54 and the Vembat al 3D7 PacBio assembly (who also reported a large
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Figure 8: Structural diferences between NF54 and reference 3D7 ge gene,
likely represent errors in the referenck. Location, by chromosome,
possible errors in the 3D7 reference genome. Thickness of line corresp
length of the structural variant. Red=coding regionsebhoncoding region
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of multiple copies of this gene in 3D%2°°Vembaret al.reported several additional large
duplications in their 3D7 PacBioased assembly relative to the reference 3D7, ranging

from 1429 kb; however, these are not supported by our NF54 assembly.

Genetic diferences between PfSPZ strains and the reference 3D7 genome

We identified several sequeneariants in NF54 compared to the 3D7 reference;
17 nonsynonymous mutations were present in 13-psaudogene loci. Short indels were
detected in 185 genes; many bése indel lengths are not multiple of three and occur in
homopolymer runs, possibly representing remaining sequencing error. However, some
may be real and of biologic importance, such as a frameshift mutation in PF3D7_1417400,
a gene that has previouslgdn shown to accumulate premature stop codons in labaeratory

adapted strain®!

It has been reported that 3D7 (unlike NF54) is unable to consistently produce
gametocytes in lonterm culturet!*11> no polymorphisms were observed within or
directly upstream of ARL (PF3D7_1222600 which has been identified as a
transcriptional regulator of sexual commitmentRn falciparum®*® However, a non
synonymous mutation from arginine to proline (R1286P) was observed Gitdreninal
region of AP2-L (PF3D7 0730300) a gene assodi&d with liver stage development; a
proline was also present at the homologous position in 7G8, NF166, and NF135.C10. Two
additional putative AP2 transcription factor genes (PF3D7_0613800 and PF3D7_1317200)
contained a three bp deletion in NF54 relative3f@7. Although knoclkdowns of
PF3D7_1317200 have resulted in a loss of gametocyte prodeéf&insither mutation was

located within predicted AP2 domains. 7G8, NF66, and SK1B0 also contained
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numerous noisynonymous mutations and indels within putative AP2 genes, but very few
fell in predicted AP2 domains. Interestingly, the AB2in NF135.C10 contained an
insertion of 61 amino acids located 94 residues from ttexi@inuswith an inframe stop
codon position 52 of the insertion, resulting in a protein with a shorter and distinct C
terminus. This insertion is widespread in Southeast Asian iso@bepter 111, Figure 4)

and is identical to the ARG allele from other culte-adapted®. falciparumstrains from

Southeast Asia, including DD2.

As expectedthe number of mutations between 3D7 and the other three PfSPZ
strains was much higher than in NF54, with ~48BK SNPs and as many indels in each
pairwise comparison, roughlkandomly distributed among intergenic regions, silent and
nortsynonymous sitesFgure 7B, Figure 9A), and corresponding to a pairwise SNP
density relative to 3D7 of 1.9, 2.1 and 2.2 SNPs/Kb for 7G8, NF166.C8 and NF135.C10,
respectively. Small indels witlengths of multiples of three (but not others) are common
in coding regions across the genome, as expected from purifying selection on mutations
that disrupt the reading frame, whereas indels inaoahng regions are primarily of length
multiple of two, from unequal crossover or replication slippage in the regions of
dinucleotide repeats common in tRefalciparumgenome Figure 9B, C). The different
indel length distribution in functionally distinct partitions of the genome strongly suggest
that thesendels reflect true biological events rather than lingering technical errors from
sequencing or assembly. However, in both types of regions, single bp indels (and, to some
extent, two bpappeared to be overrepresented. For example, the fitness of ortefbpran

bp indels in coding regions, as a first approximation, should not differ greatly, and therefore
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their frequency should be similar and yet is not. Hence, it is likely that the one bp class

does represent a technical artifact (in this case, remdh@noBio sequencing errors).

SNPs were also common across the genomes, including in a panel of 42 potential
pre-erythrocytic antigens and/or genes whose product was differentially recognized by
PFSPZ or PFSREVAC vaccinated individuals compare to consréhppendix, Table
13). While NF54 and 3D7 are identicat all these logithere was a wide range in the
number of sequence variants per loci between 3D7 and the other three PfSPZ strains, with

some genes being more conserved than others. For examplsh@&#8, 7and 6 non
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Small indels (insertions and deletions < 50 bp in size) were identified in each assembly. Histogram:
in each assembly in coding regions shoat thdels tend to be a size in length of multipbéshree, althoug
some normultiplesof-three occur (particularly singlep indels) possibly representing remair
sequencing error)C. Histograms of indels from necoding regions in each assembly shthat non
multiplesof-three indels are more common.
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synonymous mutations in 7G8, NF166C8, and NF135.C10, respectively, relative to the
reference 3D7. However, LSA has over 100 nesynonymous mutations across all three

strains, in addition to significant length differences in thermal repeat region.

Immunological relevance of genetic variation among PfSPZ strains

We assessed the potential impact of these variants on the ability of the immune
system primed with NF54 to recognize otlier falciparumstrains, which determines
vacche efficacy. Since evidence suggept®tection may bedependent on cellular
immunity 29105116117cpg+ T cell epitopes were predicted in 4@stablished pre
erythrocytic antigens, based on HL#fpes common in regions éffrica where whole
organism malaria vaccine trials are ongoiAggendix, Table 11). Mostepitopes in these
genes are shared between 3D7 and edctheo other strainshowever, a few genes
contained epitopes that were present in 7G8, NF166.C8 and/or NIA1B&nd absent in
NF54 (Appendix, Table 14). Thesegenes also are, on average, more polymorphic
(Appendix, Table 13). Some of these differences may have a crucial impact on the long
term efficacy of PfSPZ Vaccine. For example, while all four strains straieal B cell
epitopes’® the Th2Rknown T-cell epitog region of the 3D7/NF54 CSP allele was
recognized by both HLAA and HLA-C dlele types; however, the homologous sequence
in the NF166.C8 and NF135.C10 alleles was only recognized by-AlbAele types, and
no epitope at all was detected at that positiothe 7G8 allele of CSP with the chosen
HLA set (Figure 10). The fact that these four strains all differ from each other in this
immunologically critical region of CSP suggests that additional variants may be found in
field settings (see below), which manturn explain the low field efficacy of RTS,S, which

is based only on the 3D7 allele. Indels and repeat regions also affected the number of

89



402

NE BE §O @O

300aa
Alignment_gap

repeat

20aa
Transmembrane_domain

W HACI0L
HA-CL701

g
&
=
0

100aa

Y

ol <

COLORKE

B

Figure 10: Predicted CD8+ T ce
epitopesin the circumsporozoite prote
(CSP). The protein domain informat
for 3D7is found in the first track, and t
following tracks are epitopes predictel
the sequences of NF54, 7G8, NF166
and NF135.C10, respectively. Colors
epitopes correspond to the HLA type
predicted the specific epitop&he Th2R
region is located at amino acid positi
311 to 327.

predicted epitopes in each antigen; éaample, 7G8
had a ~1,600 amino acid insertion in LISP
(PF3D7_0405300elative to all other strains, which
contains additional predicted epitopesppendix,
Figure 18A). Similar phenomena were found in
LSA-3 (PF3D7_0220000), SIAP
(PF3D7_0830300), AMAL (PF3D7_1133400) and
TRAP (PF3D7_1335900)Appendix, Figure 18B-

E).

PfSFZ strains and global parasite diversity

Recent studies suggest that some loci or
genomic regions of the parasite are particularly prone
to mutatior?® generation of structural variatiof,
and shifts in strain dynami® during prolonged
culture. To determine if the PfSPZ strains are still
representative of the malamgademic regions from
which they were ctécted, we compared them to over
500 recent clinical isolates from South America,
Africa, southeast Asia, and Oceani@hépter II,
Table 2), based on SNP calls generated from whole
genome lllumina sequencing data, using principal
coordinates analysis (PCpAOur resultonfirm the

existence of global geographic differences in genetic
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variation reported befor€;*including clustering by continent as well as a separation of
East and West AfricéFigure 11). Souh American parasites are most similar to those from
West Africa, agxpected from the relatively recent introductiorPoffalciparumto South
and CentralAmerica with the Atlantic slave trad®, and Oceania parasites are quite

distinct from all other populations, including those in Southeast Asia. Our analyses also

Figure 11: Global genetic diversity of clinal P. falciparumisolates shows that the four PfSPZ strain:
representative of their geographic origifs.The first three coordinates of a principle coordinate ani
(PCoA) are shown for a collection of over 500 clinical isolates from South Amekfdca, Southeast As
and Paupa New Guinea (PNG). PfSPZ strains are lalglddrst two coordinates of a PCoA using ¢
South America and African sampl&amples from Brazil (light green) adnd Guinea (orange red) hav
added for better companns to 7G8 and NF166.08. Admixture analysis using only South American
Africa samples. 7G8 was placed entirely in a population containing South American parasites (brow
and NF166.C8 were placed completely in an African population (red)opoption of the clinical isolat:
from both geographic regions are admixed (grey and yellow boxes).
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