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ABSTRACT

Research in thePlasmodium falciparum molecular evolution field has
predominantly comprised three distinct areas: pismhetics, host-parasite co-
evolution and evolutionary genomics. These area® ftaeatly enhanced our
understanding of the early origins of the phylumodmplexa, the emergence of
P. falciparum, and the co-evolution between parasite and hunereditary

erythrocyte disorders. In addition, the genome emqing projects have
elucidated the complexity and extremely unusualineabf the parasite genome.
Some aspects of parasite molecular evolution, hewevre controversial, such as
human pyruvate kinase (PK) deficiency amid falciparum virulence co-

evolution. Other aspects, lik€lasmodium whole genome evolution have

remained unexplored.

This thesis includes a collection of manuscriptt #ddress aspects of the broad
field of P. falciparum molecular evolution. The first deals with the liations of
bioinformatic methods as applied Fo falciparum, which have arisen due to the
unusual nature of the parasite genome, such agxtreme nucleotide bias.
Although conventional bioinformatics can partiallaccommodate and
compensate for the genome idiosyncrasies, thesgatioms have hampered
progress significantly. A novel alignment methodrmied FIRE (Functional
Inference using the Rates of Evolution) was theeefteveloped. FIRE uses the
evolutionary constraints at codon sites to aligqueeces and infer domain
function and overcomes the problem of poor sequesigelarity, which is
commonly encountered betwe®n falciparum and other taxa. A second aspect
addressed in this thesis, is the host-parasitdigehip in the context of PK
deficiency. It was demonstrated that PK deficiemthegocytes are dramatically
resistant to parasite infection, providingvitro evidence for this phenomenon

and confirming this aspect of host-parasite co-avah.

The unexplored field of parasite genome evoluti@s witiated in this thesis by

investigating two major role-players in genome dwits, mobile genetic
v



elements (MGEs) and programmed cell death (PCD)EM@ere absent iR.
falciparum, possibly due to a geno-protective mechanism, imcreased the
AT nucleotide bias. Interestingly, the parasitonetrase reverse transcriptase,
which is a domesticated MGE, was identified. Iniadd, there is genomic
evidence for the second determinant, a classicd) p@thway. Intriguingly,
functional and structural evidence for a p53-likBlAbinding domain, which
plays a key role in genome evolution, was obtaingsing MGEs and PCD as
examples, a theoretical framework for investigatiggnome dynamics was
developed. The framework proposes an ecologicabagp to genome evolution,
in which a trade-off exists between two opposingcpsses: the generation of
diversity by factors such as MGEs and the maintemaf integrity by factors
like PCD. The framework is suggested for proposang testing hypotheses to

investigate the origins and evolution of fidalciparum genome.

Finally, a novel approach, termed Evolutionary &ainhg (EP), was developed to
limit the problem of parasite drug resistance amenonstrates the value of

employing molecular evolution to address biomeditelllenges.

Some of this work, such as the FIRE method, thd-passite co-evolution
studies, the PCD findings and the EP approach baee incorporated in grant
proposals and adopted in future projects. It iseldothat this research will be
used to further our understanding f falciparum evolution and advance the

efforts to control this deadly pathogen.
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PREFACE

The work presented here falls under the umbrelia ténolecular evolution”.
The body of the thesis is a collection of six padions, one manuscript under
review, two manuscripts to be submitted and onderence presentation, which
cover several aspects of molecular evolutionPlasmodium falciparum. To
facilitate the flow and overall structure, manugtsi are not presented in
chronological order. Chapter 1 introduces the resml¢he field ofPlasmodium
molecular evolution and the specific aspects cavardahis thesis. Chapters 2 to
6 include the manuscripts and conference presentéitiat comprise the major
thrust of this thesis. A brief introduction to eaastpect of molecular evolution
and the contribution to the field by each publicatare provided at the beginning
of every chapter. Copies of the publications an#éidito the journal manuscript
URLs are provided, except for the three manuscriptsler review or for
submission, which are .pdf copies of the word doenitst Manuscripts are not
included in the page numbering system at bottorhtri@he publications in
chapter 2 include a review of the available computal methods and a new
method developed by the author for use in moleaatution research. Chapter
3 covers the work done in the area of host-parasievolution. Chapters 4 and 5
deal with the evolution dP. falciparum at a genome level, specifically the roles
played by mobile genetic elements, telomerase andr@gmmed cell death. In
chapter 6, a novel evolutionary approach to thédlera of drug resistance .
falciparum is described and demonstrates the benefits ofymgpevolutionary
data to biomedical challenges. Chapter 7 discugsesnost important findings
and their relevance to the field, current reseaaducted by the author in this

field, and proposes hypotheses for future testing.

A number of issues are addressed in this thesist amtloped that the thoughts of
the evolutionary biologist Theodosius Dobzhanskyt @as an undertone
throughout: “Nothing in biology makes sense exdepthe light of evolution”
(American Biology Teacher, 1973).

PD, Johannesburg, 2009
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Chapter 1

CHAPTER 1
INTRODUCTION

The causative agents of malaria are species ofyémeisPlasmodium, which
represent a highly successful group of parasitdstiare are currently more than
200 known species infecting mammals, reptiles, l@nds. There are at least five
species that cause disease in humBngvax, P. malariae, P. ovale, P. knowles
and P. falciparum, of which the latter is responsible for >95% ofafdies.
Malaria remains the most lethal protozoan diseddeumans and infects over
300 million people each year, leading to betweea and three million deaths
(Snowet al., 2005).

1.1  Origin and evolution ofPlasmodium

1.1.1 Early origin of &lasmodium ancestor

The current classification d?. falciparum in the NEWT taxonomy database,
which is maintained by the UniProt consortium, $aiperkingdom: Eukaryota
with rank Alveolata;, Phylum: Apicomplexa; Class: dhoidasida; Order:
Haemosporida; and Genus: Plasmodium (Rdtaal., 2003). Although the deep
roots of eukaryote evolution remain unresolved,ntyagdlue to limitations in the
availability of genome data and the phylogenetichoés used in the analyses,
there is consensus regarding the early evolutiothefPlasmodium ancestor
(Embley and Martin, 2006, Raven and Allen, 2003)e Tmost parsimonious
explanation involves three endosymbiotic eventsjclwhed to the nuclear,
mitochondrial and plastid genomes present Flmsmodium parasites today
(Figure 1). The most controversial issue has bleerotigin of the plastid genome
in apicoplasts, which resulted from a third endadsiatic event (Delwiche, 1999)
involving either red (rhodophytes) (Williamsoet al., 1994) or green

1



Chapter 1
(chlorophytes) (Kohleret al., 1997) algae. The presence of chlorophyte-like

nuclear and plastid genes in the nuclear genomeamoplasts (which
presumably migrated there from the engulfed algagt learly support to a
symbiotic event involving a green alga. Howevemited taxon sampling and
poor statistical support cast doubts on this caictu and subsequent work
provided stronger evidence for a non-green alggiro(McFaddenret al., 1997).
The most recent finding of an ancient alveolat&ifig Apicomplexan plastids
with rhodophytes, has swung the debate firmly uwofaf the red alga hypothesis
(Mooreet al., 2008).

Apicomplexa and
Ehodophvte protists

Plants, algae (red alga)
and protists T

m Genetlc transfer

Animals, fungi

_ =
-——

@I f /4 | @ EUKARYOTES

= Y PROKARYOTES
Cwanobacterium [Z Proteobacterium

Archaebacterium

Figure 1: Early origin of the Apicomplexa.

The Apicomplexa evolved following three key endobjotic events: 1)
uptake of a proteobacterium by an archaebacter@imyptake of a
cyanobacterium by the archaebacterium-proteobaotesymbiont, and
3) the phagocytosis of a primordial rhodophyte Ioypther primitive
eukaryote. Subsequent genetic transfer and disaiteg of the
primordial rhodophyte led to the emergence of tipgcdmplexa.
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1.1.2 The “big bang” inPlasmodium evolution

Investigations in the phylogeny of Apicomplexa, andparticularPlasmodium,
have regularly yielded conflicting results. Nevetdss, the consensus is that
Apicomplexan lineages are undoubtedly ancient,lmas®d on the analysis of the
small subunit rRNA genes from 60 species belonginiipree classes, it has been
proposed thaPlasmodium diverged from other genera well before the appeara
of vertebrates, possibly as early as the Cambraiogh several hundred million
years ago (Escalante and Ayala, 1995). Followimgithtial split it was assumed
that, due to the parasite-host-vector specifidRlgsmodia diverged along with
speciation events in their vertebrate hosts. FigQudescribes the vertebrate host

and vector stages of tiie falciparum life-cycle.

(/Gametocyles fuse and
it I
\\s\pf:ozm es deve/og/

%g’ Lymph vessel
— —

—

Mosquito

> L— — Lymph

\ il
Sporozoites.~— / —— node

Skin

=
Capillary N\ e
=" L + ‘a@sy Liver cell rupture,
——— R ‘;E merozoite release
Liver cell ?9?30

Uptake during SNy Liver
blood meal
@ RBC
9 d\ ('@ penetration
OO £
I @

Asexual
@ reproduction

Development
into gametocytes

Figure 2: The P. falciparum life cycle.

The parasite has a complex life-cycle involving lammand mosquito
hosts. The disease pathogenesis is closely relaiedhe asexual
erythrocyte stage, where the parasite undergoesemuw® rounds of
replication and re-invasion, leading to the sigms ssymptoms of
malaria. (Taken from Jones and Good, 2006).
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The earlier assumption that Plasmodia species olv@&y with host speciation
events has recently been proved incorrect follovanghylogenetic analysis of
whole mitochondrial genome sequences from large beusn of Plasmodium
species (Hayakawat al., 2008, Roy and Irimia, 2008). The “big bang” in
Plasmodium evolution occurred 20-40 million years ago durangeriod of rapid
speciation and well after the divergence times afstmof their hosts, which
occurred between 50 and 280 million years earlldrese data indicate that
parasite diversification, with the notable exceptiof P. falciparum and P.
reichenowi, was not caused by codivergence along host lirsedgstead, this
period of accelerated radiation of extant parasdemcides with a burst in
mammalian diversification, suggesting that the emece of an abundance of
new host species and subsequent host-switch evedit$o an explosion in
parasite diversity (Hayakawat al., 2008). The phylogenetic relationships
between the 2Plasmodium species used in the Hayakawa study (2008) are

shown in Figure 3.

1.1.3 The rise of. falciparum

Perhaps the most controversial topi®lasmodium evolution has been the dating
and phylogenetics d?. falciparum, which have been characterized by frequent
revisions (Hartlet al., 2002). Two opposing camps emerged that presented
alternate hypotheses to explain the level of gendiiersity inP. falciparum
populations. The recent common ancestor (RCA) thg®is suggested that,
although P. falciparum may have existed for nearly 100 000 years, parasit
populations have passed through frequent evolutyomttlenecks and that
current populations arose from a common ancestigr €0 000 years ago (Joy
et al., 2003). This hypothesis explained the relatively Igenetic diversity in
most genes in the genome. Support for the RCA Ingsid was provided by two
other important evolutionary events, which coindiaath this timeframe: (i) the
development of slash-and-burn agriculture in hurpapulations, and (ii) the

diversification of the highly anthropophilic mostpivectorsA. gambiae andA.

4



Chapter 1
funestus. Both these events would have favoured the expansi parasite

populations. In contrast, the ancient common ancé&tCA) hypothesis sought
to explain the highly divergent sequences in anigegenes like merozoite
surface proteins, MSP1 and MSP2, as well as the fireguency of synonymous
mutations in some non-coding regions and suggesteatigin forP. falciparum

of ~100 000 years ago.

95

76
—  ——r ok

100 1) prem— P 0]
e P, chabauici

100p—1F lcianm

b P, reichenowi
P. maxicantin
F. floridense

s F. juxtamJcieare
75 P. mlicfurm
q2 P. gallinaceurn

Figure 3: Phylogenetic relationships withinPlasmodium.

Relationships between the five human parasitesdéshgink) suggest
that there have been multiple host switch eventating of theP.
falciparum and P. reichenowi (chimpanzee parasite) divergence
(Hayakaweet al., 2008) indicated that these species diverged ahatig
their human and chimpanzee hosts. Bayesian past@robability
bootstrap support values are indicated and theesbak refers to
nucleotide changes per site. (Adapted from Hayaleah, 2008).

The ACA hypothesis received considerable suppdidviing a single nucleotide

polymorphism (SNP) analysis of the entire chromos@nwhich included 204

genes and 403 polymorphic sites (ktwal., 2002). This analysis, which used the

rates of synonymous substitutions in coding seee@nd substitutions in non-
5



Chapter 1
coding regions to estimate the minimum time elapsede the parasite’s origin,

concluded thak. falciparum emerged at least 100 000 to 180 000 years ago.

The most recent approach to date the origirP.ofalciparum made use of the
finding that amino acid substitution rates in th&ochondrial genes and a
nuclear house-keeping gene in a subgrouplasmodium species (that included
P. falciparum) were constant (Hayakavehal., 2008). This finding of a constant
molecular clock rate enabled researchers to edimatate for the emergence of
P. falciparum. The divergence between African and Asian old danlonkeys
(OWMs) was assumed to match the divergencP.aonderi and Asian OWM
parasites and was used as a calibration point.oBagktic analysis with a
UPGMA (Unweighted Pair Group Method with Arithmetiean) tree pushed the
origin of P. falciparum back even further, in the order of millions of y@eDue
to the assumptions and potential weaknesses irnthémethe computational
methods, this may be an exaggeration of the tim#héomost recent common
ancestor, but certainly provides more support foaacient origin of the parasite.
Furthermore, dating of thP. falciparum / P. reichenowi split (the latter is a
pathogen of chimpanzees) coincides with the humemimpanzee divergence,
suggesting thaP. falciparum codiverged with the emergence Hf sapiens,
making it the most ancient pathogen of humans (kiayaet al., 2008). This is
in agreement with an earlier independent phylogenanhalysis of whole
mitochondrial genomes from 2Plasmodium species, which demonstrated

multiple host-switch events including humans (Rog &imia, 2008).

1.2 TheP. falciparum genome

1.2.1 General features of the nuclear genome

An in depth analysis of the compld®efalciparum genome sequence uncovered

a wealth of information regarding parasite evolutenmd genomics (Gardnet

al., 2002). The nuclear genome comprises 14 chromasosreodes ~5 300
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genes, of which 54% contain introns, and is 22.8iMbize. In comparison to the
model single celled eukaryotg cerevisiae, there is approximately the same
number of genes but gene density is halved. Garee$ound on both positive
and negative DNA strands, occasionally leadingverlapping reading frames.
Coding regions irP. falciparum are generally much longer than other eukaryotes
and frequently contain long stretches of low comipyesequences. At the time of
complete genome sequencing, >60% of the predictestegme had no
identifiable homologues. There may be several reagor this, including: (i) the
low complexity regions disrupt evolutionary conssivdomains, (ii) the greater
evolutionary distances betweé&hasmodium species and other eukaryotes, and
(iif) nucleotide and codon usage biases. Thes@ifaémpact negatively on the
sensitivity and specificity of conventional simitgrbased methods for
homologue identification.

The most striking feature of the nuclear genomthésextreme nucleotide bias.
Overall AT composition is 80.6%, far more than amlyer organism sequenced
to date, and increases to >90% in non-coding regi@ardneet al., 2002). The
AT bias of 77.4% irP. y. yodlii is slightly less (Carltort al., 2002), while the
remaining two completed genomé&s,knowlesi andP. vivax, are more balanced
(Carlton et al., 2008a, Pairet al., 2008). TheP. falciparum overall genome
content (Gardnert al., 2002) and analyses of the small subunit ribosome
(Baldaufet al., 2000) reveal it is more similar to the plaatthaliana than other
taxa. However, this is misleading and results froitiple gene migrations to
the P. falciparum nuclear genome from the nuclear and plastid gesoohe¢he
tertiary symbiont (Figure 1), which was the primatdncestor of both algae and
plants (Embley and Martin, 2006, Raven and Alléd03.

1.2.2 Plastid and mitochondrial genomes

Due to the initial difficulties in separating mitoandrial and plastid genomes

with density gradient centrifugation, both genomese erroneously believed to
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be of mitochondrial origin (Feaggt al., 1991). Once the existence of the plastid
genome was accepted, it became a defining feafuteecApicomplexa and was
demonstrated to have a common origin across thkiphfl.ang-Unnasclet al.,
1998). The plastid genome is located in the apasiplan organelle homologous
to the chloroplasts of algae and plants. It is B3bksize, codes for 30 proteins
(Wilson et al., 1996), and transcription in the plastid is edsérfbr parasite
survival (McConkeyet al., 1997). The plastid encodes several transcripdiath
translation proteins required for its own replioati as well as key enzymes
involved in fatty acid, isoprenoid and haem bioswsis (Ralplet al., 2004). An
additional 551 nuclear-encoded proteins are preditd reside in the apicoplast,
providing more evidence of extensive transfer ofegie material from organelles

to the nucleus.

The mitochondrial genome is a ~6kb tandemly arragedular chromosome
coding for two mitochondrial proteins, cytochrometd cytochrome ¢ oxidase
subunit | and two rRNA-like genes (Vaidyh al., 1989). The relatively small
size, tandem array genomic organization and presehonly two protein coding

regions make it an unusual form of mitochondrial AN

Apicoplast and mitochondrial genomes have proveag valuable for resolving
problems in Apicomplexan anBlasmodium phylogenetics (Hayakawet al.,
2008, Lang-Unnasclet al., 1998, Mooreet al., 2008, Roy and Irimia, 2008,
Vaidyaet al., 1989). A further application that was recognizedly in this area
of genomics, is the potential for developing pdeatargeted chemotherapies,
particularly with regard to the plastid-derived gias (Fichera and Roos, 1997).

1.3  The study of molecular evolution irP. falciparum

Evolutionary theory is a cornerstone of all biologgd molecular evolution
applies the principles of evolution at the molecuével. Traditionally, this has

referred to phylogenetic analyses, the estimatiogubstitution rates in nucleic

8
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acid and protein sequences, and the evolutionappritant phenomena such as
recombination and DNA duplication events (Graur and@000) that result from
the physico-chemical properties of biological males. However, the field of
molecular evolution is itself evolving, absorbingida accommodating new
discoveries, and includes the evolution of macr@tules such as chromosomes,
whole genomes, and genetic conflict such as hastsga co-evolution.
Molecular evolution research iRlasmodium species has comprised mainly
phylogenetic analyses, host-parasite co-evolutaawy comparative studies of

complete genome sequences.

1.3.1 Molecular phylogenetics Bf falciparum

Molecular phylogenetic studies of malaria paraditage been ongoing for more
than three decades and an extensive body of wasksexvhich has contributed
significantly to the understanding of the origirisApicomplexa, the evolutionary
relationships betweelasmodium species (Rich and Ayala, 2003) and the recent
dating of the emergence Bf falciparum (Hayakaweet al., 2008). The genomic
era has brought a welcome addition to conventighgdogenetics, where tree
reconstructions can be performed with whole genamié®r than single genes or
concatenated sequences (McCana., 2008) and this whole genome phylogeny
approach has been applied to Apicomplexa (kual., 2008) and Plasmodia
(Martinsenet al., 2008). Findings from these analyses are in keepiith the
currently accepted views of Apicomplexan origins darPlasmodium

phylogenetics introduced in section 1.1.

1.3.2 Host-parasite co-evolution

The co-evolutionary relationship between malariad dmumans was first
suggested by Haldane 60 years ago (Haldane, 194B¥iace then a wealth of
data are available demonstrating the evolutionasoeiation between humans

and malaria, in particulaP. falciparum malaria (Weatherall, 2008). The
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laboratory evidence for this relationship has preihantly taken the form of

demonstrating a resistance to malaria infection spgcific human genetic
erythrocyte disorders vitro, or making use of animal models to demonstrate the
associationin vivo. At a population and epidemiological level, thedewnce
indicates that the abnormal allele would be exmktbeoccur at greatly reduced
frequencies in human populations had it not beem feelective pressure such as

a relative resistance to malaria.

The long and intimate association between theseotganisms has left a lasting
impact on both genomes. The parasite life-cycle anadlaria pathogenesis is
closely associated with the red blood cell (Fig@je and it is not surprising

therefore, that most of the human genetic conditithiat protect against malaria
are related to the erythrocyte and comprise a rahgésorders and polymorphic
conditions (Table 1).

The impact of the host on the evolution of the piagenome is most obvious
when one considers the complex nature by whiclp#teogen evades the host’s
immune response. The parasite’s immune-evasiotegiraenters on its ability
to switch antigens. Gene duplication events hasgleddea vast array of virulence
genes, which include thef, stevor andvar genes whose expression is tightly
controlled such that there is an ongoing switclwben antigenic determinants
(Freitas-Junioket al., 2000). At a chromosomal level, the location @& #mtigenic
gene families in subtelomeric regions facilitatesambination events leading to
further variation (Figueiredet al., 2000).

1.3.3 Comparative evolutionary genomicg?irfal ciparum

The completion of four complet®lasmodium genome sequencing projects,
several other partial genome sequences and numemithi-species field
isolates have launched a new era of comparativenges in malaria research

(Carltonet al., 2008b). The comparative approach has providedinsights into

10
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numerous aspects oPlasmodium molecular evolution, including parasite
diversity (Jeffarest al., 2007), evolutionary origins (Met al., 2002) and host
adaptation (Martinsegt al., 2008). Whole genome data are still relativelyerdc
(the first genome sequences were published sevars yago, (Carltoret al.,
2002, Gardneret al., 2002)), and it is expected, therefore, that tmisa of

Plasmodium molecular evolution will grow rapidly in the futewr

Table 1: Hereditary human erythrocyte disorders and
polymorphisms that protect againstP. falciparum malaria.

Evidence that these disorders and polymorphismggragainst malaria
has come fromn vitro and/or clinical and/or epidemiological data. For
items with an asterisk (*), there is onig vitro evidence available.
(Taken from Durand and Coetzer, 2008d).

Condition Protein conferring a protective effect
Hemoglobinopathies
Sickle cell trait Hb S
Alpha thalassemia a-Hb
Beta thalassemia B-Hb
Hemoglobin C Hb C
Hemoglobin E Hb E
Red cell membrane proteins
Hereditary spherocytosis* Spectrin, band 3, protein 4.2
Hereditary elliptocytosis* Spectrin, protein 4.1
Hereditary pyropoikilocytosis* Spectrin
South-east Asian ovalocytosis Band 3
Blood group O Glycosyl tansferase
Other blood group antigens Glycophorin A, B and C
Complement receptor CR-1
Red cell enzymes
G6PD deficiency Glucose-6-phosphate dehydrogenase
PK deficiency Erythrocyte pyruvate kinase

1.3.4 Whole genome evolution

Many of the biological phenomena that are implidategenome evolution have
been elucidated, for example gene and whole genatoelications,
recombination events, exon shuffling, and chromasdusions (Graur and Li,
2000, Patthy, 1999) and some examples of thesegges have been identified
in P. falciparum (Kyes et al., 2007). In addition to these biological processes,

11
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which are typically passive in nature and the tesfilthe physico-chemical

properties of nucleic acids and proteins, there gaees and proteins that are
more directly involved in genome evolution, such tasse which actively
generate new genetic material (for example, mopdeetic elements (MGES),
Brosius, 1999) or preserve genome architecturegfample, telomerase, Meyer
and Bailis, 2008). The “active” factors encourag@a@mne variation, such as the
creation of novel functions or changes in genonctitecture (MGESs). Opposing
factors (telomerase) maintain genome integrity l@ad to genomic change only
if their functions are disrupted. The resultantedsity facilitates the process of
evolution by natural selection at the genome leVéle discovery of elements
implicated in genome evolution is an ongoing endeav In P. falciparum,
homologues of most of these elements are still aoodiered, with the notable

exception of telomerase (Figueireetal., 2005).

It has long been known that genomes are not gtdtClintock, 1929), however,
an understanding of the dynamic interactions batwibe active role-players in
genome evolution is leading to the emergence ava area of investigation: the
ecology of the genome (Mauricio, 2005, Ungeeeral., 2008). Currently, a
generic appreciation of this field is still in itafancy, and forPlasmodium

researchers this aspect of molecular evolution Haasdly begun. The primary
reason for this is that the groundwork, such asdbatification of the key role-
players, must be performed before the ecologicahdhycs of theP. falciparum

genome can be investigated.

1.4 Molecular evolution methods for the investigatin of P. falciparum

The field of molecular evolution, which frequentlgquires the processing of
large data sets, relies heavily on computationghous (Yang, 2006). The two
fundamental arms of molecular evolutionary analyses (i) phylogenetic
methods, which are typically used to analyze evahatry relationships, and (ii)

nucleotide and amino acid substitution rate methedsch test evolutionary

12
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models and make predictions concerning the meamsnisf evolution. Both
require the accurate identification of homologoaghlogous and paralogous)
sequences and the accurate alignment of multipipiesees, which in turn
depend on sequence similarity. Pnfalciparum, this can be problematic due to
the unusual nucleotide, codon and amino acid uségees, low complexity
regions, and frequent insertions and deletionss@lgenomic peculiarities have
been a limitation from the outset when ~60% of pwutaproteins had no
identifiable homology (Gardnet al., 2002) and continues to plague researchers,
the most recent example of which has been the dimit in automated

reconstruction of metabolic pathways in the paga€insburg, 2009).

Nevertheless, the careful selection of data, prudese of traditional
computational methods and careful analysis of tesilave significantly
advanced the field oP. falciparum evolution and genomics (Aravind al.,
2003). In addition, modifications to traditional theds can improve sensitivity
and specificity (Cawleyet al., 2001, Le and Gascuel, 2008) and novel
approaches, some of which are non-homology basexl,canstantly being
developed and provide additional tools fBr falciparum genome analysis
(Brehelin et al., 2008, Marcotte, 2000). The drive to develBmsmodium-
friendly algorithms will have a major impact oB. falciparum molecular

evolution.

15 Research aims and objectives

The broad aim of this work was to provide furthesights into the molecular
evolution of P. falciparum. To achieve this, the following specific objectve
were set:
* review the bioinformatic methods that are availalbte molecular
evolution researchers, and develop a novel apprtsthaddresses some

of the limitations,

13
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* examine the potential co-evolutionary relationshetween human

pyruvate kinase deficiency aiidfalciparum virulence,

* identify an active role-player, which promotes gmeodiversity inP.
falciparum,

» identify an active role-player, which limits genontiversity in P.
falciparum,

* demonstrate the benefit of molecular evolution aese to the medical

problem of drug resistance I fal ciparum.

These five aspects d®. falciparum molecular evolution are presented as a
collection of six publications, one manuscript unciview, two manuscripts for
submission, and one conference presentation indhapters. To facilitate the
flow of the thesis, publications are not in chragtal order. In each chapter, the
relevance and originality of the publication(s)the field are introduced. In the
final chapter, a synopsis of this work and its dbution to the field are
highlighted and the future studies are discussed.

14
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CHAPTER 2
BIOINFORMATIC METHODS IN
MOLECULAR EVOLUTION

Durand PM and Coetzer TULtility of computational methods to identify the
apoptosis machinery in unicellular eukaryotes.Bioinformatics and Biology
Insights, 2008: 2, 101-117. (ISI impact factor 2008: unavailable).

URL: http://www.la-press.com/article.php?article=d5

Durand PM, Hazelhurst S and Coetzer Hvolutionary rates at codon sites
may be used to align sequences and infer protein a@in function. BMC
Bioinformatics, 2009. Revised manuscript in secoedew. (ISI impact factor
for 2008: 3.78).

Hazelhurst S and Durand PMIRE: Functional Inference using the Rate of

Evolution. Manuscript to be submitted.

2.1 Introduction to publications

A review of the bioinformatic methods available toolecular evolution
researchers was performed, using the apoptosis inggghin unicellular
eukaryotes to demonstrate their respective strergyill weaknesses (Durand and
Coetzer, 2008a). The limitations of similarity-bdseethods, particularly fae.
falciparum investigators are discussed, and to address tiollgm a novel
alignment algorithm was developed (Dura@l., 2009). The algorithm, termed
FIRE (Functional Inference using the Rate of Eviohit, provides researchers
with a method for aligning sequences without thedntor significant sequence
similarity. FIRE has many potential applicatiortss software is freely available
at http://dept.ee.wits.ac.za/~scott/fire, and anppghcations Note” has been
15
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prepared for submission, guiding users on its p@teapplications (Hazelhurst

and Durand, 2009).

A misuse of the term “homology” has been notedhia publication “Utility of
computational methods to identify the apoptosis vy in unicellular
eukaryotes” and the author of this thesis would tike reader to be aware of this.
On page 105, Table 3, the word “homology” has ne¢rbused accurately to
describe the multiple sequence alignment, and ghioelreplaced with the word

“similarity”.

2.2 Contribution to P. falciparum molecular evolution

The novelty of this work lies in the uniquenesghad alignment strategy, which
makes use of evolutionary rates, rather than residto align sequences. In
addition, it was demonstrated that the alignmeny tm@ used to infer protein
domain function. This provides malaria researchatis an alignment method to

complement conventional tools.

To build on this work, Profs Fourie Joubert (Unsigr of Pretoria), Scott
Hazelhurst and Theresa Coetzer (University of thevétersrand) and the author
of this thesis have applied for a National Bioimhatics Network grant for a MSc
student to further evaluate and develop the FIREhatkefor researchers in

Plasmodium bioinformatics.
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CHAPTER 3
HUMAN AND P. FALCIPARUM CO-EVOLUTION

Durand, P.M. and Coetzer, T.Byruvate kinase deficiency in a South African
kindred caused by a 1529A mutation in the PK-LR gee. South African
Medical Journal, 2008: 98, 456-7. (ISI impact fadtr 2005: 1.07)

URL: http://www.sabinet.co.za/abstracts/m_samj/mjsa98_n6_al4.xmi

Durand PM and Coetzer TlHuman pyruvate kinase deficiency protects
against malaria. Haematologica / The Hematology Journal, 2008:98%-940.
(ISl impact factor for 2008: 5.51).

URL: http://www.haematologica.org/cgi/content/fal/6/939

Durand PM and Coetzer TlHereditary red cell disorders and malaria
resistance.Haematologica / The Hematology Journal, 2008: 38,-963. (ISI
impact factor for 2008: 5.51).

URL.: http://www.haematologica.org/cgi/content/fa®/7/961

3.1 Introduction to publications

For several decades, the co-evolutionary relatipnbetween human pyruvate
kinase (PK) deficiency anH. falciparum virulence was questioned (Weatherall,
2008). Researchers speculated that, as with mangr ajenetic erythrocyte
disorders, the prevalence of PK deficiency in stmmman populations may have
been maintained by a relative resistance to mal&ignificant evidence for the
relationship initially came from the mouse modeiirfMDo et al., 2003), however
no direct evidence for this had been found in husn&mythrocyte cell cultures
using blood from a homozygous PK deficient pati@@dturand and Coetzer,

2008b) providedin vitro evidence that PK deficient human erythrocytes are
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dramatically resistant tB. falciparum infection (Durand and Coetzer, 2008c). An
independent group working at McGill University, Mogal, Canada obtained
similar findings with different PK mutations (Agt al., 2008).

3.2 Contribution to P. falciparum molecular evolution

The second publication presented here (Durand aetz€r, 2008c) and the
Canadian manuscript were published two weeks aguadtprovided the first
direct evidence for this co-evolutionary relatioipsim humans. Due to the
significance of the findings, a “Perspectives /t&dal” article was invited on the
subject (Durand and Coetzer, 2008d).

18
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CHAPTER 4
THE ROLE OF MOBILE GENETIC ELEMENTS IN
P. FALCIPARUM GENOME EVOLUTION

Durand PM, Oelofse AJ and Coetzer TAn analysis of mobile genetic
elements in three Plasmodium species and their potential impact on the
nucleotide composition of theP. falciparum genome.BMC Genomics, 2006:
7(282). (1Sl impact factor for 2008: 4.18).

URL: http://www.biomedcentral.com/1471-2164/7/282

4.1 Introduction to publication

Mobile genetic elements (MGEs) have had a majorachpn genome evolution
and comprise a significant percentage of most gesofBrosius, 1999, Frost
al., 2005). The publication presented in this chaptevides a comprehensive
analysis of all classes of MGEs in three compl®asmodium genome
sequences. The absence of these element®. ifalciparum, led to the
identification of a putative geno-protective medbsan in the parasite that
protects against invading MGEs and may have cangi to the extreme AT

bias.

4.2  Contribution to P. falciparum molecular evolution

This was the first comparative genome analysis @B in Plasmodium and
provided a partial explanation for the nucleotidasbin P. falciparum. The
information in this publication was subsequentlgdi®y other investigators and
contributed to an understanding of the pattermtbn loss during the evolution

of the Apicomplexa (for example Roy and Penny, 2007
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CHAPTER 5
PROGRAMMED CELL DEATH AND
P. FALCIPARUM GENOME EVOLUTION

Durand PM and Coetzer TIGenomic evidence for elements of an apoptosis
pathway and a p53 DBD-like domain in Plasmodium: implications for

parasite programmed cell deathManuscript to be submitted to BMC Biology.

Conference presentation:

Durand PM and Coetzer TDeterminants of P. falciparum evolution using a
genome-centered approachAbstract 117. Keystone Symposium: Molecular
evolution as a driving force in infectious diseaBeeckenridge, USA. April
2008.

5.1 Introduction to manuscript and conference presetation

Programmed cell death (PCD) is essential for meimg@ genome integrity and
has played an integral role in molecular evolut{dmeisen, 2002, Koonin and
Aravind, 2002). While there has been laboratorydente for PCD in

Plasmodium species (Al-Olayamt al., 2002, Meslinet al., 2007), the genes and
proteins involved have largely remained undetecidéas manuscript reports the
presence of elements of a PCD pathwailesmodium, and includes functional
and structural evidence for a p53-like DNA-bindohgmain.

The conference presentation uses data from maptsani chapters 4 and 5 to
provide a theoretical framework for a genome-ceaaepproach to evolution that
may be used to investigate the idiosyncrasies efPthfalciparum genome. A

copy of the conference abstract is provided.
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5.2 Contribution to P. falciparum molecular evolution

Genomic evidence for a PCD pathway Rhasmodium was reported, which
provides a mechanism for understanding the apappi®notype observed in this
genus. In addition, structural and functional encefor a p53 DBD-like domain
in Plasmodium was presented, suggesting that PCD may be impgddalmiting

parasite reproduction and play a role in maint@gjrgenome integrity.

The genome-centered approach to evolution provedgBamework for studying

the processes implicated in genome evolutidn. ifal ciparum.
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Conference presentation

Conference abstract 117, presented at Keystone &yomp: Molecular evolution
as a driving force in infectious disease, Breclage] USA. April 2008.

Determinants of P. falciparum evolution using a genome-centered approach.

Pierre M Durandand Theresa L Coetzer. Department of Moleculariblieel and

Haematology, University of the Witwatersrand andidizl Health Laboratory

Service, Johannesburg, South Africa.

The genome of the malaria paraditefalciparum has several strikingly unique
features, suggesting an unusual evolutionary Hhistdro investigate this
phenomenon, we have identified three major deteanigin this organism that
are intimately involved in genome evolution. Th@se mobile genetic elements
(MGESs), telomerase reverse transcriptase, andnadration factor involved in
programmed cell death (PCD). MGEs are a major drofegenome diversity.
Our data indicated an almost complete absencesséthlements iR. falciparum
and we have identified the putative genes for a&aepduced geno-protective
mechanism which extinguishes MGE activity and mayehcontributed to the
AT bias in this organism. Telomerase reverse trguisse is essential for
maintaining genome integrity by protecting the eafisBnear chromosomes. R
falciparum ortholog of this gene was identified using homolbgged methods.
PCD is an essential process for the maintenangerdme integrity. Laboratory
evidence exists for this mechanismAkasmodium but very little is known about
the genes and proteins involved. Using a numbeoaoifputational methods, we
have identified and investigated a transcriptioctda that could play a central
role in PCD inP. falciparum. The three determinants mentioned above may be
incorporated into a genome-centered model of ewmwluthat describes an
interaction between two opposing forces. Firstlye tmechanisms (of which
MGEs are one example) that generate genome diyermitd secondly, the
opposing mechanisms that maintain genome integuth as telomerase activity
and PCD.
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CHAPTER 6
APPLICATIONS OF P. FALCIPARUM
MOLECULAR EVOLUTION RESEARCH

Durand PM, Naidoo K and Coetzer TEvolutionary patterning: a novel
approach to the identification of potential drug target sites in Plasmodium
falciparum. PLoOS ONE, 2008: 3, e3685. (ISI impact factor for 2008available)
URL:
http://www.plosone.org/article/info%3Adoi%2F10.13%2Fjournal.pone.000368
5

6.1 Introduction to publication

Concepts of health and disease are slowly beingsfvamed by our
understanding of molecular evolution (Spocter atttad, 2007), however, to
date this transformation has yielded few directdfiés In this publication, a
novel evolutionary approach, termed “Evolutionargtterning” (EP), to the

problem of drug resistance in malaria parasitesagaseptualized.

6.2 Contribution to P. falciparum molecular evolution

The EP approach employs evolutionary data to ifletiie most suitable drug
target sites so that the risk for the emergenceresistance mutations is
minimized. The approach was implemented u$ingglciparum glycerol kinase

as an example and demonstrates the value of usitegular evolution to combat

biomedical problems.

This manuscript has been well received, locally antérnationally. Two
invitations to present the work at internationahfesences were received and a
22
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presentation on EP won the Faculty of Health S@sriekesearch Day (2008),
University of the Witwatersrand, best presentatfmize in its category. In
addition, the EP approach was accepted for oraleptation at the 30Annual
Meeting of the American Society of Hematology innSBkrancisco, USA
(December, 2008).
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CHAPTER 7
DISCUSSION

Molecular evolution research has facilitated mamyaamces in the field of
Plasmodium biology (Carltonet al., 2008b), not least of all the discovery of the
complex evolutionary processes that gave rise @oApicomplexa (Delwiche,
1999, Embley and Martin, 2006). IA. falciparum specifically, the study of
molecular evolution has focused predominantly ostiparasite co-evolution,

phylogenetics and genomics.

An understanding of thelasmodium-human co-evolutionary relationship has led
to a greater appreciation of human hereditary eogijfte disorders (Weatherall,
2008) and parasite virulence factors (Penman amuas@2008), and brings with
it the hope for new therapeutic strategies. Phyleties continues to play an
essential role in currenP. falciparum research, particularly comparative
genomics and genome annotation. In this thesisgthspects dP. falciparum
molecular evolution were investigated: (i) the ecwmlation between human
erythrocyte PK deficiency and malaria, (ii) theremts that play an active role in
genome evolution, and (iii) the benefits of molecukvolution for malaria
research. In addition, a major impediment for malaesearchers has been the
limited application of computational approaches Ro falciparum molecular

sequence data, and a new alignment method wasogedelo address this.

7.1 Bioinformatics andP. falciparum molecular evolution research

The problems posed by the unusual nature ofRhé&lciparum genome are
evident from the slow progress in gene annotafidre reason for this is that
computational methods are not tailor-made to deh wliosyncratic features
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such as extreme nucleotide, codon and amino aeaiskbi These problems are
compounded by the great evolutionary distancesdmiR. falciparum and most
other taxa. Nevertheless, by employing novel mettsacch as FIRE, addressing
the weaknesses of conventional homology-based miethice the model bias in
HMMs, and using a multi-pronged approach to homadéoglentification, these

limitations may be diminished.

7.1.1 The FIRE approach to sequence alignment

The FIRE approach (Durandt al., 2009), described in this thesis, aligns
sequences by using the dN/dS ratio at codon sitéd the codon alignment
that maximizes the similarity metric. The signifitaadvantage of this strategy is
that it is not limited by sequence similarity andydes a method for analyzing
evolutionary distant or fast evolving genes, amgusaces with nucleotide biases.
FIRE was also used to test the hypothesis that sheméth similar functions are
subject to similar evolutionary pressures and i$ Waund that this approach has
the potential to predict domain function based tnevolutionary constraints.
This has particular relevance for gene annotatid? falciparum, where the lack

of sequence similarity has limited the identifioatiof homologous domains.

The FIRE approach offers a promising new frameworlsequence analysis and
domain function prediction. The current recommeiatiais that FIRE is used in
conjunction with conventional computational methaaldimit the possibility of
false positives. Following more extensive usageengfths and weaknesses will
emerge that may lead to improvements in the algoriand ultimately more

diverse applications.
7.1.2 Hidden Markov models: suggestions for lingtmodel bias
HMMs (Eddy, 1998) form the basis for the annotatddrdomains, such as those

in the protein family database Pfam (Firal., 2008), and play a pivotal role in
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homology detection. At least three features of thefalciparum genome,
however, have specifically limited the efficacytbfs approach: (i) the frequent
low complexity sequences and indels found in codegjons, (ii) the extreme
nucleotide, codon and amino acid biases, andtli@)evolutionary distant nature
of the genome (Gardnet al., 2002). The first limitation has been addressed by
algorithms that filter out low complexity regionsoim protein sequences (for
example, Wootton and Federhan, 1993). The secondeco is currently being
addressed by researchers at LIRMM (Le Laboratoirelnformatique, de
Robotique et de Microélectronique de Montpelliemwwlirmm.fr), where the
amino acid bias ifP. falciparum proteins has been used to produce amino acid
replacement matrices for incorporation into HMMsgd das led to the annotation
of ~100 proteins (Olivier Gascuel and Eric Mareclpgirsonal communications).
Although these two approaches have improved genetation, the results have
been limited. A possible reason for this is theidagvolution of some parasite
genes and the great evolutionary distance betweefalciparum and other
organisms in general. To overcome this obstacles suggested that (i) the
complete genome sequences from organisms more l\clostated to P.
falciparum may provide important “intermediate” genomes, didthe HMM
model bias should be addressed. Genome sequenwjegtp are ongoing and
include closely related Apicomplexans (Liolias al., 2008), however, the
problem of HMM bias has persisted.

Sequence weighting in HMMs

Several weighting algorithms have been developedatress sequence
redundancy during HMM building (Karchin and Hughe)998). Failing to
account for over-represented sequences leads tmlaloias in favour of similar
sequences. Weighting methods limit the bias dumaglel training when under-
represented sequences, which fit the model poartygiven increased weighting.
In this thesis, the Gerstein-Sonnhamer-Chothia (G&ersteinet al., 1994)

weighting method was employed and, in addition,semsus sequences of over-
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represented taxa were used to minimize the biasieMer, while this approach
improves model sensitivity, none of the currenthods employ a proportionate

weighting system that accurately accounts for elatary distance.

It is hypothesized that an evolutionary distanceéghteng matrix is required to
weight sequences proportionately during the modgdling process. This may be
the only way to ensure that each sequence is veglghit proportion to its
evolutionary distance from every other sequenced, ramt only overcomes the
problem of sequence redundancy, but increases #ighting of evolutionary

distant sequences.

This approach may encounter the problem of saturatwhich occurs following
multiple substitutions at the same site (nucleotale amino acid) causing
sequence dissimilarity to no longer reflect theiétrevolutionary distance (the
number of substitutions that have actually occusiede the divergence of two
sequences). However, it is possible to limit thebpem of saturation in
nucleotide sequences by down-weighting transitiphang et al., 1999) or
excluding third position nucleotides (Nickrest al., 2000). In amino acid
sequences, amino acid substitution probability wedr have been used
successfully (van de Peetral., 2002). The problem of saturation is not unique to
evolutionary distance estimation and is almostaelst an inherent problem of
HMMs. Current amino acid or nucleotide HMM algorite do not address the

problem of sequence saturation or make use of Bgnhary distance matrices.

It is likely that HMM sequences weighted in propamtto evolutionary distance
and accounting for saturation, will increase moskshsitivity and improve the
identification of homologous sequencedPirfalciparum. However, regardless of
the weighting methods employed during HMM buildingpdel sensitivity is still

subject to data availability.

27



Chapter 7

7.1.3 Current and future work

The current focus is the refinement and implementadf the FIRE algorithm.
The author has developed a codon score weightingxnta refine the FIRE
algorithm. The matrix takes into account three @odal parameters: (i) the
distribution of positively selected sites; (ii) thgrobability of an® MLE
belonging to each decile between 0 and 1; andiffiddeased weighting of sites
under positive selectiono( MLE>1.0). The first parameter accounts for the
distribution of positively selected sites, since ewen distribution across the
coding sequence has different biological implicasido a cluster of sites in a
particular region. The second parameter correatghi® expected frequency of
omega site classes between 0 and 1 and is analt@aeosrection for nucleotide
frequencies employed by some evolutionary modeth s the HKY85 model
(Hasegawat al., 1985). The third parameter places increased itapoe on sites

under positive selection.

Following the validation and implementation of teesefinements, a FIRE
analysis of all Pfam database (Fianal., 2008) entries will be performed to
obtain a FIRE signature for each domain. This gigeamay then be used to
identify similar domains in th&lasmodium database (Stoeckeet al., 2006).
This work will be explored with Profs. F. Joubefifiican Centre for Genome
Technology, University of Pretoria), S. Hazelhu¢Stchool of Electrical and
Information Engineering, University of the Witwatesind) and T. L. Coetzer
(Department of Molecular Medicine and Haematolodyniversity of the
Witwatersrand).

The combination of novel strategies like FIRE aefinements to existing HMM
algorithms may be used as part of a comprehensule-pronged computational
approach (Durand and Coetzer, 2008a) to addresgrtiidems posed by tHe

falciparum genome.
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7.2 Human-parasite co-evolution

The human-parasite co-evolution work presentedhis thesis (Durand and
Coetzer, 2008c, Durand and Coetzer, 2008d) and independent study (Ag
al., 2008) have provided the first direct evidencetfa co-evolution of human
hereditary erythrocyte PK deficiency arél falciparum virulence. Future
objectives and considerations include (i) clinicale control studies, (ii) the
investigation of PK deficiency in Africans in makrendemic areas, and (iii) a
search for possible positive selection in the PKgeRe in hominid lineages.

7.2.1 Clinical case control studies

The author was recently consulted on a Dutch imamgliving in Tanzania who
suffered haemolytic episodes of unknown aetiolofye patient’s history was
strongly suggestive of PK deficiency; however, thentitative PK assay was
inconclusive due to a high reticulocytosis (>15%J)utation analyses are
currently being performed to confirm the diagno3ise patient has contractéd
falciparum malaria on at least seven occasions in Tanzaragh Eime the
infection was mild and, in some instances, selitlilg, which is in keeping with
the in vitro findings of a relative resistance B falciparum infection by PK
deficient erythrocytes. Once the diagnosis of PKcamacy has been confirmed
in this patientjn vitro parasite culture studies will be performed to aborate
the clinical findings. This work is being conductedconjunction with Dr. R van
Wijk (Department of Clinical Chemistry and Haematp at the University
Medical Center, Utrecht, Holland).

7.2.2 PK deficiency in Africans: do these mutasi@onfer malaria resistance?

PK deficiency has been assumed to be extremelynak&icans; however, more
data are emerging to suggest that this is not(&lie et al., 2008, Mohrenweiser,

1987, van Wijket al., 2009). In collaboration with Dr. R. van Wijk thmvel
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mutations identified in Africans (van Wij&t al., 2009) will be investigateth
vitro to determine the potential relationship betweeas¢hmutations and malaria

resistance.

7.2.3 Is there evidence for positive selectiorhemPK-LR gene in hominids?

The finding that PK deficiency confers malaria séence in humans raises the
possibility that there are sites in the PK-LR gdra are under positive selection.
This question can be addressed using the brarehssoidels of PAML and,

depending upon the future availability of funds amérests of graduate students,

is an appealing line of enquiry.

7.3  P.falciparum genome evolution

Historically, genome evolution has been considdrech the position of inter-
genomic conflict, which results from competitiontn genome populations
and, in the case of parasites and their hostsgdk®volution between genomes.
In both cases, molecular variation leads to vagdibhess, which is acted on by
natural selection to facilitate evolution. Our urgdanding of life, however, is
being transformed by the realization that the evmhary units that make up a
population of “individuals”, exist at multiple leleeand take the form of single
genes, gene networks, genomes, prokaryotic celkgrgotic cells, multicellular
organisms, sexually reproducing pairs, populatiand communities (Michod
and Roze, 1997). Some researchers suggest thgetioene-centric approach is
set to take centre stage in this paradigm shifidileg to a resynthesis of
evolutionary theory (Heng, 2009). Despite this, bwear, the concept of the
genome as an “individual” or evolutionary unit, ukg from intra-genomic
conflict between interacting subunits, is relatwatew (Brookfield, 2005,
Mauricio, 2005, Ungereet al., 2008). The investigation of genome evolution
using this framework will typically require a corepl systems approach (Testa

and Lemont, 2000). However, prior to this, hypottetarguments to explain the
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evolutionary transition in individuality from lowesvolutionary units (individual

genes) to a higher level evolutionary unit (theayen), as well as the emergence
of individuality within genome populations, are vagd. The hypothetical
argument depends on the identification of key deteants that comprise lower
evolutionary units and an understanding of theraaions between them, which

was one of the aims of this thesis.

The author has proposed a theoretical frameworlstizatying the genome as an
evolutionary unit (Durand and Coetzer, 2008e), gidth falciparum as an
example. It is rooted in the understanding thatfitmess of evolutionary units
comprises two fundamental components: reprodudcimh survival (Roff, 1992,
Southwood, 1988), and that the trade-off betwe@sdhcomponents drives the
evolution of individuality (Michod, 2006), which ithis case, is the genome. This
is analogous to the approach used to investigat@vblutionary transition from
single cells to multicellularity, where it was denstrated that the trade-off
between specialized lower level units (germ andaancells) may have led to
the emergence of a higher order evolutionary uaitnulticellular organism
(Michod, 2005, Michod, 2006). It is the opinion thfe author, that MGEs are
representative of selfish gene reproduction, an® Bénes represent survival. At
the level of the genome, MGEs and PCD are exangfleeterminants that are
part of two fundamental processes: (i) the geramatif diversity, and (ii) the
maintenance of integrity (Figure 4). It is arguéetta trade-off between these
processes represents a theoretical framework f@erstanding the emergence of
new genomes, which in the casePRoffalciparum will provide insights into the
biology of this extraordinary genome.
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Factors promoting diversity GENOME DYNAMICS B Factors maintaining integrity

Mobile genetic elements Telomerase

Sex-induction genes Programmed cell death
Endogenous retroviruses Geno-protective mechanisms
Recombinase activating genes DNA repair

Figure 4: Ecological trade-offs in genome evolutian
The hypothetical model for genome dynamics involues
fundamental processes: the promotion of diversityd ahe
maintenance of integrity. A trade-off between elataemplicated
in these two phenomena drives genome evolution.

7.3.1 Genome evolution: an ecological trade-off

A number of factors are implicated in the generatmf genome diversity,
including the induction of sexual reproduction, egenous retroviruses,
recombinases and MGEs, which was one of the keyplalyers investigated in
this thesis. MGE activity generates a spectrumiegrdity, ranging from point
mutations to whole genome restructuring. The ihitesult typically induces
genome damage (Le Rouzic and Capy, 2005), howewat time the co-
evolution of parasitic MGE and the host genome dedd a symbiotic
relationship. These dynamics have played a fundtahemwle in genome
evolution in all major phylogenetic lineages (Kaaaz 2004, Kidwell and Lisch,
2001), including protozoan parasites (Bhattacharygh, 2002).

The genome has evolved numerous mechanisms towldalthe damaging
effects of MGE activity, such as the RIP (repealdiced point mutation) geno-
protective mechanism and PCD (see 7.3.2 and 7e88®vlp Occasionally, or in
cases of uncontrolled MGE activity, significant gere restructuring may occur,

leading to the emergence of new “individuals” ompetitors (Brosius, 1999). A
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life-history strategy, therefore, that controlsexdive genome variation resulting
from damage would have a selective advantage &imttividual and provides a
theoretical explanation for the emergence of PC[a dsmde-off against MGE
activity. Several PCD pathways have been describkavhich p53-dependant
PCD is of particular interest in this context. p88scribed as “the guardian of the
genome” (Lane, 1992), is essential for detectirgyuglitions to genome integrity
and p53-dependant PCD specifically, is likely toibgémately associated with

genome evolution.

A second determinant implicated in genome evoluitothe telomerase reverse
transcriptase (TERT) ribonucleoprotein enzyme, Wwhias evolved from a
domesticated MGE and is responsible for protectthg ends of linear
chromosomes (Nakamura and Cech, 1998). An absénmuaraal TERT activity
has been shown to cause chromosome damage, chromdgsions and severe
genome instability in model organisms (for exampBlasco et al., 1997). In
chapter 4 aPlasmodium TERT was reported and in the genome evolution

framework it comprises one of the elements impéidah genome maintenance.

In P. falciparum, three factors implicated in genome evolution wakestigated:

MGEs, TERT and PCD. Two of these determinants, M@is PCD, provide a
convenient approach for investigating a hypotheéticade-off between the gene
level fithess components of reproduction and vigbiAt the genome level, these
two components represent a balance between thetisaldor elements that

generate diversity and the mechanisms that maintgegrity.

7.3.2 An absence of MGEs i falciparum: implications for genome evolution

The unexpected finding that active MGEs, which arkey source of genome
variation (Frostet al., 2005), are absent iA. falciparum (Durandet al., 2006)
provided insight into the parasite’s life-histogh@pter 4). DuringP. falciparum

evolution, it appears that a geno-protective meisihan extinguished
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retrotransposon activity in tH@asmodium ancestor (Roy and Penny, 2007) and
the responsible mechanism was a RIP (repeat-indpcid mutation) pathway,
which contributed to the AT nucleotide bias (Durahdl., 2006). It is interesting
to note that the two othétlasmodium species analyzedp. vivax andP. yodlii,
contain numerous MGEs belonging to all classes,lackl some of the essential
genes required for the RIP mechanism, which cdesglavith their lower AT
content. The specificity of the RIP mechanism to . falciparum genome is
puzzling; however, it appears that protection asgfaiparasitic MGEs was
paramount for the evolution of this species.

The elimination of MGEs has removed a major sowteenome variation,
which may, theoretically at least, incur a fitnessst. In addition, highly
specialized organisms occasionally run the riskhefoming evolutionary dead-
ends (Mayr, 1954), however, the genome protectiechanism and specialized
life-history strategy inP. falciparum has undoubtedly contributed to the

reproductive and survival success, and associatel@nce in this organism.

7.3.3 The role of PCD iR. falciparum genome evolution

The evidence presented in chapter 5 strongly stggest an ancient PCD
pathway is responsible for apoptosisHrasmodium. While the central role for
PCD in the maintenance of genome integrity is widetcepted (Chipuk and
Green, 2006, Stergiou and Hengartner, 2004), tlodogical implications for

genome evolution remain largely unexplored.Pinfalciparum, there are good
reasons for the continued presence of PCD at tle ¢é individual genomes, as
well as parasite populations, and these are detit iw chapter 5. However,
while PCD pathways may be important for limitingethbarasite burden in the

host, there are additional implications for genawelution.

The presence of a geno-protective mechanism, dsawel PCD pathway iR.

falciparum, suggests that the limitation of diversity and mb@nance of genome
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integrity have been critically important during teeolution of this species. This
is supported by the finding of a potential p53-litein, which is intimately
associated with genome integrity PCD pathwaysPlimsmodium. These data
indicate that theP. falciparum life history strategy has been one of extreme
specialization, which is in keeping with the compparasite life-cycle as well as
the genome idiosyncrasies, in particular the ex¢érém bias. This specialization,
which is absent from othd?lasmodium genomes, correlates with the extreme

virulence associated with this species.

7.3.4 Current work ifP. falciparum genome evolution

The work in this area is currently focused on #higokatory verification of some
of the findings in chapters 4 and 5. A spin-off tbe search for MGEs in
Plasmodium was the identification of telomerase reverse taptase (TERT)
orthologues (Durandet al., 2006), which have evolved from non-LTR
retrotransposons (a class of MGES) and serve amigglsrole in the maintenance
of genome integrity (Belanci@t al., 2008). Five constructs of the twe.
falciparum putative TERTs identified in chapter 4 have betmed into the
expression vector pGEX-4T2 and protein expresdiodias in ark. coli Rosetta

bacterial system have been initiated (Appendicedi ).

7.4  The application of molecular evolution studieto malaria research

The benefits of molecular data to applied falciparum research have been
enormous and have included major advances in almesty aspect of the
malaria field. The use of evolutionary data, howeusas been concentrated
mainly in the area of comparative genomics (Carl@nal., 2008b) and

phylogenetics (Martinseret al., 2008, Rich and Ayala, 2003), with limited
benefits for applied research. The Evolutionarytd?aing (EP) approach
(Durandet al., 2008) described in chapter 6, demonstrated thatod the applied

fields in which evolutionary data may be of sigesfint benefit, is the area of drug
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and vaccine development. Drug resistance is a npaghlem (Hyde, 2005) and
optimizing the drug development pipeline to maxienizhe lifespan of
chemotherapeutic agents may be possible using@ut®enary approach to drug

target identification.

EP aims to minimize the emergence of drug resistamcl potentially limit side-
effects by identifying the most suitable drug targies based on evolutionary
constraints, however, there are a few caveatsshatild be considered. First,
compensatory mutations may occur that change tleetse constraints at a
particular target site and second, the method doesccount for sites that may
have evolved adaptive mutations at other pointhéphylogenetic tree (Emes
and Yang, 2008). A third caveat is thBtasmodium sequences are highly
divergent leading to sequence saturation, whichctyly increases errors i®
MLEs. Saturation was identified yS values of between 3.8 and 48.2, which
were relatively high (Yang and Nielsen, 2000) amel éffects that saturation may
have on thew MLEs approach should be borne in mind, particylasihen
studying Plasmodium sequences. The EP approach, however, provides an
example of how molecular evolution can be appl@diopmedical challenges in

P. falciparumresearch.

7.5 Contributions to P. falciparum molecular evolution research resulting

from this thesis

The research presented in this thesis has advaheefleld of P. falciparum

molecular evolution in a number of ways. An evaloairy rates approach to
sequence analysis and inference of protein domaintibn, termed FIRE, was
developed in chapter 2 to address the major impentinof poor sequence
similarity associated withP. falciparum coding regions. FIRE effectively
removes the requirement for similarity to align wewgces accurately and it is

envisaged that with further use and subsequememants this method will have
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broad bioinformatic applications i falciparum specifically, and computational

biology in general.

A second advance was the discovery of a co-evaolatiorelationship between
human PK deficiency ani. falciparum infection. This has been a controversial
point for almost 20 years and the publicationshapter 3 and data from a similar
study (Ayi et al., 2008) provided the first direct evidence for thesationship.
The data highlight the enormous impé&et falciparum has had on human

evolution.

A theoretical framework for a dynamic model of gemo evolution was

developed and represents the first step towardsnderstanding of the genome
as an individual evolutionary unit. The model may Used to investigate the
evolution of any genome and i falciparum provides an opportunity to uncover
the reasons for the extraordinary features encoechi® this genome. Two key
determinants implicated in a genome trade-of.ifalciparum, MGEs and PCD,

were investigated in chapters 4 and 5 and produtgdhts into the parasite’s

life-history strategy.

Finally, a novel approach, termed EP, to limit fieblem of drug resistance in
P. falciparum was developed in chapter 6. It is hoped that dpproach will

minimize the evolution of drug resistance by idigiig the most suitable drug
target sites and demonstrates the value of applgaglutionary data to

biomedical problems.

7.5.1 Concluding remarks

The exponential increase in molecular data andllphi@dvances in statistics,
applied mathematics and computational softwarechvinave facilitated more
sophisticated analyses, have propelled the fielmagcular evolution into an era

of rapid expansion. It is hoped that these advarasebsthe contributions from the
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work presented here, will be used to improve oudenstanding of molecular
evolution inP. falciparum and encourage researchers to apply this knowlgdge

the battle against the most lethal infection in harhistory.
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APPENDIX I: Cloning of P. falciparum TERT.

3D7 P. falciparum parasites were culturedn vitro using fresh human
erythrocytes at 5% hematocrit and 10% AB plasmadér and Jensen, 1976).
Cultures were incubated at 37°C in 93% B% CQ and 2% Q (Afrox, South
Africa). P. falciparum DNA was extracted using phenol-chloroform and etha
precipitation (Ljungstroret al., 2004). Five domains from the two putative
falciparum TERTs (PF13_0080 and PFE1555c) identified in aragptDurandet
al., 2006) were amplified from 100ng DNA via PCR usigU Expand High
Fidelity Tag polymerase (Roche, Germany) and 10pmol of priméhe five
domains were F1 (605bp), P1 (533bp) and FL1 (2100khich correspond to
the finger and palm domains and the full-length D80, and F2 (670bp) and
P2 (550bp), which correspond to the finger and pddmains of PFE1555c. The
finger domain is implicated in RNA binding and thalm domain is responsible
for reverse transcriptase activity. The full lengtlgion contained both finger and
palm domains. Forward and reverse primers, comgiBamHI| (forward) and
Xhol (reverse) restriction sites (underlined), areotelPrimers are written in 5°
to 3" direction and amplicon names are given ieptreses.

Forward primers for PE13 0080
GTCATGGATCCATATATAAAATAAAAAATATTATAGAGAAAAGAAA

(F1 and FL1);

GTCATGGATCCAAAATTATTAGTAATATATATGGC (P1).

Reverse primers for PF13 0080
AGCGTCTCGAGATCAAAGAAATTTTTTAAAATCTTG (F1);
AGCGTCTCGAGAGAATCATTTTTTTGTATTGTT (P1)
AGCGTCTCGAGATTATTTATAAAATCAAATGTGTATGAATAATTTAA
(FL2).

Forward primers for PFE1555¢
GACATGGATCCGAGTTATATAATAAGAAATATACAAATGACA (F2);
GACATGGATCCATAAACAATAAAAATTTAAACAACAATC (P2).

Reverse primers for PFE1555c¢
CTGCACTCGAGATATTTTTCTTTGTCATTCTCATTAG (F2);
CTGCACTCGACACATAGGATAATTTTATATTCTACGTATC (P2).
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All PCR reactions included an initail denaturatsiep at 94°C for 2 min and a
final extension step at 72°C for 10 min. PCR wadgomed under the following
conditions:

F1. 5 cycles: 94°C, 1 min; 40°C, 1 min; 72°C, 2 min;

39 cycles: 94°C, 1 min; 55°C, 1 min; 72°C, 2 min;

P1 5 cycles: 94°C, 1 min; 45°C, 1 min; 72°C, 2 min;

39 cycles: 94°C, 1 min; 56°C, 1 min; 72°C, 2 min;

FL1: 5 cycles: 94°C, 1 min; 45°C, 1 min; 72°C, 2 min;

34 cycles: 94°C, 1 min; 59°C, 1 min; 72°C, 2 min;

E2: 5 cycles: 94°C, 1 min; 45°C, 1 min; 72°C, 2 min;

30 cycles: 94°C, 1 min; 58°C, 1 min; 72°C, 2 min;

P2 5 cycles: 94°C, 1 min; 45°C, 1 min; 72°C, 2 min;

30 cycles: 94°C, 1 min; 55°C, 1 min; 72°C, 2 min.

The PCR amplicons and pGEX-4T-2 (Amersham, UK) egpion vector were
digested withBamHI and Xhol (Fermentas, Lithuania) and domains were ligated
downstream of the Glutathione S-transferase (G®hggequence in the vector
(Figure Al). Competent DHSE. coli (Invitrogen, USA) were transformed with
the plasmid construct and positive colonies welecsed on Luria Bertani (LB) /
agar supplemented with 100pug/ml ampicillin (RocGermany). Inserts were
verified using gene specific PCR, plasmid extragti@striction enzyme analysis

and DNA sequencing.
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Figure Al: Cloning of PfTERT.

The P46 agarose geldisplay: (A) PCR amplicons oirfger (F) and
palm (P)domain: from two putative TERTsExpected sizes in k
were F1=605; F2=670; P1=533; and P2=5tM: 50bp ruler
(Fermentas)(B) Full length (FL) PCR product dPF13_0080. Th
expected size was 210(; M: 1kb marker (FermentasjC) Each of
the five pGEX-4-T2 plasmid constructs wasxtracted from positiv
colonies ancdnserts were verified witlBamH1 andXhol digestion. A
digestion of the P1 recombinant plas, which was used in tr
protein expression experiments in Appendi is shown. Expecte
sizes: linarized pGE:-4-T2 vector = 4.9kb; P1 insert = 533ktM:
1kb marker (Fermenta
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APPENDIX II: Expression of recombinant PfTERT P1 domain.

The P1 construct was expressed in Rosetta2 (BE&)Ii (Novagen, USA) as a
fusion protein with an N-terminal GST tag. Tramsied cells were selected in
LB medium containing 100pg/ml ampicillin and 50ug/chloramphenicol
(Roche, Germany). 1/100 (v/v) of the antibiotitested cultures were added to
the Overnight Expres¥ Instant TB Medium (Novagen, USA) auto-induction
system and allowed to grow to an §8m~1.5 at room temperature. Cells were
lysed with BugBustét HT (Novagen, USA) supplemented with the Protease
Inhibitor Cocktail Set Il (Novagen, USA). GST-P&combinant protein was
purified by affinity chromatography with GSWMag™ Agarose beads (Promega,
USA) and eluted from the beads with 100mM redudatathione in 50mM Tris-
HCI, pH 8.0. Protein fractions were obtained frogseld cells (total), the
supernatant (soluble) and pellet (insoluble) follmyv centrifugation, and the
eluted sample (purified). Samples were analyze8D8-PAGE (Laemmli, 1970)
and immunoblotting with a 1:10000 (v/v) diluted ia@ST HRP-conjugated
antibody (Amersham Biosciences, UK) and visualizéith the SuperSign&l
West Pico Chemiluminescent Substrate (Pierce, USA¢. GST tag migrates at
~24kD and the GST-P1 recombinant protein at ~35k{égure 2A).
Immunodetection revealed the presence of recombpratein in total, insoluble,
soluble and purified fractions of the induced sam(pdbeled in italics). There is
leaky expression of both GST and GST-P1 recombip@nieins in the uninduced
samples. The absence of a visible band on theceitudose membrane indicates
that very small quantities of the protein are pnéshowever, the GST tag was
still detected by antibody. Recombinant proteindoiciion will be scaled up to
produce greater quantities for functional analysesctional investigations will
include RT (reverse transcriptase) and TRAP (tetemepeat amplification

protocol) assays.
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Figure A2: Expression of recombinant PfTERT P1 doman.
Amido-black stained nitrocellulose membranes and d4#€cond
exposure autoradiographs of (A) GST, and (B) GSTrdtbmbinant
protein. M: PageRuler Prestained Protein Laddem(Eatas); protein
fractions: T-total; S-soluble; IS-insoluble and &ped; induced
sample fractions are shown in italics. GST migrates25kDa and the
GST-P1 fusion protein (arrow) at ~35kDa.
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