I. Introduction
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I.1. Malaria in general
Malaria is by far the major human parasitic disease worldwide, threatening the lives of more than one-third of the world’s population (RBM/WHO, 2006). It thrives mainly in the tropical and subtropical areas of Africa, but also Asia and Central and South America (Figure 1.1) affecting both indigenous populations, migrants and increasing numbers of travellers. Malaria is commonly associated with poverty, but is also a cause of poverty and a major hindrance to economic development.
Malaria infection is caused by a protozoan parasite (Plasmodium) that resides for part of its life in a vertebrate host and part in mosquito vectors (Anopheles) (Figure 1.2). Human malaria is caused by four Plasmodium parasites, P. falciparum, P. vivax, P. ovale, and P. malariae, although outbreaks of the monkey malaria infections, P. knowlesi, in human populations have been reported (Singh et al., 2004). Amongst these parasites, P. vivax is the most widespread species and P. falciparum is the most virulent, claiming about 0.6-1.2 million lives every year, mostly young children in Sub-Saharan Africa (World Malaria Report, 2008).
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        Figure 1.1. Map of malaria distribution (available at: http://www.who.int/ith/en/).
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Figure 1.2. The life cycle of malaria parasites in the human host and anopheline mosquito vector (adapted from http://wps.prenhall.com/wps/media/objects/489/501279/images/AACFYER0.jpg).
Legend: the life cycle in the humans begins with the bite of a mosquito. During a blood meal, a parasite-infected female Anopheles mosquito inoculates sporozoites into the human host (1). These migrate to the liver, invading the hepatocytes (2) where they develop through several stages, finally producing merozoites which invade red blood cells.  Here they multiply, via the trophozoite stage, in red blood cells turning into a schizont form (3). The red blood cells containing the schizonts then burst and the merozoites are released into the bloodstream (4). Clinical features of malaria, including fever and chills, anaemia and cerebral malaria (the last two typical of severe P. falciparum infection) are all associated with the synchronous rupture of the infected red blood cells, and most current drugs target this stage of the life cycle. For instance, for P. falciparum this erythrocytic stage of the parasite life cycle lasts 48 hours. The merozoites in a subset of infected red blood cells can then develop into sexual forms, male and female gametocytes, which are ingested by a female mosquito during a blood meal (5). Within the insect midgut, the male gametocyte undergoes a rapid nuclear division, producing 8 flagellated microgametes which fertilize the female macrogamete (6). The resulting ookinete (the only diploid stage of the parasite) traverses the mosquito gut wall and encysts on the exterior of the gut wall as an oocyst (7). When the oocyst bursts, hundreds of sporozoites are released into the mosquito body cavity where they eventually migrate to the mosquito salivary glands (8), and the process begins again.

I.2. Plasmodium
I.2.1. Plasmodium genetics
Malaria parasites, like all members of the Apicomplexa phylum, are haploid for most of their life cycle. The only diploid stage is the zygote (ookinete) in mosquitoes, resulting from fertilization of male and female gametes (Figure 1.3). When a mixture of gametocytes from two genetically distinct parasite clones is taken up by the mosquito, both self-fertilization and cross-fertilization events are likely to occur. Each zygote formed as a result of fertilization undergoes meiosis shortly afterwards, whereby haploid daughter cells (sporozoites) are subsequently produced. These can be derived from homozygotes as a result of self-fertilization, giving rise to parasites which are representative of one of the two parental clones; or may have been generated from meiosis of heterozygotes as a result of cross-fertilization between the two parental clones, producing recombinant haplotypes. 
The meiotic division and recombination which malaria parasites undergo in the mosquito can result in independent assortment of genes on different chromosomes, crossing-over events between linked genes on homologous chromosomes (both producing novel genotypes), and intragenic recombination (resulting in novel alleles of genes) (Walliker et al., 1987).  Indeed, this process is vital to the production and maintenance of extensive genetic variation within and between populations (Conway et al., 1999).
From crossing experiments in the laboratory, the frequency with which recombination occurs has been calculated as 15-30 Kb/cM and 13.7 Kb/cM in P. falciparum (Walker-Jonah et al., 1992)  and P. chabaudi (Martinelli et al., 2005), respectively. 
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Figure 1.3. Meiotic recombination in Plasmodium. 

Legend: all stages of the Plasmodium life cycle are haploid, except for the diploid zygote stage. The figure shows four loci (represented by different coloured narrow bands) on a single chromosome from both male (blue bar) and female (red bar) gametes of two clones. A male microgamete of one clone undergoes fertilization with a female macrogamete of the second clone, producing a heterozygous zygote at all loci. Afterwards, crossing-over during meiosis results in formation of oocysts which contains the four chromosome products. Cell division results in four haploid spororozoites. In this case, two are recombinant products (B and C) and two represent the products of self-fertilization (A and D). 

Recombination between malaria parasites was first demonstrated with genetic cross experiments conducted with the rodent parasites Plasmodium yoelii (Walliker et al., 1971), and Plasmodium chabaudi (Walliker et al., 1975). In P. chabaudi, a genetic cross was performed between two cloned parasites which differed in the electrophoretic patterns of two enzymes, 6-phosphogluconate dehydrogenase (6-PGD) and lactate dehydrogenase (LDH), and in their response to the antimalarial drug pyrimethamine. Analysis of the resulting progeny clones showed  that not only the two enzyme isoforms had recombined, but that pyrimethamine susceptibility segregated independently (Walliker et al., 1975). This experiment showed that crossing-over between gametes, and recombination between the parental characters had occurred.
Recombination between parental alleles was also shown experimentally in genetic crosses with P. falciparum infected chimpanzees (Walliker et al., 1987; Wellems et al., 1990). However, in these studies, the proportions of homozygous and heterozygous forms were not consistent with random fertilization between parents, i.e., the frequency of self-fertilization was much lower than the frequency of cross-fertilization. For instance, Walliker et al. observed that only 3 out of 22 progeny clones of a genetic cross (3D7 x HB3) had inherited only parental markers (Walliker et al., 1987). Similarly, the P. falciparum HB3 x Dd3 genetic cross did not produce any progeny clones containing parental markers alone (Wellems et al., 1990). The over-representation of recombinant clones among the progeny of these crosses may be due the selection acting in the chimpanzees or during in vitro culture (Ranford-Cartwright et al., 1993). Indeed, a study involving alleles of msp1 and msp2 from individual oocysts dissected from mosquitoes that had fed on a mixed blood infection of clones 3D7 and HB3 found that some oocysts contained alleles exclusively from HB3, some contained alleles only from 3D7, and the remainder of the oocysts contained alleles from both parents. The latter were therefore hybrids - the products of fertilization between the two different parental strains. The proportion of the homozygous and heterozygous forms was consistent with random fertilization between parents (Ranford-Cartwright et al., 1993). 
Such recombination in cross progeny between alleles at different loci and the segregation of alleles at the same locus are the principles of inheritance originally described by Mendel. 
I.2.2. Plasmodium genome
Plasmodium genomes include an extra-chromosomal mitochondrial genome (5,9 Kb) (Feagin et al., 1991), a circular genome (35 Kb) associated with the apicoplast (Wilson et al., 1996) and a large nuclear genome (22,8 Mb) (Gardner et al., 2002). 
The P. falciparum nuclear genome (completed and published in 2002) (Gardner et al., 2002), like all Plasmodium species analyzed so far, is distributed among 14 haploid chromosomes, encodes about 5300 genes and is the most (A+T)-rich genome sequenced to date (Gardner et al., 2002). Plasmodium chromosomes range in size from 0,600 Mb (chromosome 1) to over 3 Mb (chromosome 14) (Carlton et al., 1999) and are subdivided into central domains, which contain conserved coding regions, and chromosome ends, which are polymorphic regions (Lanzer et al., 1994). Each chromosome end consists of subtelomeric and telomeric repeat sequences. These regions harbour highly variable gene families that, amongst other things, help the parasite evade the immune system. They are also highly diverged between species (i.e they are non-syntenic, see section I.2.4.1), and undergo high levels of recombination, generating further diversity.
The length of particular chromosomes from different natural isolates of P. falciparum, P. vivax and rodent malaria parasites are known to vary significantly. These chromosome size polymorphisms occur most likely due to an equal recombination between homologous chromosomes of different parasite clones during meiosis (Corcoran and Kemp, 1986), but also by gene amplification and indels (insertions/deletions) of repeat sequences. In vitro, P. falciparum chromosomes are also found to vary in size due to chromosome breakage followed by healing of the blunt end by the addition of telomeric repeats (Scherf et al., 1992; Hernandez et al., 1996).
I.2.3. Plasmodium proteome
Of the ≈5300 P. falciparum predicted proteins, about 60% had little or no similarities to proteins of others organisms (the so-called ‘’hypothetical proteins’’). Thus, almost two- thirds of the proteins appear to be unique, or showing insufficient homology to other organisms, a proportion much higher than that observed in other sequenced eukaryotes (Gardner et al., 2002). This may be a reflection of the great evolutionary distance between P. falciparum and other eukaryotes, intensified by the reduction of sequence similarity due to the biased amino acid composition resulting from the high (A+T) content of the genome (Carlton et al.,2002). Despite this, recent re-annotation of the genome has assigned additional putative functions to many additional genes (PlasmoDB 6.0: http://www.plasmodb.org). Deciphering the functions of these genes and their interactions presents a great challenge to the malaria community. 
Early analysis of the predicted proteome revealed that, compared to other sequenced eukaryotes, P. falciparum encodes fewer enzymes and transporters of organic nutrients, but a large proportion of genes is devoted to immune evasion and host-parasite interactions. Many nuclear-encoded proteins are targeted to the apicoplast, an organelle involved in the metabolism of fatty acids, isoprenoids and haem (Gardner et al., 2002). 
I.2.4. Model malaria parasites and comparative genomics 
Certain aspects of malaria pathology and biology cannot be studied without the use of an animal model system. In many instances they also provide the only source of biological material for several life-cycle stages, such as zygotes (Janse et al., 1995). Moreover, their usefulness in functional characterization of genes through gene knock-out and modification studies is well established (de Koning-Ward et al., 2000). Three groups of model systems are recognized (Carlton et al., 2005): (1) simian malaria species that naturally parasitize non-human primates, for example the Plasmodium knowlesi/macaque monkey model system; (2) species of bird malaria that infect domestic fowl, for example, the Plasmodium gallinaceum/domestic chicken model system; and (3) species of African thicket rat parasites that have been adapted for growth in laboratory rodents. The latter group, consists of four species rodent malaria parasites (RMP) Plasmodium chabaudi, Plasmodium berghei, Plasmodium vinckei and Plasmodium yoelii, which have been the most widely used as models for the study of P. falciparum malaria, primarily due to the ease of handling and maintaining rats and mice in the laboratory (Carlton et al., 2005).  This means that genetic crosses, that are impractical, expensive or unethical in humans or primates, can be executed in the rodent systems with relative ease and economy.  This is the reason why the current work is performed using P. chabaudi parasites. 

I.2.4.1. Gene synteny
With the completion of the whole genome sequence of the human malaria parasite Plasmodium falciparum (Gardner et al., 2002), the partial sequence of one of the four species of rodent malaria model, Plasmodium yoelii yoelii (Carlton et al., 2002) and the other genome sequencing projects of different malaria parasites underway, a great advance occurred on the field of comparative genomics, allowing inferences to be drawn about the coding potential of related genomes. For instance, a virtual composite RMP genome and its comparison with the P. falciparum genome was constructed, generating a so-called synteny map (Figure 1.4) (Kooij et al., 2005). In comparative genomics, synteny refers to the conserved order and direction of genes on chromosomes between related species. 
Analysis of the malaria synteny map revealed that the core regions of the 14 chromosomes of P. falciparum and the RMPs are organized in 36 synteny blocks, representing groups of genes that have been inherited since these parasites diverged, but whose relative organization has altered as a result of the predicted 15 recombination events (Kooij et al., 2005). This synteny map also showed that species-specific genes, including P. falciparum gene families, are found in the variable subtelomeric regions, at synteny breakpoints and as intrasyntenic indels (insertions/deletions) (Kooij et al., 2005).
Approximately 4500 (85%) of the 5300 predicted P. falciparum genes have an ortholog in at least one of the RMPs and these likely represent the core set of Plasmodium genes (Hall et al., 2005). Identification of orthologues of candidate genes for example is important for cross-species comparison of gene function and evaluation of molecular mechanisms associated with a phenotype. 
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Figure 1.4. Synteny map of P. falciparum and three RMP (rodent malaria parasites) (Kooij et al., 2005). 
Legend: coloured bars represent the 36 synteny blocks, according to their chromosomal location in the RMP genome and are named with a Roman and an Arabic number referring to the corresponding chromosome location in P. falciparum and RMP, respectively.  Bars under RMP chromosomes indicate the organization differences of the synteny blocks of P. chabaudi (Pc), P. yoelli (Py) and P. vinckei (Pv) as a result of translocations. 
I.3. Malaria control strategies
Control of malaria has traditionally relied on two strategies: reduction of the exposure to the anopheline mosquito vector (mainly via bednets and insecticides) and the use of antimalarials drugs. A long-hoped-for third strategy, an effective vaccine, has not materialized and is not expected for another decade. 
In the mid-1950s, the World Health Organization (WHO) launched a massive worldwide campaign to eliminate malaria, which combined the spraying of insecticides such as DDT and drug treatment using chloroquine. At the beginning, the WHO program was successful resulting in a substantial reduction in the burden of the disease in many countries throughout the world (Sachs, 2002). However, difficulties soon developed and in many countries resurgence of malaria had occurred. This was essentially due the emergence and spread of chloroquine-resistant parasites (Wootton et al., 2002), but also due the evolution of insecticide-resistant mosquitoes (Hemingway et al., 2002), increased population density, continuing poverty and global warming, which allowed the spread of vectors into malaria-free areas.
Although the toll of malaria morbidity and mortality remains unacceptably high, progress is being made in many areas, including the control of mosquito vectors, the development of more effective vaccines and the identification of new chemotherapeutic agents (Greenwood et al., 2008). Inexpensive control measures, notably the use of insecticide-impregnated bednets, have proven effective and are currently being implemented in many endemic areas. Great progress is being made in the characterization of the host immune response against malaria parasites and a number of classes of vaccines are in different stages of testing (Targett et al., 2008). An appreciation of the value of antimalarial drug combinations to improve efficacy and limit the development of resistance are currently underway (World Malaria Report, 2008).   
I.4. Antimalarial drugs and emergence of resistance
The effectiveness of early diagnosis and prompt treatment, as one of the principal technical components of the global strategy to control malaria, is highly dependent on the efficacy, safety, availability, affordability and acceptability of antimalarial drugs. The rational use of an effective antimalarial drug not only reduces the mortality and morbidity associated to malaria, but also reduces the rate at which resistant parasites emerge (Nosten and White, 2008). 
Antimalarial drugs can be classified according to their chemical structure and/or antimalarial activity (Table 1.1). The antimalarial activity depends on the stages of the parasite life cycle which are targeted by the drug (Ibezim et al., 2008). For instance, blood schizonticides drugs act on the asexual blood forms of the parasite, suppressing the proliferation of Plasmodium in the red blood cells and thereby terminating clinical attacks of malaria. These include the most important drugs in antimalarial chemotherapy. On the other hand, gametocytocide drugs destroy the sexual forms of the parasite in the blood and thereby prevent transmission of the infection to the mosquito. Tissue schizonticides prevent the development of hepatic schizonts and sporontocide drugs prevent the development of oocysts in the mosquito and thus ablate transmission. 
The initial use of single drugs as monotherapies, such as chloroquine or mefloquine, is no longer generally effective, as massive drug deployment over the years has favoured the rapid spread of drug resistance among parasites worldwide. Therefore, malaria treatment is heavily dependent upon new therapeutic approaches based on the use of artemisinin-based combination therapies (ACTs) (WHO, 2006; Nosten and White, 2008). 
Table 1.1. Main groups of antimalarial compounds according to their chemical class and antimalarial activity. 
	Class
	Compound
	Antimalarial activity

	Arylaminoalcohols


	Quinine
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Antimalarial drug resistance has been defined as the “ability of a parasite strain to survive and/or multiply despite the administration and absorption of a drug given in doses equal to or higher than those usually recommended but within tolerance of the subject” (World Health Organisation, 1973). This definition was later modified to specify that the drug in question must “gain access to the parasite or the infected red blood cell for the duration of the time necessary for its normal action” (World Health Organisation, 1986). 

Resistance may arise via selection of mutations which provide a selective advantage in the presence of drug doses that normally eliminate the sensitive parasites. The mode of action of a drug against the parasite may be important; simple modes of action such as enzyme inhibition are likely to lead to rapid evolution of resistance, as the number of genetic mutations required to alter enzyme structure may be low, and compensation of negative consequences easily achieved. This is the case with pyrimethamine resistance, which evolved very quickly after the introduction of the drug, in contrast to the pattern seen with the emergence of chloroquine resistance, which took much longer to evolve (Woodrow and Krishna, 2006).

The pharmacokinetic dynamics of drugs are also important in the emergence of drug resistance. For instance, a long half-life compound can be a key factor in the selection pressure for resistant mutants, as the drug is present in patients at sub-therapeutic levels for long periods of time. Antimalarial compounds with high parasite elimination efficiency, rapid reaching of levels above the minimal inhibitory concentrations and short half-lives, should be the most effective at minimizing the selection pressure for resistant mutants (Winstanley et al., 2002).Thus, the comprehension of the dynamics of drug resistance, which mutations are involved as well as understanding their molecular and biochemical consequences is extremely imperative (Woodrow and Krishna, 2006) to minimise the consequences of resistance to existing drugs and prevent or curtail the appearance of resistance to new drugs.
I.4.1. Main antimalarials, mechanisms of action and resistance
Great progress has been made recently in studying the mechanisms of drug action and drug resistance in malaria parasites. These efforts are highlighted by the identification of mutations in the parasite dihydrofolate reductase (dhfr) and dihydropteroate synthase (dhps) genes conferring resistance to pyrimethamine and sulfadoxine, respectively, (Peterson et al., 1988; Wu et al., 1996; Cheng and Saul, 1994; Hayton et al., 2002) and by the recent discovery of mutations in the gene coding for a putative transporter, CRT (chloroquine resistance transporter) conferring resistance to chloroquine (Fidock et al., 2000; Sidhu et al., 2002). Amplification and/or mutations in a homologue of a human multi-drug resistance gene, mdr1, have also been shown to be associated with responses to multiple drugs (Price et al., 1999; Price et al., 2004; Reed et al 2000; Sidhu et al., 2006). However, except in the case of resistance to antifolate drugs, the mechanisms of action and resistance to most drugs currently in use are essentially unknown or are being debated. Table 1.2 summarizes current knowledge on the genetic determinants of resistance to the main antimalarials compounds.

The following sections will describe some aspects of the molecular basis of resistance to the drugs investigated in this thesis, namely, chloroquine, mefloquine, lumefantrine and artemisinin. 
Table 1.2. Proposed mechanisms of resistance to the main antimalarials in malaria parasites. 
Legend: Hz – haemozoin; FV – food vacuole; a  point mutation; b Level of association with in vivo resistance (treatment failure in drug trials) (++++ completely associated; - not associated). 
	Compound
	Target
	Candidate gene
	Mechanism
	Level of associationb 

	Pyrimethamine
	DHFR
	dhfr
	Mutationa
	++++

	Sulfadoxine
	DHPS
	dhps
	mutation
	+++

	Chloroquine
	Hz synthesis

in FV
	crt

mdr1
	mutation

mutation/deamplification
	++++

+

	Mefloquine

Lumefantrine
	Hz synthesis

in FV
	mdr1/other
	amplification/mutation
	++

	Artemisinins
	Heme and/or proteins in FV
	mdr1

atp6

tctp

crt
	amplification/mutation

mutation

over-expression

mutation
	+

-

-

-


I.4.1.1. Chloroquine (CQ)
Safe, inexpensive and highly effective, chloroquine (CQ) was the mainstay antimalarial drug worldwide, until overuse pressured Plasmodium falciparum to develop resistance. In fact, resistance to CQ evolved more rapidly than for quinine, the chemical analogue from which it had been derived, and the first reports of parasites failing to respond to the drug emerged independently from South America and Southeast Asia in the late 1950s (Young and Moore, 1961). The spread of resistance from these pioneer areas was relatively slow but relentless, and CQ resistance is now a major problem throughout the malaria affected areas of the world, including Africa. The loss of CQ effectiveness as a first-line antimalarial drug is widely regarded as one of the major setbacks control to the successful control of malaria. 
I.4.1.1.1. CQ - Mode of action
Although the mode of action of CQ is not fully understood, assumptions point out to a connection with the parasite feeding mechanism. CQ is a weak base drug which diffuses down the pH gradient to accumulate, at millimolar levels, in the acidic food vacuole of intraerythrocytic parasites, where the digestion of haemoglobin takes place. The by-product of haemoglobin metabolization, haem, is highly toxic to the parasites unless they polymerize it into an inert pigment named haemozoin. The high intravacuolar concentration of CQ is proposed to inhibit the polymerization of toxic haem into the inert haemozoin (Slater et al., 1991), thereby poisoning the parasite through excess levels of toxicity (Figure 1.5). However, the amount of free haem remaining in the food vacuole seems to be insufficient to eliminate the parasites totally. Hence, previous studies demonstrated that approximately 80% of haem diffuses out to the cytosol, where it is subsequently degradated by reduced glutathione (Ginsburg et al., 1998). The toxicity effect of CQ may be thus dependent on the formation of a haem-chloroquine complex that inhibits the degradation of haem by reduced glutathione (Ginsburg et al., 1998).
[image: image30.emf]CQ

CQ+

CQ+

Haem

+ +

+ +

Haemozoin

polymerization

RBC

Parasite FV

Haemoglobin

CQ

CQ+

CQ+

Haem

+ +

+ +

Haemozoin

polymerization

RBC

Parasite FV

Haemoglobin


Figure 1.5. Mode of action of chloroquine (CQ) (adapted with kind permission of Pedro Cravo).
Legend: CQ acts on the parasite’s food vacuole (FV) within the red blood cell (RBC), inhibiting the polymerization of haem into inert haemozoin.
I.4.1.1.2. CQ - Mechanism of resistance
The slowly spread of chloroquine-resistant malaria parasites in natural parasite populations suggests that this phenotype is determined by a complex, multigenic trait in which multiple mutations are required. It has been demonstrated that CQ-resistant parasites display lower levels of drug inside the food vacuole than their sensitive counterparts (Yayon et al., 1985), indicating that resistant parasites are capable of either accumulating less CQ or increasing its efflux.

For that reason, two genes have been proposed as the major determinants of CQ resistance in P. falciparum, which encode transport proteins localized to the membrane of the parasite food vacuole, where CQ acts. 
Initially, a great deal of attention was devoted to the role of P-glycoprotein (Pgp), a membrane transporter whose amplification/overexpression had been known to be responsible for multi-drug resistance in mammalian cancer cells (Riordan et al., 1985). Its P. falciparum homologue, the P-glycoprotein homologue 1 (Pgh1), is encoded by the P. falciparum multi-drug resistance 1 gene (pfmdr1) and localized on chromosome 5. It is a typical member of the ABC transporter superfamily, a polypeptide of ~162 kDa, with a conserved structure of two domains consisting of six predicted transmembrane domains and a conserved nucleotide-binding domain (Figure 1.6) (Cowman et al., 1991). Pgh1 localizes to the parasite vacuole throughout the asexual cycle of the parasite, where it was postulated to regulate intracellular drug concentrations (Cowman et al., 1991) and therefore has been largely implicated to modulate parasite’s level of susceptibility not only to CQ but also to other antimalarials. 
Polymorphisms at amino acid residues 86, 184, 1034, 1042 and 1246 (Figure 1.6) have been associated with altered in vitro susceptibility, in particular a N86Y substitution was found to contribute to a high level of CQ resistance in natural parasite populations (Duraisingh et al., 2000a; Babiker et al 2001). Additionally, allelic exchange experiments showed that S1034C, N1042D and D1246Y mutations enhanced the degree of in vitro CQ resistance, although they did not confer resistance to sensitive parasites (Reed et al., 2000; Sidhu et al., 2005). Furthermore mutations in pfmdr1 were found to segregate independently from CQ resistance among progeny of a genetic cross between CQ-sensitive (3D7) and –resistant clone (HB3) (Wellems et al., 1990). The interpretation that pfmdr1 mutations might enhance CQ resistance in some genetic backgrounds, but are themselves insufficient to confer resistance has been supported from some clinical studies (Babiker et al 2001; Ngo et al., 2003). Alternatively, the increased frequency of mdr1 polymorphisms in CQ-resistant parasites might reflect physiological compensation for the altered function of a mutation in another membrane transporter denoted PfCRT (P. falciparum chloroquine resistance transporter).
 Apart from mdr1 mutations, an in vivo study showed that parasites selected for increased resistance to CQ contained a deamplification of this gene, suggesting that the level of expression of pfmdr1 affects sensitivity to CQ (Barnes et al., 1992).
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Figure 1.6. Predicted membrane topology and genetic polymorphisms in Pgh1 (adapted from Rohrbach et al., 2006). Legend: Pgh1 contains twelve predicted transmembrane domains and two nucleotide-binding domains (NBD1 and NBD2), each formed by large cytoplasmic domains. Polymorphisms associated with altered drug responses in the wild-type (WT) and mutant (Mut) alleles are indicated at amino acid residues 86, 184, 1034, 1042 and 1246. 
A classical genetic approach has subsequently allowed the identification of another gene denoted pfcrt (P. falciparum chloroquine resistance transporter) as the key gene implicated in CQ resistance (Fidock et al., 2000) (Figure 1.7). In this study, a K76T substitution in pfcrt was completely linked to CQ resistance among field parasite isolates (Fidock et al., 2000). Subsequent field studies and allelic replacement experiments revealed that this and further mutations in this gene could cause a decreased intravacuolar CQ concentration, and thereby confer chloroquine resistance as well as modulate its levels (Sidhu et al., 2002; Hastings et al., 2002; Jiang et al., 2006). Additional support for an underlying mechanism of CQ resistance is the fact that PfCRT is an integral membrane protein with ten predicted transmembrane proteins located on the parasite’s food vacuole, the target of CQ action (Bray et al., 2005). Mutations in this gene in resistant parasites can thus reflect a mechanism through which PfCRT mediates the transport of protonated chloroquine through the food vacuole membrane (Johnson et al., 2004). Despite these evidences, more studies are necessary to conclusively elucidate the function of PfCRT and the role of these mutations in conferring CQ resistance in P. falciparum.
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Figure 1.7. Predicted membrane topology and genetic polymorphisms in PfCRT (adapted from Johnson et al., 2004).                                                                                                                                      
Legend: PfCRT contains ten predicted transmembrane domains with its N and C terminal located on the cytoplasmic side of the food vacuole membrane. Polymorphisms associated with altered drug responses are indicated by filled circles. The K (lysine) T (threonine) change at position 76 is critical to CQ resistance in P. falciparum.  
I.4.1.2. Mefloquine (MF) and Lumefantrine (LM)
To counter the emerging threat of CQ resistance, other quinine related drugs were introduced in the 1980s, namely mefloquine (MF) and lumefantrine (LM). MF, the most promising compound, was soon adopted as the drug of choice for malaria prophylaxis, especially among travellers worldwide. Introduced also as a first-line treatment in Thailand, MF resistance developed within 6 years of its introduction and now is widespread in Southeast Asia, with a particular high incidence in the Thailand/ Cambodia/ Myanmar borders (Price et al., 2004). Currently, MF and LM are mostly used against multi-drug resistant P. falciparum and as partner drugs in ACT. 
I.4.1.2.1. MF, LM - Mode of action
In contrast to CQ, MF and LM are monoprotic bases and are thus supposed to accumulate in the parasite acidic food vacuole less efficiently than their counterpart (CQ), in the absence of a specific transporter. Thus, MF, the most studied, seems to interfere with a different step in the parasite feeding process than CQ. It may act by forming toxic complexes with free haem that damage membranes and interact with other plasmodial components (Sullivan et al., 1998). Additionally, two high-affinity MF binding proteins have been demonstrated on the surface of P. falciparum-infected erythrocytes, suggesting they may be involved in the MF uptake or action (Desneves et al., 1996). Alternatively, these drugs may disrupt membrane trafficking events implicated in the uptake of metabolites essential to the parasite. In fact, more recent work showed that MF strongly inhibits endocytosis of essential macromolecular nutrients into the parasitic food vacuole (Hoppe et al., 2004). There’s also evidence to suggest a role for the plasmodial P-glycoprotein (Pgh1), encoded by the multi-drug resistance 1 gene (Pfmdr1) in MF resistance, implying that Pgh1 may also bind to MF. In contrast to CQ, MF binds to phospholipids (Chevli and Fitch, 1982), it associates with the membranes of unparasitized erythrocytes and it does not bind to DNA.   
I.4.1.2.2. MF, LM - Mechanism of resistance
Interestingly, and in contrast with CQ responses, independent reports have implicated mutations and/or amplification/overexpression of pfmdr1 gene in the increased levels of resistance to arylaminoalcohols such as mefloquine or lumefantrine (Foote et al, 1990; Wilson et al., 1993; Peel et al., 1994; Djimde et al., 2001; Price et al., 2004; Uhleman et al., 2007; Preechapornkul et al., 2009). Pfmdr1 was originally found to be amplified and overexpressed in clones selected in vitro for mefloquine resistance (Cowman et al., 1994), whereas a selection for increased resistance to chloroquine, resulted in deamplification of this gene and subsequently an increased sensitivity to MF (Barnes et al., 1992). Sidhu et al also showed that disrupting one of the two copies of the mdr1 gene in a drug-resistant FCB line resulted in a 3-fold and 4-5-fold decrease in mefloquine and lumefantrine IC50 values, respectively (Sidhu et al., 2006). Still, in other studies, no correlation was found between amplification of pfmdr1 and arylaminoalcohols resistance (Basco et al, 1995; Lim et al., 1996; Ritchie et al., 1996; Chaiyaroj et al., 1999), suggesting the involvement of other mechanisms in determining the resistance phenotype. 
In fact, apart from mdr1 amplification, there’s also evidence that different alleles of this gene harbouring specific point mutations may modulate parasite susceptibility to arylaminoalcohols (Figure 1.6). For instance, a N86Y mutation was associated with increased mefloquine sensitivity in P. falciparum from Thailand (Price et al., 2004) and Gambia (Duraisingh et al., 2000a). In parallel, a complete association was observed between the inheritance of F184Y and D1042N mutations in Pgh1 and increased sensitivity to the arylaminoalcohols in the progeny of a cross between sensitive (3D7) and resistant parasites (HB3) (Duraisingh et al., 2000b). These amino acid substitutions, predicted to map to transmembrane proteins, may alter the configuration of Pgh1 decreasing its efficiency by changing the substrate specificity of the pump. Additionally, genetic transfection studies also strongly suggest that S1034C, N1042D and D1246Y substitutions in the pfmdr1 conferred increased sensitivity to the arylaminoalcohols. Notably, a single D1246Y mutation had a great effect on the IC50 for both MF and HL and suggested that this amino acid position is directly involved in MF accumulation (Reed et al., 2000). 
Together, the aforementioned studies highlight the evidence for the role of pfmdr1 as a potential key modulator of responses to these drugs. Nevertheless, studies in natural parasite populations seems to indicate that resistance to these drugs is probably due to a complex mechanism whereby different multigenic interactions result in varying levels of resistance. 
I.4.1.3. Artemisinin (ART) and derivatives 
Artemisinins are sesquiterpene trioxane lactones containing an endoperoxide bridge which is essential for antimalarial activity. Artemisinin (ART) was successfully isolated from the plant Artemisia annua in the early 1970’s and has been used in traditional Chinese medicine for the treatment of febrile diseases (Klayman, 1985). Because ART itself has physical properties such as poor bioavailability that limit its effectiveness, semi-synthetic derivatives including artemether (ATM) and artesunate (ATN), have been developed. However, their activity is not long lasting, with significant decreases in effectiveness after one to two hours. To counter this drawback, artemisinins are typically given in combination with other drugs with longer elimination half-lives, such as melfoquine and lumefantrine, in a treatment called artemisinin-based combination therapy (ACT). ACTs were devised to reduce the probability of selecting drug-resistant parasites since, in theory, the components of the combination must have independent mechanisms of action and resistance (White, 1999). ACTs are currently the adopted treatment for malaria throughout the world including, China, Vietnam, Asia and Africa, where they have proved to be safe and effective antimalarial drugs (WHO, 2006).
I.4.1.3.1. ART - Mode of action
The specific mechanism of action of artemisinin is not well understood, and there is ongoing research directed at elucidating it. When intraerythrocytic parasites digest hemoglobin, free haem, an iron-porphyrin complex, is liberated. It is believed that artemisinins exert their antimalarial activity by iron-mediated cleavage of the peroxide bridge in ART, generating short-lived but highly reactive organic free radicals which eventually damage the parasite leading to its death (Cumming et al., 1997). Several studies have investigated the damage that these radicals may induce. For example, Pandey and colleagues have observed inhibition of digestive vacuole cysteine protease activity of malarial parasite by artemisinin (Pandey et al., 1999). These observations were further confirmed by ex vivo experiments showing accumulation of haemoglobin in the parasites treated with artemisinin, suggesting inhibition of haemoglobin degradation. Another study used a yeast model and demonstrated that ART acts on the electron transport chain, generates local reactive oxygen species, and causes the depolarization of the mitochondrial membrane (Li et al., 2005). Additionally, an experiment conducted in a recombinant system (Xenopus laevis oocytes) has shown that artemisinins act by inhibiting the SERCA (sacroplasmic/endoplasmic reticulum Ca2+ ATPase) orthologue (PfATP6), a calcium transporter encoded by a gene denoted Pfatp6 (Eckstein-Ludwig et al., 2003). Other mechanisms of action attributed to artemisinin include inhibition of parasite endocytosis (Hoppe et al., 2004) and modulation of host immune function (Golenser et al., 2006). Recently, ARTs were found to accumulate rapidly in neutral lipid-bodies associated with the food vacuole (Prisciotta et al., 2007). They may associate with haem, where artemisinin may initiate oxidation reactions that damage parasite membranes (Hartwig et al., 2009). 
I.4.1.3.2. ART - Mechanism of resistance 
Malaria control is heavily dependent upon ACTs and vulnerable to the emergence of artemisinin resistance. Alarmingly, recent reports document the first signs of resistance to artemisinin derivatives (ARTs) in P. falciparum on the Thai-Cambodian border, an area where drug-resistant parasites have emerged in the past (Noedl et al., 2008; Dondorp et al 2009).
Little is known about the mechanisms that modulate the susceptibility to these drugs. However, a number of genes have been implicated in potential ARTs resistance, following experimental laboratory studies and field-based genotype-phenotype association surveys on P. falciparum isolates. 
In vivo and in vitro studies demonstrated an association between mdr1 (multi-drug resistance 1) gene increased copy number and a decreased susceptibility to ARTs (Price et al., 2004; Rohrbach et al., 2006; Lim et al., 2009; Rogers et al., 2009), while the disruption of the second mdr1 gene copy led to an increased susceptibility to artemisinin, as well as to other drugs as previously mentioned (Sidhu et al., 2006). SNPs in pfmdr1 may also alter ARTs response. In transfection-based experiments, specific allele changes have been shown to be associated with alterations of in vitro susceptibility to MF, LM, ART, ATN and DHA (Duraisingh et al., 2000; Reed et al., 2000). In vivo pfmdr1 wild-type alleles have been selected in recurrent infections after treatment with lumefantrine-artemether (Sisowath et al., 2007), while the mutant alleles have been associated with recurrent infections after amodiaquine-artesunate treatment (Holmgren at al., 2007).
Another candidate gene that has been associated with parasite response to ART is pfatp6 (Jambou et al., 2005). Uhleman and colleagues show that the inhibitory action of ART on P. falciparum ATPase activity in Xenopus laevis oocytes system can be influenced by site-directed mutagenesis in the gene (L263E) (Uhleman et al., 2005). Additionally, P. falciparum parasites from French Guiana harboring mutant forms of the pfatp6 (S769N) displayed significantly increased IC50s to ARTs, suggesting its role in artemisinin resistance (Jambou et al. 2005). A causal unequivocal association between mutations in this gene and in vivo resistance to artemisinins has not yet been established.
Additionally, a gene encoding a translationally controlled tumour protein (TCTP) was found to be overexpressed in artemisinin-resistant strains selected in the rodent malaria model P. yoelli (Walker et al., 2000) in comparison to the sensitive ones. Nevertheless, the resistant phenotype revealed to be unstable and thus a potential association between TCTP levels and ART resistance remains to be elucidated.  
PfCRT has also been shown to influence the effect of both ART and partner drugs. Transfection of mutant pfcrt resulted in increased susceptibility of ART, DHA and MF (Sidhu et al., 2002). In vivo studies have shown that lumefantrine-artemether treatment selects for K76 (pfcrt wild-type allele) (Sisowath et al., 2009) whereas amodiaquine-artesunate selects for 76T (pfcrt mutant allele) (Holmgren at al., 2007). Selection pressure in these studies is thought to be derived from the partner drug. 
I.5. Plasmodium chabaudi model system
All the experiments described in this thesis were carried out using the rodent malaria parasite, Plasmodium chabaudi chabaudi (termed herein as P. chabaudi). These strains were derived from parasites initially isolated from Thamnomys rutilans (thicket rats) in the Central African Republic (Landau and Chabaud, 1965).  

There are many reasons for using rodent malaria parasites as models for human malaria. 
The most obvious of these is the ease with which the whole life cycle (including the sexual stages in mosquitoes) can be achieved in the laboratory. This is a crucial factor in genetic studies, such as the identification of candidate drug resistance genes involving genetic crosses, which for P. falciparum requires working with chimpanzees or humans as hosts for the infection, a fact which poses serious experimental and ethical problems. 
Additionally, apart from the similarities in basic biology between P. chabaudi and P. falciparum, they share conserved genetics and genome organization, conserved housekeeping genes and biochemical processes, and there is some evidence for conservation of the molecular basis of drug-sensitivity and resistance, which make this malaria parasite a unique resource for investigating the evolution of drug resistance to a number of different drugs. Thus, the main cornerstones of this model are as follows:
i) the availability of a previously generated lineage of cloned mutants resistant to various antimalarial drugs derived by selection from the sensitive cloned isolate, AS (Figure 1.8). The resistant and sensitive clones are thus isogenic, except for the gene(s) determining the resistance. This means that direct associations between phenotype and genotype are possible;
ii) genetic crosses between the above drug resistant mutants of the AS-lineage and a genetically distinct sensitive cloned isolate, AJ; 

iii) identification of selectable loci by Linkage Group Selection (LGS), relying upon the existence of molecular genetic markers which distinguish AS and AJ; 

iv) comprehensive genome sequence databases available for the AS clone (PlasmoDB 6.0) and the updated annotation of P. chabaudi  AS chromosomes by the Wellcome Trust Sanger Institute;
v) recent availability of high throughput genomics tools (Solexa whole genome re-sequencing) which can add important complementary information to the whole model.

[image: image5]
Figure 1.8. AS-lineage of drug resistant P. chabaudi parasites.  
Legend: AS-sens is a drug-sensitive clone which was subjected to passage in mice in the presence of a single dose of PYR (pyrimethamine) and subsequently to multiple passages with increasing sub-lethal doses of chloroquine (CQ), mefloquine (MF), artemisinin (ART) and artesunate (ATN). The resulting surviving parasites were cloned to generate AS-PYR (Walliker et al., 1975), AS-3CQ (Rosario VE, 1976), AS-15CQ, AS-30CQ (Padua, 1981), AS-15MF (Cravo et al., 2003), AS-ART and AS-ATN (Afonso et al., 2006), respectively.  
I.6. Genetic tools to define the determinants of drug resistance in P. chabaudi
I.6.1. Linkage Group Selection (LGS)
The crucial determinants of resistance to pyrimethamine and chloroquine in P. falciparum, pfdhfr and pfcrt, respectively, were identified by classical genetic linkage analysis (Peterson et al., 1988; Fidock et al., 2000). Although, this being the most powerful method to identify genetic mutations involved in drug resistance, the so-called classical approach as above, depended on the labour-intensive generation of a large number of independent recombinant parasite clones and their subsequent genetic and phenotypic characterization. 
Linkage Group Selection (LGS), in turn, overcomes the disadvantages of previous linkage analysis by applying a selective pressure (such as drug treatment) directly to the uncloned progeny en masse of a genetic cross between two parasites of the same species that differ in the relevant phenotype (one sensitive and one resistant to a drug treatment) (Culleton et al., 2005, Carter et al., 2007). Those recombinant parasite progeny carrying alleles of genes conferring a resistance phenotype are mostly likely to survive, whereas those carrying sensitive alleles will be removed from the population (Figure 1.9). Molecular markers from sensitive parent which are closely linked to the selective locus will be decreased in intensity or proportion, in the selected uncloned progeny, forming a ‘selection valley’ around the target locus (Culleton et al., 2005, Carter et al., 2007). These markers can then be sequenced and their positions located on the parasite genome so that the genes to which they are linked can be identified.  LGS has now been validated in uncloned cross progeny selected with pyrimethamine, whose controlling gene, dhfr, is well known (Culleton et al., 2005).  

The underlying concepts of LGS are equivalent to a process of ‘selective sweep’ at a population level in which reduced heterozygosity has been found at loci linked to those under drug selection (dhfr and crt associated with resistance to pyrimethamine and chloroquine, respectively) (Nair et al., 2003; Wootton et al., 2002).
Increased resolution of the locus can be obtained by backcrossing the uncloned drug selected progeny with the sensitive parasite, AJ, thereby increasing, genome-wide, the proportion of sensitive markers in the progeny and then perform LGS again. The decay of the proportion of AS alleles inherited from the resistant parent will occur more rapidly as the distance from the drug resistant locus increases and as a result, the selection valley itself will appear narrower (Carter et al., 2007).

The success of LGS depends upon the large number of genetic markers generated to distinguish the two parental clones as well as the determination of the change in the proportions of alleles in the uncloned cross progeny after drug selection. Previous work has used Amplified Fragment Length Polymorphism (AFLP) to generate numbers of markers throughout the genome of different strains of Plasmodium chabaudi (Grech et al., 2002) and their quantitation in a genetic mixture of parasites (Martinelli et al., 2004). However, this process was found to be poorly sensitive, expensive and time-consuming. Therefore, two conceptually identical methodologies were developed, Proportional sequencing (Hunt et al., 2005) and Pyrosequencing™ (Cheesman et al., 2007), which are based in the quantitative analysis of single nucleotide polymorphisms (SNPs). SNPs between genetically different parental clones occur every ≈200 bp in a genome whose size is about 20 Mb (Cheesman et al., 2007).
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Figure 1.9. Schematic representation of Linkage Group Selection methodology. 
Legend: (A) Two cloned haploid parasites, one resistant (R) and one sensitive (S) to a particular selection pressure (in this case drug pressure), are genetically crossed.  In this example, the locus indicating the gene that confers resistance to the drug pressure is represented by the yellow rectangle. The genome is represented by the coloured bars, while the stars represent dense, genome-wide markers between the two strains. (B) The resulting recombinant progeny population will consist of thousands of parasites, each bearing a random assortment of parental alleles, and also a random assortment of parental markers. (C) This uncloned population is then subjected to drug pressure, and the resulting selected population will consist solely of parasites that possess the resistant allele of the gene that determines the resistant phenotype, and, therefore, any markers linked to this locus will mainly derive from the resistant parent.  
I.6.2. Proportional sequencing

Proportional sequencing measures the proportions of alleles of genes or individual clones containing one or more single nucleotide polymorphisms (SNPs) in parasite mixtures, such as uncloned progeny of genetic crosses.  Briefly, a mixture of alleles differing by SNPs is amplified simultaneously by nested PCR using common primers, and the resulting mixed products are then subjected to traditional fluorescent dideoxy sequencing.  The heights of fluorescent peaks from the electropherogram associated with different nucleotides at the polymorphic sites should give a precise index of the proportion of the corresponding allele in the mixture.  The accuracy and precision of this method was previously confirmed using a set of well-validated mixtures of genetically different malaria parasites and using genes such as pcmdr1, pcdhps and pcdhfr which contain 3, 4 and 6, respectively, polymorphisms between AS and AJ (Hunt et al., 2005). 
I.6.3. Pyrosequencing™ 
Pyrosequencing™, similarly to Proportional sequencing, uses amplified fragments containing the locus of interest. Briefly, it measures the intensity of light emitted when individual nucleotides are incorporated to the growing strand in a sequence-by-synthesis reaction coupled to luciferase (Figure 1.10). The light signal is transformed into a Pyrogram™, which enables the instrument to measure the peak heights at the positions of interest. The addition of nucleotides at polymorphic sites gives a reduced light emission which reflects the proportions of the corresponding allele in the mixture. Unlike Proportional sequencing which requires manual analysis of peak height, Pyrosequencing™ can be done quickly and relatively cheaply once the assays are designed, developed and validated. A genome-wide library of more than 100 Pyrosequencing™ SNP assays distinguishing AS/AJ alleles was previously developed (Cheesman S et al., 2007).
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Figure 1.10. Principle of PyrosequencingTM 
(adapted from www.invitrogen.com).
Legend: pyrosequencingTM, uses a short stretch of DNA sequence containing the relevant SNP for a luciferase-coupled sequencing reaction. A sequencing primer is annealed to a single-stranded biotinylated PCR product and incubated with DNA polymerase, ATP sulfurylase, luciferase and apyrase and the substrates. Nucleotides (colored in blue) are sequentially added one at a time, to the pyrosequencing reaction. When the DNA polymerase incorporates a complementary nucleotide, pyrophosphate (PPi) is released and is quantitatively converted to ATP by sulfurylase. A signal light, proportional to the amount of incorporated nucleotide, is produced by the luciferase-catalyzed reaction in presence of ATP while unincorporated nucleotides are removed by the apyrase, prior to the addition of the next nucleotide. The light signal is transformed into a PyrogramTM, which enables the instrument to measure the peak heights at the position of interest.
I.6.4. Sequencing of candidate genes 
In order to identify the specific gene which is the target of the selection pressure and, subsequently, the mutation responsible for the resistance phenotype, bioinformatics (e.g. function prediction) and sequencing approaches are further required. The nature of genes within the defined locus may propose candidate genes on the basis of their predicted structure, function, expression profile, etc. These genes can then be sequenced and compared between the resistant parents and their sensitive progenitor.  

The identification of strong candidate genes can then be subjected to quantitative analysis of their transcription in drug treated and untreated mice. Furthermore, an early identification of a candidate gene can also lead to the identification of the orthologue in P. falciparum and identification of polymorphisms in this gene from field samples worldwide.
I.6.5. Solexa whole genome re-sequencing
The identification of relevant mutations and/or indels can be easily and rapidly achieved by Solexa whole genome re-sequencing (http://www.illumina.com). Through a robust DNA sequencing-by-synthesis approach, this technology generates over a billion bases of high-quality DNA sequence per run. This approach ensures high accuracy and true base-by-base sequencing, eliminating sequence-context specific errors and enabling sequencing through homopolymers and repetitive sequences. Figure 1.11 represents Solexa sequencing technology overview. Briefly, genomic DNA is first fragmented and immobilised on a planar, optically transparent surface. Adapters are linked to the immobilized DNA fragments which are subsequently extended and bridge amplified, generating several millions of clusters of double-stranded DNA in each channel of the flow cell. Then, these clusters are sequenced using a four-color DNA sequencing-by-synthesis technology that employs reversible terminators with removable fluorescent dyes. High-sensitivity fluorescence detection is achieved using laser excitation and total internal reflection optics. Fragments of 36 bp single reads generate 1 Giga base (40x Plasmodium genome) in one experimental run. After multiple chemistry cycles, sequence reads are aligned against the reference sequence genome, AS-WTSI, from the Wellcome Trust Sanger Institute and mapped by using the MAQ software, as described in http://maq.sourceforge.net/. This defines a list of candidate SNPs and areas of low coverage that are subsequently, filtered using custom-made scripts. The mutation(s) identified are further validated by dideoxy sequencing.  Areas of low coverage are defined based upon the average coverage of the resistant clone when compared to the sensitive progenitor enabling the identification of potential indels (insertions/deletions).
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Figure 1.11. Solexa sequencing technology (adapted from http://www.illumina.com).
Legend: see text for explanation of genome sequencing strategy.
I.6.6. Genetics and genomics strategies contribute to rapid gene identification
The integration of the above resources allows mapping areas of the genome under drug selection by Linkage Group Selection (LGS) (Culleton et al., 2005), using genome wide quantitative SNP markers (Pyrosequencing™) and applies second-generation sequencing to identify unambiguously the critical mutations. As a result, the identification of candidate genes conferring drug resistance in a lineage of P. chabaudi malaria parasites can be achieved with relative ease and speed, without any prior knowledge of the mode of action and, importantly, before resistance is detected in the field. 
I.7. Contribution of the P. chabaudi model for the genetics of drug resistance
Plasmodium chabaudi has proved to be a tractable genetic model for malaria. For instance, a point mutation in dhfr gene and amplification of mdr1 gene were demonstrated to underlie, respectively, pyrimethamine and mefloquine resistance (Hayton et al., 2002; Cravo et al., 2003). These are orthologues of genes linked with pyrimethamine and mefloquine resistance in P. falciparum. 

Conversely, chloroquine resistance is not linked to orthologues of the P. falciparum crt and mdr1 genes (Hunt et al., 2004a), and further identified, by classical linkage, a locus within a 250 kb interval on chromosome 11, associated with low level of chloroquine resistance (Carlton et al., 1998; Hunt et al., 2004b).

Stable resistance to artemisinin and artesunate has also been generated in this rodent model, but no mutations nor amplification were found in any of the P. falciparum candidate genes (mdr1, atp6, tctp, crt) (Afonso et al., 2006). Further work on the genetic analysis of artemisinin selection upon the progeny of a cross between the artemisinin-resistant clone AS-ART and a sensitive clone, identified a mutation in a gene encoding a deubiquitinating enzyme (UBP1) (Hunt et al., 2007) as the possible determinant of the ART resistance phenotype.
I.7.1. Mefloquine resistance in P. chabaudi
In the context of the present work, a stable P. chabaudi clone resistant to mefloquine (AS-15MF) was previously selected from a sensitive clone by increasing mefloquine pressure (Cravo et al., 2003). No mutations were found in mdr1 gene in AS-15MF comparing to its sensitive counterpart. However, a ≈400 kb portion containing a cluster of genes, including mdr1, was found be duplicated in the resistant clone with one copy translocating from chromosome 12 to chromosome 4, producing a novel-sized hybrid chromosome (termed chromosome 4/12) (Figure 1.12). This duplication event was accompanied by increased mRNA levels of mdr1 (Cravo et al., 2003). A genetic cross, subsequently, performed between the AS-15MF and the unrelated sensitive clone AJ, termed AS-15MF x AJ (Cravo et al., 2003), showed that all progeny containing the duplication of mdr1 was resistant, whereas all sensitive clones harboured a single copy of this gene. However, not all mefloquine-resistant progeny had the mdr1 duplicated, suggesting that other(s) gene(s) may be involved in the mefloquine resistance phenotype. 


[image: image7]
Figure 1.12. Partial chromosome map of mefloquine-resistant parasites, AS-15MF.

Legend: Figure shows the duplication and translocation of a ≈400 kb fragment from chromosome (Chr) 12 to chromosome (Chr) 4/12 (diagonal pattern) containing the mdr1 gene, amongst others. 
I.8. Aims 
The main aim of this work is to investigate the genetic basis of multiple drug resistance in a mefloquine-resistant rodent malaria parasite (Plasmodium chabaudi AS-15MF), using two innovative and powerful genetics and genomics resources (Linkage Group Selection and Solexa whole genome re-sequencing, respectively). The specific objectives are as follows:

· To characterize the phenotypic responses of the mefloquine-resistant clone, AS-15MF, to chloroquine, lumefantrine and artemisinin, in order to infer potential patterns of cross-resistance.
· To optimize mefloquine concentrations in order to obtain optimum selection of the progeny of genetic crosses.
· To perform a genetic backcross between a mefloquine-resistant mutant, AS-15MF, and a genetically distinct sensitive clone, AJ, and further analyse the signatures of selection upon the progeny of that cross after chloroquine, mefloquine, lumefantrine and artemisinin treatment, using LGS. 
· To define the critical genome-wide changes in the mefloquine-resistant clone AS-15MF, using Solexa whole genome re-sequencing, and associate them with corresponding signatures of selection obtained through the LGS analysis of the backcross.

· To confirm and investigate further point mutations, copy number variation and insertion/deletion mutations (indels) identified in AS-15MF.
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II.1. Mouse strains 

The vertebrate hosts for P. chabaudi infections were mice (Mus musculus) supplied by University of Edinburgh or Institute of Hygiene and Tropical Medicine, Lisbon. Four- to six-week-old female CD1 or CBA-inbred mice were used for parasite drug tests and six- to eight-week-old C57BL/6 were used for parasite transmission through mosquitoes. They were provided ad libitum access to 41B mouse maintenance diet (Harlan-Teklad, UK) and drinking water supplemented with 0.05% paraminobenzoic acid (PABA) to enhance parasite growth (Jacobs RL, 1964). Mice were housed in polypropylene cages with sawdust bedding and maintained at a room temperature of 24 ( 2(C with a 12-hour light/12-hour dark cycle. 
II.2. Mosquitoes

The invertebrate hosts for P. chabaudi infections were Anopheles stephensi mosquitoes maintained in a temperature and humidity controlled insectary (24-25ºC, 50-60% humidity), with a 12-hour light/12-hour dark cycle. They were kept on 10% glucose (Sigma) and 0.05% PABA (Sigma) -supplemented water solution. Stock mosquitoes also received bi-weekly rat-blood feeds, essential for the production of eggs. 
II.3. Parasites
The parasites used were derived from two cloned isolates of Plasmodium chabaudi chabaudi (termed herein as P. chabaudi), AS and AJ, originally isolated from wild-caught Thamnomys rutilans thicket rats from the Central African Republic (Landau and Chabaud, 1965).  The AS parasites comprise a lineage of drug resistant clones derived from AS-sens.  The AJ parasite is a genetically distinct drug-sensitive parasite used for mapping loci underlying resistance, following genetic crosses.  In addition, previously cloned or uncloned recombinant progeny of a genetic cross between the mefloquine-resistant clone, AS-15MF, and AJ (termed AS-15MF x AJ) (Cravo et al., 2003) were also used. Table 2.1 shows the parasites used in this work.
Table 2.1. P. chabaudi parasites used in the present work. Legend: PYR – pyrimethamine; CQ – chloroquine; MF – mefloquine; uncloned progeny refers to a population of recombinant and parental clones from genetic crosses, analysed here using LGS.
	Clones
	Drug responses

	AJ
	Drug sensitive

	AS-sens
	Drug sensitive

	AS-PYR
	Derived from AS-sens; resistant to 
PYR at 20 mg/kg, 4 days



	AS-3CQ
	Derived from AS-pyr; resistant to 

CQ at 3 mg/kg, 6 days



	AS-15CQ
	Derived from AS-3CQ; resistant to 
CQ at 5 mg/kg, 6 days



	AS-30CQ
	Derived from AS-15CQ; resistant to 
CQ at 30 mg/kg, 6 days



	AS-15MF
	Derived from AS-15CQ; resistant to 
MF at 5 mg/kg, 4 days

	Progeny of AS-15MF x AJ cross

	16 progeny clones
	

	388/12
	MF

Sensitive

	411/8
	

	440/9
	

	449/9
	

	450/8
	

	453/6
	

	396/11
	MF

low resistant


	441/11
	

	1016/11
	

	440/8
440/5
	MF

high resistant


	442/9
	

	638/4
	

	640/14
	

	644/13

731/12
	

	Uncloned progeny
	mixture


II.3.1. Routine maintenance of parasites

All parasite clones were available as cryopreserved samples, deep-frozen in liquid nitrogen. To establish new infections, these samples were thawed in ice and inoculated intraperitoneally into mice. 

Parasites were maintained in laboratory mice by the collection of parasitised red blood cells from the tail vein of infected mice, and their inoculation into uninfected mice in suspension in citrate saline solution [Appendix 1]. 

When necessary, infected blood was cryopreserved according to the following procedure: mice were anaesthetised by halothane and bled from the brachial artery. Blood was collected into a tube containing citrate saline (2-3 times the volume of blood). The red cell suspension was centrifuged at 3000 rpm for 5 minutes after which the red cell pellet was mixed with 2.5 times of deep-freeze solution [Appendix 1]. This mixture was then aliquoted into ampoules and deep-frozen in liquid nitrogen. 

II.3.2. Determination of Parasitaemias (P)
Thin blood smears were prepared from blood collected of tail veins of infected mice, at day 4 post-inoculation and daily therein. Smears were fixed with pure methanol (Pronalab), stained with 20% Giemsa solution for 30 minutes and then were left to air-dry. Percentage parasitaemias (P) were then ascertained, using a light stage microscope (100x objective lens, oil immersion), by counting the number of infected red blood cells (iRBCs) in five microscope fields, and dividing by the total number of blood cells in the same fields and multiplying by 100, according to the following equation: 

Parasitaemia (P) (%)
=
(No. of iRBCs in 5 fields / Total No RBCs in 5 fields) X 100

Infected red blood cells were identified as those containing trophozoites or schizonts, which stain purple with Giemsa solution.

II.3.3. Determination of Parasite Density (PD)
Parasite density consists in the absolute numbers of parasites per volume (μl) of mouse blood. Initially, 5 μl of tail blood of each donor mouse were collected, diluted in 145 μl of citrate saline and the erythrocyte densities (ED) were measured by flow cytometry (Beckman Coulter). Parasite density (PD) was then determined by multiplying the parasitaemia (P) recorded by thin blood smear against the numbers of red blood cells per volume of blood (ED), as follows: 

Parasite density (PD) 
=
(ED x P) / 100
II.3.4. Parasite preparation for DNA extraction
DNA was either obtained from small volumes of blood (20 μl) taken from tail bleeds (small scale), or from large volumes obtained by exsanguination under anaesthetic and, usually, pooled from multiple mice (large scale).

II.3.4.1. Parasite preparation (small scale)
A 20-(l sample of infected blood (tail bleed) was collected from each infected mouse using a glass capillary. This was immediately placed in an eppendorf tube containing 100 (l of PBS, spun down in a microcentrifuge at 10.000 rpm for 1 minute, and the supernatant was removed. The resulting pellet was re-suspended with an excess of PBS, centrifuged and the supernatant discarded. The cells were lysed by adding 100 μl of 0.15% saponin (pre-warmed to room temperature) and mixed gently, after which 100 μl of PBS were immediately added to stop the lysis. The parasite pellet was then washed in PBS, spun down and finally re-suspended in 200 μl of PBS to further extract DNA by High Pure PCR template preparation kit (Roche Diagnostics) (section II.4.1).
II.3.4.2. Parasite preparation (large scale)
Blood from parasitized mice was harvested and pooled into citrate saline for DNA extraction (large scale) by phenol-chlorophorm, after severing the brachial artery. Blood was then passed twice through 5 ml columns of powdered cellulose (CF11, Sigma) (Homewood CA and Neame KD, 1976) and, subsequently, twice through Plasmodipur™ filters (Euro-Diagnostica) in order to remove mouse leukocytes (Homewood and Neame, 1976). The filtrate was then centrifuged at 3000 rpm for 5 minutes and the supernatant removed, leaving a pellet of packed red blood cells. This pellet was re-suspended in two volumes of 0.15% saponin in PBS to lyse the cells. When the lysate turned into a dark burgundy colour (as haemoglobin is released from the red blood cell), an excess of PBS was added immediately to prevent parasite lysis. This solution was then centrifuged at 4000 rpm for 5 minutes and washed twice in PBS. Supernatant was discarded and pellets stored at -70ºC or preferably used immediately for DNA extraction (section II.4.2). A thick blood smear was taken in order to confirm the absence of host cells. 

II.4. DNA manipulation
II.4.1. DNA extraction (small scale)  
The parasite pellet (re-suspended in 200 μl of PBS), obtained in section II.3.4.1, was subjected to DNA extraction by using a High Pure PCR template preparation kit (Roche Diagnostics), following the manufacturers handbook protocol. DNA was, subsequently, eluted in 200 μl of pre-warmed Elution Buffer.
II.4.2. DNA extraction (large scale) and precipitation
Fresh or frozen parasite pellets, obtained in section II.3.4.2, were carefully and completely re-suspended in 2 to 5 volumes of parasite lysis buffer [Appendix 1] with 0.125 mg/ml Proteinase K. This suspension was incubated at 37ºC overnight.

An equal volume of phenol (Ambion) pH 7.9, equilibrated with TE buffer [Appendix 1], was added, mixed well for 2 minutes and centrifuged at 5000 rpm for 3 minutes. The upper aqueous layer was transferred to a fresh tube and an equal volume of phenol/chloroform mixture (1:1) (Ambion) pH 7.9 (equilibrated with TE buffer) was added and treated as above (mix, centrifuge, and transfer top aqueous phase).  This step was repeated until no protein was visible at the interface. Subsequently, an equal volume of chloroform (Ambion) was added to the pooled aqueous layers in order to remove phenol, and the mixture was centrifuged as before and the upper aqueous layer was transferred to a fresh tube. This procedure was repeated to completely remove phenol from the aqueous phase. In order to remove RNA through enzymatic digestion, a volume of 1 μl of RNaseH 1,5U/ul (Promega) was added per 100 μl of aqueous phase and incubated at 37ºC for 10 minutes. 
After RNAse treatment, DNA was precipitated by adding 1/9 volume of 3M sodium acetate (pH 5.2), and 2 volumes (DNA + sodium acetate) of ice-cold absolute ethanol and placing the tube on ice for 30 minutes. The tube was then spun down for 30 minutes (at maximum speed) and the ethanol mixture was removed carefully. DNA precipitate was washed twice in 70% (pre-cooled) ethanol, mixed gently, centrifuged at 12000 rpm for 1 minute and left to dry in the air. The pellet was finally re-suspended in TE buffer, whose volume used depended on the quantity of DNA expected, and left at 37ºC for 10 minutes. 

DNA concentration was measured in a Qubit™ fluorometer using Quant-iT™ dsDNA assay Kit (Invitrogen). DNA samples were then stored at -20ºC.

II.4.3. Amplification of DNA by PCR reactions
PCR reactions were performed in a 50 (l reaction mixture containing 1X Green GoTaq® Flexi Buffer (Promega), 1.5 mM MgCl2 solution (Promega), 0.2 mM deoxynucleoside triphosphates (Promega), 0.2 μM of each primer and 0.025 u/μl GoTaq® DNA polymerase (Promega). A volume of extracted DNA was added to the reaction (between 1 and 5 (l) depending on its concentration. For nested PCR, 1 (l of the resulting PCR product was used as template in inner reaction. A negative control (non template) was included with each set of reactions. If an amplified product was generated in a negative control, all samples within this set were discarded. PCR reactions were carried out using a UNO-Thermoblock machine (Biometra), and the PCR conditions as well as the primers sequences used are described in each appropriate section. 

PCR products were then visualised by agarose gel (1.5%) electrophoresis in 1X TBE buffer [Appendix 1] stained with 5μl SafeView Nucleic Acid Stain (NBS Biologicals) per 200 ml agarose gel. 

Amplified products were purified when required, using the QIAquick® PCR Purification Kit (QIAGEN), following the manufacturer’s instructions. 
II.4.4. Sequencing reactions 
Purified PCR products were sequenced, in the forward and/or reverse directions, by dideoxy sequencing either by STAB VIDA services (http://www.stabvida.com/frontpage/por/index.php) or in-house, using an ABI Prism® Big Dye™ Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems). The latter involved the preparations of sequencing reactions to a final volume of 10(l, containing 4(l Big Dye Terminator v3.1 cycle sequencing RR-100, 0.2 (l primer forward or reverse (3 (M), 4 (l PCR product and 1.8 (l sterile distilled water. PCR sequencing conditions were as follows:  
	Step 


	Temperature

(ºC)
	Time 

(sec)
	Cycles

        

	1
	96
	120                          
	1

	2
	96
	30
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II.4.5. Analysis of sequenced products
Sequencing products were analysed by CHROMAS version 2.13 (Technelysium) which allows the visualization of the chromotograms associated to each DNA sequence. Sequences were aligned, when required, using the Multalin interface page (Corpet et al., 1988). 
II.4.6. Proportional sequencing
Briefly, proportional sequencing allows the estimation of the proportions of alleles of a polymorphic gene in a mixture by measuring the peak heights in the DNA sequence chromatogram which correspond with the nucleotides at the polymorphic positions under study (Hunt et al., 2005). Here, two polymorphic genes were used, pcdhps and pcmdr1.
Fragments containing target SNPs were amplified in a nested PCR reaction (as described in section II.4.3). The thermal cycling protocol was the same for both rounds (Table 2.2). Purified PCR products were sequenced, using inner primers, and resulting products were analyzed using CHROMAS (as described in section II.4.4 and II.4.5). The height of the individual fluorescent peaks at each gene’s polymorphic position was measured and, subsequently, the relative proportions of each allele in the mixture determined. 

Table 2.2. Primers sequences and PCR conditions used to amplify pcdhps gene in a nested PCR reaction. Legend: Bp-base pair, min-minutes.
	Gene         Primers
	               Sequence
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AS-15MF  TGGATCTTCCCGTTTGATTGAGTTTGTTAATATTTCCATGATTCGATTTT

chr12  TGGATCTTCCCGTTTGATTGAGTTTGTTAATATTTCCATGATTCGATTTT

                   Forward              CTTTTGTTTCTCATAATCCAG
      
                   Reverse                 TTCTTTGCAAAACCTAAAC



	[image: image45.emf]1.696 kb

Chr12 Chr4

799 kb

0

Chr12

Chr4/12

AS-15MF

0

AS-3CQ

392 kb

1.696 kb

0

0

1.191 kb

Duplication

+

Translocation

MF selection

12F

12R1

12R2

04F

799 kb

392 kb

mdr1

392 kb

mdr1

mdr1

Chr12 Chr4

799 kb

0

Chr12

Chr4/12

AS-15MF

0

AS-3CQ

392 kb

1.696 kb

0

0

1.191 kb

Duplication

+

Translocation

MF selection

12F

12R1

12R2

04F

799 kb

392 kb

mdr1

392 kb

mdr1

mdr1

[image: image46.png]* %

* %

* K

L & S G
* %

Lo S

* +

*

)

DRUG PRESSURE

=

*k * K




[image: image47.png]Cl (AJ)

10,000

1,000

0,100

0,010

0,001

mdr1 mdr1

e e “ﬁ:@g?@%ﬁ%

—0—Chloroquine (3mg/kg)
—e— Mefloquine (4mg/kg)
%Artemisinin (50mg/kg)

—o—Chloroquine mdr1
—o—Mefloquine mdr1

. i —A—Artemisinin mdr1
P. chabaudi chromosomes :

12 3 45 6 7 8 9 10 1 12 13 14

5000 10000 15000 20000

Genome Position (Kb)



                   Outer  

                Forward             CGGAGATAAAAAAGATGGATGC
      
                  Reverse              GTTTTTGACCACCTGATAAGC                                                 



      Inner

                 Forward            TAAGAGATGAAGGTGGTATAAG
      
                                              ATTGGTTCTTGGTTAACTATCG




II.5. Antimalarial drugs: preparation and administration
Chloroquine was obtained from Sigma-Aldrich. Mefloquine hydrochloride powder was purchased from Roche Pharmaceuticals. Lumefantrine was a personal gift from Steve Ward (Liverpool School of Tropical Medicine). Artemisinin was acquired as a gift from Dafra pharma (Eeerse, Belgium).
Drugs were made up as solutions in pure dimethylsulfoxide (DMSO), except for chloroquine which was diluted in distilled water, and were kept at room temperature during the drugging days, apart from artemisinin which was freshly prepared, prior to administration. All drugs were administered orally to mice by gavage, using an appropriate metal catheter adapted to a 1 ml syringe. Drug doses were expressed as milligrams of drug per kilogram of mouse body weight (mg/kg). All drugs were diluted to a concentration such that the amount of drug corresponding to the desired dose was present in 0.1 ml when given to a mouse weighing 20 g. At the time of drugging, mice were individually weighed so that the amount of drug given could be adjusted accurately to each mouse to within the nearest 5 μl. 
II.6. Tests for drugs response
In order to characterize drug responses, P. chabaudi clones (AS-15MF, AS-3CQ and AJ) were exposed to chloroquine (CQ), mefloquine (MF), lumefantrine (LM) and artemisinin (ART) and treatment. Thus, for each clone, groups of mice were each inoculated intraperitoneally with 1x106 parasites (day 0). Chloroquine at 3 mg/kg/day, mefloquine at 4 mg/kg/day or 6 mg/kg/day, lumefantrine at 3 mg/kg/day and artemisinin at 50 mg/kg/day or 100 mg/kg/day were given to “treated” groups, daily from day 1, for a total of 3 days. An undrugged control group was included, and given DMSO, or water only, by gavage. Daily blood smears were taken from day 4 onwards (up to day 20) and parasitaemias were determined. Infections were terminated after peak parasitaemia or by day 20 post-infection.

II.7. Experiments with mixed infections (AS-15MF + AJ)
II.7.1. Preparation of the mixed infection for optimization of MF doses
Genetic analysis by LGS (see section II.9, below) requires the use of a drug dose which inhibits the growth of sensitive parasites but allows growth of resistant parasites. Thus, in order to estimate an optimum dose of mefloquine to be used for posterior selection of cross progeny, single-clone infections of AS-15MF and AJ were initially grown individually in donor mice. At day 5-8 post infection, depending upon growth of parasites, parasite densities were calculated for both infections and an inoculum of 1 x 106 parasites was prepared for individual parasites and 50:50 mixtures. Groups of 4 mice were then used to determine the effect of  drug doses (0, 2, 4 and 6 mg kg/day of MF for 3 days) on 3 infections (AS-15MF, AJ and AS-15MF + AJ 50:50 mixture). Blood samples were taken from all the infected mice from day 4 post-inoculation. Subsequently, parasite growth was monitored and the parasite proportions measured in the mixed infection by proportional sequencing of the pcdhps gene (section II.4.6). 

II.7.2. Preparation of the mixed infection for the genetic backcross 
Initially, the uncloned progeny of the AS-15MF x AJ cross previously generated (Cravo P et al., 2003), was removed from liquid nitrogen as deep frozen samples and inoculated into two donor mice. An inoculum containing 1x106 parasites was then prepared from these mice and given to two groups of five mice, one of which was treated with 4 mg/kg/day of mefloquine for 3 days and the other, left untreated (control). The resulting surviving parasites were used to be further backcrossed with AJ, as follows: the uncloned progeny of the AS-15MF x AJ cross, selected with mefloquine, as well as AJ, were initially grown individually in donor mice. A volume of blood containing known parasite numbers of each parental clone was then extracted from each mouse’s tail, through collection in glass capillaries. Blood was then mixed together so that the inoculum contained equal proportions of the two parental parasites (a 50:50 mixture). This mixture was administered intraperitoneally to five mice, such that each mouse received a total of   1 x 106 (0.5 x 106 of each parent). Inoculums of each parental were also injected in individual mice as a control of the infection. In order to increase gametocyte production, red blood cell production was stimulated by administration of mouse erythropoietin (EPO) from (Sigma). A volume of 100 μl of EPO (1μg/ml) was injected intraperitoneally to each mouse for 5 days, starting two days prior to parasite inoculum.  All mice were monitored for the presence of gametocytes, six days post-inoculation, by blood-smear microscopy.

II.8. Genetic AS-15MF x AJ backcross 
Mosquito cages were set up for the genetic cross, each containing approximately 200 female Anopheles stephensi mosquitoes, 5-7 days post-emergence from pupae. Glucose/PABA solution was removed from cages 24 hours prior to mosquito feeds. On day 6 post infection, mice with either mixed or single infections were anaesthetized each with 0.05 ml of a solution containing 1 Rompum 2% w.v. (BAYER): 2 vetalar 100mg/ml (ketamin) (PFIZER): 3H2O, and laid on the top of a mosquito cage for 30 minutes. After 4 days mosquitoes were further fed on uninfected mice (‘boost’ feed) in order to provide nutrient and, consequently, allow the progression of the parasite life cycle (Ferguson et al., 2005). Ten mosquitoes from each cage were dissected on day 8 post-feed, and their midguts were examined for the presence of oocysts. After completion of the sporogonic cycle, between day 14-16 post blood-feed, sporozoites were collected from salivary glands of infected mosquitoes and placed in a glass tube containing 1:1 FCS (fetal calf serum) (Invitrogen) : Ringer’s Solution [Appendix 1]. The glands were then gently disrupted using a pestle and mortar to release the sporozoites. This suspension was kept on ice, and injected intraperitoneally into uninfected mice in 100 μl aliquots. After 5 days, thin blood smears were taken daily from each mouse to confirm the propagation of the sporozoite-induced infection. 

II.9. Selection of AS-15MF x AJ backcross progeny (LGS)
When the sporozoite-induced infections reached parasitaemias of approximately 20%, parasites were harvested, pooled and used for two independent LGS experiments, denoted herein selection 1 and 2. Thus, 1x106 parasites were inoculated into mice in groups of five, which were either treated with drug or left untreated. These groups provided the material for the comparison of the proportion of markers between the drug treated and the untreated parasite populations. In selection 1, mice were treated for 3 days with CQ (3 mg/kg/day), MF (4 mg/kg/day) or ART (50 mg/kg/day). In selection 2, a dose of 6 mg/kg/day of MF, 3 mg/kg/day of LM and 100 mg/kg/day of ART were given to mice as a 3-day-treatment. Both the drug-treated and the untreated blood-stage cross progeny were allowed to progress until parasitaemias reached 30%-40% (untreated groups) and 15%-20% (treated groups), at which point the blood was harvested, and parasite DNA was extracted. 
II.10. Pyrosequencing™ 
II.10.1. Amplification of DNA by PCR
DNA samples obtained above from the treated and untreated groups were analysed using genome-wide quantitative Pyrosequencing™ (Cheesman S et al., 2007) markers. A genome-wide library of more than 100 Pyrosequencing™ SNP assays distinguishing AS/AJ alleles was previously developed using Pyrosequencing™ Assay Design Software version 1.0.6 (Biotage AB). This defines two oligonucleotides as PCR primers (one is biotinylated) and a sequencing primer near to the SNP. Primer sequences for each assay are described in Appendix 2. Pyrosequencing™ assays were conducted according to the manufacturer’s protocols (Biotage), using a PSQ™ HS-96A instrument, as described in Cheesman S et al., 2007. 
Assays were carried out, initially, by amplifying each individual locus using 1 μl template DNA in a 50 μl PCR reaction, containing 1X Green GoTaq® Flexi Buffer (Promega), 1.5 mM MgCl2 Solution (Promega), 0.2 mM deoxynucleoside triphosphates (Promega), 0.2 μM of each primer and 0.025 u/μl GoTaq® DNA polymerase (Promega). PCR amplification was carried out using the following conditions:
	Step 


	Temperature

(ºC)
	Time 

(secs)
	Cycles



	1
	95
	180  
	

	2
	48
	60
	1

	3
	65
	60
	

	4
	94
	60
	 

	5
	50
	30
	38

	6
	65
	30
	

	7
	65
	120
	             1


The generation of PCR products was confirmed by the visualization in a 1.5% agarose gel in 1X TBE solution stained with SafeView Nucleic Acid Stain. Samples producing single amplicons with the predicted length were subsequently used for Pyrosequencing™ analysis. 
II.10.2. Pyrosequencing™ assays
Briefly, for each reaction, a 96-well PCR plate (Plate 1) was set up containing 10 μl of PCR product, 38 μl of Binding Buffer (Biotage), 30 μl of high purity Milli-Q water (Millipore) and 2 μl of Streptavidin Sepharose™ High Performance beads (GE Healthcare). A negative control for each locus was included to confirm that no DNA contamination had occurred. Plate 1 was placed on a shaker and mixed horizontally to facilitate the binding of the biotinylated PCR product to the streptavidin beads. Streptavidin bound PCR product were captured by suction filtration onto the probes of the Pyrosequencing™ Vacuum Prep Tool (Biotage) and washed in a 70% ethanol bath for 5 seconds. The remaining non-biotinylated DNA strand was removed from the amplicons by immersing for 5 seconds in a denaturation solution containing 0.2M Sodium hydroxide, followed by 5 seconds in Washing Buffer (Biotage), making sure to vacuum dry the immobilised products for a final 5 seconds. 
A Pyrosequencing™ instrument-specific 96-well plate (Biotage) (Plate 2) previously prepared with 11.5 μl of Annealing Buffer (Biotage) and 0.5 μl of sequencing primer in each well was placed beneath the Pyrosequencing™ Vacuum Prep Tool. At this point, the vacuum was switched off and the immobilised biotinylated single-stranded PCR product was transferred into Plate 2 wells. The annealing with the sequencing primers occurred by heating this plate for 2 minutes at 80ºC, followed by cooling to room temperature. Plate 2 was then analysed on the PSQ™ HS-96A instrument using the commercially available Pyro Gold reagents (enzyme, substrate and nucleotides) (Biotage). The instrument software performs a post-analysis quality control checks.

For this study, ≈80 SNP markers were analysed using replicates of Pyrosequencing™ runs conducted on different days and plates from replicate PCR products for the same assay. A negative control (non template) was also included with each set of reactions. The comparative index (CI) was calculated for each marker. CI is a measure of the proportion of markers from the sensitive parent (AJ) in the treated parasite populations relative to the untreated populations (Culleton R et al. 2005).
II.11. Solexa whole genome re-sequencing 
The mefloquine-resistant clone, AS-15MF, was re-sequenced by Solexa whole genome re-sequencing (http://www.illumina.com) in order to identify mutations occurring during the evolution of mefloquine resistance. This involved identification of candidate point mutations and indels (insertions/deletions). Candidate mutations were further analysed by PCR amplification and dideoxy sequencing, as described in Results chapter.
Initially, blood from AS-15MF infected mice was harvested and parasite DNA extracted, as described in sections II.3.4.2 and II.4.2, respectively.  A high-purity DNA sample (5-10 mg) was then sequenced by The GenePool sequencing services from The University of Edinburgh (http://genepool.bio.ed.ac.uk/illumina/index.html) through a robust DNA sequencing-by-synthesis approach to generate 36 bp single-end reads. Briefly, genomic DNA is first fragmented and immobilised on a planar, optically transparent surface. Adapters are linked to the immobilized DNA fragments which are subsequently extended and amplified, generating several millions of ‘clusters’ of clonal double-stranded DNA. These clusters are sequenced using a four-color DNA sequencing-by-synthesis technology that employs reversible terminators with removable fluorescent dyes. High-sensitivity fluorescence detection is achieved using laser excitation and total internal reflection optics. After multiple chemistry cycles, sequence reads were aligned against the reference sequence genome, AS-WTSI, from the Wellcome Trust Sanger Institute and mapped using the MAQ software, as described in http://maq.sourceforge.net/. This defines a list of candidate SNPs that are, subsequently, filtered using custom-made scripts and compared with the sensitive AS-sens. Mutation(s) identified by Solexa were confirmed by dideoxy sequencing.  

Areas of low coverage were also defined in AS-15MF by fold-coverage analysis of Solexa single-end reads in comparison with the sensitive progenitor AS-sens in order to identify potential indels (insertions/ deletions) unique to the mutant clone.


The results are presented, in five chapters (III-VII), each with a corresponding discussion, as follows: 

· Chapter III characterises the phenotypic responses of the mefloquine-resistant clone, AS-15MF, to several antimalarial drugs as chloroquine, lumefantrine and artemisinin. 

· Chapter IV describes the results of experiments designed to determine the optimum drug regimen for the selection of mefloquine-resistant parasites from a mixture containing both sensitive and resistant parasites. These experiments involved the use of a quantitative technique (proportional sequencing) for following the fate of single clones in mixed infections. 

· Chapter V investigates the genetic basis of drug resistant phenotypes characterised in Chapter III using LGS experiment on the uncloned recombinant progeny of a backross performed here between the existing AS-15MFxAJ progeny and the drug-sensitive cloned strain AJ. The resulting surviving parasites were then analysed using genome-wide quantitative genetic markers by Pyrosequencing™.

· Chapter VI defines the critical genome-wide changes in the resistant clone AS-15MF, using Solexa whole genome re-sequencing and associates them with corresponding signatures of selection obtained through the LGS analysis of the backcross. 

· Chapter VII investigates the role of a mutation (identified by Solexa) in a gene encoding a lysine decarboxylase in mefloquine resistance phenotype. 


III.1. Overall procedure
The P. chabaudi AS-15MF clone is a mefloquine-resistant parasite, which was originally selected by increasing mefloquine pressure, from parasites already resistant to intermediate levels of chloroquine (Cravo et al., 2003). This clone was phenotypically tested here in order to characterize drug responses and infer potential patterns of cross-resistance. Thus AS-15MF, its sensitive progenitor AS-3CQ, and AJ were exposed to chloroquine, mefloquine, lumefantrine, artemisinin in vivo, as described in Figure 3.1. AJ is the genetic distinct sensitive clone subsequently used in genetic crosses.  Parasitaemias (%) from treated and untreated mice were monitored from day 4 post-inoculation onwards up to day 20. Results are depicted in Figure 3.2 A-F.
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Figure 3.1. Experimental groups used in tests for drugs response. 

Legend: each group was subjected to oral drug treatment for 3 days, starting from day one post-inoculation. Infections were monitored by thin blood smears from day 4 post-inoculation. All experiments included a control group consisting of 3 untreated mice, some of which were used as controls of more than one drug test.

III.2. Results
In the absence of drug, the three clones grew normally in mice (Figure 3.2 A-F), as expected, with peak parasitaemias occurring at around day 7 post-inoculation (pi). 

Under a low dose of chloroquine (3 mg/kg) (Figure 3.2 A), both AS-3CQ and AS-15MF reached a peak parasitaemia of 17% and 9%, respectively, on day 9 pi, while AJ peaked later (8%), at day 12. These results confirm that AS-15MF retains chloroquine-resistance from AS-3CQ.  

Following MF treatment, 4 mg/kg and 6 mg/kg, (Figures 3.2 B and C, respectively), sensitive parasites AJ and AS-3CQ, were eliminated showing only a slight recrudescence (<3%) from about day 12 pi. In contrast, AS-15MF reached peak parasitaemias of about 35% on day 7 pi under 4 mg/kg of MF (Figure 3.2 A) and 10% on day 9 pi under 6 mg/kg of MF (Figure 3.2  C). These observations thus corroborate the mefloquine resistance phenotype of AS-15MF relative to AS-3CQ and AJ.

Under lumefantrine treatment (3mg/kg) (Figure 3.2 D), peak parasitaemia of 10% was attained by day 10 pi for AS-15MF, in contrast with AJ and AS-3CQ which underwent recrudescence (<3%) later than day 14 pi. 

For ART, in presence of the lower dose of 50 mg/kg (Figure 3.2 E), a peak parasitaemia (30%) was reached by day 7 pi for AS-15MF, while AJ and AS-3CQ peaked at 10% by day 11 and 9, respectively. In response to the higher dose of ART (100mg/kg) (Figure 3.2 F), AS-15MF showed recrudescence on day 8 reaching a peak parasitaemia on day 15, whilst AJ and AS-3CQ were totally eliminated. As expected, this dose was more efficient at eliminating the sensitive parasites than 50 mg/kg.
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Figure 3.2. Graphical representation of the parasitaemias (%) of AS-15MF, AS-3CQ and AJ infections, under 3-day drug treatment and in the absence of drug (‘untreated’). 

Legend: data points represent the mean of four mice, with standard deviations indicated. (A) 3 mg/kg/day of chloroquine (CQ); (B) 4 mg/kg/day of mefloquine (MF); (C) 6 mg/kg/day of mefloquine (MF); (D) 3 mg/kg/day of lumefantrine (LM); (E) 50 mg/kg/day of artemisinin (ART); (F) 100 mg/kg/day of artemisinin (ART).

III.3. Discussion

The mefloquine-resistant parasite, P. chabaudi AS-15MF, was tested here for its response to several antimalarial drugs, including MF. This parasite was originally selected, by increasing MF pressure, from parasites already resistant to intermediate levels of chloroquine (Cravo et al., 2003). The results described here demonstrated that AS-15MF did present a phenotype of MF resistance, as expected.  These data confirmed CQ resistance too. This suggests that the acquisition of MF resistance did not reverse the CQ resistance phenotype, or that there had been reversions of mutations (i.e. on chr11) underlying CQ resistance.

Additionally, AS-15MF was also found to present decreased sensitivity to LM and ART, despite never having been exposed to these drugs in their selection history. Therefore, it is postulated that the generation of MF resistance in P. chabaudi, AS-15MF, arose along with the selection of one or more genetic mutations that also function to protect the parasite against the effects of LM, as well as the chemically unrelated ART. Cross-resistance thus occurs not only between the arylaminoalcohols MF and LM, but also between those and the endoperoxide ARTs, suggesting a multi-drug resistance-like mechanism. Previous in vivo (Price et al., 1999; Ngo et al., 2003) and in vitro studies (Basco and Le Bras, 1992; Gay et al., 1997; Pradines et al. 1998) in P. falciparum had already suggested a similar cross-resistance phenotype, and accordingly, the similar underlying response mechanisms have been proposed. Mefloquine-artesunate and lumefantrine-artemether (Coartem®) combinations are ACTs widely used in Southeast Asia and in many African countries, respectively (WHO, 2006). Consequently, the underlying requirement that the different components of ACTs should elicit distinct resistance mechanisms may not be fulfilled.

The question arises: “what mutation(s) underlie these drug resistance phenotypes?”. A hypothesis is that the same mutation or genetic change may underlie resistance to MF, LM and ART. Since mdr1 duplication was previously shown to be linked to MF resistance (Cravo et al., 2003), we were interested to see if this mutation was now involved in LM and ART responses. Additionally, we were also interested to investigate the involvement of other genetic loci in these resistance phenotypes. To further investigate these questions, LGS analysis of a pre-existing cross between AS-15MF and AJ was performed. This strategy depends upon using drugs which eliminate sensitive parasites in complex uncloned cross progeny. In Chapter IV, drug doses are therefore optimized to be further used in LGS methodology (Chapter V).



IV.1. Overall procedure

A complete LGS analysis on the progeny of genetic crosses between the mefloquine-resistant clone AS-15MF and the sensitive AJ (Chapter V) depends upon using a MF dose which discriminates between AS-15MF and AJ and, further, between parasites that have recombined genetic markers from these two parents in a genetic cross. The aim of this experiment was to determine first the optimum MF regimen for the selection of mefloquine-resistant parasites surviving in a mixture with a sensitive strain. Thus, AS-15MF and AJ were passaged through mice in 50:50 mixtures under three different MF regimens (2mg/kg, 4mg/kg and 6 mg/kg MF for 3 days), and also through mice left untreated, as shown in Figure 4.1. Parasite growth was monitored throughout the course of the infection (section IV.2.1) and the proportions of two clones in the mixture were quantified using Proportional Sequencing technique (section IV.2.2). 
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Figure 4.1. Experimental groups used in the optimization of mefloquine (MF) dose. 

Legend: each group of three (mixture and each individual clone) was subjected to oral drug treatment for 3 days, starting from day one post-inoculation, or left untreated (control). Parasite growth and parasite proportions were continuously monitored by thin blood smears and proportional sequencing, respectively, from day 4 post-inoculation.
IV.2. Results

IV.2.1. Parasite growth in mixed infections
Figure 4.2 represents the parasitaemias (%) of AS-15MF: AJ mixed infection in all four treatment groups, as well as parasitaemias of single clone infections in the presence and absence of MF. 
The untreated control group infected with the mixed infection (Figure 4.2 A) shows a mean parasitaemia reaching a peak of 60% at day 7 pi. The low dose group (2 mg/kg) shows slightly lower parasitaemias than the control group, with a mean peak parasitaemia of 59% at day 7 pi. In the presence of intermediate and high doses of MF, 4 and 6 mg/kg respectively, the infections show some retardation of parasite growth reaching a mean peak parasitaemia of 49.9% and 34.9%, respectively, at day 8 pi. The parasitaemias of the AS-15MF + AJ infections are broadly comparable with the growth of AS-15MF in a single infection. This was especially true for parasites treated with 4 mg/kg of MF (Figure 4.2 B). Since AJ parasites were eliminated at this dose in single clone infections (Figure 4.2 C), it would be expected that AS-15MF parasites totally dominate the mixed infection, under this MF dose. This can be tested by estimating the proportions of AS-15MF and AJ in the mixed infections.
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Figure 4.2. Graphical representation of the parasitaemias (%) of the infected groups of mice untreated and treated daily with 2, 4 and 6 mg/kg of MF for 3 days. 

Legend: data points represent the mean of four mice, with standard deviations indicated. Some experiments including the untreated and 2 mg/kg MF-treated groups were terminated at day 7 pi due to high parasitaemias. The dose of 6 mg/kg was not applied to the single infections due the large numbers of mice required. (A) AS-15MF:AJ mixed infection; (B) AS-15MF infection; (C) AJ infection.

IV.2.2. Parasite proportion in mixed infections

The quantification of the proportions of each clone in the mixed infection was measured by proportional sequencing, using pcdhps as the target gene, as described in Hunt P et al., 2005. Briefly, a nested PCR was performed to amplify a fragment of dhps gene, containing 4 SNPs distinguishing AS-15MF from AJ (Figure 4.3). Purified PCR products were sequenced in the forward and reverse directions, using the inner primers. Subsequently, the peaks height in the DNA sequence electropherogram corresponding with the nucleotides at the four polymorphic positions of dhps was measured and, subsequently, the relative proportions of each allele in the mixture determined. More specifically, the proportion of AS allele in the mixture was expressed as the percentage of the AS peak height (HAS), compared to the total of the two peaks heights (HAS + HAJ). Thus, PAS = HAS / (HAS + HAJ) x 100. Proportion of AJ was similarly determined. The allele proportions for each DNA sample was estimated by calculating the means of the proportions obtained from all four SNPs and a final mean was then determined between the samples. 





            AS- AATCGAGAAACAGAATGATAAATTAAATCAAAATAACCTATCTTTACAAA 

            AJ - -------------------------T---------------------G-------------------------------------------------- 

            AS- CAAAAACATCAACTATTTATAAACCGCCTATAAGTATAGATACCATGAAC 
            AJ- A------------------------------------------G------------------------------------------------------- 
Figure 4.3. Partial nucleotide sequence of dhps gene, containing the four polymorphic sites 1-4 (specified) distinguishing AS sequence from AJ.
Results are presented in Figure 4.4 A and B showing proportional sequencing in the forward and reverse directions, respectively, each giving similar results. The initial inoculum, i.e. the mixture of AS-15MF + AJ administered to all mice (day 0), was shown to contain about 40% AS-15MF. This value is lower than that expected (50:50 mixture) and this is probably due to errors in estimations of parasitaemia of donor mice. For the groups untreated and treated with low MF dose (2 mg/kg), the percentage of AS-15MF dropped to 30.9% and 35.6%, respectively, by day 4 pi tending to decrease throughout the course of the infection. In the intermediate and high dose groups (4 and 6 mg/kg, respectively), the percentages of AS-15MF in the mixture rose to 100% by day 4 pi. These proportions remained constant till day 8, the last day of sampling for these two groups. 
These results show that a dose of 2 mg/kg of MF does not restrain the growth of AJ parasites in the mixture, since these outgrew AS parasites in the mixture, similarly as the untreated group. Conversely, both 4 mg/kg and 6 mg/kg are sufficient to inhibit the growth of all AJ parasites in the mixture, without affecting the growth of AS-15MF parasites, as shown in Figures 3.2 B and C; 4.2 B. Thus, either 4 mg/kg or 6 mg/kg of MF are efficacious for LGS genetic selection experiments (Chapter V). 
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Figure 4.4. Graphical representation of the proportion (%) of AS-15MF parasites in the AS-15MF:AJ mixture measured for the four experimental groups during the course of the infection. 

Legend: data points represent the mean of two mice with standard deviations indicated. Mice were sampled on alternate days, i.e. mouse 1 and 3 or mouse 2 and 4 were sampled on ‘even’ or ‘odd’ days post-infection, respectively. The experiments including the untreated and 2 mg/kg MF-treated groups were ended at day 7 due to high parasitaemias. (A) Proportional sequencing data for primer forward (F).The yellow marker represents the proportions of AS allele (38%) in the initial inoculum at day 0. (B) Proportional sequencing data for primer reverse (R). The light green marker represents the proportions of AS allele (40%) in the initial inoculum at day 0.
IV.3. Discussion 
This chapter is concerned with the dynamics of malaria infections in which both drug-resistant and drug-sensitive parasites are present and how they respond to drug treatment. A complete LGS genetic analysis on the progeny of a cross between AS-15MF and AJ (Chapter V) requires the use of a MF dose which inhibits the growth of sensitive parasites but allows the growth of resistant ones.  This is important because the sensitive strain AJ, is known to grow faster than AS strains in the absence of drug.  Also and more importantly, an insufficient dose will reduce the selection on a particular gene locus in the LGS experiment. Furthermore, an unnecessarily high dose may reduce the number of recombinants surviving the treatment.  Both scenarios may result in a poorly resolved selection valley. 

Although MF doses had previously been optimised (see Chapter III) which effectively remove sensitive parasites but are tolerated by resistant clones, these had been tested on pure clonal infections. It may be possible that the presence of drug-sensitive parasites in an infection may alter the drug response of resistant parasites and vice versa. Here, this question was addressed by following the growth and proportions of AS-15MF and AJ clones in a 50:50 mixture through mice in the presence of three differing MF doses, as well as in the absence of the drug. The lowest dose (2 mg/kg) appears to provide the closest approximation of an inadequate selection pressure with the sensitive AJ parasites surviving the drug treatment as much as the untreated group. The intermediate (4 mg/kg) and higher (6 mg/kg) doses of MF were found to promote optimum survival of resistant parasites, inhibiting the growth of all sensitive ones. Whilst a higher dose (6 mg/kg) of MF fulfilled this requirement, there may be concerns that a few resistant recombinants can be lost upon future selection experiments. On the other hand, although 4 mg/kg MF may be a better choice for the survival of “less” resistant recombinants, this dose may decrease the intensity of selection. 

Therefore, 4 mg/kg and 6 mg/kg were chosen as suitable doses of mefloquine to use in the LGS experiments with the progeny of genetic crosses between AS-15MF and AJ (Chapter V). 



V.1. Overall procedure
Linkage Group Selection (LGS) was adopted here to analyse quantitative genome-wide markers in populations of uncloned progeny of genetic crosses between the mefloquine-resistant mutant AS-15MF and the sensitive clone AJ, before and after drug treatment. Genetic loci showing markedly reduced proportions of alleles from the sensitive parent (selection valleys) indicate contributions of genes to the drug-resistance phenotype. The schematic representation of the LGS experiment is described in Figure 5.1. 

Briefly, the uncloned progeny of AS-15MF x AJ cross (Cravo et al., 2003) was initially selected with a dose of MF previously optimized (4 mg/kg/day for 3 days) (Chapter IV).  The surviving parasites were backcrossed here with AJ, to further increase the resolution of selection. The resulting recombinant progeny from this cross were either subjected to drug treatment or left untreated. Then, the populations of parasites obtained after drug treatment were compared with the untreated population by quantitative analysis (Figure 5.1). Namely, a genome-wide library of ~80 Pyrosequencing™ SNP markers was used to quantify the proportions of the sensitive AJ parental parasites found in the progeny at many loci distributed throughout the genome, except for mdr1 gene which proportions were measured by Proportional sequencing.
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Figure 5.1. Schematic representation of the methodologies in conducting a LGS analysis. 

Legend: the uncloned progeny resulting from the genetic backcross between AS-15MF and AJ was subjected to drug treatment for 3 days in two independent experiments with varying drug doses. Thus, in Selection 1, mice were treated either with 3 mg/kg/day of CQ, 4 mg/kg/day of MF or 50 mg/kg/day of ART. In Selection 2, a dose of 6 mg/kg of MF, 3 mg/kg/day of LM or 100 mg/kg/day of ART was used.
V.2. Results
The comparative index (CI) for each marker was calculated, comparing the proportion of markers from the sensitive parent (AJ) in drug-selected progeny to those of the unselected progeny. A table showing the CI values for the ≈80 markers (including mdr1 gene) in each treatment group for both selections is presented in Appendix 2. 

Most of the markers show similar proportions in both the selected and unselected cross progeny, i.e. CI values ≈1.0. However, some loci gave low CIs suggesting that such loci may be under selection. These regions of selection are called “selection valleys”. In general, as expected, selection valleys are usually more pronounced where higher doses of drugs were applied (e.g. on chr2 in Figures 5.2 A and B). 
The full set of data arising from treatment with chloroquine, mefloquine, lumefantrine and artemisinin are shown in Figures 5.2 A and B, and are described in the following sections according to the drug used.

V.2.1. Drug selection signatures - Chloroquine
Under CQ pressure (3mg/kg) (Figure 5.2 A), a single dominant selection valley was observed on chr11, where AJ alleles were present in greatly reduced proportions relative to those of the untreated parasites. For instance, marker pf06-1305 mapping to chr11 on genome position 12.404 kb showed the lowest proportion of AJ alleles seen across the whole genome (0.05) [see Appendix 2]. 
This shows that most parasites surviving CQ treatment bear alleles from the resistant parent, AS-15MF, at loci mapping to this chromosome. This valley coincides with a 250 kb region previously defined by classical linkage analysis of cloned progeny of genetic crosses between chloroquine-resistant and -sensitive parasites (Carlton J et al., 1998; Hunt P et al., 2004). Together these data strongly suggest that there is a mutation at this locus of chr11 that arises in the AS-lineage between AS-PYR and AS-3CQ, during selection under low doses of CQ. 
V.2.2. Drug selection signatures – Mefloquine
Under MF treatment (4mg/kg) (Figure 5.2 A), two major selection valleys were identified, on chr12 and chr4, consistent with the known location of pcmdr1 gene and its duplicated copy, respectively. This pattern is likely to reflect the selection of parasites which contain the duplicated/translocated fragment (harbouring the mdr1 gene) on chr4/12 (Cravo et al., 2003). The assays on chr4 showed lower % of AJ than those on chr12 and this is likely to be due the fact that after the meiotic recombination between homologous loci and under drug selection, the duplicated portion (chr4/12) will be necessarily inherited from the AS parent, whilst chr12 can have either AS or AJ alleles within the original loci in those parasites containing two copies of mdr1. 

At higher dose of MF (6 mg/kg) (Figure 5.2 B), the selection on both chr12 and chr4 was stronger than that at 4 mg/kg. In addition, other loci showed signs of selection for AS alleles.  These are relevant on chr1 and chr2, and to a lesser extent, on chr8 and chr10. There is no evidence of selection elsewhere in the genome. 

V.2.3. Drug selection signatures - Lumefantrine
After selecting AS-15MF x AJ backcross with 3 mg/kg of lumefantrine (Figure 5.2 B), two dominant selection valleys were identified, again on chr12 and chr4, demonstrating that parasites harbouring a duplicated mdr1 gene (or another gene contained nearby in the translocated fragment) were being selected by this drug also. LM did not markedly select AS alleles (from the resistant parent) at other loci in the genome.
V.2.4. Drug selection signatures - Artemisinin

Under ART treatment, (Figures 5.2 A and B) selective signatures were generated on chr12 and chr4, mainly with a higher dose (100 mg/kg). These data indicate that this drug also selects parasites with a duplicated chromosomal segment where the mdr1 gene is located. At the higher dose of 100 mg/kg (Figure 5.2 B), a dominant selection valley was also observed on chr2, where AJ alleles were almost undetectable in artemisinin-treated parasites (0,005). This locus was previously shown to contain a mutation in a gene encoding a deubiquitinating enzyme, denoted ubp1 (Hunt et al 2007) and was subsequently found to be selected by ART in three independent genetic crosses (Hunt et al., 2007; Hunt et al., unpublished). 

As with MF, additional possible selection signatures were apparent on chr1, chr8 and chr10.
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Figure 5.2. LGS genome-wide scans of the AS-15MF x AJ backcross under drug treatment (Selection 1 and Selection 2). Legend: figure shows the comparative index (CI) of ≈80 SNP markers (specific to sensitive parent, AJ) and their mapped genome position in the P. chabaudi genome (Kb). CI for mdr1 was measured independently by Proportional Sequencing. Data points are each mean of 3 independent measurements. Mdr1 gene, its duplicated/translocated copy and ubp1 gene are located within the selection valleys on chromosomes 12, 4 and 2, respectively. (A) Selection 1, under 3 mg/kg of CQ, 4 mg/kg of MF and 50 mg/kg of ART (B) Selection 2, under 6 mg/kg of MF, 3 mg/kg of LM and 100 mg/kg of ART, for 3 days. 
V.2.5. Drug selection signatures – Summary

A genetic backcross was carried out between parasites surviving MF treatment of the uncloned progeny of a previously available AS15MF x AJ and the sensitive parent, AJ. Resulting uncloned progeny of this cross was then selected with multiple drugs and investigated for drug selection signatures, using pyrosequencing™ quantitative SNP assays.

Chloroquine was found to select a locus on chr11, within which is contained a 250 kb region previously associated with CQ resistance (Carlton et al., 1998; Hunt et al., 2004b). 

Mefloquine, lumefantrine and artemisinin all selected for parasites with a duplicated chromosomal region (chr4/12) containing the mdr1 gene. 

High doses of either mefloquine or artemisinin were found to select also a locus on chr2 containing a previously identified mutation in the ubp1 gene (Hunt et al., 2007).

V.3. Discussion
In independent studies, Pfmdr1 has been implicated in modulating parasite response to arylaminoalcohols drugs, such as mefloquine and lumefantrine as well as to the chemically unrelated artemisinins (Foote et al, 1990; Wilson et al., 1993; Peel et al., 1994; Djimde et al., 2001; Price et al., 2004; Preechapornkul et al., 2009). For instance, Cowman and his colleagues selected P. falciparum mefloquine-resistant lines in vitro and disclosed an amplification and overexpression of pfmdr1 in the resistant mutants (Cowman et al., 1994) whereas a decrease in resistance was associated with deamplification of this gene (Barnes et al., 1992). Furthermore, the disrupting of the second pfmdr1 copy in a drug-resistant FCB line was found to increase susceptibility to mefloquine, lumefantrine and artemisinin (Sidhu et al., 2006). More recently, Uhlemann et al reported increased intra-host selection of P. falciparum parasites harbouring increased pfmdr1 copy number in humans treated with MF (Uhlemann et al., 2007). However, their experiments do not interrogate the role of other potential loci in the genome.
Indeed, because the above studies specifically targeted the mdr1 gene, the possible influence of other mutations across the remainder of the parasite genome could not be ruled out. For that reason, the whole genome was scanned here for alleles that can be positively selected from a complex genetic background in presence of drugs. As such, LGS not only positively identifies the selected loci but negatively rejects the major influence of others. 

Linkage Group Selection (LGS) was thus employed here to map genome-wide signatures of selection on uncloned progeny of genetic crosses generated between mefloquine-resistant parasites and an unrelated sensitive line of P. chabaudi, by measuring the proportion of numerous, genome-wide SNP markers in populations of progeny after growth in the presence or absence of the drug. Genetic loci showing markedly reduced proportions of alleles from the sensitive parent point to contributions of genes to the drug-resistance phenotype. 
Results unambiguously demonstrated that mefloquine, lumefantrine and artemisinin all select parasites harbouring an amplified region containing, amongst others, the pcmdr1 gene. Selection occurred over two main loci by either of the three drugs, one on chr12 and one on chr4, consistent with the location of mdr1 gene and its translocated copy, respectively. Selection for AS (resistant) alleles was stronger on chr4 relative to chr12, where a one-sided selection valley was observed. This fact can be interpreted as follows: i) MF selects parasites with a duplicated/translocated segment; ii) translocation block is located close to the right-hand end of chr4; iii) meiotic recombination occurs between homologous chr4 loci to the left of the translocation block. Thus, whilst all of the genes on the duplicated segment (chr4) are necessarily inherited from the AS parent, AS alleles within the original locus are not subjected to complete selection, because MF-resistant recombinant parasites with the duplicated segment may contain also AJ alleles of mdr1-linked genes on chr12. 

Additionally, in Selections 1 and 2, chr12 showed a pronounced and consistent selection valley; i.e. that assays to the left and right of mdr1 or a closely linked gene showed gradually increased AJ%. This suggests that in addition to the selection for parasites with duplicated segment containing mdr1, we should also consider the possibility that drugs are selecting AS alleles of mdr1, or genes closely linked to it. 
Interestingly and in contrast to the previous drugs, CQ appeared to select for parasites with AJ alleles on the right-hand end of chr4. This data suggests that CQ may be selecting for parasites with a single copy of mdr1. This may be confirmed by the high proportions of AJ alleles at the right-hand end of chr12 (Figure 5.2 A). These findings are in line with an in vitro study with P. falciparum in which selection for CQ resistance led to a deamplification of the pfmdr1 gene (Barnes et al., 1992). In fact, a correlation was previously observed between the amplification of pfmdr1 gene and an inverse relationship between chloroquine and mefloquine responses (Cowman et al., 1994; Peel et al., 1994). 
The possible selection by CQ for parasites with a single copy of mdr1 gene is in addition to which appears to be the major selection on chr11, within which is contained a 250 kb interval previously associated with CQ resistance (Carlton et al., 1998; Hunt et al., 2004b). This data strongly indicates that there is a mutation underlying this locus on chr11 (see section VI.3).
The occurrence of additional signatures of selection other than that on the mdr1 loci suggests that the drug-resistant phenotypes may be driven by additional genetic complexity. For example, chr2 is selected by higher concentrations of both MF and ART.  Here, a mutation has been previously identified in a gene, ubp1, encoding a deubiquitinating enzyme (Hunt et al., 2007). In addition, loci on chr1, chr8 or chr10 may be selected to some extent. Further investigation is required to evaluate the importance of these loci.

Finally, these results have confirmed the power of LGS as a method to map the loci underlying drug resistance in malaria parasites. LGS presents a relatively quick and cost-effective laboratory-controlled experimental procedure for gene identification in comparison to previous methods of genetic investigation. Furthermore, it is employed to investigate not only the genetic determinants of drug resistance, but, indeed, of other selectable phenotypes such as transmissibility, parasite growth rate and strain-specific immunity. 



VI.1. Overall procedure
Solexa genome whole re-sequencing technology was used here to identify the critical mutations associated with the selection valleys observed in AS-15MF x AJ backcross progeny. These mutations were expected to occur during the evolution of MF resistance in AS-15MF. Therefore, the AS-sens and AS-15MF clones were re-sequenced at 27- and 54-fold mean coverage respectively, producing single-end reads of 36 bp that were aligned against the Wellcome Trust Sanger Institute AS genome database (AS-WTSI).  Reads were mapped to this reference sequence using the MAQ software as described in http://maq.sourceforge.net/. As a result, a list of SNPs (differences between AS-sens or AS-15MF and the reference sequence AS-WTSI) and areas of low- or zero-coverage, possibly indicating indels, were listed using MAQ software and custom scripts. Mutation(s) obtained were further validated by dideoxy sequencing.
VI.2. Identification of a duplication/translocation event 

As mentioned before, the MF-resistant mutant, P. chabaudi AS-15MF has a ≈400 kb duplicated segment of chr12 that contains pcmdr1, amongst other genes.  This segment has translocated to chr4, producing a novel-sized chromosome, named chr4/12 (Cravo et al., 2003).  

This duplication/translocation was detected here by comparing the average fold-coverage of Solexa short-read sequence from AS-15MF (≈54-fold) with that of the sensitive progenitor AS-sens (≈27-fold). This value is called the relative coverage. For AS-15MF (Figure 6.1), the relative coverage in contigs mapping across the whole genome including those mapping to the left-hand end of chr12 was approximately 1.8.  However in five contigs (003473, 003477, 003376, 003480 and 001257) mapping to the right-hand end of chr12, the relative coverage was doubled (3.6). Additionally, a contig (contig003476) which lay immediately to the left of these contigs, showed an intermediate coverage (2.5). A sliding window analysis (Figure 6.2) of relative coverage revealed an area (left-hand) with “normal” coverage and an area (right-hand) with “doubled” coverage. This analysis defined a region of not less than 392 kb of chr12 which is duplicated in AS-15MF. This is consistent with an estimate of 400 kb previously predicted by pulsed field gel electrophoresis (Cravo et al, 2003).  The left-hand end of this duplicated region lies within the P. chabaudi PCAS_123610 gene, on contig003476 of chr12 between positions 106000-107000, approximately (Figure 6.2).
The Solexa read analysis for AS-15MF also revealed a region of zero - low coverage of approximately 10 kb on contig003462, starting at position ≈318200, that maps to the right-hand end of chr4. Any further deleted sequences beyond this contig could not be identified due to synteny breakdown and the incomplete nature of chr4 in the annotated genome. This suggests that this region may have been deleted during the translocation of the duplicated segment from chr12 to chr4. BLAST analysis indicated at least two genes (PCAS_042070, a member of the pc-fam5 protein family and PCAS_042080, a conserved protein of unknown function) to be present within the deleted region. However, no known orthologues in P. falciparum were found for those genes.
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Figure 6.1. Fold-coverage of Solexa short-read sequence data from AS-15MF (relative to AS-sens) in contigs assigned to chr1, chr4 and chr12 (data courtesy of Axel Martinelli and Urmi Trivedi, personal communication).

Legend: a constant relative mean coverage of Solexa sequences is shown for contigs mapping to chr1, chr4 (both used here as a control) and the left-hand end of chr12.  Coverage toward the right-hand end of chr12 is doubled, confirming a duplication event of this region in AS-15MF.
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Figure 6.2. Sliding window analysis showing the duplication event in AS-15MF (data and figure courtesy Axel Martinelli, Urmi Trivedi and Sujai Kumar, personal communication).
Legend: Figure shows further sliding window analysis maps the left-hand of the duplicated segment to an intragenic region. Analysis of Solexa fold-coverage over 1kb segments (increment 50 bp) close to the proposed duplication/translocation point on chr12 in AS-15MF suggests that this event occurs within PCAS_123610 gene on contig003476. 
VI.2.1. Fine mapping of the duplication/translocation event
Previous fold-coverage analysis predicted both the left-hand of the duplicated fragment on chr12 and the left-hand end of the deleted fragment on chr4. Thus, in AS-15MF the right-hand end of chromosome 4 immediately to the left of the deleted segment and the left-hand end of the duplicated fragment of chr12 are predicted to be contiguous on chr4/12. Furthermore, the translocation point was found to occur within the PCAS_123610 gene, which constitutes the left hand-end of the duplicated segment, on contig003476 of chr12 between positions 106000-107000, approximately.

Based on this estimate and in order to confirm the predicted translocation event, oligonucleotide primers were designed, as shown in Figure 6.3, to amplify DNA across the putative new junction on chr4/12 in AS-15MF. PCR reactions were carried out pairing each forward primer (12F and 04F) with the reverse primers (12R1 and 12R2), using DNA from the clones AS-15MF and AS-3CQ (used here as a control). PCR conditions and primers sequences are described in Table 6.1. 

A PCR product of 389 bp was obtained using primers 12F and 12R1 from both AS-15MF and AS-3CQ, as expected. Its nucleotide sequence was identical to that from contig003476 mapping to chr12, confirming conservation of the sequences on this chromosome.  

Furthermore, a PCR product of 510 bp was amplified using primers 04F and 12R1 from AS-15MF but not from AS-3CQ, as expected. The amplified product was purified and directly sequenced. This sequence was aligned with the appropriate sequences from contigs003462 (chr4) and contig003476 (chr12) (Figure 6.4). This alignment revealed an 11bp sequence motif (ATTTTGTTTTG) of complete homology between contig003462 (chr4) and contig003476 (chr12), which corresponds to the exact point where the translocation occurred. More precisely, it is located between positions 318344-54 on contig003462 and between positions 106388-98 on contig003476. 

Figure 6.3. Karyotype of mefloquine-resistant parasite AS-15MF.
Legend: AS-15MF shows an amplification of a 392 kb segment (diagonal pattern) of chr12 containing the mdr1 gene, and its translocation onto chr4. This new hybrid chromosome is called chr4/12. The translocation event was mapped by PCR using primers targeting chr12 (12F, 12R1, 12R2) and chr4 (04F) as shown.
Table 6.1. Sequences and location of oligonucleotide primers and PCR conditions used to map the translocation event. Legend: Chr- chromosome, nt-nucleotides, min-minutes.

	  Primers                          

                         
	   Sequence

     5’        3’
	           Location                   

     (Chr, contig, nt)
	            PCR

       conditions

	Forward-04F        GTGTTTTATGGGTTATTTCTCG          Chr 4, 003462, 317935-56
Forward-12F        TTCGTTGGTGATTTTATTTCTTC         Chr 12, 003476, 106200-22
            Reverse-12R1      GATGAACTGATGAATCTAGAG          Chr 12, 003476, 106568-88

           Reverse-12R2      CTTCGACAATACAACGCTATC            Chr 12, 001257, 462-82                                                           



	
	
	
	




Figure 6.4. Alignment of a partial fragment amplified from AS-15MF (primers 04, 12R1) with contig sequences mapping to chr4 and chr12.  

Legend: Figure shows an 11 bp sequence motif (ATTTTGTTTTG) (highlighted) present in both chr4 and chr12 sequences within the translocation site.
VI.2.2 Summary 

The data obtained above confirmed the size, orientation and the precise position of the duplicated/ translocated segment from chr12 to chr4 in AS-15MF (Cravo et al., 2003). This segment involves at least 6 contigs totalling a size of >392kb, with the translocation point occurring within PCAS_123610 on contig003476 of chr12 between positions 106000-107000, approximately. Within this segment, ≈112 genes are contained, between PCAS_123610 (conserved hypothetical protein) and the orthologue of P. falciparum gene MAL5_28S (rRNA gene), including mdr1 gene [Appendix 3 lists the 112 translocated genes]. The latter is the last identifiable syntenic gene in the duplicated gene. We are not yet able to define precisely either the right-hand end of the duplicated fragment, or whether the chr4 right-hand telomere has been lost in the chr4 deletion and replaced with that from chr12.
VI.3. Identification of point mutations
Besides the detection of the translocation event involving chr4/12, Solexa whole genome re-sequencing generated lists of SNPs occurring in AS-15MF and AS-sens clone relative to AS-WTSI.  A comparison of these lists defines candidate mutations arising within the AS-lineage.  

SNPs identified in contigs containing genes with orthologues in the P. falciparum genome and whose chromosomal position could be determined by gene synteny (Kooij et al., 2005), are called “mapped SNPs”. SNPs located on contigs that have yet to be mapped to the P. falciparum genome are denoted “non-mapped SNPs”.  

Initially, a list of 66 mapped SNPs and 116 non-mapped SNPs was obtained. Upon closer inspection, 45 mapped SNPs and all non-mapped SNPs were predicted to be false positives. 21 syntenic SNPs where thus confirmed to be actual changes (true positives).  Further analysis revealed that 13 SNPs characterised a large deletion on chr4, two a small deletion on chr7 and one another large deletion on chr5. The remaining 5 SNPs indicated base substitutions across the genome. Those and the small deletion on chr7 (which was determined to span 34 bp) were verified by dideoxy sequencing. The two large deletions could not be verified due to their size and terminal positions relative to the contigs of origin.

Thus, Solexa analysis revealed the occurrence of 5 SNPs across the AS-15MF genome, with one of them mapping to an intergenic region. The remaining 4 SNPs were all found to result in non synonymous point mutations (Table 6.2), namely:

i) A C to T transition in the dhfr gene (PCAS_072830), encoding a dihydrofolate reductase enzyme, located on chromosome 7, resulting in a S106N substitution.
ii) A C to A transversion in the aat1 gene (PCAS_112780), encoding an amino acid transporter, located on chromosome 11, resulting in an A173E substitution.
iii) A C to A transversion in the ubp1 gene (PCAS_020720), encoding a deubiquitinating enzyme, located on chromosome 2, resulting in a V2728F substitution.
iv) An A to C transversion in the ldc gene (PCAS_100330), encoding a putative lysine decarboxylase, located on chromosome 10, resulting in a T823P substitution. 

Table 6.2. List of the specific P. chabaudi gene mutations identified in AS-15MF (relative to AS-sens). Legend: these mutations were defined by Solexa and further confirmed by dideoxy sequencing. Table shows the nucleotide (nt) and amino acid (aa) residues changes in AS-15MF and their location in P. chabaudi (Pc) gene, Pc chromosome (Chr) and P. falciparum (Pf) orthologue gene.
	Gene product
	 Pc gene

      ID
	Chr
	Pf gene 
ID
	            Mutation

       nt                    aa

	dihydrofolate reductase, DHFR
	PCAS_072830
	7
	PFD0830w
	C to T
	S to N

	amino acid transporter, AAT1
	PCAS_112780
	11
	PFF1430c
	C to A
	A to E

	deubiquitinating enzyme,UBP1
	PCAS_020720
	2
	PFA0225c
	C to A
	V to F

	lysine decarboxylase, LDC
	PCAS_100330
	10
	PFD0285c
	A to C
	T to P


VI.3.1. Location of the identified mutations within the AS-lineage and their association with selection valleys
The origin of the four above mutations, identified by Solexa, within the AS-lineage was further validated by dideoxy sequencing of AS-15MF and the preceding MF-sensitive clones, namely AS-sens, AS-PYR, AS-3CQ and AS-15CQ. Figure 6.5 represents the AS-lineage of drug resistant P. chabaudi parasites showing the location of the gene mutations within the lineage. 
Pcdhfr mutation
The S106N mutation identified in the dhfr gene was acquired prior to selection of mefloquine resistance. More specifically, this mutation was found in AS-PYR but absent in AS-sens (Figure 6.5), and therefore arose in parasites during PYR selection. In fact, it is widely known that this mutation segregates with pyrimethamine resistance in genetic crosses between PYR-resistant and -sensitive P. chabaudi (Hayton et al., 2002) and P. falciparum (Peterson et al., 1988) parasites. 
Pcaat1 mutation
The A173E mutation identified in the aat1 gene on chr11 also appeared in the AS- lineage prior to mefloquine resistance, namely between AS-PYR and AS-3CQ (Figure 6.5) and thus arose in parasites during selection under low doses of CQ. This mutation was found within the previously 250 kb interval of chr11 defined by classical linkage (Carlton et al., 1998; Hunt et al., 2004b), mapping to the base of the LGS selection valley obtained on this chromosome upon treatment of the AS-15MF x AJ backcross progeny under a low dose of chloroquine (see Figure 6.6).
Pcubp1 mutation
The V2728F mutation detected in the ubp1 gene on chr2 was found to appear in the lineage between AS-3CQ and AS-15MF (Figure 6.5). We cannot be specific about whether this mutation appeared between AS-3CQ and AS-15CQ or between AS-15CQ and AS-15MF, since AS-15CQ is a line (a population of uncloned parasites) and not a clone. However, it is proposed that ubp1 mutation was already partially selected between AS-3CQ and AS-15CQ (rather than during the selection of AS-15MF) because parasites highly-resistant to chloroquine (AS-30CQ) and resistant to artemisinin (AS-ART) also bear this mutation (Hunt et al., 2007). Subsequent selection by MF may have (i) further selected parasites bearing this ubp1 mutation or (ii) selected parasites bearing a duplicated chr12 segment on an ubp1 mutated background.

Interestingly, this mutation maps exactly to the base of the dominant selection valley observed on chr2 upon treatment of the AS-15MF x AJ backcross progeny with high doses of MF and ART, as previously shown in Figure 5.2 B.  

Pcldc mutation
The T823P mutation identified in the ldc gene was found in AS-15MF but absent in the progenitors (Figure 6.5). Because the CQ-selected line AS-15CQ was transmitted through mosquitos but not cloned, we cannot confirm whether this mutation was selected in AS-15CQ under CQ-selection or subsequently in AS-15MF following MF-selection.  However, because both AS-30CQ and AS-15MF contain the V2728F ubp1 mutation (Hunt et al, unpublished) and because T823P ldc is present in AS-15MF but not in AS-30CQ, we suggest that the ldc mutation reported here, first occurred on a 2728F ubp1 background.
Interestingly, the location of this gene on chromosome 10 does not coincide with the apparent base of mefloquine selection signature in both LGS experiments (see Figure 6.6). Further analysis of the ldc mutation is described in Chapter VII. 
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Figure 6.5. AS-lineage of drug resistant P. chabaudi parasites showing the specific gene point mutations (underlined) arising within the lineage. 
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Figure 6.6. LGS of AS-15MFxAJ backcross under 3-day chloroquine (3 mg/kg) and mefloquine treatment (4 mg/kg and 6 mg/kg).  
Legend: Data here is reproduced from Fig 5.2 A, B to show the positions of the aat1 and ldc mutations on chr11 and chr10, respectively.  Aat1 mutation is located within the LGS selection valley obtained with chloroquine treatment (3 mg/kg CQ); ldc mutation maps to chr10 but does not coincide with the possible selection valley upon mefloquine treatment in both experiments (4 and 6 mg/kg MF).
VI.4. Discussion
Solexa whole genome re-sequencing technology was used here to define the critical genome-wide changes in the mefloquine-resistant clone, AS-15MF, which were further associated with the corresponding signatures of selection obtained through the LGS analysis of the AS-15MF x AJ backcross progeny. These mutations were expected to occur during the evolution of MF resistance in this clone or in drug-selection earlier in the lineage.

First, a known duplication/translocation event from chr12 to chr4, involving the pcmdr1 gene (Cravo et al., 2003), was detected by Solexa read-depth analysis based upon the average coverage of AS-15MF when compared to the sensitive progenitor AS-sens. The position of the translocated fragment on chr4 was predicted and precisely mapped. The duplicated fragment was found to lengthen for >392 kb, consistent with the ≈400 kb previously predicted by pulsed field gel electrophoresis (Cravo et al., 2003), and took place within the PCAS_123610 gene, located on chr12. In both P. falciparum and P. chabaudi, this gene encodes a conserved hypothetical protein. It is not clear why translocation occurred within this gene; however there may be a fine balance between the survival of resistant parasites and the parasite’s viability, associated to the biological cost of a great chromosomal re-arrangement. 

Gene amplification is a frequent event in Plasmodium falciparum. Previous work, using laboratory P. falciparum lines exposed to mefloquine pressure, showed an increase in the size of chr5, involving the amplification of the surrounding genes of pfmdr1 gene in a head-to-tail arrangement along the chromosome (Cowman et al., 1991). These results have suggested that this area of the genome contained one or more genes that confer a selective advantage to malaria parasites in the presence of mefloquine (Wilson et al., 1993). Indeed, it has been proposed that malaria parasites make use of gene duplications as a strategy to enhance its survival and spread (Ribacke U. et al., 2007). 
The question arises: “Is mdr1 the critical gene in the duplicated region?”  

The large body of evidence from field and laboratory studies that implicates mdr1 strongly suggests that this is the case. However, the duplicated chromosomal fragment investigated here contains more than one hundred genes, from PCAS_123610 (conserved hypothetical protein) to the orthologue of P. falciparum MAL5_28S gene (rRNA). Could any of these genes also be involved in response to the drugs under investigation? For instance, PCAS_123810 (orthologue of P. falciparum gene PFE1145w) lies immediately upstream of mdr1 and it is predicted to contain a specific protein motif characteristic of the “Zinc finger” superfamily. About 75kb downstream of mdr1, lies another putative zinc finger protein, PCAS_124020 (orthologue of PFE1245w). Zinc fingers are capable of binding DNA and acting as transcriptions regulators and have been implicated in pleiotropic drug resistance through trans-regulation of drug resistance genes both in yeast and in cancer systems (MacPherson et al., 2006; Torigoe et al., 2005). Interestingly, earlier work on both laboratory strains and clinical isolates of P. falciparum, identified a ≈110 kb duplication of chromosome 5 comprising a number of different genes, of which two particular ones, PFE1150w (pfmdr1) and PFE1145w (as above) were always duplicated (Ribacke et al., 2007). Drug-resistance phenotypes are often mediated by membrane transporters such as mdr1 and crt (Valderramos, 2006). Within the translocated fragment, genes other than mdr1 encode proteins with predicted transmembrane domains.  For instance, PCAS_123900 (orthologue of PFE1185w), contains a motif characteristic of Nramp (Natural resistance-associated macrophage proteins) proteins, a family of divalent cation transporters.  

Whilst the evidence presented here confirms a dominant role for a duplication of a chromosomal region containing mdr1, the occurrence of additional signatures of selection other than that involving the mdr1 locus suggests that the drug-resistant phenotypes be driven by additional genetic complexity. In particular, the existence of a phenotipically relevant mutation on chr2 was suggested by a corresponding mefloquine and artemisinin signature, and subsequent genome re-sequencing confirmed its presence. This mutation encodes a V2728F shift in a deubiquitinating enzyme, denoted ubp1, which has been previously implicated in pleiotropic multi-drug responses in P. chabaudi (Hunt et al., 2007; Hunt et al., unpublished). The effect of such a mutation is not completely understood, but it may itself protect the parasite against oxidative stress, or impact on the post-translational turnover of other “drug resistance proteins”. Interestingly, in cancer chemotherapy, it has been demonstrated that ubiquitination regulates the stability of the mdr1 gene product, P-glycoprotein, thereby affecting the functions of this membrane transporter that mediates multidrug resistance (Zhang et al., 2004).  
In the previous section, selection signatures were detected at the right-hand end of chr1 and to a less extent on chr10, indicated by reductions in the frequency of AJ alleles during MF, ART and, to a lesser degree, LM treatment (Figure 5.2 A and B).  Solexa analysis revealed that no point mutations were found in contigs that map to chr1. Neither it was possible to identify any point mutations in non-mapped contigs that are likely to map to telomeric regions of the genome encoding non-syntenic P. chabaudi-specific genes. 

On the other hand, Solexa genome re-sequencing identified on chr10 an AS-15MF-specific mutation in a putative lysine decarboxylase coding gene (PCAS_100330). Presently, it is complex to evaluate the extent to which this mutation may be selected by drugs because the reduction in AJ alleles on chr10 was relatively small (Figure 6.6).  However, its role in drug selection or genetic compensation merits further analysis (see Chapter VII).  
The remaining two mutations identified by Solexa in dhfr and aat1 genes, were acquired prior to selection of mefloquine resistance, during the selection of PYR- and low CQ-resistant parasites, respectively. Therefore they do not contribute to MF-resistance phenotype. Dhfr mutation on chr7 was previously found to segregate with pyrimethamine resistance (Hayton et al., 2002) and aat1 mutation on chr11 is associated with a low-level of CQ resistance. The latter was found within the previously 250 kb interval of chr11 defined by classical linkage (Carlton J et al., 1998; Hunt P et al., 2004b), mapping to the base of the dominant selection valley on this chromosome (Figure 6.6). 

From an evolutionary point of view, the small number of mutations accumulated in the mefloquine-resistant parasite AS-15MF is in sharp contrast with the widely accepted concept that the relatively slow phenotypic acquisition of resistance to these drugs is attributed to step-wise accumulation of a large number of mutations over many generations under drug pressure. This unanticipated result is attributed to one of two hypothesis: i) there may be genetic mutations accumulating during the intermediate stages of resistance that become redundant and/or fitness-costing at higher drug doses and are therefore selected against or ii) the phenotypic complexity of resistance entails other factors other than gene mutations (i.e. epigenetic control) which are yet to be disclosed.  

Our findings are consistent with other similar studies in which actual number of mutations may simply be smaller than originally supposed. For example, recent Solexa analysis of the myeloid leukaemia genome revealed only 8 somatic intragenic mutations between healthy cells and metastatic tumors (Ley et al., 2008). This report seems to indicate that the number of relevant mutations for a complex phenotype in a large genome over the course of 50 years was relatively small, consistent with our observations in a much smaller genome and over a shorter period of time.

Regardless, this intriguing observation appeals to the formulation of new perspectives regarding the genetic evolution of drug resistance, fostering novel research on the subject, and provides important evidence for a better understanding of resistance dynamics in natural parasite populations.



VII.1. Overall procedure

As described in the previous section, only one point mutation specific to AS-15MF was identified within the AS drug resistance lineage. This mutation maps to chr10 of P. chabaudi, within the PCAS_100330 gene (orthologue of P. falciparum gene PFD0285c), which is annotated as a putative lysine decarboxylase (ldc). This results in a non-conservative change of threonine (T) to proline (P), at position 823 in the predicted protein. In order to further analyse this gene, its structure-function was predicted and the protein domains mapping the mutation identified. 

Although the location of this gene on chr10 does not appear to coincide with the apparent LGS selection valley on this chromosome, the actual role of this mutation was investigated in order to check whether it would segregate with mefloquine responses in the AS-15MF x AJ cross progeny clones. 
VII.2. Structure-function prediction of LDC protein

In P. chabaudi, the ldc gene is a continuous open reading frame (ORF) of 6561 bp, which translates into a predicted peptide of 2186 amino acids. In order to investigate possible functions of the predicted protein, a protein Motif Search was carried out using pfam_fs - Pfam HMMs (global and local models merged), available from http://pfam.sanger.ac.uk/search?tab=searchSequenceBlock. This database effectively allows finding all known motifs that occur in a sequence. Resulting scores allowed the identification of two major hits corresponding to Orn/Lys/Arg decarboxylase major domains, located between residues 513-735 and 791-874 (Fig. 7.1). Additionally, a third significant hit corresponding to an Orn/Lys/Arg decarboxylase, C-terminal domain, located between residues 1360-1389, was also identified (Figure 7.1).

Furthermore, PlasmoDB defines a similarity with pyridoxal phosphate (PLP)-dependent transferase.  PLP-dependent enzymes are a large group of proteins which include the amino-transferases, amino-acid decarboxylases, racemases (D-/L- amino acid isomerases) and other functional classes (Percudani and Peracchi 2003). Because these enzymes show specific binding to pyridoxal phosphate moieties of the aminoacid adduct rather than to the amino acid moiety, these enzymes may show extensive substrate specificity. It is therefore difficult to assign a definitive function to PCAS_100330.  For simplicity, we therefore retain the PlasmoDB annotation as a putative lysine decarboxylase (ldc).


Figure 7.1. Representation of significant hits in prediction of the P. chabaudi LDC protein using Motif Scan pfam_fs - Pfam HMMs (global and local models merged).
Legend: Three Orn/Lys/Arg decarboxylase domains where identified in LDC predicted protein. The E-value is the number of matches with a score equal to or greater than the observed score that are expected to occur by chance. In other words, the E-value provides an estimation of the number of false positives. The E-value depends on the size of the database searched, as the number of false positives expected to be above a given score threshold usually increases proportionately with the size of the database. The total number of sequences and the total number of residues are the most frequently used measures for the database size. 
VII.3. The ldc mutation is located in a conserved catalytic domain

The T823P mutation in ldc gene was found to map to a Orn/Lys/Arg decarboxylase major domain (E-value score = 1.3e-9), between residues 791-874 (Figure 7.1 and 7.2). In order to infer whether the mutation may also localize to a similar domain in human malaria, the P. chabaudi and P. falciparum predicted proteins were aligned using the Multalin interface page (Corpet et al., 1988). Results demonstrated that this region where the mutation lies is highly conserved between the two parasites (Figure 7.2).
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Figure 7.2. Schematic representation of the LDC predicted protein domains in both P. falciparum and P. chabaudi. 
Legend: the non conservative change in LDC protein is located in residues 895 and 823 in P. falciparum and P. chabaudi, respectively, in a conserved protein domain (Orn/Lys/Arg decarboxylase major domain).
VII.4. Does the ldc mutation segregates with MF resistance?
In order to investigate whether the ldc mutation would segregate with mefloquine responses, the gene was amplified using a pair of oligonucleotide primers flanking the mutation. Oligonucleotide primers sequences and PCR conditions are detailed in table 7.1. PCR was carried out in a 50 (l reaction mixture (as described in section II.4.3), using DNA from the 16 recombinant progeny clones from AS-15MF x AJ cross, previously characterised for their mefloquine response (Cravo et al., 2003), and from each parental clone, AS-15MF and AJ, as a control. Subsequently, nucleotide sequences obtained for both progeny and parental clones were aligned, compared and analysed. The results are described in Table 7.2. 
	 Gene         Primers
	                 Sequence

                  5’        3’
	            Fragment size                   

                    (bp)
	           PCR

       conditions

	                Forward         TGG TTT GCT TAT GCT TGT TTC
      
                    Reverse         CCA TTT CTC CTA TTT GTA TTT C                                                  

lmk


Table 7.1. Oligonucleotide primer sequences and PCR conditions used to sequence pcldc gene.
Legend: bp-base pair, min-minutes.
Table 7.2. Parental and 16 progeny clones from the AS 15MF x AJ cross showing the inheritance of mefloquine response and the P. chabaudi LDC mutation (T823P).
	Clone
	Mefloquine

response
	Amino acid

	Parent
	
	

	AJ
	Sensitive
	T

	AS-15MF
	Resistant
	P

	Progeny
	
	

	388/12
	Sensitive
	P

	411/8
	
	P

	440/9
	
	P

	449/9
	
	P

	450/8
	
	P

	453/6
	
	P

	396/11
	Low

resistance
	P

	441/11
	
	P

	1016/11
	
	P

	440/8
	High 

resistance
	T

	440/5
	
	P

	442/9
	
	T

	638/4
	
	P

	640/14
	
	P

	644/13
	
	P

	731/12
	
	P


The wild-type 823T allele was identified in only two of the recombinant progeny; namely 440/8 and 442/9, both of which are MF-resistant. These data show that the mutant ldc 823P allele is not associated with MF-responses in the recombinant progeny of the AS-15MF x AJ cross.
Indeed, the large proportion of clones containing this mutation suggest that this mutation may contribute to the fitness of parasites in the absence or in the presence of drugs and may, therefore, have arisen in compensation of previous mutations in, for example, the mutations in genes dhfr, aat1 or ubp1. 
VII.5. Discussion  

A single non synonymous point mutation, unique to the mefloquine resistant parasite AS-15MF, was identified in a gene, ldc, located on chromosome 10, encoding a putative lysine decarboxylase enzyme. 

However, we tend to dismiss this gene as a major contributor to MF resistance because: i) the depth of the MF selection signature upon LGS analysis of the uncloned progeny of the AS-15MF x AJ backcross is not significant; ii) the location of the gene does not coincide with the base of the apparent selection valley on chr10 and iii) no linkage was found between ldc alleles and MF responses in the progeny of the AS-15MF x AJ cross, suggesting that the presence of this mutation is not functionally relevant for expression of the resistance phenotype.

Why the T823P ldc mutation was selected upon generation of MF resistance is unclear. It may appear by stochastic processes (sampling during cloning and other “bottlenecks”), or may possibly confer some selective advantage in the presence or absence of drugs, and its functional attributes may be relevant to the resistance mechanism.  

Lysine and/or ornithine decarboxylases (L/ODC) are involved in the biosynthesis of polyamines, such as cadaverine and putrescine, spermidine and spermine; poplycationic molecules that have been proposed to be essential for cellular growth and proliferation in all living organisms (Reguera et al., 2005) including malaria (Muller et al., 2008). It is possible that the evolution of mefloquine resistance in P. chabaudi AS-15MF has consequences for the control of parasite growth and that these may be compensated through alterations in the control of polyamine biosynthesis.
Other explanations may be considered.  For example, ornithine decarboxylase was the first protein to be shown to undergo ubiquitin-independent degradation in the proteosome (Murakami et al., 1992). Instead, degradation is dependent upon a polyamine induced protein called antizyme (Heller and Canellakis, 1981), which is itself regulated by binding an ornithine decarboxylase homologue (Murakami et al., 1996) and by ubiquitination.  We have previously suggested that the V2728F mutation in ubp1 decreases deubiquitination and hence increases protein degradation through the 26S proteasome (Hunt et al., 2007).  It is possible that ODC activity and polyamine synthesis is perturbed in ubp1 mutants (such as AS-15MF) and that a mutation in ODC or its regulatory homologue compensates for changes in patterns of ubiquitination/ deubiquitination. Further biochemical analysis will be required to investigate these possibilities.

If ldc mutations have a functional relationship to drug resistance or to pre-existing mutations such as ubp1, why does the mutation not segregate with mefloquine resistance in the cloned progeny of a genetic cross between AS-15MF and the sensitive parent AJ?  It is possible that the recombinant clones have inherited alleles (of other genes) from the sensitive parent AJ that also compensate for the fitness cost of resistance, abrogating the need for expression of the ldc mutation observed in the “pure” AS-15MF genetic background.
Further investigations may clarify whether the ldc T823P mutation is neutral and acquired by stochastic sampling or whether it plays a role in drug resistance phenotypes, adaptation to previous mutations or cell growth and cell cycle control.
 In any case, this observation appeals to the formulation of new perspectives regarding the genetic evolution of mefloquine resistance in malaria parasites.


The Plasmdium chabaudi rodent malaria represents a powerful model for the rapid investigation of the evolution, genetics and genomics of drug resistance. In this model, the relative ease in selecting drug-resistant mutants from sensitive parasite clones and in performing genetic crosses, is now complemented by genome-wide mapping of the signatures of drug selection (Linkage Group Selection, LGS) (Culleton et al., 2005) and the identification of the specific underlying mutations by second-generation Solexa whole genome re-sequencing technology. Together, these approaches not only positively identify the dominant genetic determinants of drug resistance but exclude the possibility of major influence of all others.
These resources were employed here in order to gain direct insights into the genetic basis of resistance to different component drugs of Artemisinin-based Combination Therapies (ACTs), the only fully effective malaria treatment currently available (WHO, 2006).  

A central consequence of the present study originates from the simple biological observation that the mefloquine-resistant parasite, P. chabaudi AS-15MF presented not only resistance to MF and CQ as expected, but also decreased susceptibility to LM and ART, despite the fact that this parasite had never been exposed to the latter two drugs in their selection history. Cross-resistance thus occurs not only between the arylaminoalcohols mefloquine and lumefantrine, but also between those and the endoperoxide artemisinin derivatives. Mefloquine-artesunate and lumefantrine-artemether combinations are widely used in Southeast Asia and in many African countries, respectively (WHO, 2006). Consequently, the underlying requirement that the different compounds of ACT should elicit distinct resistance mechanisms is not fulfilled. Previous in vivo (Price et al., 1999; Ngo et al., 2003) and in vitro studies (Basco and Le Bras, 1992; Gay et al., 1997; Pradines et al. 1998) in P. falciparum had already suggested a similar phenotype, and accordingly, the similar underlying response mechanisms have been proposed. Specifically, the role of the P. falciparum multi-drug resistance 1 gene (pfmdr1) in modulating the parasite’s level of sensitivity to these commonly used antimalarials has been a focus of attention. Pfmdr1 encodes an ABC transporter, Pgh1, localized to the membrane of the parasite’s digestive vacuole and is expressed during the intraerythocytic development of the parasite. Pgh1 may directly transport drugs, either out of or into the food vacuole or indirectly mediate drug accumulation as a result of altered transport of other substrates (Duraisingh and Refour, 2005). Recent research proposed that Pgh1 imports several antimalarial drugs into the parasite’s digestive vacuole, implying that it may be advantageous to the parasite to sequester antimalarials such as arylaminoalcohols and artemisinin in a compartment where they are less toxic (Rohrbach et al., 2006).
Support for a role of pfmdr1 gene amplification in resistance to mefloquine and lumefantrine as well as to the chemically unrelated artemisinin derivatives has been generated in previous field studies (Wilson et al., 1993; Price et al., 1999; Price et al., 2004; Price et al., 2006; Uhlemann et al., 2007; Lim et al., 2009; Rogers et al., 2009) drug selection experiments (Cowman et al., 1994, Peel et al., 1994; Preechapornkul et al., 2009), genetic manipulation (Reed et al., 2000; Sidhu et al., 2006), and the identification of selective sweeps around the mdr1 locus (Nair et al., 2006). Because these studies specifically targeted the mdr1 gene, the possible influence of other mutations across the remainder of the parasite genome could not be ruled out.

Therefore, the whole genome was scanned here for additional signatures of selection and for corresponding mutations therein. Two major selection signatures from mefloquine, lumefantrine and artemisinin were observed on chr12 and chr4, consistent with the location of pcmdr1 gene and its translocated copy, respectively. Thus, unambiguous evidence is provided for the dominant role of a large duplicated chromosomal region containing the mdr1 gene (among others) in modulating resistance to different components of ACT.
Fine mapping of the translocation event revealed that, besides mdr1, more than one hundred genes were contained within the duplicated fragment. Some of these may have a significant importance in the context of drug resistance, and therefore further analysis is needed. 

In fact, the occurrence of additional signatures of selection other than that involving the mdr1 locus suggests that the drug-resistant phenotypes be determined by additional genetic complexity. For example, high doses of both MF and ART generated signatures on chr2, where a single mutation in a deubiquitinating enzyme, encoded by the ubp1 gene, was subsequently identified. Furthermore, genome re-sequencing identified an AS-15MF-specific mutation in a lysine decarboxylase coding gene (PCAS_100330) on chr10.  Its role in drug resistance is still unclear since i) the locus was not markedly selected by drugs and ii) it did not segregate with mefloquine resistance in AS-15MF x AJ cross progeny clones, suggesting that it is not required for expression of the resistance phenotype. Why this mutation arose upon selection of mefloquine resistance is uncertain and merits further analysis.
Chr10, as well as additional regions that show minor effects of MF and ART selection, i.e. chr1 and chr8, may reflect compensatory or second site mutations that enhance the overall resistance phenotypes measured. Alternatively, they may represent loci where unmutated AS alleles are preferred to those from AJ.  Further investigation, including the LGS analysis at different drug concentrations and/or the inspection of non-syntenic loci, may reveal the importance of these in multi-drug resistance phenotypes. 



An innovative and rapid paradigm comprising genetic and genomics tools was employed here to investigate the genetic determinants of drug resistance, with no prior knowledge regarding the modes of action or resistance of drugs.

Since ACTs were devised to decrease the probability that parasites resistant to component drugs will emerge (White, 2008), the data presented here may serve as an early warning sign in terms of public health consequences. The observed phenotype of cross-resistance between the chemically distinct components of ACTs (MF, LM and ART) and the common underlying mechanisms of resistance indicate that current treatments for human malaria may be negatively affected by pre-existing resistance or because the different component drugs may share the same underlying genes. These findings argue that the combinations of deployed drugs may be critical in minimizing the evolution of resistant parasites, highlighting the critical importance of choosing, in future combinations therapies, components with antagonistic signatures of selection, at both phenotypic and genetic levels.  
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Appendix 1. Solutions and buffers

Citrate saline
   

0.9% (w/v) NaCl 

1.5% (w/v) Sodium citrate

pH 7.2

Deep-freeze solution

28% (v/v) Glycerol

3.0% (v/v) Sorbitol 

0.65% (v/v) NaCl

(Sterilised by filtration) 
Parasite lysis buffer 

150 mM NaCl

25 mM EDTA 

0.25 % SDS
	Chromosome 1

	Marker

(pcxxpfyy-zzzz)
	Primers
	CI (Selection 1)
	CI (Selection 2)

	
	
	MF
	ART
	CQ
	MF
	LM
	ART

	pc01pf06-0142


	F: TCGTCTAATGCGCTTCTATCTTT

R: AAAAACCAAGCATGCCACAT

S: TCTATCTTTCAGTGCGTTA
	0,75


	1,00


	1,18


	1,02


	1,05


	1,03



	pc01pf06-0317

	F: AGCAATAAAAACGTTGCATAACAG

R: TTGCGGATTTGATGTCGTATAA

S: ACAGAAATATATATGATGGA
	ND


	ND


	ND


	1,08


	1,05


	1,10



	pc01pf06-0472


	F: ACGATGGAGGCATAGGTATATTCA 

R: CACTGTTCGGCTTGTAATAGATGT

S: TGCATAAAAAATCTTCTGT
	0,39


	0,51


	1,04


	0,17


	0,36


	0,17



	pc01pf06-0510

	F: GGTGATTATTATAGCGCACTAAAA

R: TGATATATGTGCCTTTTGTTTTGA

S: TCAAATATACAACTAAATCA
	ND


	ND


	ND


	0,06


	0,23


	0,07



	pc01pf06-0525

	F: CCAACTACACTTGTTGCCAAAAAA

R: TCAGCATTTGGTGGTACTCTCAT

S: GAAAATACATTTACAGCACC
	0,28


	0,41


	ND


	0,11


	0,23


	0,08



	pc01pf06-0600

	F: TGAATTTAGCATAATCATAATTTG 

R: TGCTTTACAAAGTTCAGAATGTTT

S: AGTTCAGAATGTTTATCTAA
	0,26


	0,38


	1,08


	0,16


	0,29


	0,14



	pc01pf06-0580

	F: TGAAATCAAAAGTGATAACCAAGT

R: CTTCTGATTTACCTGACCCAGATT

S: AAGAAATACATAATCACTAT
	ND


	ND


	ND


	0,08


	0,25


	0,08



	Chromosome 2

	pc02pf01-0406

	F: AGGCGCGTCAGTCAAATT

R: ACTATTTCTTCTGCGGCTCCTA
S: ATTGGAGGGTTCTAAAGAG
	0,95


	0,69


	1,01


	0,55


	0,72


	0,52



	pc02pf01-0399

	F: AAGGGTAACAAGGTTGAAGATGGT
R: GTTGTGATAATCGTCGTTTAATGC
S: CAAGGTTGAAGATGGTG
	ND


	ND


	ND


	0,53


	0,72


	0,51



	pc02pf01-0197
(ubp1)
	F: TTGAACAATTAGGAGGATCAGAA
R: CGAGCATTTGTATTTATTGTTTCC
S: TGCAGGAACATGAAATG
	0,93


	0,59


	1,00


	0,07


	0,33


	0,005



	pc02pf01-0150

	F: GAATTCGGATATTTTCGATAGTTG
R: TGAAAAGGGCCATAAATCATACAT
S: GCCATAAATCATACATCCA
	0,92


	0,61


	1,00


	0,07


	0,32


	0,01



	pc02pf07-1006

	F: TGACTCCTGATAAAAGGGAAGTTT
R: CAAGATGTGTTGTTTTGGGAGTTA
S: TACTTTTGAAAATGAATTGT
	0,91


	0,58


	1,01


	0,07


	0,31


	0,02



	pc02pf07-1034

	F: GGGAATATGAATAGTGGGCATTA
R: TTAAGCCAAAACTTTTCATCATGT
S: GCATTACTATTCCTTTAGTT
	0,92


	0,56


	1,01


	0,06


	0,33


	0,02



	pc02pf07-1151

	F: CGGAATCAAATTATAGCGAATTGC

R: ATCTCCTGGAAATAAATGTCTTGC
S: AGTAAAATTAGAAAAACT
	ND


	ND


	ND


	0,09


	0,32


	0,02



	Chromosome 3

	pc03pf02-0278

	F: TGCCGACCCAAAAGTTATCCT
R: TTCCGCAAAAACTGTAATTCACTG
S: CATGGTACTAATTGTATCGC
	0,85


	0,75


	1,01


	0,55


	0,58


	0,55



	pc03pf02-0452

	F: CAGAATGAAAAATAAAAATGCAAT
R: TGTCTATAGTCTTATCATGCGATA
S: TGAAAAATAAAAATGCAATA  
	0,87


	0,77


	1,00


	0,59


	0,67


	0,60



	Chromosome 4

	pc04pf03-0295

	F: TCCCTTTGCTACATCAAGATGAA
R: TCCATATGATTGCATACAGTAGCT

S: GCATACAGTAGCTCCGAC
	ND


	ND


	ND


	0,40


	0,62


	0,42



	pc04pf03-0419

	F: CCTTTTAAAATCGAAAAGAAGTGA
R: CCGTTGCTTTATATACACAACCA

S: TTGCTTTATATACACAACCA
	0,55


	0,50


	0,67


	0,39


	0,58


	0,41



	pc04pf03-0560

	F: ATTTTCCTCATCAATCGAAACAT
R: GGAATGTGGGGACTAGCAAAA
S: GTTTAGGCACTAAGACAGAC
	0,52


	0,54


	0,66


	0,37


	0,52


	0,40



	pc04pf03-0665

	F: GCCCTTATGGTTAAAGCTGATG

R: CGTAATTTCCGATCAGTGTTGG
S: GAAGTCTATTTTAACAACCT
	ND


	ND


	ND


	0,37


	0,51


	0,40



	pc04pf09-0230

	F: AACTGCGATGTAAGATATGTCCC
R: ATCAACCAATTAAAAGGTATTCCA
S: ATTAGAAATAAATTATGAAA
	0,42


	0,44


	1,01


	0,31


	0,34


	0,35



	pc04pf09-0141

	F: AATATTTGAATCTGCACCATACCA

R: TTGCACAAAAGGCTATTGTTCTC
S: CACCATACCATGTTTTTC
	0,02


	0,25


	1,02


	0,05


	0,06


	0,08



	pc04pf09-0133

	F: AAAAGTTTTGCAATGGTGTAAAGC
R: TGGCACTTGTCTCAAAGTATGGTA
S: CAATGGTGTAAAGCAAAT
	0,03


	0,25


	ND


	0,04


	0,03


	0,06



	Chromosome 5

	pc05pf10-0697

	F: TCCCTTCTATGTGTCTCAAACAAA
R: TGGTGCTTCATCATGTTTAATGT
S: ATATAATTTCAATATGCTGG
	0,99


	0,98


	1,02


	0,99


	0,95


	1,00



	pc05pf10-0868

	F: AGGTACCATATATTTCCAGATTTA
R: CCCGTTTTAATATTTACAGATAGT

S: TCTTTTGATTTATCAGAAGT
	0,93


	0,95


	1,02


	ND


	ND


	ND



	pc05pf10-1036

	F: CATTCGCTCCCGAAAATACAA
R: TCAGTGTTTGATGTTGCTCTAAGA
S: GCTGCACCTTCTACACA
	0,88


	0,95


	1,21


	1,06


	1,11


	1,03



	pc05pf10-1203

	F: GACGAACACAGTTTTACAACAATG
R: CTTCGACCATCATGAATAGAATGT
S: ATATGATTCTGATAGTAAAT
	0,79


	0,90


	1,09


	ND


	ND


	ND



	pc05pf10-1378

	F: ATTAGCAAACAAGCAGGATGTAAA
R: CTAGTACCAAAAATTGCCCATTGT
S: TGATATGGGAAGGCAA
	0,79


	0,99


	1,21


	ND


	ND


	ND



	pc05pf04-1072

	F: CGTTTACCATACTTCCTAAACACA
R: TCAAAACTTAGCGATGCTGTCTAT
S: TTTTGGGTATAATATTTCTC
	0,81


	0,98


	1,18


	1,06


	0,97


	1,09



	Chromosome 6

	pc06pf12-0102

	F: ATTAGCAGAAAAGGGAGAAGACAA
R: TGGTATATCACAAAAAGGATCAAA

S: TGATTTATTTCAAGTGGG
	0,78


	0,89


	0,45


	ND


	ND


	ND



	pc06pf12-0259

	F: AGAAAGTATGAAACAACTTGGATT
R: CTTCATTGGAAACATTATTTTGAC
S: ACATTATTTTGACAATTAGG
	0,80


	0,91


	0,54


	1,01


	0,97


	1,03



	pc06pf12-0390

	F: TGGTGGTTTACTTCTCGTGCTATT
R: AATGAAGCGGATTTTTTTGAGA
S: ATGCGTATGAAAAAATTAA
	1,00


	1,00


	1,00


	1,05


	1,02


	1,03



	pc06pf14-1522

	F: TTCATCCGGTTTTTTATTTCCTAT
R: GCAAAAAATGTAGGGAATTTCA

S: AATTCGGAAAATTGAAA
	ND


	ND


	ND


	1,00


	0,99


	1,00



	pc06pf07-0632

	F: TAAGCCAGACGAAATACCCACATC
R: TCGTTTTGAATTTCGGAAGGA

S: ACCCACATCAACACAA
	ND


	ND


	ND


	1,00


	1,00


	1,00



	pc06pf07-0962

	F: TGGAAAAATAAGATACCCCCAAAT
R: TGTTTGAAAAAACTTCCAAATGAT

S: TGATTGATGTATTGGGAC
	0,98


	0,98


	0,99


	ND


	ND


	ND



	Chromosome 7

	pc07pf11-1885

	F: GGAGAAATAGATATGAGGGGAACA
R: CCTTCATAATTTTGGCATGATAA

S: GTTAATATATGGCACATAGA
	0,75


	0,79


	1,15


	ND


	ND


	ND



	pc07pf11-1467

	F: TGTCCTAATCCACTAGCGCCTTT
R: GAAGGGGGGAAAGAAAGCAAA

S: GGATATAAACATACACTGGC
	0,77


	0,92


	1,16


	1,00


	1,01


	1,01



	pc07pf08-0431

	F: TTGGAGGGAATATGATTATTAGTT
R: CATAGCGATAAAGAAATGGAAAAA

S: TGCCTATATTGTGTAAATGA
	0,99


	1,01


	0,65


	1,02


	1,02


	1,03



	pc07pf08-0580

	F: CCTCACAATATCCTTGATGACACT
R: TGTTTGTCCAGCCATAAAAGC

S: TTGTTCATTACTCTTGAATT
	0,99


	1,00


	1,00


	ND


	ND


	ND



	pc07pf04-0754

	F: TCCCATTAGCTTCCCATATTCTT
R: TATGGTTTATAAGGGGAGAAACAA

S: TTAGCTTCCCATATTCTTAC
	0,83


	0,58


	1,05


	0,46


	0,60


	0,37



	pc07pf04-0820

	F: TTGGAAATTTAAAAGCGAGACATC
R: CCGCCATAACTTCATTTAATTGAT

S: ATTCATAATTCAGTATACTA
	0,57


	0,84


	1,06


	0,39


	0,46


	0,26



	Chromosome 8

	pc08pf07-0109

	F: CAGGCTACTTAACACCCTTGTTG
R: CCCCATTATTATTCATTCCTGC

S: CAATTCTTCCTTCTTTACTA
	0,84


	0,96


	1,12


	1,05


	1,00


	1,06



	pc08pf07-0175

	F: AGCATTTTCATTTGATGTGTCTTT
R: AACCAATTAACCACCTATGACAAA

S: TTATTATCATCTTCATCAGT
	0,80


	0,93


	1,08


	1,05


	1,01


	1,04



	pc08pf03-0719

	F: TTCCGCTATAAAAAAACGAAGAAC
R: CTTTTTAATGCATTTTCACTACCT

S: TCACTATTTAAATCTTTCAT
	ND


	ND


	ND


	0,51


	0,61


	0,68



	pc08pf09-0795

	F: AACCTGGAGATGTCGATAAATATG
R: TTTCAATTCGAGATTCTTCATCAT

S: TTTGTTCATTTTGGTGAG
	0,61


	0,57


	0,53


	0,58


	0,74


	0,67



	pc08pf09-0944

	F: GAAAAGCGAAACAAATCAACATAC
R: TCCAGTAAGACTTGTGGCTATAGG

S: GCTATAGGCTTATTAAATTG
	ND


	ND


	ND


	0,24


	0,61


	0,27



	pc08pf09-1203

	F: CGAATTAATGCACGCAATAAA
R: TTTCACAATAGTATTTGCACACA

S: CACGCAATAAATTTTTACTA
	0,59


	0,51


	0,58


	0,25


	0,63


	0,30



	pc08pf09-1370

	F: CCCGTTTTTTTTATTGTCAAACA
R: GGAAGAATGTCAGCGCTATTTAA

S: TTTTATTGTCAAACACGTT
	0,56


	0,55


	0,53


	0,53


	0,73


	0,36



	Chromosome 9

	pc09pf11-0234

	F: GGATGGATATATGGTATACTTCGA
R: TGATGTCAAAGGTCGATTTGTT

S: GTATACTTCGACCATCATG
	0,71


	0,98


	1,17


	1,00


	1,05


	0,99



	pc09pf11-0377

	F: TTGGAAGCTCATCCATAAATAAAG
R: AGAAAGAATGGAAGAAGATTTCAA

S: GCTCATCCATAAATAAAGG
	0,77


	0,97


	1,15


	ND


	ND


	ND



	pc09pf11-0651

	F: GAAGCAGGTTTGGAAGCAGAAAT
R: GTTGCACATGCATTCGGAATAAC

S: CGATCATATGTTTTGCC
	0,85


	0,98


	1,14


	0,94


	0,99


	0,94



	pc09pf11-1100

	F: AGCAGGAATAGCTGTCGAAAATA
R: GGTACAATGAGCTGCTCCAATTT

S: AATTATGTAACATCCGTTAG
	0,84


	0,98


	1,15


	0,94


	0,96


	0,93



	Chromosome 10

	pc10pf04-0290
(ldc)
	F: GACAAATTGCACATTTGATGG
R: GCAAACCATGCTTCATCAAATAAC

S: ATTGCACATTTGATGG
	0,58


	0,56


	0,54


	0,55


	0,46


	0,34



	pc10pf14-1305

	F: ATTACTTAATAAATGGATTCAAGA
R: TTTATTATAAATCTTCGTCCATCT

S: ATTATAAATCTTCGTCCATC
	0,51


	0,59


	0,50


	0,51


	0,62


	0,43



	pc10pf14-1029

	F: TTTAGATCAGTAGGTTTACCTTGG
R: CATGCAAAAAATGTCCAGATTC

S: TTACATCAACCTAGTAGTCA
	0,47


	0,45


	0,55


	0,39


	0,49


	0,32



	pc10pf14-0920

	F: AGGAAGATCAAATTCGCTAGTTAT
R: TACATCCAAAATAGCTTCCTCTCT

S: TGGAGGTGATTATTTTGA
	0,49


	0,52


	0,54


	ND


	ND


	ND



	pc10pf14-0562

	F: TCGCCCTATATGACGGACTTTGA
R: CAGGTGATCGTTTTGTACGCAATA

S: TCAGTTTGTAAGCTAAAAAT
	0,56


	0,53


	0,56


	ND


	ND


	ND



	pc10pf14-0464

	F: TGGAAATATAGTGAAAAAGTGTGC
R: TCAACGGCAATTTGTATTAATCTT

S: TAGATATGGAAACAACAGG
	ND


	ND


	ND


	0,36


	0,52


	0,39



	pc10pf14-0389

	F: TCACAAGTAAAAAAGGAGCATGTT
R: CGCCATCAACGGATCTTAATGTA

S: CTAATTTATAACCACACTCT
	ND


	ND


	ND


	0,37


	0,39


	0,36



	pc10pf14-0102

	F: ATGGAAACCTTGCAATCATATTAA
R: CAGGACAAAAATAAAAATCATTAA

S: AAACGTATTTTACCTTTTT
	ND


	ND


	ND


	0,21


	0,34


	0,19



	Chromosome 11

	pc11pf05-0177

	F: AACTATTGTCACATGGGGTTCATT
R: CAGATTTTTGCACCGTTTCAATAT

S: AAAATGAAAAATGCAGC
	1,01


	1,01


	1,01


	1,00


	1,01


	1,01



	pc11pf06-1001

	F: TGCTTAGGCATATTTGCTTCAA
R: TTGAAGGTTTTGTAGCTCCTTCGA

S: CCATAAAATTATATTCTGG
	0,95


	0,97


	0,45


	1,01


	1,01


	1,03



	pc11pf06-1305

	F: GTGAACAGCTTTTAATGGCAGAA
R: AAATCATCCCTATAAATCCCACAT

S: CATTTGTTGGAGGGAA
	1,02


	1,06


	0,05


	ND


	ND


	ND



	pc11pf13-2057

	F: AATAAAAGAAAAGGTTTTTGTGTT
R: CATCTTTTCAGCAGAAAATTCATT

S: GCAGAAAATTCATTATTAAA
	0,97


	0,96


	0,09


	1,00


	1,02


	1,03



	pc11pf13-2508

	F: TGTGCCATTTTTAATTTGATCTGA
R: GAAAAGTATACCCCAATTGAAGCT

S: ATATTAGCACCGTTAAAATT
	1,00


	1,00


	0,09


	1,02


	1,00


	1,01



	Chromosome 12

	pc12pf10-0141

	F: ACATGCGTTGTATTTTCGTATGT
R: TGGATGAAGAGGAATGCTTTACA

S: TGAATTTGTTAAATTCACTT
	0,97


	0,96


	0,85


	1,08


	1,02


	1,08



	pc12pf10-0317

	F: AAATTCATTAGATGCACCAACTCA
R: TGGACATGATTTTTAAATCGTTCA

S: TTTAACTGCTTCTAAACCTA
	0,73


	0,60


	0,87


	ND


	ND


	ND



	pc12pf10-0435

	F: CTCATGGTAATTATAAGCTCATCA
R: GGCAATTTCCTCAAACATTCTT

S: ACAACAATTATGGGCC
	0,87


	0,90


	0,83


	1,07


	0,92


	1,08



	pc12pf10-0574

	F: GGGAAGTTAAAATTGCTGATTTTG
R: CATTAATAATTCGGGGGCTCTA

S: ATCTTCTAAATATGCATTTG
	0,89


	0,91


	0,87


	1,04


	0,95


	1,04



	pc12pf03-0868

	F: GTCGCAAACACATCGAAATC
R: CATCGGCAAGCACCATTT

S: TCGTGTTTTTCATGATTT
	0,80


	0,86


	0,99


	1,01


	0,93


	1,05



	pc12pf07-0370

	F: CTTTGTGTAATGATCCATATTTCC
R: GAGTTGGCACTTTTGTCAACTAA

S: AACTAAAAATCCACGAGGG
	0,84


	0,89


	1,19


	0,99


	1,02


	1,03



	pc12pf08-1006

	F: CGACCAAAACAAACAGTAACAGA
R: TCCCCTATATGGATTAACTTGAAA

S: TCTACTTTGCCTGGACA
	0,90


	0,89


	1,14


	0,98


	1,01


	0,98



	pc12pf06-0623

	F: GTTATTTTTGGTGTATGGCCACCT
R: CAGCATCAAATGGCAAAACATC

S: CCAAACGAATGGAAATA
	0,88


	0,85


	1,02


	0,99


	1,03


	1,00



	pc12pf05-0696

	F: CATTTCCAGGACTTCCTTCATTAC
R: ACATGAAAATGCGAATGCTTTTAA

S: ATGGATGAAACAAATGATA
	0,86


	0,81


	0,99


	0,93


	0,90


	0,93



	pc12pf05-0836

	F: GGCTATTTAATCGAAAAAC
R: TTTCTCCTTCCTTGCATAGTTT

S: GGCTATTTAATCGAAA
	0,66


	0,51


	1,23


	0,43


	0,48


	0,42



	pc12pf05-0885

	F: GCAGAAAACGAAAATGGAATAAA
R: GGATTTAATAAGCATAGCATCAGA

S: AAATTCATAAGGATTT
	ND


	ND


	ND


	0,05


	0,09


	0,08



	pc12pf05-0960
(mdr1)
	(By proportional sequencing – 
see section II.4.6)

	0,39


	0,34


	1,21


	0,42


	0,22


	0,53



	pc12pf05-1057

	F: GCAAATCAGTCGATTTATTGTG
R: ACCCCTATATTCCCTTCTAAAAA

S: AAATCAGTCGATTTATTGTG
	0,39


	0,32


	1,25


	0,15


	0,21


	0,11



	pc12pf05-1136

	F: TTCTGACCATCCCTACATATTGA
R: GGAACAACAGGGATAGGTGATATT

S: TCAGAAAAACACAAAAAATT
	0,34


	0,33


	1,26


	0,18


	0,25


	0,14



	pc12pf05-1178

	F: GAAAAAACAAAATCATTGGAAGAA
R: ACATGTTTTGGGGCTATGGTA

S: TTATAAAATGAAAGGCCA
	ND


	ND


	ND


	0,69


	0,79


	0,56



	pc12pf05-1260

	F: AAGAACCCGTTTTAAAATCGTCA
R: TGTTTCACTTTCATCCTCCATAA

S: TCAAAAGAAAAAAAAAATAC
	ND


	ND


	ND


	0,66


	0,69


	0,54



	pc12pf05-1286

	F: AAAATTTTATGCATTTTTAATGGG
R: CCCGTTTTAAAACAAAATATTTCC

S: TTTTAACAATTGTATGTTGG
	0,35


	0,41


	1,32


	0,67


	0,67


	0,51



	Chromosome 13

	pc13pf14-1658

	F: GTTTGCGCTCAATTCATCTTTAT
R: GGTATATCGAAAATGTTGTAGGTA

S: AATATCAGCAAACATATCAT
	0,95


	0,95


	0,24


	1,02


	1,00


	1,03



	pc13pf14-1975

	F: AGTTGGAGACCCAACATCATAT
R: TGAAATATCTGCACTCCATACACT

S: TATTATGATATAAACGATCC
	0,87


	0,86


	0,31


	1,11


	1,11


	1,09



	pc13pf14-2445

	F: TAACGATACCCAAACATCATCAAA
R: TGCACATGTTTCAAATTTTATCTC

S: AATATTATTCATTTTCACTT
	0,78


	0,74


	0,74


	ND


	ND


	ND



	pc13pf14-2860

	F: ACGAATATACATGAAAAAAAGTGA
R: CTGTTTTTTCCAGGAGGAACTTT

S: AAAATTCGGTATCATCAAC
	ND


	ND


	ND


	0,49


	0,70


	0,59



	pc13pf13-1050

	F: AGATTTGCAGATGGAGAAGTATCA
R: TTTTCTATCTTGACGTGCATAACC

S: GATTTTCATTAACTGGTGG
	0,65


	0,71


	1,20


	0,54


	0,68


	0,48



	pc13pf13-1356

	F: TTGAAACTGCTTCAGATTTGTCTT
R: CATTACCCAACTTATGCCATTACT

S: ATCATCTTTACATATGCTTG
	ND


	ND


	ND


	0,66


	0,68


	0,58



	pc13pf13-1800

	F: GACAGGGGTTAATTTGTATGGG
R: CAGGCCAATAAAACAGAGAACATA

S: CATTTTAATCCTGCAGC
	0,82


	0,72


	1,20


	0,64


	0,67


	0,50



	pc13pf13-1956

	F: TCGCTTGTTTCTTTCCAATCAG
R: TTTGAGCCAGAAAACAGGAAGAG

S: TCCAATCAGATTGAAAAT
	0,82


	0,78


	1,06


	ND


	ND


	ND



	Chromosome 14

	pc14pf13-0185

	F: CACAAATTAATGGTGGCAGAGAT
R: TTGGAGGTAAATGTTTTATAAGGG

S: ATAAGGGAATATTTATCTAC
	0,56


	0,99


	0,77


	1,13


	1,15


	1,16



	pc14pf13-0448

	F: TGATATTGGTGGATGTAAAGAACA
R: CGAGCTGTTAATGTTTTTCCTGTA

S: CCCAAGGGTGTTTTACT
	0,57


	1,02


	0,76


	1,12


	1,14


	1,15



	pc14pf13-0737

	F: ACCCCGAATATCTTCTCTTATTGA
R: AATCGAATATGCGCAAGGCTTA

S: TGTTGTTCATGAGAAAAA
	ND


	ND


	ND


	1,13


	1,17


	1,18



	pc14pf07-0524

	F: TGACGGGAAAAAAATATGTCTG
R: GGCCAATGGCTAGTGCAATA

S: CAATGGCTAGTGCAATAAT
	0,82


	1,00


	1,02


	1,02


	1,02


	1,02



	pc14pf08-0819

	F: GAAAGCTATCCGCAACCTATTAGA
R: TTCGACTGATGATTTTACAAGTCT

S: TTATGTCTAATTGATTTTGG
	0,84


	1,00


	1,03


	1,02


	1,02


	1,02



	pc14pf12-0627

	F: GGTGGACCATCTTCTTCTAAACTT
R: TGCTTTATATAATCAAGGCCCTCA

S: CCATACCTTTCAAAACAGT
	0,83


	1,01


	1,01


	1,04


	1,03


	1,03



	pc14pf12-1538

	F: TTTTTCCTGGCTTAATTTATCAA
R: TATGCCCAAGCCAATATTGTT

S: AATTTATCAATATTATGAGG
	0,93


	0,92


	1,05


	1,01


	0,95


	1,00




	Pc gene ID
	Pc contig ID
	Pf gene ID
	Pc gene annotation

	PCAS_123610
	
	PFE1045c
	conserved Plasmodium protein, unknown function

	PCAS_123620
	
	PFE1050w
	Adenosylhomocysteinase

	a
	
	PFE1055c
	conserved Plasmodium protein, unknown function*

	PCAS_123630
	
	PFE1060c
	conserved Plasmodium protein, unknown function

	PCAS_123640
	
	PFE1065w
	conserved Plasmodium protein, unknown function

	PCAS_123650
	
	PFE1070c
	conserved Plasmodium protein, unknown function

	PCAS_123660
	
	PFE1075c
	conserved Plasmodium protein, unknown function

	PCAS_123670
	
	PFE1080w
	ribosomal large subunit pseudouridylate synthase, putative

	PCAS_123680
	003476
	PFE1082c
	conserved Plasmodium protein, unknown function

	PCAS_123690
	
	PFE1085w
	DEAD-box subfamily ATP-dependant helicase, putative

	PCAS_123700
	
	PFE1090w
	nucleotide binding protein, putative

	PCAS_123710
	
	PFE1095w
	conserved Plasmodium protein, unknown function

	PCAS_123720
	
	PFE1100w
	conserved Plasmodium protein, unknown function

	PCAS_123730
	
	PFE1105c
	conserved Plasmodium protein, unknown function

	PCAS_123740
	
	PFE1110w
	conserved Plasmodium protein, unknown function

	PCAS_123750
	
	PFE1115c
	s-adenosylmethionine-dependent methyltransferase, putative

	PCAS_123760†
	
	PFE1120w
	conserved Plasmodium protein, unknown function

	PCAS_123770
	
	PFE1125w
	mithocondrial ribosomal protein L17 precursor, putative

	PCAS_123780
	
	PFE1130w
	conserved Plasmodium protein, unknown function

	PCAS_123790
	
	PFE1135w
	iron-sulfur assembly protein, putative

	PCAS_123800
	
	PFE1140c
	G10 protein, putative

	PCAS_123810
	
	PFE1145w
	conserved Plasmodium protein, unknown function

	PCAS_123820
	003473
	PFE1150w
	multidrug resistance protein

	PCAS_123830
	
	PFE1155c
	mitochondrial processing peptidase alpha subunit, putative

	PCAS_123840
	
	PFE1160w
	conserved Plasmodium protein, unknown function

	PCAS_123850
	
	PFE1165c
	conserved Plasmodium protein, unknown function

	PCAS_123860
	
	PFE1170w
	DNAJ protein

	PCAS_123870
	
	PFE1173c
	outer arm dynein Ic3, putative

	PCAS_123880
	
	PFE1175w
	conserved Plasmodium protein, unknown function

	PCAS_123890†
	
	PFE1180c
	conserved Plasmodium protein, unknown function

	PCAS_123900
	
	             PFE1185w  
            transporter
	transporter

	PCAS_123910
	
	PFE1190c
	conserved Plasmodium protein, unknown function

	PCAS_123920
	
	PFE1195w
	Karyopherin beta

	PCAS_123930
	
	PFE1200w
	conserved Plasmodium protein, unknown function

	PCAS_123940
	
	PFE1205c
	conserved Plasmodium protein, unknown function

	PCAS_123950
	
	PFE1210c
	conserved Plasmodium protein, unknown function

	PCAS_123960
	
	PFE1215c
	cytosolic preribosomal GTP-binding protein, putative

	PCAS_123970
	
	PFE1220w
	conserved Plasmodium protein, unknown function

	PCAS_123980
	
	PFE1225w
	organelle ribosomal protein L7/L12 precursor, putative

	PCAS_123990
	
	PFE1230c
	mitochondrial import receptor subunit, putative

	PCAS_124000
	
	PFE1235c
	conserved Plasmodium protein, unknown function

	PCAS_124010
	
	PFE1240w
	conserved Plasmodium protein, unknown function

	PCAS_124020
	
	PFE1245w
	conserved Plasmodium protein, unknown function

	PCAS_124030
	
	PFE1250w
	acetyl-CoA synthetase, putative

	PCAS_124040
	003477
	PFE1255w
	conserved Plasmodium protein, unknown function

	PCAS_124050
	
	PFE1260c
	conserved Plasmodium protein, unknown function

	PCAS_124060
	
	PFE1265w
	G-protein coupled receptor, putative

	PCAS_124070
	
	PFE1270c
	conserved Plasmodium protein, unknown function

	PCAS_124080
	
	PFE1275c
	RNA methyltransferase, putative

	PCAS_124090
	
	PFE1280w
	conserved Plasmodium protein, unknown function

	PCAS_124100
	
	PFE1285w
	membrane skeletal protein, putative

	PCAS_124110
	
	PFE1290w
	serine/threonine-protein kinase, putative

	PCAS_124120
	
	PFE1295c
	RAP protein, putative

	PCAS_124130
	
	PFE1300w
	conserved Plasmodium protein, unknown function

	PCAS_124140
	
	PFE1305c
	ADP-ribosylation factor GTPase-activating protein, putative

	PCAS_124150
	
	PFE1310c
	conserved Plasmodium protein, unknown function

	PCAS_124160
	
	PFE1315w
	conserved Plasmodium protein, unknown function

	PCAS_124170
	
	PFE1320w
	conserved Plasmodium protein, unknown function

	a
	
	PFE1325w
	conserved Plasmodium protein, unknown function*

	PCAS_124190
	
	PFE1330c
	conserved Plasmodium protein, unknown function

	PCAS_124200
	
	PFE1335c
	conserved Plasmodium protein, unknown function

	PCAS_124210
	
	PFE1340w
	conserved Plasmodium protein, unknown function

	PCAS_124220
	
	PFE1345c
	minichromosome maintenance protein 3, putative

	PCAS_124230
	003477
	PFE1350c
	ubiquitin-conjugating enzyme, putative

	PCAS_124240
	
	PFE1355c
	ubiquitin carboxyl-terminal hydrolase, putative

	PCAS_124250
	
	PFE1360c
	methionine aminopeptidase, putative

	PCAS_124260
	
	PFE1365w
	conserved Plasmodium protein, unknown function

	PCAS_124270
	
	PFE1370w
	hsp70 interacting protein, putative

	PCAS_124280
	
	PFE1375c
	conserved Plasmodium protein, unknown function

	a
	
	MAL5_tRNA_Glu1
	tRNA*

	a
	
	MAL5_tRNA_Leu2
	tRNA*

	PCAS_124290
	
	PFE1390w
	RNA helicase-1

	PCAS_124300
	
	PFE1395c
	conserved Plasmodium protein, unknown function

	PCAS_124310
	
	PFE1400c
	beta adaptin protein, putative

	PCAS_124320
	
	PFE1405c
	eukaryotic translation initiation factor 3, subunit 6, putative

	PCAS_124330
	
	PFE1410c
	conserved Plasmodium protein, unknown function

	PCAS_124340
	
	PFE1415w
	cell cycle regulator with Zn-finger domain, putative

	PCAS_124350
	
	PFE1420w
	F-actin capping protein, alpha subunit, putative

	PCAS_124360
	
	PFE1425c
	conserved Plasmodium protein, unknown function

	PCAS_124370
	
	PFE1430c
	cyclophilin, putative

	PCAS_124380
	
	PFE1435c
	nucleolar preribosomal GTPase, putative

	PCAS_124390
	
	PFE1440c
	conserved Plasmodium protein, unknown function

	PCAS_124400
	
	PFE1445c
	conserved Plasmodium protein, unknown function

	PCAS_124410
	003376
	PFE1450c
	conserved Plasmodium protein, unknown function

	a
	
	PFE1455w
	sugar transporter, putative*

	PCAS_124420
	
	PFE1460w
	apicoplast TIC22 precursor, putative

	PCAS_124430
	
	PFE1465w
	conserved Plasmodium protein, unknown function

	PCAS_124440
	
	PFE1470w
	cell cycle regulator protein, putative

	a
	
	MAL5_tRNA_Arg1
	tRNA*

	PCAS_124450
	
	PFE1480c
	conserved Plasmodium protein, unknown function

	PCAS_124460†
	
	PFE1485w
	conserved Plasmodium protein, unknown function

	PCAS_124470
	
	PFE1490c
	zinc finger protein, putative

	PCAS_124480
	
	PFE1500c
	conserved Plasmodium protein, unknown function

	PCAS_124490
	
	PFE1505c
	SNARE protein, putative

	PCAS_124500
	
	PFE1510c
	triose phosphate transporter

	PCAS_124510
	
	PFE1515w
	conserved Plasmodium protein, unknown function

	PCAS_124520
	
	PFE1520c
	conserved Plasmodium protein, unknown function

	PCAS_124530
	
	PFE1525w
	conserved Plasmodium protein, unknown function

	PCAS_124540
	
	PFE1530c
	XAP-5 DNA binding protein, putative

	PCAS_124550
	003480
	PFE1535w
	conserved Plasmodium protein, unknown function

	PCAS_124560
	
	PFE1540w
	conserved Plasmodium protein, unknown function

	PCAS_124570
	
	PFE1545c
	Formin 1, putative

	PCAS_124580
	
	PFE1550w
	conserved Plasmodium protein, unknown function

	PCAS_124590
	
	PFE1555c
	conserved Plasmodium protein, unknown function

	PCAS_124600
	
	PFE1560c
	mitochondrial ribosomal protein S16 precursor, putative

	PCAS_124610
	
	PFE1565w
	conserved Plasmodium protein, unknown function

	PCAS_124620
	
	PFE1570c
	conserved Plasmodium protein, unknown function

	b
	
	MAL5_18S
	rRNA*

	b
	
	MAL5_ITS1
	rRNA*

	b
	001257
	MAL5_5.8S
	rRNA*

	b
	
	MAL5_ITS2
	rRNA*

	b
	
	MAL5_28S
	rRNA*





Ferreira ID, Nogueira F, Borges ST, Rosário VE, Cravo P (2004) Is the expression of genes encoding enzymes of glutathione (GSH) metabolism involved in chloroquine resistance in Plasmodium chabaudi parasites? Molecular and Biochemical Parasitology 136(1):43-50. IF: 2.89. 

Isabel D. Ferreira, Louise A. Rodrigues, Gisela Henriques, Sofia T. Borges, Dinora M. Lopes, Virgílio E. do Rosário and Pedro Cravo (2009) Selection of transient artemisinin resistance in Plasmodium falciparum results in stable amplification of the pfmdr1 gene. (Submitted to Parasitology).
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Borges S, Hunt P, Creasey A, Fawcett R, Rodrigues L, Trivedi U, Martinelli A, Cravo P.  Genome-wide scans of selection – malaria parasites with mdr1 duplication are selected by mefloquine, lumefantrine and artemisinin. To submit to Proceedings of the National Academy of Sciences –September 2009.

This paper describes a comprehensive LGS analysis of how mdr1 duplications are selected by mefloquine, lumefantrine and artemisinin.  It also precisely maps the duplication and translocation event.
Borges S, Hunt P, Martinelli A, Cravo P. Genome-wide analysis of mefloquine resistant malaria parasite reveals a mutation in a putative ornithine decarboxylase coding gene. To submit to Molecular and Biochemical Parasitology – September 2009.

This paper describes the role of a gene mutation in mefloquine-resistant parasites.

Hunt P, Borges S, Creasey A, Rodrigues L, Modrzynska K, Martinelli A, Fawcett R, Beraldi D, Loewe L, Kumar S, Thomson M, Trivedi U, Blaxter M, Cravo P.  A genetic marker for in vivo artemisinin resistance in malaria parasites. To submit to Lancet – September 2009.

This paper identifies mutations in ubp1 gene as responsible for resistance to artemisinin using genetic and genomic strategies.

Modrzynska K, Creasey A, Borges S, Martinelli A, Beraldi D, Loewe L, Fawcett R, Trivedi U, Kumar S, Blaxter M, Cravo P, Carter R, Hunt P. Rapid genetic dissection of multigenic chloroquine resistance phenotype. To submit to Nature Genetics – October 2009. 

This paper describes three gene mutations which underlie increasing levels of resistance to chloroquine.
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Appendix 2. Primers sequences and comparative index (CI) values determined for each of the SNP markers from the sensitive parent (AJ) in each treatment group for both Selections 1 and 2. 


Legend: primers F (forward), R (reverse) and S (sequencing) were used for each pyrosequencing™ assay. Pcxxpfyy-zzzz is the marker designation, xx and yy refers to P. chabaudi (pc) and P. falciparum (pf) chromosomes, respectively. Mdr1 allele proportions were measured by Proportional Sequencing. Ubp1, ldc and mdr1 genes are indicated. ND- Not determined. 





Appendix 3. List of the 112 genes contained in the duplicated segment on chromosome 12 of AS-15MF.


Legend: the duplicated segment in AS-15MF comprises 6 P. chabaudi (Pc) contigs (003476, 003473, 003477, 003376, 003480 and 001257) totalling >392kb. The translocation point is within � HYPERLINK "http://plasmodb.org/plasmo/showRecord.do?name=GeneRecordClasses.GeneRecordClass&project_id=PlasmoDB&source_id=PCAS_123610" �PCAS_123610� on contig003476. a – orthologue not predicted; b - rRNA genes predicted here; *P. falciparum (Pf) annotation; † genes spanning 2 contigs.
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