INSTITUTO DE HIGIENE E MEDICINA TROPICAL

UNIVERSIDADE NOVA DE LISBOA
IDENTIFICATION OF GENES 

DETERMINING MEFLOQUINE RESISTANCE 

IN MALARIA PARASITES

SOFIA TRINDADE BORGES
LISBOA

2009

INSTITUTO DE HIGIENE E MEDICINA TROPICAL

UNIVERSIDADE NOVA DE LISBOA
IDENTIFICATION OF GENES 

DETERMINING MEFLOQUINE RESISTANCE 

IN MALARIA PARASITES

SOFIA TRINDADE BORGES


Acknowledgements
This work was financially supported by Fundação para a Ciência e a Tecnologia (FCT), Ministério da Ciência, Tecnologia e Ensino Superior.
I would like to express my sincere gratitude to all the people that, directly or indirectly, contributed to the completion of this study, namely:

Prof Pedro Cravo, my supervisor, for his continuous support, engagement, good mood and friendship throughout my PhD; for his valuable suggestions, constructive advices and patience during the drafts of this thesis. A special thanks for providing me with the opportunity of going to Edinburgh, which was crucial for the direction of this thesis and of my life. 
Dr Paul Hunt from University of Edinburgh, for making me feel so welcome and comfortable in Edinburgh. A special thanks for his great expertise, never ending support, precious advices and for devoting so much time and patience on drafts of this thesis. Above all, I treasure his unconditional friendship, countless laughs and common experiences.  
Centro de Malária e Outras Doenças Tropicais – LA (CMDT-LA), mainly Prof Virgílio do Rosário and Dr João Pinto, members of my thesis tutorial committee for the constant availability and useful scientific advices which helped to improve this thesis.
Dr Axel Martinelli, for his important suggestions and advices, and for helping me with all the Solexa sequencing data.
Richard Fawcett, for his excellent technical assistance and for always being so supportive, generous, friendly and funny, making my days in the mouse house brighter. 
Molecular Biology Unit, mainly the director Prof Celso Cunha, for welcoming me in his Unit and Gisela Henriques for being enthusiastic, supportive and good company. 
Louise Rodrigues and Paula Figueiredo for all the unconditional support, encouragement, and patience during the course of this PhD and for being such good friends. 

All colleagues and friends I have made in Edinburgh for making me feel warm and happy, mainly Carol Hunja, Ahmed Raza, Alison Creasey, Kasia Modrzynska, Aubrey Manning, Felicity Harwood. 

Wellcome Trust Sanger Institute Pathogen Genomics group for sequencing, assembling and annotating P. chabaudi AS genome, for making the latest assemblies publicly available, and the Wellcome Trust for funding the P. chabaudi genome sequencing project.  
My family, friends and João for their friendship, affection and support, which helped me to overcome the difficult phases of this work. 
	Table of Contents
	

	
	

	Acknowledgements
	I

	Table of Contents
	II

	List of Figures
	VI

	List of Tables 
	VIII

	List of Abbreviations 
	IX

	Abstract
	XI

	Resumo
	XIII

	
	

	I. INTRODUCTION
	1

	I.1. Malaria in general
	2

	I.2. Plasmodium
	4

	I.2.1. Plasmodium genetics
	4

	I.2.2. Plasmodium genome
	7

	I.2.3. Plasmodium proteome
	7

	I.2.4. Model malaria parasites and comparative genomics
	8

	I.2.4.1. Gene synteny
	9

	I.3. Malaria control strategies
	10

	I.4. Antimalarial drugs and emergence of resistance
	11

	I.4.1. Main antimalarials, mechanisms of action and resistance
	14

	I.4.1.1. Chloroquine (CQ)
	16

	I.4.1.1.1. CQ – Mode of action
	16

	I.4.1.1.2. CQ – Mechanism of resistance
	17

	I.4.1.2. Mefloquine (MF) and Lumefantrine (LM)
	20

	I.4.1.2.1. MF, LM – Mode of action
	21

	I.4.1.2.2. MF, LM – Mechanism of resistance
	21

	I.4.1.3. Artemisinin (ART) and derivatives
	22

	I.4.1.3.1. ART – Mode of action
	23

	I.4.1.3.2. ART – Mechanism of resistance
	23

	I.5. Plasmodium chabaudi model system
	25

	I.6. Genetic tools to define the determinants of drug resistance in P. chabaudi
	27

	I.6.1. Linkage Group Selection (LGS)
	27

	I.6.2. Proportional sequencing
	29

	I.6.3. Pyrosequencing™
	30

	I.6.4. Sequencing of candidate genes
	31

	I.6.5. Solexa whole genome re-sequencing
	32

	I.6.6. Genetics and genomics strategies contribute to rapid gene identification
	34

	I.7. Contribution of the P. chabaudi model for the genetics of drug resistance
	34

	I.7.1. Mefloquine resistance in P. chabaudi
	35

	I.8. Aims
	36

	II. MATERIALS AND METHODS
	37

	II.1. Mouse strains
	38

	II.2. Mosquitoes
	38

	II.3. Parasites
	38

	II.3.1. Routine maintenance of parasites
	40

	II.3.2. Determination of Parasitaemias (P)
	40

	II.3.3. Determination of Parasite Density (PD) 
	41

	II.3.4. Parasite preparation for DNA extraction
	41

	II.3.4.1. Parasite preparation (small scale)
	41

	II.3.4.2. Parasite preparation (large scale)
	41

	II.4. DNA manipulation
	42

	II.4.1. DNA extraction (small scale)
	42

	II.4.2. DNA extraction (large scale) and precipitation
	42

	II.4.3. Amplification of DNA by PCR reactions
	43

	II.4.4. Sequencing reactions
	44

	II.4.5. Analysis of sequenced products
	44

	II.4.6. Proportional sequencing
	44

	II.5. Antimalarial drugs: preparation and administration
	45

	II.6. Tests for drugs response
	46

	II.7. Experiments with mixed infections (AS-15MF + AJ)
	46

	II.7.1. Preparation of the mixed infection for optimization of MF doses
	46

	II.7.2. Preparation of the mixed infection for the genetic backcross
	47

	II.8. Genetic AS-15MF x AJ backcross
	47

	II.9. Selection of AS-15MF x AJ backcross progeny (LGS) 
	48

	II.10.  Pyrosequencing™
	48

	II.10.1. Amplification of DNA by PCR
	48

	II.10.2.  Pyrosequencing™ assays
	49

	II.11. Solexa whole genome re-sequencing 
	50

	RESULTS AND DISCUSSION
	52

	III. TESTS FOR DRUGS RESPONSE
	54

	III.1. Overall procedure
	55

	III.2. Results
	56

	III.3. Discussion
	59

	IV. OPTIMIZING MEFLOQUINE DOSES
	60

	IV.1. Overall procedure
	61

	IV.2. Results
	62

	IV.2.2. Parasite growth in mixed infections
	62

	IV.2.2. Parasite proportion in mixed infections
	64

	IV.3. Discussion
	66

	V. LGS ANALYSIS OF AS-15MF X AJ BACKCROSS PROGENY
	67

	V.1. Overall procedure
	68

	V.2. Results
	69

	V.2.1. Drug selection signatures - Chloroquine
	70

	V.2.2. Drug selection signatures - Mefloquine
	70

	V.2.3. Drug selection signatures - Lumefantrine
	71

	V.2.4. Drug selection signatures - Artemisinin
	71

	V.2.5. Drug selection signatures - Summary
	73

	V.3. Discussion
	73

	VI. GENOME-WIDE IDENTIFICATION OF MUTATION IN AS-15MF
	76

	VI.1. Overall procedure
	77

	VI.2. Identification of a duplication/translocation event 
	77

	VI.2.1. Fine mapping of the duplication/translocation event
	79

	VI.2.2. Summary
	81

	VI.3. Identification of point mutations
	82

	VI.3.1. Location of the identified mutations within the AS-lineage and their association with selection valleys
	83

	VI.4. Discussion
	86

	VII. LYSINE DECARBOXYLASE GENE MUTATION – A ROLE IN DRUG RESISTANCE?
	90

	VII.1. Overall procedure
	91

	VII.2. Structure-function prediction of LDC protein
	91

	VII.3. The ldc mutation is located in a conserved catalytic domain
	92

	VII.4. Does the ldc mutation with MF resistance?
	93

	VII.5. Discussion
	95

	VIII. GENERAL DISCUSSION
	97

	IX. OVERALL CONCLUSIONS AND FUTURE IMPLICATIONS
	101

	REFERENCES 
	103

	APPENDICES
	118

	Appendix 1
	

	Appendix 2
	

	Appendix 3
	

	PUBLICATIONS 
	137


	List of Figures
	

	
	

	Figure 1.1. Map of malaria distribution.
	2

	Figure 1.2. The life cycle of malaria parasites in the human host and anopheline mosquito vector. 
	3

	Figure 1.3. Meiotic recombination in Plasmodium.
	5

	Figure 1.4. Synteny map of P. falciparum and three RMP (rodent malaria parasites). 
	10

	Figure 1.5. Mode of action of chloroquine (CQ).
	17

	Figure 1.6. Predicted membrane topology and genetic polymorphisms in Pgh1. 
	19

	Figure 1.7. Predicted membrane topology and genetic polymorphisms in PfCRT. 
	20

	Figure 1.8. AS-lineage of drug resistant P. chabaudi parasites.
	26

	Figure 1.9. Schematic representation of Linkage Group Selection methodology.
	29

	Figure 1.10. Principle of PyrosequencingTM. 
	31

	Figure 1.11. Solexa sequencing technology.
	33

	Figure 1.12. Partial chromosome map of mefloquine-resistant parasite AS-15MF
	35

	Figure 3.1. Experimental groups used in tests for drugs response. 
	55

	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’).
	58

	Figure 4.1. Experimental groups used in the optimization of mefloquine (MF) dose.
	61

	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. 
	63

	Figure 4.3. Partial nucleotide sequence of dhps gene, containing the four polymorphic sites 1-4 (specified) distinguishing AS sequence from AJ.
	64

	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.
	65

	Figure 5.1. Schematic representation of the methodologies in conducting a LGS analysis.
	69

	Figure 5.2. LGS genome-wide scans of the AS-15MF x AJ backcross under drug treatment (Selection 1 and Selection 2).
	72

	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.
	78

	Figure 6.2. Sliding window analysis showing the duplication event in AS-15MF. 
	79

	Figure 6.3. Karyotype of mefloquine-resistant parasite AS-15MF.
	80

	Figure 6.4. Alignment of a partial fragment amplified from AS-15MF (primers 04, 12R1) with contig sequences mapping to chr4 and chr12.  
	81

	Figure 6.5. AS-lineage of drug resistant P. chabaudi parasites showing the specific gene point mutations (underlined) arising within the lineage. 
	85

	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).
	86

	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).
	92

	Figure 7.2. Schematic representation of the LDC predicted protein domains in both P. falciparum and P. chabaudi.
	93

	
	


	List of Tables
	

	
	

	Table 1.1. Main groups of antimalarial compounds according to their chemical class 

and antimalarial activity.
	13

	Table 1.2. Proposed mechanisms of resistance to the main antimalarials in malaria parasites.
	15

	Table 2.1. P. chabaudi parasites used in the present work.
	39

	Table 2.2. Primers sequences and PCR conditions used to amplify pcdhps gene in a nested PCR reaction. 
	45

	Table 6.1. Sequences and location of oligonucleotide primers and PCR conditions used to map the translocation event.
	81

	Table 6.2. List of the specific P. chabaudi gene mutations identified in AS-15MF (relative to AS-sens).
	83

	Table 7.1. Oligonucleotide primer sequences and PCR conditions used to sequence pcldc gene. 
	94

	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).
	94


List of Abbreviations

μl - microliter
μM - micromolar

aat1 - aminoacid transporter 1 gene  

ACT - artemisinin-based combination therapy
ATM – artemether

ATN - artesunate

ART - artemisinin

ARTs - artemisinin and derivatives

Bp - base pair 

BLAST - basic local alignment search tool
chr - chromosome

CQ - chloroquine

CI - comparative index

cM - centimorgan 

DHA - dihydroartemisinin

dhfr - dihydrofolate reductase gene

dhps - dihydropteroate synthetase gene

DNA - deoxyribonucleic acid 

EDTA - ethylenediaminetetraacetic acid

EPO - erythropoietin
g - grams
HL - halofantrine
IC50 - inhibitory concentration 50%
iRBCs - infected red blood cells 

Kb - kilo base pairs

ldc - lysine decarboxylase gene

LGS - linkage group selection

LM - lumefantrine

Mb - mega base pairs

MF - mefloquine

min - minutes

mg/kg - milligrams of drug/kilogram of body weight  

ml - milliliter 

mM - millimolar

mdr1 - multidrug resistance 1 gene

nt - nucleotides

ODC - ornithine decarboxylase

ORF - open reading frame

PABA - para-aminobenzoic acid
PBS - phosphate buffered saline
PCR - polymerase chain reaction
PYR - pyrimethamine

RNA - ribonucleic acid
RNAse - ribonuclease
RMP - rodent malaria parasites
rpm - revolutions per minute

SDS - sodium dodecyl sulfate
SNP - single nucleotide polymorphism

TBE - tris-borate-EDTA buffer

TE - tris-EDTA buffer 

ubp1 - deubiquitinating 1 gene

WHO - world health organization

Abstract

Malaria is by far one of the most severe public health problems worldwide, devastating the lives of millions of people each year. The extensive use of antimalarial drugs such as chloroquine and mefloquine, has led to the acquisition of drug resistance by Plasmodium falciparum, severely curtailing global efforts to control malaria. For this reason, much hope is now laid on new therapeutic approaches based on the use of artemisinin-based combination therapies (ACTs), which include mefloquine-artesunate, amodiaquine-artesunate and lumefantrine-artemether. A better understanding of the underlying mechanisms of drug resistance is therefore imperative to slow or circumvent the evolution of resistance, to prolong the life span of the current drugs and to develop new drugs.

In this context, genetic and genomic tools were applied here to the rodent malaria model Plasmodium chabaudi, to exploit the genetic determinants of resistance to different component drugs of ACTs. 

First, the uncloned progeny of a genetic cross between a mefloquine-resistant mutant (AS-15MF) and a genetically distinct sensitive clone (AJ) was selected with an optimized dose of mefloquine. The progeny obtained was then backcrossed here with AJ and the resulting product analysed by Linkage Group Selection (LGS) to define the signatures of selection arising after treatment with chloroquine (CQ), mefloquine (MF), lumefantrine (LM) or artemisinin (ART).  Additionally, the critical genome-wide changes accumulated in AS-15MF were identified by Solexa whole genome re-sequencing. 

Results showed that MF, LM and ART selected parasites bearing a duplicated segment on chromosome 12 which has translocated onto chromosome 4. Solexa sequence read-coverage analysis showed that this duplicated fragment extends for >392 kb and contains about 112 genes, including mdr1, the gene encoding the multi-drug resistance P-glycoprotein. The translocated fragment was precisely mapped on chromosome 4. MF and ART also generated selection signatures on chromosome 2, containing a mutation in a deubiquitinating enzyme, encoded by the ubp1 gene. Unambiguous evidence is thus provided for the first time to demonstrate that resistance to chemically distinct components of ACTs share the same underlying genes, highlighting a possible limitation of these therapies. 

Furthermore, a single mutation, unique to AS-15MF, was identified in a gene encoding a putative lysine decarboxylase. This mutation is not markedly selected by MF and it does not segregate with MF responses in the progeny clones of the genetic cross between AS-15MF and AJ, implying that it is not directly associated with the MF resistance phenotype.

Resumo

A malária é um dos problemas mais graves de saúde pública em todo o mundo, afectando anualmente a vida de milhões de pessoas. O uso extensivo de antimaláricos, tais como a cloroquina e mefloquina, levou ao aparecimento de parasitas Plasmodium falciparum resistentes, impactando negativamente os esforços globais para o controlo da doença. Por esta razão, o controlo da malária depende de terapias de combinação baseadas em artemisinina (ACTs) que incluem mefloquina-artesunato, amodiaquina-artesunato e lumefantrina-artemeter. Torna-se assim necessário e urgente adquirir conhecimento sobre os mecanismos envolvidos na resistência aos antimaláricos, de modo a abrandar ou evitar a evolução da resistência, no intuito de prolongar a eficácia dos antimaláricos actualmente usados e desenvolver novas terapias. 

Neste contexto, foram utilizadas neste trabalho ferramentas de genética e genómica aplicadas ao modelo de malária de roedores Plasmodium chabaudi, no intuito de identificar os determinantes genéticos de resistência aos diferentes componentes de ACTS.  

Inicialmente, a progenia não clonada obtida de um cruzamento genético previamente efectuado entre o  clone resistente à mefloquina, AS-15MF e um clone sensível geneticamente distinto, AJ, foi seleccionada com uma dose  de mefloquina aqui optimizada. A progenia resultante foi cruzada novamente com o AJ e o producto obtido foi analisado por Linkage Group Selection (LGS) de modo a investigar as assinaturas de selecção após tratamento com a cloroquina (CQ), mefloquina (MF), lumefantrina (LM) ou artemisinina (ART). Adicionalmente, as alterações genéticas acumuladas no clone AS-15MF foram identificadas por re-sequenciação do genoma inteiro, através da tecnologia Solexa. 
Os resultados obtidos mostraram que a MF, LM e ART seleccionam parasitas contendo um segmento duplicado no cromossoma 12, que translocou para o cromossoma 4. A análise da leitura de sequências por Solexa revelou uma duplicação da cobertura estendendo-se por >392 kb e contendo cerca de 112 genes, includindo o gene de multi-resistência (mdr1) codificante da P-glicoproteína 1. O fragmento translocado foi mapeado com precisão no cromossoma 4. Adicionalmente, os antimaláricos, MF and ART, geraram também assinaturas de selecção no cromossoma 2, onde está contida uma mutação numa desubiquitinase, codificada pelo gene ubp1. Deste modo, estes dados constituem uma demonstração clara e directa que a resistência aos componentes de ACT, quimicamente distintos, pode ser determinada pelo(s) mesmo(s) gene(s), realçando a possível limitação destas terapias.  

Adicionalmente, uma única mutação no clone AS-15MF, foi identificada em um gene codificante de uma putativa lisina descarboxilase. Esta mutação não é seleccionada marcadamente pela MF e não segrega com a resposta à MF na progenia clonada do cruzamento genético entre os clones AS-15MF e AJ, indicando que não está directamente associada ao fenótipo de resistência da mefloquina. 
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