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ftaca

Se um dia partires rumo a itaca,

reza para que o caminho seja longo,

cheio de aventura e de conhecimento.

N&o temas monstros como os Ciclopes ou 0 zangaskiden:
Nunca os encontraras no teu caminho

enquanto mantiveres o teu espirito elevado,

enquanto uma rara excitagéo agitar o teu espiottea corpo.
Nunca encontrards os Ciclopes ou outros monstros

a ndo ser que os tragas contigo dentro da tua alma,

a ndo ser que a tua alma os crie em frente a ti.
Deseja que o caminho seja bem longo

para que haja muitas manhas de Verdo em que,

com quanto prazer, com tanta alegria,

entres em portos que vés pela primeira vez;

Para que possas parar em postos de comércio fnicio
ai comprar coisas finas, madrepérola, coral e dmbar
e perfumes sensuais de todos os tipos

tantos quantos puderes encontrar;

e para que possas visitar muitas cidades egipcias

e aprender e continuar sempre a aprender com s&seolares.
Tem sempre itaca na tua mente.

Chegar la é o teu destino.

Mas néo te apresses na viagem.

Sera melhor que ela dure muitos anos

para que sejas velho quando chegares a ilha,

rico com tudo o que encontraste no caminho,

sem esperares que Itaca te traga riquezas.

itaca deu-te a tua bela viagem.

Sem ela ndo terias sequer partido.

N&o tem mais nada a dar-te.

E, sabio como te teras tornado,

téo cheio de sabedoria e experiéncia,

ja teras percebido, & chegada, o que significaitana.

Konstantinos Kavéfis (1863-1933)



Ilthaca

When you set out on your journey to Ithaca,

pray that the road is long,

full of adventure, full of knowledge.

The Lestrygonians and the Cyclops,

the angry Poseidon -- do not fear them:

You will never find such as these on your path,

if your thoughts remain lofty, if a fine

emotion touches your spirit and your body.

The Lestrygonians and the Cyclops,

the fierce Poseidon you will never encounter,

if you do not carry them within your soul,

if your soul does not set them up before you.

Pray that the road is long.

That the summer mornings are many, when,

with such pleasure, with such joy

you will enter ports seen for the first time;

stop at Phoenician markets,

and purchase fine merchandise,

mother-of-pearl and coral, amber and ebony,

and sensual perfumes of all kinds,

as many sensual perfumes as you can;

visit many Egyptian cities,

to learn and learn from scholars.

Always keep Ithaca in your mind.

To arrive there is your ultimate goal.

But do not hurry the voyage at all.

It is better to let it last for many years;

and to anchor at the island when you are old,

rich with all you have gained on the way,

not expecting that Ithaca will offer you riches.
Ithaca has given you the beautiful voyage.
Without her you would have never set out on thelroa
She has nothing more to give you.

And if you find her poor, Ithaca has not deceived.y
Wise as you have become, with so much experience,
you must already have understood what Ithacas mean.

Konstantinos Kavafis (1863-1933)
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Resistance oPlasmodium falciparunto multiple drugs including chloroquine (CQ) and
sulfadoxine-pyrimethamine (SP) is a major problemmialaria control. New drugs, such as
artemisinin (ART) derivatives, particularly in comhbtion with other drugs, are thus
increasingly used to treat malaria. Although stablstance to ART has yet to be reported
from laboratory or field studies, its emergence lddoe disastrous because of the lack of
alternative treatments.

The work presented in this thesis describes trecteh of parasites with stable resistance to
ART and artesunate (ATN), and their genetic analyShis work was carried out using the
rodent malaria parasiflasmodium chabaudi chabaugilasmodium chabaugi

Two different rodent malaria parasite lines AS-15@Qd AS-30CQ were continually
passaged in the presence of increasing concemsatib ATN or ART, respectively. After
selection, these lines, named AS-ATN and AS-ARTowsd 6-fold and 15-fold increased
resistance to ATN and ART respectively. Resistamemained stable after cloning,
freeze/thawing, blood passage in the absence af drassure and transmission through
mosquitoes. The nucleotide sequences and the ggme rmimber of the possible genetic
modulators of ART resistanaadrl, cglQ tctp andatp6 were compared between sensitive
and resistant parasites. No mutations or changé®igene copy number of these genes were
found.

Linkage Group Selection (LGS) was used to investighe genetic basis of ART resistance.
Genetic crosses between AS-ART or AS-ATN and thd ARnsitive clone AJ were analysed
before and after drug treatment. Using quantitatieekers, a genetic locus on chromosome 2
was found to be under strong selection. Loci omeilasomes 1, 8 and 14 Bf chabaudalso
appear to be under selection. On chromosome 2diffeyent mutations V739F and V770F in
a de-ubiquitinating enzyme (ubp-1) were identifiadAS-ATN and AS-ART respectively,

relative to their sensitive progenitors. The imations of these results are discussed.
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A existéncia de estirpes do parasRégsmodium falciparumesistentes a multiplos farmacos
tais como; cloroquina (CQ) e sulfadoxina-pirimetaa{SP) é um dos problemas mais graves
no controlo da malaria.

Novos farmacos, como a artemisinina (ART) e seusvalos, particularmente em
combinagdo com outros farmacos, sdo cada vez niimdos no tratamento da malaria.
Embora até ao momento a farmaco-resisténcia eddA&T querin vitro querin vivo ndo
tenha sido registada, o seu surgimento seria desastevido & falta de alternativas.

O trabalho apresentado nesta tese descreve a&eldecresisténcia estavel a ART e ao
artesunato (ATN). Este trabalho foi realizado usamdnodelo roedor de malafdasmodium
chabaudi chabaudiPlasmodium chabaugi

Duas linhas parasitaricas diferentes, AS-15CQ 638SQ, foram feitas crescer na presenca
de concentracdes crescentes de ATN e ART, e qlieal@presentavam uma resisténcia de 6
e 15 vezes superior ao ATN e & ART, respectivamé@stas novas linhas obtidas foram
nomeadas AS-ATN e AS-ART).

A resisténcia é estavel mesmo apds clonagem, aongeto/descongelamento, passagem
sanguinea na auséncia de pressao de farmaco migsfig através do mosquito vector.

A sequéncia nucleotidica e 0 niumero de cépias @oegydescritos como moduladores
putativos de resisténcia a ARMdrl, cgl0, tctpe atp6 foi comparada entre parasitas
resistentes e sensiveis. Nao tendo sido encontedigeacdes na sequéncia ou no numero de
cOpias destes genes.

Numa tentativa de identificar os genes encolvidosasistancia a ART e ao ATN a técnica de
Linkage Group Selection (LGS) foi utilizada e deisizamentos genéticos entre os clones
farmaco-resistentes; AS-ART e AS-ATN e o clone gieamente distinto dos anteriores e
sensivel aos farmacos em estudos; AJ; foram relaliza=oram encontrados sobre selecgéo
em ambos 0s cruzamentos genéticos quatro loci;assomas d€®. chabaudil, 2, 6 e 8.
Atendendo a que, a selec¢cdo no cromossoma 2 esafantd, este locufoi submetido a
andlises genéticas subsequentes. Tendo sido eetastduas mutacdes diferentes (V739F e
V770F) num gene que codifica para um enzima dehilgsitinacdo (ubp-1). As implicagdes
destes resultados serédo discutidas.
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1.1 Malaria: general features

Malaria parasites are micro-organisms that belontpe genu$lasmodium There are more
than 100 species &flasmodiumwhich can infect many animal species such aslespbirds,
and various mammals. Only four species Rihismodiuminfect humans;Plasmodium
falciparum, Plasmodium vivax, Plasmodium malaréael Plasmodium oval¢Reviewed by:
Aikawa M 1971; Collins WEet al 2005; Cowmaret al 2006 Gauthier Cet al. 2005;
Mackinnon MJet al2004].

Although the symptoms of malaria were known sinoeient times, the discovery of the
causative agent of the disease had to wait urgilethd of the nineteenth century. Charles
Louis Alphonse Laveran, a French army surgeonastatl in Constantine, Algeria, was the
first to notice parasites in the blood of a patisuffering from malaria (see Figure 1). For his
discovery, Laveran was awarded the Nobel Prize9bvAnderson Wket al. 1927; Celli A
1933; Hoeppli R 1959, Hippocrates - English tratstaby W. H. S. Jones 1923; Jones WHS
1909, Lehrer S 1979, Schmidt Gibal.2004].
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Figure 1 - lllustration drawn by Laveran of various stagesrddlaria parasites as seen on fresh blood. Dark
pigment granules are present in most stages. Tienboow shows an exflagellating male gametocyte.
Source: National Center for Disease Control (CD@h\ind permission of CDC
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1.2 Malaria today

Although more than 100 years have gone by sincepitieeering malariologists uncovered
the causes of the disease, malaria is today thé&dwanost important parasitic infection,
ranking among the major health and developmentalleriges for the poor countries of the
world [Sachs Et al. 2002]. Although four parasite species of the gelasmodiuminfect
human beings nearly all malaria deaths and theslgvgoportion of morbidity are caused by
Plasmodium falciparum.

More than a third of the world’s population (ab@ubillion people) live in malaria endemic
areas and 1 billion people are estimated to caarggtes at any one time (See Figure 2). In
Africa alone, there are an estimated 200-450 milkases of fever in children infected with
malaria each year [Breman &Bal.2001]. Estimates for annual malaria mortality rafrgen

0.5 to 3 million people [Marsh K 1998], although laréa related mortality is particularly
difficult to measure because the symptoms of tilseadie are non-specific and most deaths
occur at home. Although the use of ineffective matarials will inevitably result in an
increase in mortality [Trape JF 2001], the reaketf§ of antimalarial drug resistance on
malaria morbidity and mortality tend to be undetireated [White NJ 1999].

After World War 11, the widespread use of DDT coegblwith the covering and draining of
breeding grounds resulted in a substantial redudgtiomosquito populations. This, together
with effective treatment, eradicated malaria in tBetn Europe, Russia and some parts of
Asia. Substantial successes were achieved in futdlaegions but control of malaria in the
tropics proved far more challenging. The effecte®sof the control effort was undermined
through a combination of difficulties with access health facilities, the lack of health
infrastructures, and the gradual development oédtiside resistance. As a consequence,
plans for eradication of malaria through mosquigcter control had to be abandoned in the
late 1960s.

Nowadays, prompt and effective drug treatment adably the most cost-effective element of
malaria control [Goodman Cat al 1999]. The majority of antimalarial therapy wavide is
oral drugs for uncomplicateB. falciparummalaria. Oral treatment prevents progression to
severe disease and complications, and if the datgygfficacious and applied effectively they
reduce overall malaria morbidity and mortality. Hoxer, most people living in endemic
areas have little or no access to correct diagnasi$ treatment. Malaria treatment is
commonly inadequate: drugs are of poor qualityecive drugs are not available or if

available they are not taken correctly due to irexirprescription or poor adherence.
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P. falciparum has become resistant to almost all drug classegpéxithe artemisinin
derivatives. Nowadays chloroquine-resistBnfalciparumoccurs across all malaria endemic
areas. The effectiveness of sulfadoxine-pyrimethantias rapidly declined in all regions
where it has been introduced due to resistancermaitiidrug resistance is now established in
Southeast Asia, South America and Africa (See Ei@)r[Collins WJet al. 2006; Green MD
2006; Kshirsagar NA 2006; Linares @Eal.2007].

Drug resistance is most likely to emerge when bemkgd immunity is weak, parasite
numbers in an individual are high, transmissiofoi8 and drug pressure is intense or very
intense [Hastings INét al. 2000].

With an increase in insecticide and antimalarialgdresistance, the development of a malaria
vaccine and above all new drugs or new drug comibmms, using drugs already in use,
carries huge expectations [Chatterjeet &l.2006; Girard MRet al. 2007; Greenwood Bt al.
2007; Matuschewski K 2006, Shanks GD 2006; StepskavKet al.2006].
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Malaria Endemic Countries, 2003

. a

Note: This map shows countries with endemic malaria. )
. In most of these countries, malaria risk is limited to certain areas.

Figure 2 — World geographic distribution of malaria, datanfi 2003.
Source: National Center for Disease Control (CD@h kind permission of CDC.

P lciparum chloroquine resistance
Ffciparum sulfadoxine-pyrimethamine resistance f
P glciparum mefloquine treatment failures

*eop

Figure 3 — Malaria transmission areas aRd falciparumdrug resistance distribution data from World Heath
Organization data from 2004.
Source: World Heath Organization (WHO) with kindméssion of WHO.
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1.3 The parasite and its life-cycle

In nature, malaria parasites spread by infectirggessively two types of hosts: humans and
femaleAnophelesnosquitoes.

Malaria is transmitted among humans by female mitsesl of the genudnophelesFemale
mosquitoes require blood meals in order to caryemg production, and such blood meals
are the link between the human and the mosquitéshasthe parasite life cycle. Of the
approximately 430 known species #hopheles only 30-50 transmit malaria in nature
(“vectors”). The successful development of the malparasite in the mosquito (from the
“gametocyte” stage to the “sporozoite” stage — Sigere 4) depends on several factors. The
most important is ambient temperature and humality whether thAnophelesurvives long
enough to allow the parasite to complete its cynléhe mosquito host (“sporogonic” or
“extrinsic” cycle, duration 10 to 18 days). Malasidéife cycle is comprised of both the sexual
and asexual forms (See Figure 4). The sexual @edars mainly in the mosquito; while the
asexual cycle takes place in the human host dfteparasites have entered the host’s blood
stream when the mosquito bites for a blood meatingua blood meal, a malaria infected
female Anophelesnosquito inoculates sporozoites into the human. Aidstugh the salivary
glands of an infected mosquito contain thousandspofozoites, less than 100 of these are
transmitted in any one bite [Rosenber@tRal. 1990]. Within 30-45 minutes of the parasite’s
sporozoites entering the bloodstream, they enteengAymal cells of the liver; this is
achieved by the binding of the thrombospondin dosaof the circumsporozoite and
thrombospondin-related adhesive proteins (csp eaplrespectively) to the heparin sulphate
proteoglygan on the hepatocytes [FreverteUal. 1993]. This phase is called the pre-
erythrocytic stage lasting 5-15 days in which tlaagite undergoes asexual reproduction
(schizogony): the end products of this are the awtes. InP. vivaxandP. ovalea dormant
stage called hypnozoites, can persist in the li@ed can cause relapses by invading
erythrocytes weeks or years later [Durante Mangoeti al. 2003].

Hepatocytes rupture to release merozoites that esdieblood cells. Invasion of erythrocytes
by merozoites involve an initial low affinity int@ction between proteins on the surface coat
of the merozoite (merozoite surface protein-1 (rhspand apical membrane antigen-1 (ama-
1)) and the surface of the erythrocyte. Once inti@eerythrocyte the merozoite initiates the
feeding process forming the intracellular paragite trophozoite (erythrocytic schizogony
stage). Mitotic divisions (asexual reproductivegsda occur in the cells giving rise to
schizonts, which contain up to about thirty haplaigtrozoites. This red cell ruptures,

releasing more mature merozoites, which invade mexeblood cells, hence maintaining this
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“asexual cycle”. Some parasites undergo gametoeyiegs within the erythrocyte, producing
male or female micro and macrogametocytes resmdgtivihese remain in the blood
circulation where they are available for ingestiom a feeding mosquito. The asexual
reproductive stage, occurring in the blood of teeebrate host (human, primate or rodent), is
the target of most antimalarial drugs, includingearisinin and its derivatives. Inside the
mosquito mid-gut, female and male gametocytes @gudgametogenesis, in which the female
macrogametocyte escapes from the erythrocyte membaad the male microgametocyte
undergoes the process of exflagellation which ptedu8 motile microgametes. The micro
and macro-gametes fuse to form a zygote that mlbecomes an ookinete, (the only diploid
stage of the parasite). The ookinete crosses thevgiland encysts on the outer wall of the
gut beneath the basal lamella forming an oocysiporocyst. Division and multiplication of
the sporocyst takes place to produce many happmgoites. When the sporocyst bursts the
sporozoites are released and then migrate to tivargagland, waiting to re-infect again once
the mosquito takes another blood-meal [Barnwellei\&l. 1998; Beier J@t al. 1998; Sinden
RE 1997].

See Figure 4 for details on the parasite life cycle
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Figure 4 - Life cycle of malaria parasite.

Most of the biological work presented here occurghe erythrocytic cycle of the parasite (preseritethe
Figure as B). The drug resistance selection prooessrs on this part of the parasite life cycle.

Briefly: the malaria parasite life cycle involvewd hosts. During a blood meal, a malaria-infectethdle
Anophelesnosquito inoculates sporozoites into the humanﬂo§p0rozoites infect liver ce®and mature
into schizonlﬂ, which rupture and release merozds After this initial replication in the liver (exo-
erythrocytic schizogorﬂ), the parasites undergo asexual multiplicationthie erythrocytes (erythrocytic
schizogon)E]). Merozoites infect red blood cef®, The ring stage trophozoites mature into schizomtdgch
rupture releasing merozoi{? Some parasites differentiate into sexual eryitiocstages (gametocyt@
Blood stage parasites are responsible for thecdlinmanifestations of the disease. The gametocytede
(microgametocytes) and female (macrogametocytes),rgested by amnophelesmosquito during a blood
mea®. The parasites’ multiplication in the mosquito ksown as the sporogonic cyﬂ While in the
mosquito's stomach, the microgametes penetratentteeogametes generating zyg@;sThe zygotes in turn
become motile and elongated (ookine@svvhich invade the midgut wall of the mosquito whérey develop
into oocystil]'. The oocysts grow, rupture, and release spor@iﬂl@vhich make their way to the mosquito's
salivary glands. Inoculation of the sporozoﬂinto a new human host perpetuates the malariayifée.

Source: National Centre for Disease Control (CD@hWind permission of CDC.
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1.4 The genetics of malaria parasites

Malaria parasites, as all members of the phylumcépiplexa, are haploid for almost their
entire life cycle (exo-erythrocytic and erythrocytiblood stages, sporogony and
microgametogenesis), and in the haploid phase efptrasite life cycle they multiply by
mitosis.

The only phase of the parasite life cycle wherepghmsite genome is diploid is the zygote
stage (ookinetes), prior to the meiotic divisioatthesults in the production of sporozoites.
Malaria parasites have three individual genomes;eatra-chromosomal mitochondrial
genome, a 35kb circular genome and a large nugksaome.

The mitochondrial genome, also known as the 6kimeig¢ contains genes encoding two
truncated ribosomal SRNA and three proteins compisnivolved in the electron transport
system; cytochrome c oxidase subunits | and Il @idchrome b [Funes & al 2004]. The
inheritance of the 6 kb element appears to follbe $ame pattern as other mitochondrial
genomes in eukaryotes meaning it is inherited filoenfemale parent only [Creasey Adflal.
1993].

The 35kb circular genome associated with the ajpasbgncodes 30 proteins, mainly rRNA,
tRNA, which are primarily involved in gene expressiFunes St al. 2004, Gardner Mét

al. 2002]. The exact role of the apicoplast remaindaarc but it is known to be involved in
the anabolic synthesis of fatty acids, isoprenaitt$ haem [Gardner Mgt al. 2002].

The haploid nuclear genome Bf falciparumis where most parasite genes reside. It consists
of 14 chromosomes and encodes approximately 5,8608sgwith a total genome size of 22.8
Mb. The parasite chromosomes have a central dothatrcontain conserved coding regions
and chromosome ends that consist of telomeric tepeguences and subtelomeric repeat
regions, containing polymorphic gene families (Example pfempl stevorsand rifins)
[Lanzer M et al.1994].

The P. falciparumnuclear genome is very (A+T)-rich, with an ove&l#T) content of 81%,
rising to 90% in intronic and intergenic regionsaf@ner MJet al. 2002]. There is
considerable chromosomal size polymorphism betveteins of parasites [Corcoran L&t

al. 1986], which could be due to unequal crossing-@féromologous chromosomes during
meiosis, or non-meiotic chromosome breaking andifgea&vents [Babiker HAet al. 1994,
Gardner Mkt al. 2002, Hernandez-Rivas & al. 1996, Scherf Aet al. 1992].

Various genetic polymorphisms can be observed wt@mparing different strains even
within the samePlasmodiumspecies. This diversity observed to the genotypellbas its

origin on either spontaneous genetic mutation, woty at any stage of the parasite
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development and also through genetic recombinatcmurring in the mosquito vector stage.
Genetic recombination which the parasites undemgbé mosquito midgut can then result in
independent assortment of genes on different chsomes (See Figure 5) [Walliker & al.
1993].

When a mosquito feeds on an infected host congihivo genetically distinct parasites,
gametocytes from the two parasites are taken ugd, raay fertilise, recombining into
heterozygous zygotes, by meiosis, producing fomegeally distinct haploid daughter cells,
which are called the recombinant progeny (See Ei@)r In the case where there are equal
numbers of male and female gametes present from gaental strain in the mosquito, then
selfing will occur 50% of the time, resulting in%®5%of the zygotes being genetically identical
to one parental strain, and 25% identical to tHeetThe remaining 50% will be hybrid
between the two parentals.What is meant is ththeifecombinant progeny was undergoing a
normal Mendelian segregation pattern meaning withoy kind of selfing/crossing bias, thus
in the presence of a random segregation and iethex equal numbers of male and female
gametes present from each parental strain in trsguito, then selfing (recombination within
the same strain) will occur 50% of the time, raaglin 25% of the zygotes being genetically
identical to one parental strain, and 25% identioathe other. The remaining 50% will be

hybrid between the two parentals.
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Figure 5 —Crossing and chromosomal event$lasmodium.

Clone 1 and clone 2 are gametes (haploid stage) freo genetically distinct parasites, after theodlaneal
zygotes are formed. The formation of these zygo#esresult from selfing (equal to the progenitomgées) or
from crossing (cross between different clones aedfeerefore heterozygous). Through meiosis fomegeally
distinct haploid daughter cells are produced, whichcalled the recombinant progeny. A and D ageélult of
selfing on the other hand B and C are the produaombination.

From: Walliker D 2000, with kind permission of Pestor David Walliker.

Recombination between malaria parasites was fitstgm with genetic crossing experiments
done with the rodent parasitBéasmodium yoelifWalliker D et al. 1971], andPlasmodium

chabaudi[Walliker D et al. 1975]. In theP. chabaudiexperiments, two cloned parasites
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which differed in their response to the anti-maardrug pyrimethamine and in the
electrophoretic patterns of two enzymes (6-phoshitogate dehydrogenase (6-PGD) and
lactate dehydrogenase (LDH)) were mixed in moseagitand the resulting progeny were
cloned and characterized for their enzyme type dneir phenotypic response to
pyrimethamine. It was found that not only had the £Enzyme isoforms recombined, but that
pyrimethamine susceptibility segregated indepengefWalliker D et al. 1975], which
showed that recombination between the parentabctens had occurred.

In P. falciparumthe production of heterozygotes (in the oocystveen two heterologous
malaria parasites has also been demonstrated eypedlly, by dissecting individual oocysts
from mosquitoes that had fed on a miXedfalciparumblood infection of clones 3D7 and
HB3. After performing genetic typing of alleles misp-landmsp-2genes, it was found that
some oocysts contained alleles exclusively from H&8ne contained alleles only from 3D7,
and the remainder of the oocysts contained allgtms both parents, and were therefore
hybrids, meaning, the products of fertilizationvee¢n the two different parental strains. The
proportion of the homozygous and heterozygous fomves consistent with random
fertilization between parents [Ranford-Cartwrighe¢tLal. 1993].

With the objective of sequencing the genome of hbbenan malaria parasitelasmodium
falciparum (clone 3D7), an International Malaria Genome Saquegy Consortium was
formed in 1996. The genome was sequenced by tmagg The Institute for Genomic
Research and the Malaria Program of the Naval Médresearch Center (chromosomes 2,
10, 11 and 14), The Wellcome Trust Sanger Instifciegomosomes 1, 3-9, 13) and Stanford
University (chromosome 12).

In 2002, the complete genomeRIAsmodium falciparunwas published, triggering the “post-

genomic” age of malariology [Gardner Mtlal.2002].
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1.5 Antimalarial drugs and targets

Antimalarial drugs are one of the most importanasuges to control the disease. The drug of
choice depends on the parasite species and londitmms, drug resistance prevalence and
specificity. Traditionally, antimalarial agents actassified as blood schizontocides, tissue
schizonticides, gametocides and sporontocides, ndiégpg on the stages of the malaria life
cycle which are targeted by the drug [Tracey dl. 1996]. For details see Table 1.

Blood schizontocides are drugs acting on asexuahédrythrocytic stages of malarial
parasites. They suppress the proliferation of ptalanin the erythrocytes.

Tissue schizontocides prevent the development @atiee schizonts. They are causally
prophylactic because they affect the early devetpal stages of the protozoa and prevent
the invasion of the erythrocytes.

A hypnozoiticide acts on persistent intrahepatges of. vivaxandP. ovalein the liver.
Gametocides destroy the intraerythrocytic sexuamngo(gametes) of the protozoa and the
prevent transmission from human to another mosgAitdimalarials are rarely used clinically

just for their gametocidal action

Table 1- Classification of antimalarial agents accordimgheir stage of action.

Stage of Action Antimalarial

Tissue Primaquine, pyrimethamine, sulfonamides (and o#aer
schizontocides aminoquinolines and other folate inhibitors)
Hypnozoiticides Primaquine, tafenoquine

Blood schizontocides Type 1, quick ons: Chloroquine, mefloquine, quinin
halofantrine, artemisinin
Type 2, slow onsePyrimethamine, sulfonamides, sulfones, other
antibiotics, atovaquone

Gametocides Primaquine folP. falciparum
Quinine forP. vivax, P. malaria@ndP. ovale
Sporontocides Primaquine, chloroquine
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1.6 Artemisinin and its derivatives

Artemisinin, known in Chinese as Quinghaosu, isative principle extract of the medicinal
herb, know in Chinese as Qinghafrtemisia annual. also know as Sweet Wormwood,
Annual Wormwood, Sweet Annie or Chinese Wormwoaut)]l has been used in traditional
medicine in China for about 2000 years [Antimalasiadies on Qinghaosu 1979; Klayman
DL 1985].

Figure 6- Schematic representation Aftemisia annud..

Source: www.hort.purdue.edu/hort/

The effective antimalarial crystal was isolated 1i879. Qinghaosu high resolution mass
spectrum and elemental analysis have led to thecutzr formula of GH,.0s.Its structure

is shown in Table 2 based on the data of spectralysis chemical reactions and X-ray
diffraction [Antimalaria studies on Qinghaosu 1979]
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Table 2 —Qinghaosu chemical information.

(3R,5aS,6R,8aS,9R,12S,12aR)-octahydro-3,6,9-triyh&t1.2-
epoxy-12H-pyrano[4,3-j]-1,2-benzodioxepin-10(3H)eon

Chemical name

Chemical formula CisH2,05

Molecular mass 282.332 g/mol

Chemically, artemisinin is a sesquiterpene trioximtone containing a peroxide bridge (C-
0O-0-C), unique among antimalarial drugs, which ssemtial for its activity [Antimalaria
studies on Qinghaosu 1979]. This peroxide bridgeesponds to a very unusual chemical
property that may contribute to the molecule’s ueidioactivities, and it is more stable in
general than other peroxides, for example it isrlgcsoluble in water and in oil and it shows
remarkable thermal stability [Balint GA 2001, Klagm DL 1985]. The lactone that
constitutes artemisinin can easily be reduced (widium borohydride), resulting in the
formation of dihydroartemisinin (reduced lactol igtative of artemisinin), which has even
more antimalarial activityn vitro than artemisinin itself [van Agtmael Mét al. 1999]. See
Figure 7 for details in the molecule structure.

Since artemisinin is poorly soluble in water or, eviater-soluble derivatives (artesunate and
artelinate) and oil-soluble derivatives (artemetand arteether) have been synthesized and
newer semi synthetic and synthetic derivativesatse being developed.

Artesunate, the most widely used of the derivativiesavailable in oral, parenteral and
suppository formulations. Artemether, a methyl ettherivative of artemisinin, is available in
ampoules for intramuscular injection or as capstdesral administration. Arteether, another
lipophilic ester is available for intramuscular @gfion. As artemisinin itself, both the
lipophilic and hydrophilic derivatives are conveltdéo dihydroartemisinin, the active

metabolite. Dihydroartemisinin itself is availalihean oral preparation [Lee K& al 1990; Li
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WH et al. 1982; Meshnick SRt al. 1996; Woodrow C&t al. 2005]. See Table 3 for details in

the pharmacokinetic of artemisinin and some ofl@svatives.

4: A = CH,CH,

Figure 7 — A - Chemical structure of (1) Qinghaosu or artemisiand some of its derivatives (2)
dihydroartemisinin, (3) artemether; (4) arteethed €5) artesunic acid or artesunate. The ChemidmtrActs
numbering system is used. The active pharmacopisothe peroxide bridge, coloured red. The third-non
peroxidic oxygen atom, coloured magenta, appeatsetonportant in conferring optimal antimalariakieity.
The ensemble of peroxide and non-peroxidic oxygemsa are incorporated into six-membered ring cadled

2, 4-trioxane.

B — Three-dimensional tube, and ball and stickespntations of artemisinin. Atoms are colour coae® red,

C tan. H atoms are omitted for clarity.

From: Haynes Rkt al. 2004, with kind permission.

The artemisinin compounds have antimicrobial afstidgainst several parasites including

Plasmodiunspp.,Schistosomapp.,Pneumocystis carinendToxoplasma gondii

In vitro pharmacodynamic experiments i falciparumshow that these compounds are

active against a broad spectrum of the life cydléhe parasite but are stage specific; late-

stage ring parasites and trophozoites are moreeptiBle to these drugs than schizonts or

small rings [Alin MHet al. 1994; Caillard Vet al. 1992; Geary TGet al 1989; ter Kuile Fet

al. 1993]. They are also gametocytocial [Dutta &Rll. 1990; Kumar Net al. 1990, Maeno Y

et al. 1993; Peters Wt al. 1993; Posner Gldt al. 1995], due to their activity against both the

precursors of the sexual stages and early gamewcidver stages oP. vivax and P.

falciparum are not affected [Antimalaria studies on Qinghad€r9]. Artemisinin also
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decreased the infectivity of the surviving gametesy{Chen Pt al. 1994; Targett Gt al.
2001]. This effect may help diminish transmissiates in areas of low transmission [Price
RN et al. 1996]. In high transmission areas, however, thiscéfmay not be evident, since
rapidly re-infected individuals will continue to iméain a pool of transmissible parasites.

This wide stage specificity of killing gives theskrugs a major advantage over the
conventional antimalarials. The activity againse tlater stages of parasite development
prevents the releasing of merozoites; this remavest least attenuates the occasional sharp
rise in parasitaemia that normally occurs immediisaéter treatment.

Artemisinin has been shown to prevent cytoadheranceitro, probably by preventing
development to the mature trophozoite stage [Udogpsetch Ret al. 1996].

Table 3— Some pharmacokinetic data of artemisinin andesofits derivatives.
Adapted from Balint GA 2001, with kind permission.

Drug Absorption  Elimination  Peak plasma Usual oral dose
half-life concentration in adults
(hour) (hour) (dose/Kg body
weight)
Artemisinin & Rapid and 2-5 <2 20 mg
incomplete
Arthemether @ Rapid and 3-11 3 4 mg
incomplete
Arteether Rapid and >20 <2 3 mg
incomplete
Artesunate®® Rapid and <1 <2 4 mg
incomplete
Dihydroartemisinin Rapid and 3,1 0,65 4 mg
incomplete

Note: (1) Artemisinin is the active parent compoundtwd plant. Its half-life is intermediate. It is alsery
safe, and can cross the blood-brain and blood-ptadearriers [de Vries Rt al1996].
(2) Artemether has the longest life but, at theedogequired for treatment, it is the most toxic.
(3)Artesunate is the most active and the leasttokithis group of drugs. It also has the shorfiést
within the body

The apparent primary disadvantage of artemisinugsiris that they are characterized by a
short half life [Krishna St al. 2004]. Artemisinin drugs are very efficient andtfasting thus
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treatment with artemisinin drugs causes reductiopapasite burden below detectable levels
without eliminating all parasites and these resuls higher risk of recrudescence [Bjorkman
A et al. 2005; Krishna St al. 2004]. In addition, a fraction of the parasites @ed to the
drug are thought to become dormant and unsusceptibfurther dosing until reactivation
[Hoshen MBet al. 2000]. In order to completely eliminate the paessiavoiding parasite
recrudescence and preventing the emergence ofamsis falciparum,combination with
other longer-acting drugs is necessary [Olliarod®lal. 2004; Menard Det al. 2005]. The
combination of artemisinin or one of its derivaiweith another drug is named artemisinin
combination therapy (ACT).

Artemisinin combination therapies (ACTs) are cutlenecommended by the World Health
Organization (WHO) as the first line antimalariaéatment forP. falciparum malaria
[Bulletin of the World Health Organization 2005; VitbHealth Organisation. Chemotherapy
of malaria and resistance to antimalarials: repba WHO Scientific Group]. ACTs combine
drugs with different modes of action which reduaesrudescences and also reduces
considerably the risk of selecting resistant mantthe parasite population (just the same
rationale for combining drugs in the treatmentudferculosis and HIV-AIDS). Several ACTs
have been developed. These include Coartem ®, tmebioation of artemether with
lumefantrine, and the combination of artesunatehwimodiaquine, mefloquine or
sulfadoxine-pyrimethamine [Balint GA 2001, Bulletof the World Health Organization
2005; Bunnag et al. 1995, Burk QCet al 2005, Campbell Rt al 2006, Hien TTet al. 1993;
Olliaro PLet al. 2004, Svenson U& al. 1998, Svensson U& al. 1999].
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1.6.1 Artemisinin mode of action

The mode of action of artemisinin-based compouirdspite of intense scientific activity, is
not yet completely understood. Artemisinin anddisivatives are toxic to malaria parasites at
nanomolar concentrations, whereas micromolar cdretéons are required for toxicity to
mammalian cells [Lai Het al. 1995, Woerdenbag Hét al. 1993]. One reason for this
selectivity is the enhanced uptake of the drud®byalciparuminfected erythrocytes to more
than 100 fold higher concentrations than do unief@erythrocytes [Gu HMet al. 1984,
Kamchonwongpaisan & al. 1994]. This drug uptake is very rapid, reversiiskgturable and
appears to be partially dependent on metabolic ggnefGu HM et al. 1984,
Kamchonwongpaisan & al. 1994].

Artemisinin and its derivatives being highly hydhgbic localize in specific parasite
membranes artemisinins are present in the patasittng membranes [Ellis D®t al. 1985],
digestive vacuole membranes [Ellis BSal. 1985, Maeno Yet al. 1993] and mitochondria
[Maeno Y et al. 1993]. So the question is once inside the pardsi® do artemisinin
derivatives really act, and a lot of considerabldences have been indicating that
artemisinins mode of action is mediated by freécald.

The first clue to its mechanism came from synthetiemists who demonstrated that the
endoperoxide bridge that is part of the moleculaucture was fundamental for its
antimalarial activity [Brossi At al. 1988] and since peroxides are a known source cfivea
oxygen species like hydroxyl radicals and supem®Xi@e radical mode of action was the
obvious suggestion and further evidences came ffwnfact that free radical scavengers
antagonised (like alfa-tocopherol, catalase, asterletc) then vitro antimalarial activity of
these drugs and that other free radical generéikesdoxorubicin, micanazole, castecin and
artemitin) promoted them [Krungkrai S& al 1987] and also that artemisinin treatment of
membranes, especially in the presence of heme aasedipid peroxidation, hemolysis and
lysis of infected erythrocytes [revised by Meshn&R 2002].

Meshnick and collaborators [Meshnick 8Ral. 1991] on an attempt to clarify artemisinins
mode of action showed that artemisinin interactét imtraparasitic heme, and suggested that
intraparasitic heme or iron might function to aat® artemisinin inside the parasite into toxic
free radicals [Meshnick SBt al 1991]. One reason that could explain the selet¢tixeity of
artemisinin to the parasites is that fBlesmodiumparasite is very high rich in heme-iron,
derived from the proteolysis of host cell hemogilpMeshnick SRet al. 1996]. When
artemisinins are incubated with heme or iron, tdegompose in a fashion that suggests the

generation of free radical intermediates also studising electron paramagnetic resonance
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have also shown that the breakdown of artemisiesuilis in free radicals [Meshnick SRal
1996] during this artemisinin breakdown processyfaons (Fe[lIV]=0) appear to be formed
[Kapetanaki Set al 2000]. There are other electrochemical studies liaate shown that
hemel/iron can catalyse the irreversible breakdoWwmartemisinin derivatives [Zhang Et
al.1992] and also structure—activity relationship stadhave shown a high correlation
between antimalarial activities and heme-bindingeglihick SRet al 1996] and between
antimalarial activity and protein alkylation [Mesbk SR et al 1996]. Also, the predicted
pharmacophore or drug receptor from several streeictivity relationship studies seems to
resemble heme [Meshnick SR al 1996] and also there are a lot of other theorestadies
that have shown that artemisinin could bind to eeatt with heme itself [Gu HMt al. 1984]
furthermore, the presence of the heme polymer, Bempis associated with sensitivity to
artemisinins for example artemisinins are inactagainst the RC strain dPlasmodium
berghei [Peters Wet al. 1986], and the related intraerthrocytic apicomptexparasite,
Babesia microti[Wittner M et al. 1996],.which both lack hemozoin, yet are mostvacti
against schistosomes which also produce hemozaaingéer Jet al2001].

Though all these evidences one could not say tiamisinins act like the typical oxidating
drugs which cause promiscuous damage to proteirigisuacids and lipid firstly because,
unlike most other oxidant drugs (and oxidizing ag@er sj, artemisinin cannot be cyclically
oxidised and reduced causing the cascade effeiciatyfpom free radical reactions [Zhang F
et al1992] in a way that only one free radical can resam one drug molecule, secondly, all
of the oxidant end products observed experimentadlye only observed at very high drug
concentrations [Berman PAet al. 1997], but the drug is effective at much lower
concentrations. This is a very strong indicaticat tlartemisinin derivatives must have a more
selective toxic effect. One suggestion to the smledoxicity of artemisinins may be the
formation of covalent adducts with parasite compsiewhich will then serve as mediators
for free radical intermediates. One important akigih target is heme itself. Artemisinin—
heme adducts have been demonstrated in parasiteresultreated with therapeutic
concentrations of artemisinin derivatives [Hong &tLal. 1994] this means that heme is both
an activator and target of the artemisinin derixei

The modification that occurs in heme via its ligatito artemisinin could kill the parasite in
several ways, firstly, artemisinin or its heme axidmight be able to inhibit hemozoin
biosynthesis or cause hemozoin degradation, fanpl@aPandev and co-workers proved that
at micromolar concentrations, artemisinin inhillissnoglobin digestion by malaria parasites
and inhibits hemozoin formation [Pandey A al. 1999] though this observation has only

been demonstrated in cell-free conditions, artemimisireatment of living intraerythocytie.
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falciparum in culture caused no change in hemozoin contestpamahasakda Wt al.
1994], suggesting that heme metabolism might nahbanajor intracellular target. But heme
is not the only protein that artemisinin forms ackduwith, artemisinins also form covalent
adducts with other protein, but not with DNA [Ya¥d et al1993, Yang YZet al. 1994].

The alkylation of specific malaria proteins by antsinins has been demonstrated
[Asawamahasakda Wt al. 1994] and this could mediate the killing actionastemisinin
derivatives since it occurred at therapeutic cotrations of drug. One of the major alkylation
targets described in the literature is the malar&islationally controlled tumour protein (tctp
protein), a protein that binds heme [BhisutthiblJeet al. 1998], also previous microscopic
studies had proven that some of the malarial tetgem is present in the food vacuole
membranes, where it is in proximity to the hemériocod vacuole [Bhisutthibhan e al.
1998]. Thus, it is likely that the reaction betweetemisinin and tctp protein occurs because
of an association between tctp protein and hemeeter, there is a lack of evidences of tctp
or any other malarial protein in association wittemisinin is directly causing the parasite
elimination though a variety of ultrastructural dies have been carried out on infected red
cells treated with artemisinin derivatives and fradhose studies it was described that
membrane-containing structures, such as the plasmabrane, endoplasmic reticulum,
nuclear envelope, food vacuolar membrane and notudtia appear to be most sensitive to
the action of artemisinins [Maeno éf al1993] thought from these observations a variety of
mechanisms of action might be suggested. Another iméeresting observation is that when
radiolabelled artemisinin derivatives are fed tdara infected cells, the drug has been found
to accumulate in hemozoin and in the membranetheffdéod vacuole and mitochondria
[Maeno Y et al1993]. These observations are consistent with tie of heme in the
mechanism of action.

Thought there are as described before many thetwiegplain artemisinin mode of action
one cannot even say what is the cellular targetftgmisinin. Tctp protein for the reasons
stated before was one of the suggested targetharelrecently Krishna and co-workers have
indicated that artemisinins might inhibit the sasendoplasmic reticulum GaATPase
(SERCA) of P. falciparum (Pfatpg§ and, therefore, also SERCAs of othelasmodium
species because thapsigargin a chemical compdmanista potent and selective inhibitor of
SERCAs and share some chemical similarities witenaisinins [Eckstein-Ludwig L&t al.
2003]. Artemisinins, but not other antimalarial gy inhibited Pfatp6 protein activity when
Pfatp6 was expressed and assayeXemopusoocytes [Eckstein-Ludwig et al. 2003].
Others have carried out docking simulation studiesrtemisinin derivatives to models of the

thapsigargin binding site in Pfatp6 protein [UhlemaAC et al. 2005]. Several potential

65



hydrophobic interactions between side chains anaiginin derivatives and amino acids of
Pfatp6 protein have been identified including Ledi2Bat seems to modulate artemisinin
susceptibility when examined using mutagenesis raxeats of malarial SERCAs [Jung &t

al. 2005, Uhlemann At al. 2005]. Taken together, there are independent fevidence
that have been obtained from a range of experirheathniques to suggest that Pfatp6
protein might be the primary target of artemisinikowever, it is suggested that genetic
studies are required to support this hypothesis.

More recently, Li and co-workers have suggested the electron transport chain &f.
falciparummight be a target for artemisinins [Li @ al.2005]. In support of this idea, when
yeast was grown in non-fermentable media (makingdependent on mitochondrial
respiration), sensitivity to artemisinin increaselsecause over expression of some
mitochondrial-transport proteins seems to incresesesitivity to artemisinins, it has been
suggested that the electron transport chain stiesilthe activity of artemisinins, and that
these activated artemisinins impede mitochondugicfion by depolarizing mitochondrial
membrane potential [Li Wet al. 2005]. The mechanism of this inhibition is uncléar it
might be related to the presence of an iron groughé cytochrome center that induces the
formation of radicals [Haynes Ré&t al. 2006].
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1.7 Drug Resistance

The emergence and spread of parasite resistaremgitmalarial drugs has presented one of
the largest obstacles hindering the effective tneat and control of malaria.

The WHO's official definition of malaria parasitesistance dates from 1973; “the ability of a
parasite strain to survive and/or multiply despite administration and absorption of a drug
in doses equal to or higher than those usuallymaesended but within the limits of tolerance

of the subject” [World Health Organisation. Chenestipy of Malaria and Resistance to

Antimalarials: Report of a WHO Scientific Group].

The WHO 1973 definition of the level of parasiteglresistance remains in use;

A - Sensitive (S) The asexual parasite count reduces to <25% optbdreatment
level in 48 hours after starting the treatment, anthplete clearance after 7 days, without
subsequent recrudescence - Complete Recovery.

B - RI Delayed Recrudescencelhe asexual parasitaemia reduces to < 25% of pre-
treatment level in 48 hours, but reappears bet@eémeeks.

C - RI Early Recrudescence The asexual parasitaemia reduces to < 25% of pre-
treatment level in 48 hours, but reappears withive2ks.

D - RIl Resistance Marked reduction in asexual parasitaemia (deeregb% but
<75%) in 48 hours, without complete clearance days.

E - RIIl Resistance Minimal reduction in asexual parasitaemia, (dasee<25%) or

an increase in parasitaemia after 48 hours.

Though it is important to clarify that clinical &#nent failure or increase vitro ICso values
alone are not sufficient to prove drug resistarfcgarasite isolate should be classified as
resistant only after analysis of treatment respgresameters (parasite and fever clearance)
and treatment success (determination of possiblmfeetion, in the case of apparent
recrudescence) in correlation with the vitro drug sensitivity. Increased 4§ values
combined with prolonged parasite clearance andneat failure define a case of confirmed
drug resistance [Noedl H 2005]. One might sugdest the first step in the development of
clinical resistance may be a decrease in parasikéro susceptibility, associated with a key
mutation in a target enzyme which ultimately resuitclinical failure. Thought it is also very
important to notice that the parasite response rasstance is not only dependent on the
parasite genotype but also involves the generdithstate and immune status of the patient.
A number of factors influence the likelihood ofistance occurring and the speed with which

it spreads. For instance, the mechanism by whiehditug works against the parasite is
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important; simple modes of action such as simpiye inhibition are likely to lead to rapid
evolution of resistance, as the number of genetitations required to alter enzyme structure
is low. This is the case with pyrimethamine resist&a which evolved very quickly after the
introduction of the drug, in contrast to the patteeen with the emergence of chloroquine
resistance, which took much longer to evolve, astretudies described chloroquine mode of
action has being much more complex than pyrimethami

The pharmacokinetic dynamics of drugs are also mapb in determining the selection
pressure for drug resistance. Watkins and Mosobatki's WM et al. 1993], for example,
showed that the long half-life of sulfadoxine-pyethamine was a considerable factor in the
selection pressure for resistant mutants, as thg \Was present in patients at sub-therapeutic
levels for long periods of time. Drugs with highfieencies of parasite killing, rapid
achievement of levels above the minimal inhibitopncentrations and short half-lives, will
be the most effective at minimizing the selectioasgure for resistant mutants [Winstanley
PA et al.2002].

Resistance has been recorded to every anti-matarraéntly in use, with the exception of
artemisinin and its derivatives. Quinine, the fidstig used specifically to treat malaria was
used extensively. The first reports of resistamcéhe drug occurred at the beginning of the
20" century, when Couto (1908) and later Nocht andn&ie¢1910) reported the treatment of
patients who did not respond to quinine treatmBetdrs W 1987]. Despite the appearance of
quinine resistance, the drug remains remarkablfulseday, especially as a first line drug for
treating complicated cerebral malaria. In fact,nine resistance is surprisingly uncommon,
and in the few instances it has emerged, it isncéftesociated with parasites that are already
resistant to other drugs such as chloroquine anioquene [Looareesuwan 8t al1990;
Meshnick SR 1997; Peters W 1987; Pukrittayakameedh 1994]. Chloroquine, itself based
on the structure of quinine, was developed in Gesmia the early 1940s, resistance to
chloroquine was far more forthcoming than with dquén and the first reports of parasites
failing to respond to the drug emerged indepengentim South America and South East
Asia in the late 1950s [Moore D¥t al. 1961; Young MDet al. 1961]. The spread of
resistance from these pioneer areas was relatra@igl, and chloroquine resistance is how a
major problem throughout the malaria affected acédke world.

One of the proposed mechanisms for the emergendeigfresistance is through the presence
of a drug at sub-therapeutic levels within a pofpoia There can be no doubt that the
emergence of chloroquine resistance in South Ameweas facilitated by the policy of
distributing chloroquinated salt to the area as pha well-intentioned control problem. This

resulted in a large proportion of the populatioingeexposed to the drug at sub-curative
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doses, thus considerably enhancing the chancedagitiosn of chloroquine resistant parasites
[Payne D 1988]. The proliferation of chloroquinesistance resulted in the development of
mefloquine, a drug that was effective against ddaine resistant parasites. Initial
indications that mefloquine resistance was likelyetnerge came, however, in 1977, when
resistance was experimentally induced in a rodemaria parasite [Peters &t al. 1977].
Efforts to reduce the possibility of the emergenteesistant parasites in the field by using
mefloquine in combination with other drugs (espigiayrimethamine) met with failure,
however, and reports of mefloquine resistant peagmerged throughout the 1980s [Peters
W 1998]. Introduced as a first line treatment taildnd in 1984, substantial resistance had
developed within 6 years [Price RiXlal. 2004].

Concerning the genetic of drug resistance, two mgemes have been implicated in
chloroquine resistance; tipgmdrl (P. falciparum multi drug resistanckegene) and thpfcrt
(P. falciparum chloroquine resistance transporgene).

Pfmdrl protein is a membrane protein, belonging to the gudup of ABC-type multidrug
transport systenP. falciparumgenemdrlis localized on chromosome 5 and according to the
P. chabaudsynteny map thecmdrl(gene homologous oR. chabaudif the pfmdrl) gene

is localized on chromosome 12.

Pfcrt protein is a digestive vacuole transmembranatepr, associated to chloroquine
resistanceP. falciparumgenecrt is localized on chromosome 7 and according to Rhe
chabaudisynteny map thefcrt gene referred to agy10gene is localized on chromosome 6.
It has been shown that some point polymorphisnisempfmdrlgene can be correlated with
chloroquine resistance in some field isolates [Bds€ et al. 1995, Cox-Singh &t al. 1995,
Duraisingh MTet al. 1997, Duraisingh MTet al. 2000]. Similarly, transfection work has
suggested that the gepéndrlcan modulate the sensitivity to chloroquine [ReeH &t al.
2000]. However there are other studies found ifiteeature with parasites collected from the
field where no association between point polymapts in the genpfmdrland chloroquine
resistance was found [Chaiyaroj &€ al. 1999, Cremer Get al. 1995, Povoa MMet al.
1998]. In addition, the analysis of a genetic crbssween aP. falciparum chloroquine-
resistant clone; Dd2 and a chloroquine sensitives 6B3, showed that mutations in the gene
pfmdrldid not genetically segregate with chloroquine stesice [Wellems TEt al. 1990].
Later detailed linkage analysis and fine chromosamagping of the progeny clones of the
falciparum Dd2 x HB3 genetic cross allowed the identificatiohanother gene, thpfcrt
gene, in which a particular mutation at the amied gosition 76 (K76T) a lysine to a

threonine change, that appears to correlate coetpl@tith chloroquine resistance among
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field isolates ofP. falciparum[Fidock DA et al. 2000]. Babiker HA and colleagues described
that the combination of mutation in bgifmdrlandpfcrt gene loci confer higher chloroquine
resistance phenotypes in field population® ofalciparum[Babiker HAet al.2001].

In relation to the genetic of mefloquine resistanpevitro studies onP. falciparumhave
shown that genetic amplification of tipémdrlgene may correlate with both mefloquine and
quinine resistance [Cowman Adt al. 1994, Peel Slet al. 1994]. However, field studies on
the association between tpémdrl gene and the parasite response to mefloquine hatve n
provided unanimous results, while some appear @ lsown an association between the
amplification of thepfmdrlgene and mefloquine resistance [Price@Mdl. 1997, Price RNt

al. 1999, Wilson CMet al. 1993] others as Chaiyaroj SC and co-workers havéoomd any
correlation between the two events [Chaiyaroj &Cal. 1999], one possible explanation
comes from the fact that the genotype-phenotypecestons depends from the parasite
geographical origin. In addition and as with chbtprme it has also been demonstrated
through genetic crossing and transfection expersrat point mutations in th@mdrlgene
may modulate the sensitivity to both mefloquine aushine inP. falciparum[Duraisingh
MT et al.2000, Reed MRt al. 2000]. InP. chabaudiCravo PV and colleagues [Cravo RY

al. 2003] shown that amplification of thmemdrlgene (gene homologous of tRefalciparum
mdrl gene) is an important event in the generation dlageine resistance, paralleling the
situation observed by Cowman AF and co-workersReel SA and colleagues [Cowman AF
et al. 1994, Peel S/t al. 1994] though other genes are suggested to beralstved.
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1.7.1 Resistance to artemisinin

Clinical parasite resistance to artemisinin drugs ihot yet been observed, although variations
in sensitivity have been described [van Agtmael btAal 1999] for example various isolates
of P. falciparumfrom Vietnam and Thailand have been found to vartheir sensitivity to
artemisininsin vitro [Brockman Aet al. 2000; Woitsch Bet al 2004; Wongsrichanalai €t

al. 1997; Wongsrichanalai @t al. 1999]. Differences in the sensitivity level Bf falciparum
isolates to artemisinins can be due to geneticadltms of the parasite that confer differential
sensitivity to these drugs or simply can be duthéonatural genetic variation of the parasite
in that particular part of the world.

To this stage, several proteins, including & @&pending SERCA type ATPase protein that
in P. falciparumis codified by thepfatp6gene that is localized iA. falciparumchromosome

1, theP. falciparumchloroquine resistance transporter protein codliig thepfcrt gene the

P. falciparum multidrug resistance protein-1 codified by the @egofmdrl and the
translationally controlled tumor proteiric{p) that is codified by the genpftctp in P.
falciparum (this gene being localized . falciparumchromosome 5have been implicated
in modulation of parasite susceptibility to arteimiis drugs.

Mutations inpfcrt gene were associated with increased susceptibili®; falciparumisolates
gathered in Asia, Africa and South America [SidhB &t al. 2002] to artemisinin.
Measurement of thefmdrl gene copy by real-time PCR on filed isolates thetre
significantly more resistant to mefloquine, quinir@temisinin and artesunate and more
sensitive to chloroquine showed that this isoldtad 3 copies opfmdrlgene (in normal
conditionspfmdrlis a single copy gene), thus, redudeditro sensitivity to artemisinin and
artesunate was correlated to an increased genencopiers of the gergfmdrl [Pickard AL

et al 2003, Price RNt al. 2004]. Price RN and colleagues also associategmmwphisms in
the genepfmdrlwith an increased artemisinin susceptibility inlédes with a single copy of
the genepfmdrl, in this study the N86Y mutation was associatethwWower IGgs to
mefloquine than in those isolates with a wild-tyfendrlgene. By contrast, the presence of
either the S1034C mutation or the N1042D mutatioisolates with single copies of the gene
pfmdrl was associated with a higher artesunatgsi@an was the wild-type, at both these
loci. On the other hand other point polymorphisrhshe genepfmdrl have been associated
with increased sensitivity to artemisinin [DuraginMT et al. 2000]. Likewise, the triple
mutation in the genpfmdrl S1034C/N1042D/D1246Y, highly prevalent in Soutimeica,
was found to enhance parasite susceptibility tologafne, halofantrine and artemisinin

[Sidhu AB et al. 2005]. From all these studies the ggrfimdrlappears to be one important
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modulator of the parasite susceptibility to artemis drugs. Higher copy numbers of this
gene predict treatment failure even for chemothevefh the highly effective combination of
mefloquine and 3 days artesunate [Price &Ml. 2004]. It seems that there is a correlation
between the resistance to artemisinins and to atigégmalarials. Since the gepéndrlhas a
general importance in antimalarial drug resistamuyction of resistance to one drug may be
followed by resistance to other drugs that areactive by the same mechanism [Anderson TJ
et al. 2005; Duraisingh MTet al. 2000; Ferrer-Rodriguezdt al 2004; Ngo Tet al. 2003
Pickard ALet al 2003; Price RNt al. 2004; Reed MRt al.2000; Sidhu ABet al. 2005].
Resistance to artemisinin v yoeliihad been previously been selected by drug pressute
was correlated to a high protein expression le¥eparasite tctp protein (Translationally
Controlled Tumor Protein Homolog) [Walker B al. 2000], which has been shown to bind
artemisinin [Bhisutthibhan &t al. 1998], however, the resistant parasites readit lo
resistance once drug-selection pressure was witld{Reters Wet al. 1999], so no clear
association was actually made between artemisasistance and the protein tctp, as being a
transient phenotype, the genetic involved on tegstance phenotype is not possible, that is
why one of the mains objectives of this project w@select artemisinin resistance of stable
phenotype.

So in conclusion we can say that we think that ge@etic mechanism responsible for
artemisinin and its derivatives resistance needificiation. To start the process of
clarification it is better to clarify that althougliudies made directly oR. falciparummay
provide more incisive information, this presentgesal limitations starting by the fact that in
the artemisinin case there is no artemisinin rase yet reported, so the work in animal
models can circumvented all the human malaria garlshitations. There are several rodent

malaria models available; those will be presemetthé following chapter.
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1.8 Rodent malaria parasites

The host specificity of human malaria parasitesesgnts a major constraint on the study of
malaria as, unlike the other major tropical dissasech as trypanosomiasis and leishmaniasis,
the actual causative organisms cannot be maintamednvenient small laboratory animals.
The need for suitable laboratory models has reduttehe use of avian and simian parasites
and until 1948 these models were the only onedablai

In 1948 the situation changed with the discovery eolation of a malaria parasite that was
capable of infecting laboratory rats and mice [WmclH et al. 1948]. This parasite,
Plasmodium berghesoon became the most intensively studied malarasjie.

All experiments described within this PhD thesisrevearried out using the rodent malaria
parasite Plasmodium chabaudi. P. chabauuklongs to a group of folRlasmodiumspecies
that infect murine rodents from Central Africa thiher species beinBlasmodium vinckei
Plasmodium yoeliandPlasmodium bergheiA map of the locations from which the various

rodent parasites were isolated is shown in Figure 8

Py nigeriensis
Pv. brucechwall

P yoeli subsp.
P chabaudi subsp.
P winckei subsp.

Py yoeli
FPc. chabaudi
Pv peften

e ;
Democratic

2y iliche Republic of Congao

Pc. adami
Pv lentum

P bergher
Pw. vinckesi

TRENDE in Pavasifoiogy

Figure 8 The geographic origins of the rodent malaria p#easi

From Carlton JMet al2001 with kind permission of Dra. Jane Carlton.
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The parasites of rodents have received a vast anodattention both in their own right and
as models for human malaria. There are many redsonssing rodent malaria parasites as
models for human malaria. The most obvious of thesbe ease with which the whole life
cycle can be achieved in the laboratory. Apart fitbe similarities in basic biology between
the rodent and human malaria parasites (See Talfla details), they share conserved
genetics and genome organization, conserved hoegilgegenes and biochemical processes,
and there is considerable evidence for conservatiaghe molecular basis of drug-sensitivity
and resistance [Janse €lJal.2004].

Table 4 Some biological similarities and differences bedawP. chabaudiand the human malaria parasit,
falciparum
Adapted from: Janse @i al.2004

P. chabaudi P. falciparum
Merozoites per schizont 6-8 8-24
Synchronous blood infection Yes Yes
Optimum temperature range mosquito 24-26° C >26° C

transmission (sporogony)

Duration of the asexual blood stage cycle 24 48

(hours)
Duration of pre-erythrocytic development 50-58 hours 5.5 - 6 days
Sporozoites in glands at optimum temp. (days 11-13 10-12

after infection)

Note: Plasmodium chabaudireferentially parasite mature red blood cells arate closely resemblR. vinckei
thanP. berghei
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Figure 9 Plasmodium chabaudliarasites (trophozoite stage) in mouse periplixoad.
From www.culleton.org/rodent.html, with kind persiisn of Dr. Richard Culleton.

Although studies made directly dn. falciparum provide more information, this presents
several limitations, such as the requirement ofkimgr with chimpanzees or humans as hosts
for infection, a fact which poses serious ethicalbpems, which can be circumvented by
working with animals models, which make easierdgkection of drug-resistant mutants and
the identification of genes involved in the resista by performing genetic crosses.

Of all the rodent malaria models tRéasmodium chabaudnodel is the most appropriate for
studies on the genetics of drug resistancel.ashabaudiis the rodent malaria model that
shows most biological similarity tB. falciparumbecause it preferentially parasitizes mature
erythrocytes and the schizogony is synchronouslf@adM et al. 2001]. In addition several
clones of this species are already available, whiate been selected for resistance to a
variety of different drugs (see Table 5 for tRe chabaudiclones available for this work).
These parasites present the ideal starting maferiatlentifying drug resistance genes since
they have been selected from cloned sensitive p@sasn this way, the mutant parasites

should have identical genetic backgrounds to thdisg sensitive forms except for the genes
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determining resistance. Furthermore, for Bhehabaudclones used in this work, an array of
amplified fragment length polymorphism (AFLPs) haween previously developed which
allows the characterization of all the progeny ehetic crosses between the sensitive and
resistant clones and also to pinpoint relevant gi@meolved in resistant phenotype [Grech K
et al. 2002]. Using genetic crosses between parents ainclisphenotypes and a recent
developed genetic approach, named linkage growgetsah [Culleton Ret al. 2005], genes
which underlie a particular phenotype can be tramadng the cross progeny by the analysis
of large numbers of genome-wide genetic markersos&hmarkers which follow the
expression of a phenotype in the recombinant prpgéh usually be closely linked to the

genes which determine its expression.
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Table 5-Clones ofPlasmodium chabaudivailable for this project.

AS -SENS

l Pyrimethamine selection

AS - PRY resistant

l Chloroquine selection
AS - 3CQ resistant
l Chloroquine selection

AS - 15CQ resistant
l Chloroquine selection

AS - 30CQ resistant

CLONE DRUG RESPONSE
AS - SENS Drug sensitive
AS - PYR Selected from AS - SENS; pyrimethamine-resistant
[Walliker D et al.1975]

AS -3 CQ Selected from AS - PYR; low chloroquine-resistant
[Rosério VE 1976]

AS - 15 CQ Selected from AS - 3CQ; intermediate chloroquirgstant
[Padua RA 1981]

AS -30CQ Selected from AS - 15CQ); high chloroquine-resistant

[Padua RA 1981]
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1.8.1 The genetics of rodent malaria parasites

As it is going to be described in more detail laterthis thesis, for this research a rodent
malaria modelPlasmodium chabaudiyas used.

Rodent malaria parasites, suchFasberghei, P. chabaudandP. yoelii, are used as models
for P. falciparum Many aspects of the biology, life cycle, and nimipgy of rodent malaria
parasites show a high level of similarity with theman parasites, validating their use as
models for human infection. Both species have adai chromosomes and many genes are
conserved [Carlton JMt al. 1998, Hunt Ret al. 2004]. There are so many similarities both in
gene sequence but also in the arrangement of geitiei®m chromosomes between rodent
malaria parasites arfél falciparumthat using comparative genomics techniques andngaki
use of significant, but partial genome data ofitdent malaria parasites, the construction of
a virtual composite rodent malaria parasites genand its comparison with thée.
falciparum genome was done, generating what is called a symeap (in comparative
genomics, synteny describes the preserved ordgemés between related species) between
rodent malaria parasiteBlasmodium yoelii, Plasmodium berglagid Plasmodium chabaupi
andP. falciparum[Carlton JMet al.1998; Janse Gdt al. 1994; van Lin LHet al.2000].

To compose the rodent malariaP- falciparumsynteny map advances were taken on the
release of the complete genome sequence of therhumdaria parasit®. falciparumand
also on the partial genome sequences ofRfasmodium yoelii, Plasmodium berghead
Plasmodium chabaudiarasites, a genome wide survey was able to be. ddms survey was
done by merging the sequenced DNA contigs of theetliodent malaria parasites to form
composite rodent malaria parasites contigs thag¢rc80% of the core rodent malaria parasite
genomes [Carlton JMt al. 2002; Hall Net al. 2005]. For rodent malaria parasit€s,yoelii,

P. bergheiandP. chabaudithis synteny map was published in 2005 [Kooji Bi\al. 2005].
See Figure 10 for details.
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1.9 Linkage Group Selection

As any other living organism, iRlasmodiunthe identification and fully understanding of the
genetic mechanisms involved in important phenotypesh as drug resistance is of great
importance. In the particular case of drug resistahe knowledge of the genes involved in
this phenotype allows epidemiological studies athgiolong term studies for example as the
ones monitoring the resistance of a particulamaaiarial in the field. In the case of malaria
parasites there are nowadays mainly two genetitbodstthat can be used to try to locate
genes controlling any genetic trait such as drugistence for example; those are linkage
analysis and linkage group selection (LGS).

When using classical linkage analysis to identify genetic loci involved in drug resistance,
the resistant mutants need to be crossed with igatigtdistinguishable parasites (like AS
and AJ strains for example), this genetically digtiishable parasites must differ in a number
of genetic markers. These markers can be resmideogth polymorphism (RFLPs) or
microsatelites for example, and will distinguiste teensitive from the resistant parasites.
When using classical linkage analysis, the progdniyne genetic cross obtained needs to be
cloned and the resulting cloned progeny will belysed for linkage of the phenotype, lets
consider for the moment drug resistance, with tteeiitance of any parental markers either
resistance or sensitive. Classical linkage analysg®) to notice groups of markers whose
inheritance is linked to the inherence of druggtesice. In the eventual case of having a
number of markers considered sufficient a linkagagroan be constructed [revised by Carter
R et al2007]. Classical linkage analysis has been useatdeiith success to identify regions
of the parasite genome that are important for cregjstance as for example the case of
Wellems TE and co-workers, Carlton JM and co-waskand Hunt P and collaborators
[Carlton JMet al. 1998, Hunt Ret al. 2004b, Wellems TEet al. 1991] but only once has it
lead to the actually identification of a gene raspble for a particular phenotype, in this case,
it was the identification opfcrt has the gene involved in chloroquine resistancedékd DA

et al. 2000, Su Xet al. 1997]. Due to the fact that for using classicakdige analysis a large
number of genetic markers is indeed necessarg, atso necessary to know the position of
these markers in the parasite genome and thenvewdhe cloning of a large number of
clones from the recombinant progeny and also timetge characterization of each one, this
technique is very laborious and time consuming.

The other technique that enables the discoveryeakg controlling biological properties in
malaria parasites as stated before is linkage gseigrtion (LGS). LGS is a novel approach

developed for malaria parasites in order to idgntjfenes responsible for selectable
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phenotypes, as for example drug resistance. LGSprasous validated for finding genes
involved in drug resistance by Culleton R and caokeos [Culleton Ret al. 2005]. LGS can

be applied to the genetic analysis of any malasiggite as long as there are experimental
means of infecting mosquitoes with gametocytes fparasites and also means of passaging
the genetic progeny of a cross through the livagestof development and into the blood. LGS
has in common to the classical linkage analysisféioe that it is an approach that uses a
genetic cross between two unrelated parasites tihersame species, one of which is sensitive
and the other one is resistant to a particular atharistic that is going to be applied as
selective pressure [Culleton & al. 2005], but differs from the traditional approach by
avoiding cloning very large numbers of cloned lifiesm the progeny of a genetic cross
[Carter Ret al. 2007]. In LGS the uncloned progeny of a genetissrdetween a sensitive
and a resistant parasite to a particular charatiteend that are genetically distinguishable by
a large number of genetic markers such as AFLP&«emaifor example, is placed under a
selection pressure representing the biological gntgpof use, in the case of our project;
artemisinin and artesunate resistance. The DNAirddafrom the surviving progeny is then
screened from the presence of a large number adaular markers distributed throughout the
parasite genome. Prior to the developed of the t€&8nique an atlas of a large number of
molecular genetic markers distinguishing for exartphe two different strains AS and AJ was
developed [Martinelli Aet al 2005]. The genetic markers from the sensitive @nitgr that
are linked to the gene of interest (for exampleoum case the gene conferring artemisinin
resistance) will be under-represented or even eéted from the progeny of the genetic cross
after the drug selection. Finding the genetic pasibf the markers under selection would
allow us an area in the genome where the gendexest might be located. It is important to
noticed that the intensity of reduction of any attar marker is directly proportional to the
distance of the gene of interest thus allowingdtestruction of a selection valley around the
genetic area of interest, where the target geseipposedly located at the valley base [Carter
R et al.2007]. See Figure 11 for the resume of the LGSoguait
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Figure 11— Schematic representation of the Linkage Groupcdieh protocol.
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1.9.1. Amplified Fragment Length Polymorphism
LGS requires that the two parental clones arergjaished by a large enough number of
genetic markers to ensure that some will be linkedthe genes of interest. LGS was
optimized using amplified fragment length polymagph (AFLP) a PCR-based method for
amplifying DNA fragments from genetically distindbned lines of parasites, for example AS
and AJ. AFLP is a technique in which large numbafrsnarkers are generated across a
genome [Masiga Dket al. 2000]. Having a high density of these markers & ¢fgnome
means that there is a high probability that som#heimn will be linked to the gene of interest.
It has been previously shown that AFLP meets tlipiirements of LGS both as regards
numbers of markers generated in different strainB.cchabaudiGrech Ket al. 2000] and
their quantisation in a mixture of the strains [kitalli A et al. 2004].
The AFLP technique allows the visualization of resibn fragments of DNA. This enables
the detection of the variation in DNA between twains without prior knowledge of the
nucleotide sequence. Depending upon the polymarphetween the two strains, large
numbers of genetic markers can be produced inatively short time [Vos Ret al. 1995].
AFLP involves cutting genomic DNA into a large nuenbof DNA fragments with two
different restriction enzymes (an enzyme calledeguent cutter and another called a rare
cutter), thus generating optimal size fragments Visualization on polyacrylamide gels.
Using radiation to label one of the primers allowsualization of the products. Genetic
differences between strains occurring at a cutsibg result in fragments of different sizes
which can then be identified on a gel as beinggres one strain and absent in the other
(See Figure 12 for an example of an AFLP gel).
Polymorphic bands can be produced as a result lyinmophisms between strains at the
enzyme recognition sites, polymorphisms betweeamirstrat the selective bases used in each

PCR, or as a result of insertion/deletion polymdspts within fragments.
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1.10 Aims of the project

This project involves identifying and charactergirgenes involved in resistance to
artemisinin using the rodent malaria speéle chabaudi starting by selecting stable
artemisinin drug resistance.

To select artemisinin and artesunate mutants usiegodent modelP. chabaudithough
prolonged exposure of drug-sensitive lines to lowl ancreasing levels of the drug in mice.
Attempts of selecting artemisinin and artesunatéamts inP. chabaudiwould be carried out
though prolonged exposure of drug-sensitive lime®w and increasing levels of the drug in
mice; so that the surviving parasites of one lodese of artesunate and artemisinin would
receive an increasing dose of the same drug. Thessits will be presented a@hapter Ill .
After selecting mutant clones resistant to artemmsand artesunate the objective would be, as
a first approach, to study the involvementRof chabaudigene orthologuegfmdrl, pfcrt,
pftctpandpfatp§ in the selected mutant clones, previously desdrés being putative genetic
modulators for artemisinin. These results will besented ochapter V.

The last objective was to perform genetic crossaaasquitoes with the previously selected
and cloned artemisinin and artesunate mutant®.irchabaudi(AS-ART and AS-ATN
respectively) and the genetic distinctive sensijpagasite line ofP. chabaudiAJ, and to

perform linkage group selection (LGS) on the genetrosses using artemisinin and

artesunate; these results will be presentedhapter V.
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2.1. Mice

Inbred female CD1Mus musculusfrom Harlan-Tekld Iberica were used for drug sesnd
selection experiments. Inbred female CBA/CA and EB®BJ mice fus musculusfrom the
University of Edinburgh were used in the rest @ #xperiments described in this work. All
mice used were 4-6 weeks old at the start of theemwents. They were housed in
polypropylene cages with sawdust as bedding, an@ weovided with 41B rat and mouse
maintenance diet (Harlan-Tekldy libidum Drinking water was supplemented with 0.05%
paraminobenzoic acid (PABA), an essential elementtlie parasite growth, and givea
libidum. The cages were kept in a room where temperatasemaintained at a constant 25° C
+3°C, on a 12-hour light/dark cycle.

2.2. Mosquitoes

Anopheles stepehensiosquitoes were used for all experiments. Insextakiere maintained
on a 12-hour light/dark cycle at 25-27° C tempeamand 75-86 % humidity. Larvae were fed
on Liquify™ until 2" instar and thereafter on ground Tetramin™ fish dfod\dult
mosquitoes were kept on 10% glucose and 2% PABAIsurented water solution. Stock

adults received weekly rat-blood feeds, which aseatial for the production of eggs.

2.3. Parasites

All parasites used in the experiments describe@ mesre Plasmodium chabaudi chabaudi

(referred to a®. chabaudhereafter). See Table 5 and also Table 6.

Table 6 -Parasite clones and lines used in the present work.

CLONE DRUG RESPONSE
Al Drug sensitive, genetically different and digtiirshable from AS line
AS-PYR Derived from AS-SENS; pyrimethamine-resistan
AS-15CQ Derived from AS-3CQ; resistant to 6 daibses of chloroquine at
5mg/kg mouse body weight
AS-30CQ Derived from AS-15CQ); resistant to 6 dadibses of chloroquine at

30 mg/kg mouse body weight
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2.4 Preparation of 10 standard parasite inocula

10"iRBC was established as the standard parasite mumle infected into individual mice
at the time of the drug tests, during selectioneeixpents and during preparation of inocula
for the production of mixed infections.

The preparation of the inocula for drug tests amdHe selection experiments was as follows:
the parasitaemia and red blood cell density (RBLimdre calculated in the donor mouse,
after which the required amount of blood was caidcfrom the mouse tail by calibrated
capillary pipette and diluted to a final conceritiatof 10 iRBCs/0.1 ml in a solution of
heparinised 1:1 calf serum/mammalian Ringer’'s smu{Appendix 1). Preparations were
kept on ice at all times and an aliquot of 0.1 rakvinoculated into mice.

For the preparation of inocula for the productioh noixed infections containing equal
proportions of two parasite clones, infections othbclones into a single mouse were induced

as described above.

2.5 Cloning

Dilutions for cloning were prepared as in 2.4 exdbpt each mouse was infected either with
a mean of 0.5 or 1 parasite. Groups of 50 mice vimweulated in these experiments. If
approximately 30% of mice became infected, it cdaddpredicted that 75% of the infections
had resulted from a single parasite; a lower peacgnof infected mice would indicate higher

proportion of pure clones. Cloning was done oncey desistance stability was verified.

2.6 Preparation and administration of artemisinin and artesunate

Artemisinin powder was obtained as a gift from Afm Artemisia.

Artesunate powder was obtained as a gift from Deptirarma.

In the initial tests artemisinin was dissolved iméthyl sulphoxide (DMSO) and corn oil, and
artesunate was dissolved in DMSO,,88; or corn oil, but for further analysis DMSO was
always used.

Both artemisinin and artesunate were freshly diludaily in dimethyl sulphoxide (DMSO)
and were kept at room temperature protected fraigint. Both drugs were administered to
mice by gavage using a lubricated catheter adajteal 1 ml syringe. Drug doses were

expressed as milligrams of drug per kilogram (Kiginouse body weight per day. Both drugs
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were diluted to a concentration such that the amotdrug corresponding to the desired dose
was present in 0.1 ml when given to a mouse weggRid grams. At the time of drugging,

mice were individually weighed so that the amourdrag given could be adjusted.

2.7 Drug tests

Initially, artemisinin and artesunate drug tesalsiwere carried out on fol?. chabaudi
clones (AS-PYR, AS-15CQ and AS-30CQ), to estaliiehappropriate drug regimen and a
standard test to distinguish between resistantsanditive parasites as well as parasites with
intermediate levels of resistance.

Mice received 10IRBC each by intra-peritoneal (i. p.) injection.

Groups of five mice were prepared; one group waseated and used as a control for the
infection, while the remaining group was druggede¢h hours after injection, to allow
parasites to reach the blood stream. Dependintn@mparticular drug regimen the drug dose
was repeated every 24 hours for the desired nuofluays.

Blood smears from control and artemisinin or amege treated mice in the single dose, in the
three-day suppressive test and in the five-day regspre test, were taken on day five post
infection and every day thereafter, until the itif@c peaked or it was clear that no parasites
were going to appear. The parasitaemias and numbelays for recrudescence of the

different parasite lines were compared.

2.8 Artemisinin and artesunate selection experimest general procedure

Two groups of five (4-6 week old) CD1 mice weredntated with 10parasites of the clone
to be used for selection for increased artemigniartesunate resistance.

Three hours after inoculation one of the groupsewezated orally with the required doses of
artemisinin or artesunate for a total of five dajise remaining group was left untreated and
served as a control. Both controls and parasitesdirvived drug treatment were passaged
weekly from the mouse exhibiting the highest paaasnia into uninfected mice and the
treatment repeated. The drug doses were increaseaiding to the parasite response to
treatment in the previous passage. To addressabshility that potential increases in drug
tolerance could be to due to increased virulent@&uated to multiple sub-inoculations, an
untreated and unselected parasite line was magaam parallel and passaged in untreated

mice the same number of times as the drug seldicted Following these passages in the
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presence of increasing drug concentrations, drlectsel parasites showing a significant
increase in drug tolerance in comparison with wetded control lines were cloned by the
method of limiting dilution described in sectiorb2Cloned parasites were re-tested for their

responses to both artemisinin and artesunate.

2.9 Tests to evaluate the stability of drug-resistece

To assess whether artemisinin or artesunate resestaas a genetically stable feature, drug-
resistant parasite clones were re-tested for tireig responses after each of three different
procedures:

i) Freeze-thaw cycles in liquid nitrogen,

ii) After 12 blood sub-inoculations in mice in tabsence of drug treatment and

iii) Transmission througinopheles stephensiosquitoes.
A measure of resistance in the drug-selected parelsines was established in the following
way. The minimum curative dose (MCD) of each drugswirst assessed in drug-selected
parasites and untreated control lines. MCD wasndedfias the minimum dose of each drug
that would prevent re-appearance of parasited fivalmice within each treated group at any
time during the first 10 days of the follow-up ueti

A resistance index was determined using the fohlgvequation:

N-fold resistance = MCD drug selected parasites/ M@ drug unselected parasites

2.10. Transmission throughAnopheles stephensi

For each clone a 30cm3 mosquito cage was set ufainomg = 200 femaleAnopheles
stephensmosquitoes, 5-7 days old.

Mosquitoes were maintained on glucose and watertieal which was removed 24 hours
prior to infective mouse feeds. Blood smears waker from all infected mice on day 6 post
infection, and the presence of gametocytes wasraoed. Mice were then anaesthetized with
rohypnol solution (Appendix 1), and attached tokcboards placed on top of the mosquito
cages. Mosquitoes were allowed to feed for 30 nemefore the mice were removed. Mice
were then killed before awakening from the anaestheGlucose and water solution was
placed back into the cages, and egg bowls wereiggd\2 days post feed. 10 mosquitoes

were dissected from each cage 7 days after the,feedheck for the presence of oocysts.
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Fourteen days after the infective feed, mosquifoes each cage were dissected, and the
salivary glands examined for the presence of spatesr If the presence of sporozoites was
confirmed, the mosquitoes were allowed to feed araaup of two uninfected anesthetised

mice. Starting on day 8 and onwards the mice whezked for the presence of parasites in
blood.

2.11. DNA extraction

Parasite genomic DNA was extracted when requiredobsws: parasitized RBCs were
harvested from mice under general anaesthesia, tigimozoite stages were most prevalent,
into citrate saline (pH 7.2) and passed througlolansn of fibrous cellulose powder twice
(CF11®, WhatmanTM) to remove mouse leukocytes [Hoowd CA et al. 1976]. The
resulting RBC pellet was washed twice in PBS anchgite DNA extracted by overnight
incubation in lysis solution (10 mM Tris [pH 8.0 mM EDTA, 0.1% sodium dodecyl
sulfate [SDS], proteinase K [1 mg/ml]) at 42°C. ekftphenol extraction, DNA was
precipitated using propan-2-ol and ammonium acg®@i) and dissolved in TE buffer (10
mM Tris-Cl, 1 mM EDTA, pH8.0). DNA samples were 1sd at —20°C.

2.12. ldentification of theP. chabaudi tctp and atp6 genes

The DNA sequences of tHe. falciparumandP. yoelii tctpand atp6 genes were available
online at the NCBI/NIH (National Institute of HelaJtdatabase (www.ncbi.nih.gov) with the
following accession numbergctctp NP_703454 pytctp AF124820,pfatp6 AB121053 and
pyatp6 AABL01001880. To obtain thd?. chabaudiorthologues of these genes, these
sequences were retrieved and used in BLAST sea@tp@sst the availabl®. chabaudi
sequences (shot gun clones and genomic contigppsided at theP. chabaudigenome
database (www.sanger.ac.uk). The two sequencesggsignificant hits were retrieved and
used to desigrP. chabaudispecific oligonucleotide primers to amplify ovgrang DNA
fragments spanning the coding region, introns aoth 5’- and 3’-non-coding sequences.
These were then used in PCR amplifications comtgieitherP. chabaudigenomic DNA or

cDNA templates.

91



2.13. Amplification and sequencing of thendr1, cgl0, tctp and atp6 genes of
P. chabaudi

Genomic DNA was used as template inub@CR reactions, containing Qui of each
oligonucleotide primer, 1x PCR buffer (Proméga 2.5 mM MgCs, 0.2mM dNTPs and
0.025Ull of Tag DNA polymerase. For amplification of tipemdrl and pccglOgenes,
oligonucleotide primers and PCR amplification caiotis previously published were used
[Cravo PVet al. 2003; Hunt Pet al 2004], based on DNA sequences characterised rior t
this study pcmdrl AY123625 and pccglO AY304549). These were used in PCR
amplifications of AS-15CQ, AS-30CQ, AS-ATN and ASRA. Negative controls were also
prepared, which containedullof sterile distilled water in place of templateNB. Positive
controls were prepared using a previously amplib®A template.

The oligonucleotide primers used fpcmdrl, pccglO, pctctand pcatp6 are listed in
Appendix 2.

All PCR reactions were carried out using a UNO-Ti@block machine (Biometra).

PCR products were run on a 2% agarose gel in TB&iso and visualized under UV.
Products were purified using the QIAquickPCR Purification Kit from QIAGEN and
sequenced using BigDye chain termination v3.1 (AggplBiosystems). The sequencing
reactions were analysed by Macrogen®. The primsesl in sequencing reactions were those
used for the initial amplification of the fragments

Gene and predicted amino-acid sequences were nhareahpiled, and then compared
between drug selected and unselected clones usingtarnet-based interface denoted
Multiple Sequence Alignment with hierarchical ckrstg [Corpet Fet al. 1998], using

default alignment parameters (http://prodes.towddnsa.fr/multalin/ multalin.html).

2.14. Estimation of copy numbers of th@cmdr1, pctctp and pcatp6 genes

Gene copy number was assessed by RTQ-PCR. We egednses within a fragment of the
Merozoite Surface Protein &. chabaudigene thsp) (accession no. L22982), [McKean PG
et al.1993] as an internal calibrator, sinbsplis a single copy gene P chabaudi

Real-Time Quantitative PCR (RTQ-PCR) was performging a Roche LightCycler
[Meshnick SR 2002].

Ten microliter reactions in LightCycler capillari€Roche) using FastStart DNA Master

SYBR Green | kit reagents (Roche) were used acegrtti the manufacturer’s instructions.
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Magnesium chloride, primer concentration, denaingatannealing and elongation rates and
times were varied to determine the optimum cond#iander which only the specific
amplicon was produced. The average amplificatidiciefcies of the reactions were closely
matched because small differences can result igelarrors in quantification between
samples. The average amplification efficiency, Bswletermined from the slope of the
standard curves produced in each experiment usegduation E10-1/slope. PCR reactions
where the amplicon doubles at every cycle have @imal efficiency of 2.0 compared to
reactions where no amplification occurs and efficieis 1.0. All samples were analysed in
replicate within each LightCycler run. The fluoresce signal produced from the amplicon
was acquired at the end of the polymerisation atéf2°C.

The gDNA samples used were the same as those aisgdrfe amplification and sequencing.
The purity and quantity of DNA was determined hyofimetry, UV spectrophotometry and
electrophoresis of serially diluted ethidium-bromidtained samples on agarose gels.
Standards consisting of 10-fold serial dilutionspafasite genomic DNA in the range of 60-
0.006 ng were used as quantification standardthétightCycler calibration curve for each
RTQ-PCR experiment.

Maximum recovery filter tips (AXYGER Scientific) and “No Stick” microtubes (Alpha
Laboratories) were used in these experiments.

The analysis of relative gene expression data wefsqmed using the ! method described
in detail by Livak and Schmittgen [Livak Kt al.2001].

Thus, the average Cycle threshold (Ct) was caledl&r both controlgcmspl and target
genes and thACt (Ctiarget gene— Ctmsp-) Was determined\ACt was calculated for the relative
quantification of the target ger®ACt= (Ctiarget gene Ctmsp-Da = (Ctitarget gener Ctmsp-)p, Where

o = resistant sample affid= sensitive sample. After validation of the methas$ults for each
sample were expressed in N-fold changes itarget gene expression, normalised to msp-1
relative to the expression Bf according to the following equation: amount afjet = 24",

The oligonucleotide primers used fpcmspl pcmdrl, pctctpand pcatp6 are listed in
Appendix 3 together with the PCR conditions usednplify the fragments.

2.15 Production of cross progeny - Overview of pradure

To produce a genetic cross between two strainstvibeparental clones are inoculated into
mice to produce a mixed infection. Infections ofthA&S-ART/AS-ATN and AJ clones were

induced in mice. Absolute numbers of parasitesvpkime of blood were worked out at peak
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parasitemia for both infections by multiplying tharasitaemia recorded by thin blood smear
against the numbers of red blood cells per volufrtdand of each mouse (calculated by flow
cytometry; Beckman Coulter). A volume of blood aining known parasite numbers was
then taken from both AS-ART/AS-ATN and AJ infectmite by incision of the distal portion

of the tail, and collected in glass capillariesisTblood was then mixed to produce a 50/50

mixture of the two clones by parasite number, aildtei to a concentration of 1 x 10
parasites per 0.1 ml with 50% ringers solution, 4%8at-inactivated calf serum and 5% 200
units/ml heparin solution. This solution was keptice, and administered intra-peritoneally to
each experimental mouse in 0.1 ml aliquots.

The mixed infections were followed by microscopy tbe presence of gametocytes. When
gametocytes are present in the infection, mosgaidéme allowed to feed on the mice, and the
sporozoites present in the salivary glands of iefg@enosquitoes 14 days later are inoculated
intra-peritoneally into mice.

Previous work determined the optimum day post manseulation to achieve infections in
mosquitoes. The results of this work showed thatlifey mosquitoes on mice at day 6 post-
inoculation produced the greatest number of intect®squitoes. All mosquito feeds in this

experiment, therefore, were carried out at day€i pwuse-infection.

2.15.1 Mosquito feeds

Six 30cm3® mosquito cages were set up contairin@00 female Anopheles stephensi
mosquitoes, 5-7 days old. Mosquitoes were maintaoreglucose and water solution, which
was removed 24 hours prior to infective mouse fe&lsod smears were taken from all
infected mice on day 6 post infection, and the gmee of gametocytes was confirmed. Mice
were then anaesthetized with rohypnol solution @upx 1), and attached to cork boards
placed on top of the mosquito cages. Mosquitoeg \abowed to feed for 30 minutes before
the mice were removed. Mice were then killed befaveakening from the anaesthesia.
Glucose and water solution was placed back intcciges, and egg bowls were provided 2
days post feed. 7 days after the feeds 10 femasgjuitoes from each cage were dissected, to

check for the presence of oocysts.
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2.15.2 Infection of mice from sporozoites

Fourteen days after the infective feed, mosquifoes each cage were dissected, and the
salivary glands examined for the presence of spatesr If the presence of sporozoites was
confirmed, all the female mosquitoes from the cagee dissected, and the salivary glands
removed. These were placed in a glass tube congab0% Ringer’s solution (Appendix 1),

45% heat-inactivated calf serum and 5% 200 unitsgplarin solution. The glands were then
gently crushed using a pestle and mortar in omleelease the sporozoites. This solution was
kept on ice, and injected intra-peritoneally inteccenin 0.1 ml aliquots. Thin blood smears

were taken from infected mice daily, and parasiiasmecorded.

2.15.3 Preparation of artemisinin and artesunate

Artemisinin and artesunate solutions were prepasedissolving artemisinin and artesunate
powder in dimethylsulfoxide (DMSQO), the exact samay has during the selection
procedure. This was administered to mice orall§.lhml volumes using a lubricated catheter.
The dose of artemisinin used was 25 mg/kg for fiags and the dose of artesunate used was
5 mg/kg for five days. At the time of drugging, miwere individually weighed so that the

amount of drug given could be adjusted accurateach mouse.

2.16 Linkage Group Selection

2.16.1 Selection of cross progeny

When the sporozoite-induced infections reached jpea#sitaemia (10%-15%), the parasites
were harvested, pooled, and inoculated into a gadupice (designated the “non-passaged”
group containing 3 -5 mice depending on the expamniy Each mouse in the group received
1 x 10 parasites. This initial experimental group wasg leftreated, and the parasites were
harvested at peak parasitaemia for AFLP analysisréeide a reference point for markers
analyzed in the subsequent treatment groups.

For the AS-ART x AJ cross, parasites were pooled amb-inoculated from the “non-
passaged” group into two further groups of micee ohwhich was treated with artemisinin

(“ART treated” group), and the other left untreaashtreated” group).
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For the AS-ATN x AJ cross, parasites were pooled aanb-inoculated from the “non-
passaged” group into two further groups of miceg oh which was treated with artesunate
(“ATN treated” group), and the other left untreatgdntreated” group). These two groups
provided the material for the comparison of markieesween drug-treated and untreated
parasite populations. Artemisinin was administeoegally at a dose of 25 mg/kg of mouse
body weight daily at 24-h intervals for 5 days i@ 3h after parasite challenge. Artesunate
was administered orally at a dose of 5 mg/kg of sedoody weight daily at 24-h intervals for
5 days, starting 3h after parasite challenge. Boghartemisinin-treated and artesunate-treated
and the untreated blood-stage cross progeny wéoevead to grow to peak parasitaemia
(30%—-40% for untreated, and 20%—-30% for treatedihéch point the blood was harvested.
Two samples of parasite DNA were prepared for ARt other molecular analyses by

pooling separately the blood from the treated artckated mice.

2.16.2 Amplified Fragment Length Polymorphism (AFLP analysis

2.16.2.1 Preparation of parasite DNA from experimetal groups

When infections reached peak parasitaemia, bloclextracted from all mice in each group
by severance of the brachial artery, pooled, amgbgmed for DNA extraction. Blood was
filtered in order to remove any mouse lymphocytether nucleated cells, by passing it
twice through a 5 ml column of powdered celluloSeyha) washed with citrate saline. Blood
was then filtered through Plasmodipur™ filters (@&iagnostica) twice. The filtrate was
centrifuged for 5 mins at 3000 rpm and the supamiatemoved, leaving a pellet of packed
cells. 0.15% saponin in Phosphate Buffered SalfieS) was added to promote cell lysis
cells. After lysis of erythrocytes occurred (asateil with a change in colour of the solution
from bright red to burgundy colour), PBS was adaedxcess to prevent parasite lysis. This
solution was then centrifuged again at 4000 rpm5faninutes and washed twice in PBS.
Supernatant was discarded and pellets stored &C-7ree thick blood smears were taken,
one prior to filtration, one after cellulose filtian and one after Plasmodipur™ filtration in
order to determine the efficiency of host cell remiat each stage.

The frozen pellet was re-suspended in 0.4 ml buki¢Appendix 1), and 1@l of 10% SDS
and 50ug Proteinase K (Sigma) were added. The pellet efasi 37C overnight after which
an equal volume of 1:1 phenol/chloroform mixture swadded, mixed for 3 min, and

centrifuged at 5,000 g for 1-2 minutes. The upmpreaus layer was transferred to a fresh
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tube. The step was repeated 2-3 times. Then an eguane of chloroform was added, and
the tube was centrifuged as before for 1-2 minudibs. upper aqueous layer was removed to a
fresh tube. This procedure was repeated once bafoegjual volume of ether was added, the
solution centrifuged as before for 1-2 minutes #rel upper layer removed. The remaining
ether was left to dry in the air. Three volumesia$olute ethanol (0° C) and 1/1@lume of

3M sodium acetate (pH 5.2) were added to the dpeltet, and the tube was mixed and
placed on ice for 15-45 minutes to precipitate Ii¢A. The tube was then centrifuged at
10,000 g in a Speed Vac (Savant) for 10 minutest@cthanol mixture removed. The tube
was again centrifuged at 10,000 g for 5-10 minteemove final traces of ethanol and the
pellet was resuspended in 100-20@f TE buffer (pH 8.0) (see Appendix 1) and Ieft3a8°C

for 10 minutes before storage at -20° C.

2.16.3 AFLP analysis

0.5ug of parasite genomic DNA was cut using two enzynkéstly, 10 U of EcoRI (MBI
Fermentas, recognition sequence:AATTC) were added and DNA incubated atG7for 1

h, then 5 U of Trul/Msel (MBI Fermentas, recognitisequence: TTAA) were added and
DNA incubated for further 3 h at 66.

The digestion stage was performed in apdGsolution containing 2X Y+/ Tango buffer
(Promega). The fragments were then ligated witlpeeta matching the cut ends produced by
the enzymes.

All primers used were provided by MWG-Biotech UKdLiAdapters disrupted the cutting site
recognised by the enzymes in order to prevent mutof the adapters from the DNA
fragment.

These adapters also provided a recognition sitpriorers.

-Msel adapters: Mel.al and Mel.a2
-Mel.al: 5-GACGATGAGTCCTGA-3'
-Mel.a2: 3'-TACTCAGGACTCAT-5’

-EcoRI adapters: Eol.al and Eol.a2

-Eol.al: 5-CTCGTAGACTGCGTAC-3’
-Eol.a2: 3-CATCTGACGCAT&TTAA-5’
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Bold letters indicate base substitution to disemtyme cutting site.
Adapters were prepared by adding equimolar amafriisth strands and then performing the

following procedure:

- Heat adapters at 92 for 5 mins, then cool to 2C for 5 mins
- Heat adapters at A2 for 60 s., then cool to 2C for 5 mins

- Heat adapters at 85 for 60 s., then cool to 2C for 5 mins.

Adapters were then diluted to 50 pnpbl/10 pl of ligation mixture were then added to gD
of digested DNA and this incubated at@7or 3h, then overnight at 16. Ligated material
was diluted 1:10 in TE buffer (pH 8.0) (Appendixah)d stored at -2C.

A preliminary PCR amplification was performed inviolg the use of “non-selective” primers
(meaning primers with no extra nucleotides addedhair 3' ends extending beyond the

adapters sequence) matching the adapters:

- Non-selective EcoRlI primer: 5-GACTGCGTACCAATTE-
- Non-selective Msel primer: 5’-GATGAGTCCTGAGTAA-3

A 20ul PCR solution containing 0.32M of each of the non-selective primersplltemplate
DNA, 0.4 U Taq polymerase (Promega), 1X Mg-free F&iRfer (Promega), 1.5 mM MgClI2,
and 0.2mM of all 4 dNTPs was set up. The followiygles were performed:

- 94°C for 60 s., then
- 94°C for 30 s.
- 56°C for 60 s.
- 65°C for 60 s.

repeat the three steps for 20 cycles

The resulting PCR material was diluted 50-fold & Buffer (pH 8.0) and stored at -°20
Selective amplification was performed using radieleed primer (EcoRlI-primer) and
selective primers (meaning primers with a seleatixension at the 3’-end, in order to reduce
the number of fragments amplified). For radiolahgli2.5x Kinase buffer (Promega), 20U T4
polynucleotide Kinase (Promega), 10Gi [y->*P] ATP / [y-3?P] ATP (ICN) and 500 ng of

oligonucleotide primer were incubated in a|#0solution at 37C for 60 min. The reaction
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was stopped by adding d of 0.1 M EDTA pH 8.0 and heating at €0 for 10 min. The
mixture was then made up to a volume ofb0y adding sterile, distilled water.

Primer purification was performed using TE Microlég#-D, G-25 microcentrifuge spin
columns produced by Eppendorf-5 Prime Inc.

Hot PCR with the radiolabelled primer was perfornaedfollows: 0.32uM of the selective
Msel primer, 0.0uM of the labelled selective EcoRI primerpullitemplate DNA, 0.4 U Taq
polymerase (Promega), 1X Mg-free PCR Buffer (Praa)e8.5 mM MgClI2, and 0.2mM of
all 4 dNTP’s were added to ajdGotal volume PCR solution.

PCR conditions for this stage were:

- 94°C for 60 s., then

- 94°C for 30 s.

- 65°C for 60 s., annealing temperature is reduced et egcle by 0.7C for the next 12
cycles, then remained at%&for the remaining 23 cycles

- 65°C for 60 s.

repeat the preceding three steps for 35 cycles

The PCR products were mixed with 20 of loading dye specific for poly-acrylamide
sequencing gels (Anachem), then heated & 96r 3 min and immediately cooled on ice.
5ul of each sample was loaded onto a 5% denaturilgppylamide gel (5% acrylamide,
0.25% methylene bisacryl, 7.5 M urea in 50mM T@s//1 Boric acid/ImM EDTA). 50@l

of a 10% Ammonium Persulfate solution (APS) andl@® TEMED (Sigma) were added to
100 ml of gel solution and the gel cast using auegn 38x50 cm gel apparatus (BioRad).
Electrophoresis was performed at 110 W for 2 hxirmTBE buffer. Gels were then dried in a
vacuum gel drier (model 583, Bio Rad) and exposestroght in phosphorimager screens
(Fuji) at -70C. Results were visualised on an autoradiography fKodak XAR-5). They
were developed in an automatic autoradiographezldper (Exograph).

As an example of an AFLP gel and the band nomarmelatee Figure 12.

Thus, and just as an example, the marker AJAGO2€rots the second largest (that is
where the 02 cames from) AJ-specific band (thusnmégg with AJ) obtained usingcoRl
primers with AG (the first pair of nucleotide lete like the forward primer) as additional
“selective” 3’-nucleotides, and CA as “selectivaiateotides on th&1sd primers (the second

pair of nucleotide letters, like the reverse primer
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Figure 12 -An example of an AFLP gel.
In this particular gel we can see the results oidsagenerated withMse1l(CA selective bases, so called forward
primer) + ECOR1(AG selective bases, so called reverse primere Ghthe markers of the sensitive parent
(AJAGO2CA) was absent in the treated populationiarttien presumably closely linked to the locusfeoing
resistance.
Each one of the lanes is labelled as followed;

AS: denotes DNA extracted from single AS-SENS clarfedtion (in our project the AS alleles are the
resistant ones).

AJ: denotes DNA extracted from single AJ clone infatt(in our project the AJ alleles are the
sensitive ones).

1: denotes DNA extracted from the unpassaged poatagog

2: denotes DNA extracted from the treated pooled gr@u the case of our project the AS-ART x AJ
cross was treated with ART and the AS-ATN x AJ srasis treated with ATN).

3: denotes DNA extracted from the untreated pooledmyr
Each lane represents a DNA sample obtained frorpab&ed DNA of all mice on each experimental group.
Polymorphic markers are bands that are differenfA® or AJ. AS specific markers (thus resistang mrarked
with a broken arrow-@, and AJ specific markers (thus sensitive) withopen arrow %), bands marks with an
arrow (=) represent a non-polymorphic marker (there ardifierences between AS and AJ within this marker).

Adapted from Culleton Rt al. 2005 with kind permission of Dr Richard Culleton.
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2.16.4 Measurement and comparison of the intensityof AFLP

markers

This techniqgue makes uses of a large number ofgulalegenetic markers distinguishing two
strains of malaria parasites, the AFLP markerss&hwarkers can be visualised as bands on a
polyacrilamide gel. Most of the bands that will epp on a gel will be present in both the
parasites and are called non-polymorphic bandssante are unique of one of the clones in
our case either AS - resistant or AJ - sensitivecédthe selection pressure is applied in the
genetic progeny of a cross, in the case of thigeptoartemisinin or artesunate pressure, the
parasites that carry the allele that is sensitivehis case the AJ allele) will be removed, and
from an experimental point of view this disappeagais visible by the decrease in intensity
or complete disappearance of an AFLP band spdoifithe sensitive allele (AJ band). Thus
the progeny after selection is then screened fakens. Specially those from the sensitive
parent that would either be significantly reducedbsent because these markers should be
linked to the locus or loci under selection, in awase under artemisinin or artesunate
selection. Polymorphic markers (between AS-ART &ddand between AS-ATN and AJ,
here simplified to AS and AJ), meaning those thrat different between AS and AJ, were
named and placed in the AFLP map, to denote spegifof the polymorphic band meaning
the size of the band (relative to other polymorphands in the same gel lane) and the
selective bases used, this would make it verygitiarward the identification of a particular
band to the AFLP map already developed by Mariikelhnd collegues [Martinelli Aet al.
2005]. As stated before we were looking for theagdsearing of AJ sensitive markers on the
treated group (meaning artemisinin or artesunag@teéd group) in comparison of the
untreated group, each one of these markers dedrgas®ensity or disappeared is predicted
to lay in what we call a selection valley that dien be associated to a particular gene
underling the resistant phenotype or at least msipte for given so type of selective
advantage over the sensitive parasites. An exaaff@a AFLP gel is represented in Materials
and Methods Figure 12.
As described in the materials and methods chagéeth marker band intensity was measured
with Phosphorimager and IMAGEQUANT software (MolguDynamics). For each marker
of interest, either AS or AJ, an intensity indel} (as calculated by taking the intensity of a
polymorphic marker (either AS or AJ) and compartoitn no polymorphic marker, making
sure that this is done using the same PCR matgpiglied in the same polyacrilamide gel.
Each Il is then converted to a relative intengitgtex (RII) either unselected Rlbr selected
Rlls, The RIL, is calculated by making a ration between the Hawied for the unselected
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material and the Il obtained for the parental @itAS if we are looking at an AS specific
markers or AJ is we are looking for an AJ mark&he RIL is calculated by making the ratio
between the Il obtained for the selected matenal the Il obtained for the parental (either
AS or AJ) [Martinelli Aet al 2004].

To compare between different markers a compardtitensity (Cl) of the polymorphic
markers was calculated. This comparative interssiiee defined as the RIl of an AFLP
marker in the cross progeny selected in “treatedeniRIl), divided by the RII of the marker
of the cross progeny grown in a parallel “untreaggdup of mice (RIl), and expressed as a

percentage:

Cl = (RII /RIl ) x 100.

Keeping in mind that the objective is to identihetgenomic loci under drug selection either
by artemisinin or artesunate that would corresptiné selection valley associated to the
resistant phenotype, AFLP markers with low Cls widentified and their position according

to the previously define genetic linkage map [Meetii A et al. 2005] were noted.

2.16.5 Assignment of AFLP markers to locations in &. chabaudi

genetic linkage map.

Markers had previously been ordered on a genetiagie map oP. chabaudi{Martinelli A

et al. 2004, Martinelli Aet al2005] obtained from previously generated crossésdmn AS-
derived clones and AJ strains Bf chabaudi[Carlton JMet al. 1998; Rosario VE 1976;
Wallliker D et al. 1975].

A total of 674 AFLP markers were typed for eachlaned progeny analysed in this work,
and were subsequently assigned to linkage groupx) uke previously generated map
[Martinelli A et al.2005].

A total of 674 AFLP markers were typed for each of 28 crosggmy clonesand were
subsequently assigned to linkage groups using tleNWanager QTX software [Manly KEt
al. 2001]. A total of 44 RFLRnarkers characterized in a previous study [Carlivhet al.
1998] were used as genetic anchors to allow the assignofiehe varioudinkage groups to
chromosomes. In total, 11 chromosoresld be identified, while 12 linkage groups ofyas
unknownassignment remain, which include the three remginhromosome&hromosomes
2,4, and 14).
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2.16.6 Sequencing of AFLP markers, and their locain on the

Plasmodium falciparum genome

AFLP bands that appeared to be under selection @arised from acrylamide gels using a
sterile scalpel. The gel fragments were then sodkedn Eppendorf tube in 50l of
autoclaved, distilled water (sdB) overnight.

Gel slices were centrifuged at 12000g prior to reahaf the liquid phase containing the
DNA. DNA was precipitated using 1/10 volume of 3Md&um acetate (pH 5.2) and 3
volumes of ice-cold absolute ethanol. The solutices placed at -2@ for at least 1 h.
Thereafter the tubes were spun for 30 minutesgit Bpeed. The liquid phase was removed
and the DNA pellet washed twice in 70% ethanololefair drying. The pellet was then
dissolved in 5Qul TE buffer (pH 8.0).

The extracted DNA fragment was amplified by PCRngishe same selective AFLP primers
and PCR conditions that produced it.

Sequencing reactions were carried out using thpobdescribed, below in section 2.16.7.
The sequences of markers were then physically nthppethe P. falciparum genome
(sequence data fét. falciparumwere obtained from the Sanger Centre website,iwtan be

accessed at www.sanger.ac.uk_Projects_P_falcipausimg BLAST searches.

2.16.7 AFLP band sequencing and purification of PCRroducts

Sequencing PCR reactions were set up using thePABSM Big DyeTM Terminator Cycle
Sequencing Ready Reaction Kit, (PE Applied Biogysie PCR reactions were prepared to a
final volume of 1Qu, containing the following reagentsptemplate DNA (100-250ng), 4

Terminator Ready Reaction Mixpllprimer (3.2pmol), ful sterile distilled water
Sequencing PCR conditions were as follows;

Denaturing  95%C for 30 seconds
Annealing  50C for 20 seconds X 25 cycles

Extension 60C for 4 minutes

Following the sequencing PCR, the products werdfipdrby precipitation with sodium
acetate and 95% ethanol, and washed in 70% ethanol.
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For sequencing of purified PCR products, interm@inprs covering the extreme 5 and 3’

ends of the fragments were used. All fragments weqeienced in opposite directions.

Sequencing results were analysed using the SeqEID0ON8 software (Applied Biosystems
Inc., 1992). The programme allows the visualisatidnchromatograms of the sequenced
DNA.

So as a summary: traditional linkage analysis dividual cross progeny clones, is labour-
intensive and expensive, as it involves the genotygmd phenotypic characterization of
individual clones from a cloned progeny of a gametioss. Without the generation of an
extremely large number of recombinant clones it &gsoor resolution, which makes the
actual identification of the underlying genes extedy difficult unless strong candidates are
already suspected. There is an inverse relatiorstipeen the size of the locus within which
possible target genes may be located and the nuofbexcombinant clones that must be
generated [Wellems Té&t al. 1991].
LGS, used in this project, has enabled the disgoekgenes controlling biological properties
in malaria parasites to be greatly acceleratedl¢@u Ret al. 2005; Martinelli Aet al.2005].
LGS differs from the traditional approach to geoanalysis of malaria parasites by not
requiring individually characterisation of very d@ numbers of clones from the progeny of
the cross [Carter Rt al. 2007]. LGS characterises the uncloned progeny géreetic cross
(between a resistant and sensitive parasite tpdhecular parasite characteristic in study) by
measuring the proportion of parental polymorphicrkees at genome-wide loci (AFLP),
before and after drug treatment. Markers from #esiive parent that are linked to the gene
underlying the resistance phenotype will be unépresented or eliminated after drug
treatment, forming a “selection valley”. In the eas this project, the AJ markers correspond
to the markers from the sensitive parent; thosekerar will be under represented or
eliminated after artemisinin and artesunate treatme
As Carter R and colleagues so clearly summariset¢Cd et al. 2007], LGS analysis
depends upon several distinct experimental comgenen
A) The crossing of two genetically distinct lines odilaria parasite by preparing a mixed
infection of gametocyte-producing blood-stage pggasin a mouse, allowing
mosquitoes to feed upon the mixture, with consegyemasite development and

invasion of sporozoites to salivary glands;
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B) The subjection of the progeny of the cross to acsigin pressure (in the case of this
research, ART or ATN pressure). This drug select®mapplied to the blood stage
parasites in mice infected with the cross proggroyazoites.

C) The screening of the uncloned, selected cross pyogéh quantitative markers, such
as gquantitative real-time PCR, quantitative AFLRI groportional sequencing. So
before the LGS technique could be applied the dgweént of quantitative markers
covering as much the parasite genome as possililecisssary. Prior to this project
quantitative AFLP were optimized and developed lieing use with AS and AJ
parasite lines frorP. chabaud[Culleton Ret al.2005; Martinelli Aet al.2005].

The location of the genetic markers ilPlEsmodiungenome database with the expectation
that markers linked to genes controlling the targfetirug selection will form a selection
valley containing the locusf the selected genes. A genetic linkage map, encése of this
project already previous developed by Martinellad co-workers [Martinelli Aet al. 2005],

a genome sequence database, in the case of oul Badteabaudsequence though not fully
complete with a big coverage and a complete syntar@Ep developed prior to this project
[Kooij TW et al. 2006] allowed us to map genes and markers geligtanad physically, thus
allowing identification of loci under selection. dim mutations in suspected candidate genes
within the locus can be identified by comparatiegueencing of genes from both the resistant

mutant and its sensitive progenitor [CarteetRal. 2007].

2.17 Experiments with genetic crosses of AS-ART andlJ or AS-ATN and
AJ

To analyse the efficacy and composition of eacthefgenetic crosses and the progression of
the drug selection proportional sequencing was .usemportional sequencing was used with
DNA samples from sporozoites and mice blood sammésre and after drug selection.

2.17.1 Blood collection for Proportional sequencingnalyses

5 ul of blood were removed from each infected micdydasing a glass capillary. The blood
was placed in an Eppendorf tube which contains dpglrof citrate saline solution. The
samples were then spun in a microcentrifuge atd0rPm for 2 minutes, and the supernatent

removed. The resulting pellet was frozen af&Z.0
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2.17.2 Extraction of parasite DNA from blood or spoozoites

Frozen blood pellets and frozen sporozoites cruster@ thawed at room temperature, and
the DNA extracted using the InstaGene™ Matrix (Biad), following the manufacturers

handbook protocol.

2.17.3 Determination of the proportions of clonesigenetic crosses by

proportional sequencing

2.17.3.1 Principle of proportional sequencing

The blood and sporozoite samples taken from eaalsenor from the mosquitoes salivary
glands were analysed using Proportional Sequen€img.technique allows the determination
of the percentages of each parasite in a mixtura given day of the infection. By applying
this technique it was possible to determine thepgrions of two parasites in mixed
infections over the course of an infection.

To directly quantify the proportions of the senati(AJ) and resistant (AS-ART and AS-
ATN) parasites present in the selected and unselauixed infections, DNA was amplified
by nested PCR at thl#hpslocus using primers common to non-polymorphic seges from
both parental alleles. The resulting PCR produasewpurified and sequenced. Sequencing
results were analyzed using the SeqED v 1.0.3 soéwApplied Biosystems, Inc., 1992),
which allows the visualization of chromatogramssefijuenced DNA and the quantitation of
individual fluorescent peaks.

The relative heights of peaks at the polymorphiessin these genes can be used as an index
of the relative proportions of the AJ and AS-ARTdafAS-ATN parasites in each sample.
With five replicate samples, and with reference toalibrated series of mixtures between AS
and AJ [Cheesman S al. 2003], it is possible to estimate the percentagearfsites
carrying the AS or AJ alleles of eaghne with a standard error of <3% [HungtRal 2005].

A detailed description of the Proportional Sequegdechnique is available elsewhere [Hunt
P et al. 2005]. Briefly, the technique exploits the factttlaring a PCR reaction, DNA is
amplified in proportion to the initial template. IfNA containing a mixture of both AS and
AJ type alleles is amplified in the same reactittren the proportions of these clones will
remain constant throughout the PCR. This meanglhieaamplified PCR product will contain
the same proportions of AS-ART or AS-ATN and AJ DNA the template DNA that was

10¢



amplified. When this DNA is sequenced, it is poksito determine the proportions of the
clones in a population by measuring the proportiohs single base that differs between
them.

For example it is possible to distinguish AJ and-AST or AS-ATN parasites by 4 single
nucleotide polymorphisms on tipedpsgene. As an example the gene and the polymorphisms
will be presented on Figure 13.



pecdhps-11

AS GTACGCAGAATATTTCAAATGATARATGAAGGTEGTAGATATTATAGATAT
B = ooremmmowremorescocessessswreoessssescsoceeeeo;oesee
pedhps-07
AS AGGTGETGAGTCCTCTGETCCTT T TGTTTCTCATAATCCAGALATTARAG
I s e e
AS AACGTGATTTGGTAATTCCTGTAT TAGRATTATTTGAACAGGAGTGGAAT
T e -
A3 AL AATETTACARATTTGTRAARALT CAARARATACATARRCARCARARGEG
B~ o e e e e e e e e
1 2
AS AATCGRACGRARCAGRATGATARATTARATCARRATRACCTATCTTTACRAR
Bd  omssesiesed e e e e e e i
3 4
A2 CARAARCATCAACTATTTATARACCGCCTATAAGTATAGATACCATGARAC
AJ J S taR s e S
BS TATGATTTATTCARAGAATETGTTGACARAAATTTAGTTGATATACTTAA
T I o B o T o e e e e e e e e
AS TGATATARCTGCATGTACAAATCGACCCCCARATAATTAAGTTATTARAGA
AT mmmmemrmememme e e e e e e
B3 ARRARAAATARATATTATAGTGTTGTTTTAATGCATARRAGAGGAGATCCA
BT e e e e e Sl e e R e s
A5 CATACTATCEACATGTTARCACAATATGAGGATCTTGTATATGATATTAR
BT Smmmmme e s e e s e e e e e e e
LS AAAATATTT AGAGGAARCATTARAATTTTCTAACTT TAAAT GGCATACCTA
BT mmmemsremen s e e
a3 GGTATAGRATTATATTAGATATCGETTTAGGTTTTGCAAAGRAGCATGAT
B e e R R e e R e e e R e e e S e S e S A
podhps-08

A5 CAATCAATTARATTATTACARARCATACATGTTTATGATGATTATCCTCT
A rerem e e e e e e e
AS TTTTATTGGGTATTCAAGE 1960

AT  mmmmemeemeeee e

Figure 13- The four polymorphisms on thgedhpsgene that allowed differentiating between straiSsand AJ.
Numbers 1-4 correspond to the polymorphisms. Psraeg presented in bold.
From Hunt Pet al.2005, with kind permission of Dr. Paul Hunt.

When both these parasites are present in an iofediioth bases will be present at positions

indicated in Figure 13 with numbers 1-4 in the sswe. By measuring the proportions of
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each base (by comparing the size of the peakssem@ence chromatograph) it is possible to

determine the proportions of each parasite in thaume.

2.17.3.2 Proportional sequencing - PCR reagents aréaction

conditions

Extracted parasite DNA was subjected to a nestdrl, R plifying a portion of thdhpsgene
that contains single nucleotide polymorphisms betwAS-ART and AS-ATN and AJ. The

oligonucleotide primers used were as follows:

pcdhps:

Outer PCR

pcdhps-11 :GTACGCAGAATATTTCAAATG
pcdhps-12 :CTTTTTATTGGGTATTCAAGG

Inner PCR
pcdhps-07 :CTTTTGTTTCTCATAATCCAG
pcdhps-08 :GGTTTAGGTTTTGCAAAGAA

Individual PCR reactions were carried out inub®olumes containing 10pM of both
oligonucleotides, 1 X PCR buffer, 1 X dNTP solutioh unit Taqg DNA polymerase
(Boehringer Mannheim), and @Dof extracted DNA solution from for the outer P@Rd ul

of the resulting PCR product for the inner PCR. &ta@ controls were also prepared, which
contained ful of sterile distilled water in place of templateNB. Positive controls were
prepared using a previously amplified DNA template.

PCR reactions were carried out using an UNO-Theloodbmachine (Biometra), under the

following standard conditions;

Denaturing 95°C for 1 minute
x 30 cycles

Annealing  52°C for 1 minute

Extension 65°C for 1 minute



PCR conditions were the same for both rounds ohésted reaction.
PCR products were run and visualized on a 1.5%oagagel in TBE solution. The resulting

PCR products were then purified using the QlAGEl\A@IiCkTM

following the manufacturer’s instructions.

PCR purification Kit,

2.17.3.3 Proportional sequencing — Sequencing andrdication
of PCR products

Sequencing PCR reactions were set up using theP/ABEM Big DyeT'vI Terminator Cycle
Sequencing Ready Reaction Kit, (PE Applied Biosyste PCR reactions were prepared to a
final volume of 1@Qu, containing the following reagentspdtemplate DNA (100-250ng),14
Terminator Ready Reaction Mixpllprimer (3.2pmol), ful sterile distilled water

Sequencing PCR conditions were as follows;

Denaturing 95°C for 30 seconds
_ x 25 cycles
Annealing  50°C for 20 seconds

Extension  60°C for 4 minutes

Following the sequencing PCR, the products werdfipdrby precipitation with sodium
acetate and 95% ethanol, and washed in 70% ethanol.

For sequencing of purified PCR products, intermainprs covering the extreme 5 and 3
ends of the fragments were used. All fragments weqeienced in opposite directions.

2.17.3.4 Proportional sequencing — Analyses of sesncing

results

Sequencing results were analysed using the SeqEID0N8 software (Applied Biosystems
Inc., 1992). The programme allows the visualisatddnchromatograms of the sequenced
DNA. The relative proportions of the two strains @ach sample were determined by
measuring the two peaks associated with the singtdeotide polymorphism that confers
pyrimethamine resistance. It was possible, theeeftw calculate the percentages of each
allele of a gene in each sample. For an examp#e g#l for proportional sequencing for the

genepcdhpssee Figure 14.
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Figure 14 —Example of an electropherogram for proportiongjusmce analysis of two polymorphisms on the

pcdhps gene. Numbers 1 and 2 represent a polymorphism egymimoth numbers correspond to the
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polymorphism number on Figure 13.
From: Hunt Pet al. 2005 with kind permission of Dr. Paul Hunt.
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2.18. Amplification and sequencing of theibp-1 gene ofP. chabaudi

The amplification and sequencing ufp-1gene has done using the same protocol as the one
described fomdrl, cgl0, tct@ndatp6genes, and this protocol is already describedli.2.
Genomic DNA was used as template ifWS@®CR reactions, containing i1 of each
oligonucleotide primer, 1x PCR buffer (Promépga 2.5 mM MgC}, 0.2mM dNTPs and
0.025Ull of Tag DNA polymerase. These were used in PCRIlifiogiions of AS-15CQ,
AS-30CQ, AS-ATN and AS-ART. Negative controls weiso prepared, which containegl 1

of sterile distilled water in place of template DNRositive controls were prepared using a
previously amplified DNA template.

The oligonucleotide primers sequence is presentédgppendix 4.

All PCR reactions were carried out using a UNO-Ti@block machine (Biometra).

PCR products were run on a 2% agarose gel in TB&iso and visualized under UV.
Products were purified using the QIAquickPCR Purification Kit from QIAGEN and
sequenced using BigDye chain termination v3.1 (AggblBiosystems). The sequencing
reactions were analysed by Macrogen®. The primses in sequencing reactions were those
used for the initial amplification of the fragments

Gene and predicted amino-acid sequences were nhare@hpiled, and then compared
between drug selected and unselected clones usingqtarnet-based interface denoted
Multiple Sequence Alignment with hierarchical ckritg [Corpet Fet al. 1998], using
default alignment parameters (http://prodes.towddnsa.fr/multalin/ multalin.html).
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The results of the present work are divided inted¢tchapters:

Chapter Il describes the results of experiments designedekects artemisinin and
artesunate resistant parasites. These experimésasiraolved evaluation of certain

resistance features such as stability.

Chapter IV describes the results of experiments designed dtysa the involvement of
previously described putative genetic modulatoraidemisinin and artesunate resistance,

theP. chabaudgeneandrl, cglQ tctp andatp6.

Chapter V is concerned with the results of experiments ometjie crosses between an
artemisinin resistant (AS-ART) and a sensitive (Aldned strain oP. chabaudiand an
artesunate resistant (AS-ATN) and a sensitive (8ldned strain ofP. chabaudi
Presented here are also the results of LGS expetsnmeonducted with the uncloned

recombinant progenies of the genetic crosses.
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RESULTS
CHAPTER Il

EXPERIMENTS FOR DRUG SELECTION OF ARTEMISININ
AND ARTESUNATE RESISTANCE
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This chapter presents the results of experimengglext artemisinin and artesunate resistance
in P. chabaudi of stable phenotype, of cloning the parasite slirebtained and in the

characterization of the resistance obtained, inotyds stability.

3.1. Introduction

The objective of this part of the project was ttestartemisinin and artesunate mutants in the
rodent malariaP. chabaudithrough prolonged exposure of drug-sensitive liteetow and
increasing levels of the drug, administered to mice

Table 7 depicts the maximum doses tolerated bytbgenitor parasite lines as established in

preliminary work.

Table 7 —Maximum doses tolerated by the progenitor pardisiés used to select for resistance.

P. chabaudi Maximum dose for Maximum dose for artesunate
artemisinin (mg/kg/day) (mg/kg/day)

AS-15CQ 1.2 2

AS-30CQ 4 1.6




3.2 Artemisinin drug selection

P. chabaudiclone AS-30CQ was exposed to gradually increasingcentrations of
artemisinin, during several consecutive passagesige, starting with a drug dose of 4
mg/kg/day, previously determined to be subcurdiivehese parasites (data not shown). See
Table 7.

The drug selection procedure is described in magildin the Materials and Methods

Chapter (see Point 2.8) and summarized in Figure 15

4 mg/kg/da 6C mg/kg/da
A;fe;?aos(i:tg AS-ART*
5 biood parasite line
clone % 00€ passages >% ‘ Resistant to
Sen5|t.|v.e.to artemisinin
artemisinin
Drug
dose

Figure 15— A schematic representation of the artemisiniaction procedure. AS-ART* is uncloned.
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Figure 16 represents the stepwise increase in dosg during the artemisinin selection

procedure.

Blood passage number and artemisinin dose

70
60 -
50
40
30
20
10

(mg/kg/day)

Artemisinin dose

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Number of sucessive blood passage

—=— Drug dose (mg/kg/day)

Figure 16 — The increase of the artemisinin dose (mg/kg/deferated by AS-30CQ clone, during 15 blood

passages.

Figure 16 shows the stepwise increment on the &teim dose during selection, starting by a
4 mg/kg/day dose of artemisinin, this dose beirgrttaximum dose tolerated by the initial
parasites, AS-30CQ.

The drug resistance selection process lasted forogjmately 27 weeks (approximately 7
months); meaning that during this period thechabaudiparasite clone AS-30CQ was kept
under increasing drug pressure until a concentratfo60 mg/kg/day, at the end of which
resistance seemed to have been selected. Due @ocbmstrains the selection process was
finished at this stage where stability of resiseamas assayed.

In the first four passages under drug pressuretotia increment on the artemisinin dose was
of only 6 mg (from first passage to passage nuniligronly from passage number five

onwards we were able to increase 5mg of ART on paskage.
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Day of recrudescence and artemisinin dose during artemisinin
resistance selection

80
60
40
20

(mg/kg/day)

Artemisinin dose

8 9 6 7 7v 7 7 5 6 6 8 7 7 717 7

Day of recrudescence (post infection)

@ Drug dose (mg/kg/day)

Figure 17— The day of recrudescence on each passage widetian and artemisinin dose (mg/kg/day).

Figure 17 shows the stepwise increment on the &steim dose during selection, and time of

recrudescence.

The day of recrudescence was considered duringdleetion procedure as an indication on
the parasite sensitivity to artemisinin. Howevéterathe five passages, it was noticed that the
time of parasite presence under pressure remamgghly the same; though drug pressure
was increased a few fold.

At the end of the selection procedure, assays warged out to confirm that a parasite

resistant line to artemisinin was obtained. This watablished by the determination of the
minimum curative dose (MCD) of each drug from tl&ested and original sensitive parasite
populations.

MCD was defined as the minimum dose of each drag would prevent recrudescence

within each treated group at any time during th&t fLO days of the follow-up period.

A resistance index was determined using the fohovéquation:

N-fold resistance = MCD drug selected parasites/ M@ drug unselected parasites
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Table 8 — N-fold resistance, using the equation above ealdulated for each passage under artemisinin
pressure. The MCD drug pressure for tfigassage is 4 mg/kg/day, which was the initial diage tolerated by
the AS-30CQ clone used for drug selection.

Number of blood MCD drug selected N-fold resistance
passage under parasites (MCD drug selected parasites/
artemisinin pressure (mg/kg/day) MCD drug unselected
parasite)

1 4 1

2 6 15

3 6 15

4 8 2

5 10 2.5

6 15 3

7 20 3.5

8 25 3.8

9 30

'_\
o
w
al
N
3

[N
[EEN
LN
o
(&)

12 45 7.5
13 50 10
14 55 12.5
15 60 15

At the 18" passage, when due to time constrain limitatiores gblection procedure was
stopped, the parasite line obtained, denoted AS*\RTuncloned parasite population). AS-
ART* has an N-fold resistance of 15 when comparedhe initial parasite clone and was
cloned by the method of limiting dilution [RosaNg 1976]. See Section 3.4.

Cloned parasites were re-tested for their respaosagemisinin.
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3.3 Artesunate drug selection

To select for artesunate resistanBe,chabaudiclone AS-15CQ, was exposed to gradually
increasing concentrations of artesunate duringraéeensecutive passages in mice, starting
with a sub curative drug dose of 2 mg/kg/day. Saeld 7.

The procedure was the same as for artemisinin sklegtion and is described in more details
in materials and methods (See Section 2.8) andiquewn Section 3.2 and a schematic
representation of the protocol can be seen on &ity8r

2 mg/kg/day 12 mg/kg/da
parasite Ine aresie
arasite line
Sensitive to \ 14 blood passages [>% ‘ E{esistant to
artesunate -~ artesunate
Drug
dose

Figurel8 — A schematic representation of the artesunagzteh procedure. AS-ATN* is uncloned.
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Figure 19 represents the stepwise increase in dosg during the artesunate selection

procedure.

Blood passage number vs. artesunate drug dose

T 14
o
D 12 -
S -/./—
glo -/./-
@ 8
0 /
S 6 -/-
Q
= 4
©
é ) =//'
Q
g 0
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Number of sucessive blood passage

‘ —a— Artesunate dose (mg/kg/day) ‘

Figure 19 — The increase of the artesunate dose (mg/kg/dalgrated by AS-15CQ clone, during 14 blood
passages.

Figure 19 shows the stepwise increment on thelaréds dose during selection, starting by a
2 mg/kg/day dose of artesunate, this dose beingridvemum dose tolerated by the initial
parasites, AS-15CQ.

The drug resistance selection process finishetieail 4" passage when the parasite tolerance
had increased to 12 mg/kg/day, due to time comstrdie selection process was finished at
this stage where stability of resistance was assaye
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Day of recrudescence vs. artesunate dose during
artesunate resistance selection

15

10 +

Artesunate dose
(my/kg/day)

9 8 8 7 v 7 6 7 6 6 7 7 7 7

Day of recrudescnce (post infection)

m Day of recrudescence (post infection)

Figure 20— The day of recrudescence under selection ardwarate dose (mg/kg/day).

Figure 20 shows the stepwise increment on thewarégs dose during selection versus the day
of recrudescence.

As stated before the time of recrudescent parasfipsaring in the blood of treated mice was

used during the selection procedure as an indicaiioreduced susceptibility to artesunate.

Here, and in a different fashion from artemisirtime selection of artesunate resistance was
carried out in a more consistent increase of tlg gressure within roughly the same period

of time. It is speculated that this is relatedhe metabolism of the drug. Thus, being a second
generation derivative of artemisinin, it is moreiae than artemisinin itself in the process of

eliminating the parasites.

The minimum curative dose (MCD) for artesunate wafculated the same way as for

artemisinin.
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Table 9 — N-fold resistance calculated for each passagkeruartesunate pressure. The MCD drug unselected
parasites is 2 mg/kg/day, which was the initialgddose tolerated by the AS-15CQ clone initiallycuger drug

selection.
Number of blood MCD drug selected parasites N-fold resistance
passage under (mg/kg/day) (MCD drug selected
artesunate pressure parasites/ MCD drug

unselected parasite)

1 2 1

2 2.5 1.2
3 3 15
4 3.5 2

5 4 2.2
6 5 2.5
7 6 2.5
8 7 3

9 8 3.5
10 9

11 10 4.5
12 10 5

13 11 5.5
14 12 6

At the 14" passage at the end of the selection procedureatssite line obtained, denoted
AS-ATN*, (* uncloned parasite population). AS-ATNtas an N-fold resistance of 6 when
compared to the initial parasite clone and was edoby the method of limiting dilution
[Rosario V, 1976]. See following Section 3.4.

Cloned parasites were re-tested for their respaosadesunate.



3.4 Cloning of resistant parasites

At the end of the selection procedure, it was aersid that a significant level of resistance to
both to artemisinin and artesunate had been olutaiflee N-fold level of resistance was
calculated. The artemisinin resistant parasite AScART* was 15 fold more resistant than
the initial clone AS-30CQ); the artesunate resisgarasite line AS-ATN* was 6 fold more
resistant to ATN than the initial clone AS-15CQ.

Both parasite populations were cloned by the Imgitdilution method. (See Section 2.5 for
details). The cloning procedure is extensively dbsd at Rosario V 1976

From the cloning procedure of the parasite line A&SF*, from the 50 mice inoculated, five
mice developed patent parasitemias (10 % infectae ) from which parasites were
harvested and frozen in liquid nitrogen

From the cloning procedure of the parasite lineAAN*, from the 50 mice inoculated, seven
mice developed patent parasitemias (14% infecad®) from which parasites were harvested
all frozen in liquid nitrogen.

Of these, one clone from each line was chosen erb#isis of their faster growth rate, for
further studies, including stability assays andegiencrosses and analysis. The artemisinin
and artesunate resistant clones were designBtedchabaudi AS-ART and AS-ATN

respectively. See Figure 21 for details.

AS-SENS
AS-PYR PYR resistant, CQ sensitive
AS-3CQ CQ resistant (low)
Artesunate drug
selection and cloning ¢
AS-ATN < AS-15CQ CQ resistant (intermediate)
Artemisinin drug ¢
AS-ART se;ectmn and cloning AS—BOCQ CQ resistant (high)

Figure 21 — A schematic representation of the clones andsierlines ofPlasmodium chabaudised in this

project.
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AS-ART and AS-ATN were tested for their response ademisinin and artesunate
respectively, immediately after cloning. AS-ART aA&-ATN clones were inoculated into
naive CD1 mice and then re-tested for their suguiépt to artemisinin and artesunate, by
comparing their response to each drug with thaooftreated and passaged the same number
of times as the parasites under selection, compeaasites, AS-30CQ and AS-15CQ
respectively.

AS-ART and AS-ATN were shown to retain the samenpityge as that of the drug-resistant
population from which they had been derived, urttiersame drug pressure of respectively
60 mg/kg/day treatment for 5 days with artemisimina 12 mg/kg/day treatment for 5 days
with artesunate. These parasites were then usedbisequent studies to investigate further
whether the observed drug resistance was stabéseTtesults will be presented on Section
3.5.



3.5 Drug resistance stability tests

Once resistance to artemisinin and artesunate welected and cloned stability of the
resistant phenotype, under absence of drug presagassayed.
Drug-resistant parasite clones, AS-ART and AS-AT&revre-tested for their drug responses
after each of three different procedures:

i) Freeze-thawing cycles in liquid nitrogen,

i) 12 continuous sub inoculations in mice in thesance of drug treatment and

iii) Transmission througtAnopheles stephensiosquitoes into new mice.

N-fold resistance index was calculated as it has lpgeviously described.

3.5.1. Resistance stability after liquid nitrogen peservation (deep-

freezing)

To check for resistance stability after liquid aden preservation, resistant clones were

frozen down in liquid nitrogen and then thawed, esxtiested for resistance.

Briefly infected blood is drawn, when the majoritiyasexual parasites are at the ring stage of
development, into heparinised syringes. The readlcells are pelleted by centrifugation
(2000 rpm for 5 minutes) and the majority of thagmha is removed, two volumes of deep-
freeze solution (Appendix 1) are added to one velwh the packed red blood cells with
constant mixing in a drop wise fashion. Such matemoculated i. p. into a mouse, after any
period of storage, induced an infection, which leeapatent from 7-14 days after
inoculation. The parasites growing in this fashmere evaluated for their response to
artemisinin or artesunate in comparison with uritete control parasites, the same way as

during the drug resistance selection.

AS-ART and AS-ATN parasite clones phenotypes dmregjstance remained unchanged in
both cases. The two cloned lines retained a 15 Gitnes N- fold resistant phenotype
respectively. The parasites response to the drug)tive same after freezing and thawing.

Stability of resistance was therefore, confirmed.
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3.5.2. Resistance stability after blood passages time absence of drug

pressure

AS-ART and AS-ATN cloned parasites were subjectetl2 passages in untreated mice, after
which they were tested for their drug responses.

Briefly, 10" infected red blood cells were established as thedstrd parasite number to be
infected into individual mice. Infections in thesamce of drug pressure were maintained by
passaging resistant parasites twelve times in CDde m p. route. Treatment was 60
mg/kg/day for 5 days for ART and as 12 mg/kg/daySalays for ATN.

Once drug tests were preformed after the twelvegiges in the absence of drug treatment, it
was verified that the resistant phenotype mainthlmecause resistant parasites recrudesced as
expected while sensitive parasites did not.

Resistant clones retained resistance to the camespy drug.

3.5.3. Resistance stability after cyclical transmgon through

mosquitoes

After confirming the stability of the resistancegplotype after cloning, freezing and thawing
of these clones, in the absence of drug pressukeas necessary to demonstrate that this
genetic trait was transmissible through mosquitoes.

The procedure for cyclical transmission through quitees was previously described by
Landau and colleagues [Landaatlal. 1966].Briefly, infected splenectomised rats, in ethi
gametocytes were present, were exposed to mosguindech had been starved for 24-48
hours. The infected rodents were exposed to masgpiifor a varied length of time (1-2
hours) depending on the feeding performance ofntbsquitoes. Seven to ten days later a
small number of mosquitoes were dissected in ai@@ount the number of oocysts, which
had developed on each midgut. Fifteen and, evdniissventeen days after the blood meal,
when sporozoites were present in the salivary gaad uninfected mouse was exposed to the
mosquitoes for transmission of the malaria infetti®®atent blood infections could be
detected after 4-8 days in blood smears from theemResistant clones successfully
transmitted in this fashion were tested for theisponse to artemisinin or artesunate in
comparison with unselected control parasites.

Mice infected with AS-ART or AS-ATN were used teffA. stephensinosquitoes. AS-ART

was successfully transmitted through mosquitoesmanseparate occasions, and the resulting
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blood forms that developed in mice were renamedARIA and AS-ARTB. The N-fold
resistance index of AS-ARTB were then assessediallpl to the, untreated but passaged
control line, AS-30CQ (this line was also transedtthrough mosquitoes at the same time, as
a control). AS-ARTB showed an N-fold resistanceexaf 15-fold to artemisinin relative to
AS-30CQ. Thus, artemisinin resistance remainedlestafier transmission of the resistant
parasites through mosquitoes. AS-ARTA was not teated the parasites where deep-frozen.
For simplicity and clarity on further analysis chgi this project, AS-ARTB clone was
renamed AS-ART.

In a similar fashion, AS-ATN was also subjectedrosquito transmission and showed a 6-
fold increase in the N-fold resistance to artestimatative to sensitive control; therefore we
also consider artesunate resistance to be stablenabsquito transmission. See Figure 22 for

a summary of the drug selection / stability testcpedure.

AS-30CQ
sensitive

CLONING

15 passages 12 passage
7 : Ny - % AS-ARTA
AS-30CQOm 4 mg JGOmg B AS-ART J resistar E// S;\,;d Q Not tested

sensitive = resistar -
" %
Untreated St L AS-ARTB

) S\‘l
AS-15CQm) 2 mg e—) 12 m(c BAS-ATN - resistar -W‘\\‘ AS-ATN

sensitive 14 passages resistar 12 passage Resistar to 12mg

Resistar to 60mg

3

AS-15CQ
sensitiv

Figure 22— A schematic representation of the artemisinih@nesunate selection procedure.

Clone AS-30CQ and parasite line AS-15CQ were paskagthe absence and presence of gradually iriogeas
doses of drug (artemisinin and artesunate, resdyg}i Initial drug sensitivities (4 mg/kg/day orn@g/kg/day)
decreased (to 60 or 12 mg/kg/day) after 15 or 1gkqges, respectively. The drug responses afteinglon
passage in the absence of drug (“untreated”) amstnission through mosquitoes remained unchangedrdl
selection procedures in the absence of drug acesalswn.

Adapted from: Afonso Aet al.2006.

The artemisinin and artesunate resistance pherotypee unaltered after passaging in the
absence of drug pressure, after freezing and tlipand after transmission through laboratory
mosquitoes (Figure 22). Thus artemisinin and arteturesistance obtained in our rodent

modelP. chabaudis stable, indicating that resistance is likelypeogenetically encoded.
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3.6 Test for cross-resistance between artemisinimd artesunate clones

In order to evaluate whether the mechanisms obtaste to artemisinin and to artesunate
share similar features, the responses of AS-AR@rtesunate and AS-ATN to artemisinin
were tested, resistant clones were cross testédeaith other’'s selective drugs. Artemisinin
at chosen dose was given to the artesunate rasitbae (AS-ATN) and artesunate at chosen
dose was given to the artemisinin resistant cl&®ART).

For these tests several drug doses were initiafitet for both resistant clones, the maximum
dose of artemisinin tolerated by the artesunatistee® clone (AS-ATN) is 32 mg/kg/day for
five days and the maximum dose of artesunate telérby the artemisinin resistant clone
(AS-ART) is 8 mg/kg/day (data not shown). AS-ARTosled a five-fold increase in the
MCD to artesunate relative to AS-30CQ while AS-ABKowed a greater than ten-fold
increase in the MCD to artemisinin, relative to ASZQ. These tests therefore revealed that
both clones showed cross-resistance and that mgmsites there were greater increases in
artemisinin resistance (15-26 fold) than for amede resistance (5-6 fold). The
demonstrated cross-resistance suggests some sérganetic or pathways features in the
parasites clones described here. Thought the exist®f cross-resistance suggests that
resistance to artemisinin and artesunate do shaméais features, at least in the parasites

clones described in this project.

Table 10- N-fold resistance oP. chabaudiAS-ATN and AS-ART. The absolute and relative (Ndjodrug
sensitivities of AS-ATN and AS-ART after blood page in the absence of treatment, freeze/thaw arsdjuito
transmission are given. MCD — minimum curative dose

From: Afonso Aet al.2006.

P. chabaudi MCD ATN MCD ART N-fold ATN N-fold ART
(mg/kg/day) (mg/kg/day)
AS-15CQ 2 1.2 - -
AS-ATN 12 32 6 26
AS-30CQ 1.6 4 - -
AS-ART 8 60 5 15
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3.7 Discussion

Drug resistance genetic basis can be study usimgusa methodologies. A correct and
complete method to study drug resistance genegipsrits on firstly selecting drug resistance
mutants of stable phenotype, because only the mpresaf a stable phenotype guarantees that
resistance is genetically encoded and not a plogicdl adaptation to the constant presence
of drug pressure. Drug resistance can be selectedtro using for example chemical
mutagenesis dn vivo by drug pressure either using a single very higbedike the method
used to select PYR resistance or by progressimelgasing the drug concentration. The latter
situation is the one that most closely mimics thwally scenario taking place in natural
parasite populations. Therefore, an appropriatéhatethat has been used for selecting and
understanding drug resistance is the utilizatiogesfetically stable resistant mutants selected
through drug pressure, originated from cloned $eesparasite lines. Both the original drug-
sensitive and the selected drug-resistant parasitesild be genetically identical, (or
isogenic), except for any mutations involved inisesce; such mutations can then be
pinpointed using different approaches.

This project represents the first study where nalparasites with genetically stable and
transmissible resistance to the antimalarial darggsmisinin and artesunate were selected and
used in genetic crosses.

The reasons for obtaining stable resistance whitiker®have previously tried unsuccessfully
are not clear. One reason could be the use ofotient modeP. chabaudi which had been
used before to select for pyrimethamine, chloroguend mefloquine resistance. The
existence of parasite clones with an accumulatiodrog resistance genetic markers may
create a favourable background for the selecticarteimisinin and artesunate resistance.

Two parasite lines were selected and cloned: AS-ARTL5 times more resistant to
artemisinin than its progenitor parasite line, ABz8 and AS-ATN which is 6 times more
resistant to artemisinin than its progenitor pdedsie, AS-15CQ.

In this work the utilization of approximately tharse number of blood passages, during a
similar time period under drug pressure, produaedldold resistance for artesunate inferior
to the N-fold resistance for artemisinin and tkisiot explainable.

Metabolization differences between the two drugy e had an intrinsic difference in the
selective pressure within the host, but drug commaéon studies were not carried out.

A very interesting finding during this part of tpeoject was the cross resistance between the
selected resistant clones, giving a very strongcatin that resistance to ART and ATN

share similar features.
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The successful selection of these parasites anthttehat they can be transmitted through
Anopheles spmosquitoes is a significant achievement for two megasons: a) these
observations demonstrate that malaria parasitegemetically and biologically capable of
sustaining stable resistance to artemisinins whiath been selected through drug pressure.
Consequently, it is also conceivable that, in humataria, artemisinin resistance may appear
in the future due to extensive and/or inappropriatey usage; once it does, it may spread in
the parasite population and become establishetigtlesistanP. chabaudparasites reported
here could then be used to investigate the gedeterminants of resistance to these drugs.

It was possible to generate ART or ATN resistarroenftwo different parasite clones, AS-
30CQ and AS-15CQ which were already resistant torahuine and pyrimethamine. Efforts
to generate ART or ATN resistance from the vergioal chloroquine sensitive clone (AS-
PYR), were abandoned, because this clone showederuthe same drug pressure
methodology, high susceptibility to the treatmefuata not shown). As stated before, this
may be a result of a genetic ability, if not potation of the parasite ability to generate
mutations in response to drug treatment (called “fhecelerated Resistance to Multiple
Drugs” (ARMD) phenotype) [Rathod P&t al. 1997] which might have occurred during the
generation of previous drug selective methodsutinlg chloroquine.

Alternatively, it is possible that the ART resistan phenotype is only expressed in
chloroquine resistant clones, almost as resisttam€Q is required for the selection of ART
and ATN.

This suggests the presence of functional interastibetween the pathways underlying
chloroquine and artemisinin resistance or thatstasce to cloroquine genetically creates
genetic conditions which facilitate the appearawméeART and ATN resistance. These
questions have significant relevance to the praktidetime of a drug in areas where
resistance to other drugs (or to chloroquine spadiy) is prevalent.

The inspection of mutation or mutations underlymegistance to ART and ATN, will be
described in Chapter IV (known or suspected muta)icand in Chapter V using high-
throughput comparative genomic studies based onmgeswide approaches, Linkage Group
Selection (LGS) (new mutations) [CulletoreRal. 2005].

13t



13¢



RESULTS
CHAPTER IV

ANALYSIS OF THE PUTATIVE GENETIC MODULATORS
FOR ARTEMISININ AND ARTESUNATE RESISTANCE
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4.1. Sequencing ofP. chabaudi mdrl, cglO, tctp and atp6 genes, in the

selected mutant clones.

The first objective of this research work was tle¢estion resistant parasites in the rodent
malaria modelP chabaudito artemisinin and artesunate and this was aeHieit this stage

in order to see if there were differences in thevmusly described putative genetic
modulators for artemisinin and artesunate resistadhcchabaudigenetic homologues of the
P. falciparum mdrl, crt, tctpndatp6, between the sensitive and the resistant paraSites,
was extracted was extracted from the parasites 8l and AS-30CQ, and from their

related artemisinin (AS-ART) and artesunate (AS-AT&kistant clones.

4.1.1 Isolation of themdr1, cgl0, tctp and atp6 P. chabaudi orthologues

Prior to the present work, thie chabaudhomologues of th®. falciparumgenegpfmdrland
pfcrt, which are respectivelypcmdrl and pccgl0had been identified by Cravo PV and
colleagues and Hunt P and co-workers [CravoeP¥l. 2003; Hunt Pet al 2004]. Thus, for
PCR amplification of thepcmdrl and pccgl0O genes, oligonucleotide primers and PCR
amplification conditions previously published werged [Cravo P\ét al. 2003; Hunt Ret al
2004], based on DNA sequences characterised mrithi$ study gcmdrl AY123625 and
pccgl0AY304549).

The DNA sequences of thHe. falciparumand P. yoelii tctpand atp6 genes were available
online at the NCBI/NIH (National Institute of HelaJtdatabase (www.ncbi.nih.gov) with the
following accession numbergctctp NP_703454 pytctp AF124820,pfatp6 AB121053 and
pyatp6 AABL01001880. To obtain theP. chabaudiorthologues of these genes, these
sequences were retrieved and used in BLAST sea@t@nst the availabl®. chabaudi
sequences (shot gun clones and genomic contigppsided at theP. chabaudigenome
database (www.sanger.ac.uk). The two sequencesggsignificant hits were retrieved and
used to desigrP. chabaudispecific oligonucleotide primers to amplify overang DNA
fragments spanning the coding region, introns aotth 5’- and 3’-non-coding sequences.
These were then used in PCR amplifications.

Pcmdrlgene has a nucleotide sequence identity of 75008 falciparumand 78.1% amino
acid identity toP. falciparum.[Hunt Pet al. 2004]. Its accession number is AY123625 and it

encodes a protein of 1416 amino acids and its gadigion is of 4248 base pairs.



For theP. chabaudi cgl@ene, there is a nucleotide sequence identity d3%8nd amino
acid sequence identity of 75.1% within the predict®ding region when compared Ro
falciparum crtgene [Hunt Pet al.2004].

To investigate whether tHe. chabaudiorthologue ofPftctp gene play a role in the resistance
to artemisinin derivatives in our modePR. chabaudi specific database sequences
(www.sanger.ac.uk/cgi-bin/blast/submitblast/p_chatpwere used to design oligonucleotide
primers for amplifyingoctctp Pctctpgene has an 84% identity wigftctp gene in relation to
nucleotides and a 90 % identity to pftctp in relatito amino acid. This high degree of
identity is a confirmation that the gene has bemmected isolated from the database. [Afonso
A et al.2006].

PCR amplifications were initially carried out usiggnomic DNA from the drug-sensitive
parasite clone AS-SENS, according to the gene seguand primer sequence presented at
the appendix 2, thB. chabaudi tctgene was first characterised in the drug-sensgarasite
AS-SENS (Genbank accession number AY304545).

In AS-SENS, the gene is encoded by a continuous opading frame containing 516 b.p.,
which translates into a predicted peptide of 17inaracids [Afonso Aet al.200].

In order to identify possible point mutations tictp gene, in artemisinin (AS-ART) and
artesunate (AS-ATN) resistant parasites, in comnspario progenitors, DNA from AS-15CQ,
AS-30CQ, AS-ART and AS-ATN was used to sequenceetiiige coding region of thectctp
gene. See Figure 25 for details in the extent oABEquence analysed.

Pcatp6gene has a 72% identity wigfatp6gene in relation to nucleotides and a 72 % identity
to pfatp6 in relation to amino acid. This high dsgof identity is a confirmation that the gene
has been corrected isolated from the databasengafé\ et al. 2006]. Theatp6 gene has a
Genbank accession number of DQ171938.PInchabaudithe gene was verified to be
constituted of 3539 nucleotides, comprised of tleweans interrupted by two introns one of 92
nucleotides and the other of 90 nucleotides.

The pcatp6gene has two introns (intron 1: 92 bps; intro®@bps) located near the 3"end of
the gene and in identical positions to the predidtaérons in theP. falciparumgene (See
Figure 26 for details). The full coding sequena@nstates into a predicted protein of 1118
amino acids. . Due to the fact thafatp6 has been pointed as the target for artemisinin the
non-coding region that lay in the proximal regioihtlee gene was also checked for gene
mutations, because in the case of existing thedations could eventually affect the level of
transcription. However, no differences in nucleetgequence between the resistant clones
and their sensitive progenitors were found in 4kburcleotide sequence upstream or in 1 kb

downstream of the gene.

14C



The gene sequence and the primers used for anagiliic of all of the above genes are

presented in Appendix 2.

pcmdrl

-218 ATG TAA +64:

’ ' coding

100Cbps
= untranslated

Figure 23 —Extent of sequence analysed for the gecradrlfor the clones AS-15CQ, AS-30CQ, AS-ART and
AS-ATN. Numbers refer to nucleotides 5’ to ‘staridon ATG (negative) or 3’ to termination codongjioe).
Adapted from Afonso Aet al.2006

pccgl0 — e e mm—  ——
T 1 11
-76€6  ATG TAA + 26
! ! coding

100C bps
= untranslated

Figure 24 —Extent of sequence analysed for the geeegl0for the clones AS-15CQ, AS-30CQ, AS-ART and
AS-ATN. Numbers refer to nucleotides 5’ to ‘startdon ATG (negative) or 3’ to termination codongjiee).
Adapted from Afonso Aet al.2006.

141



pctctp

T 1

ATG TAA

5 — 3’ coding

100Cbps

= untranslated

Figure 25 —Extent of sequence analysed for the gpctetpfor the clones AS-15CQ, AS-30CQ, AS-ART and
AS-ATN. Numbers refer to nucleotides 5’ to ‘staxtdon ATG (negative) or 3’ to termination codongjioe).

Adapted from Afonso /Aet al.2006.

pcatp6

- 4064 ATG

! ' coding

100Cbps
= untranslated

TAA +1114

Figure 26 —Extent of sequence analysed for the gec&tp6for the clones AS-15CQ, AS-30CQ, AS-ART and
AS-ATN. Numbers refer to nucleotides 5’ to ‘stasidon ATG (negative) or 3’ to termination codongjioe).

Adapted from Afonso Aet al.2006.
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4.1.2. Sequence comparisons & chabaudi mdrl, cgl0, tctp and atp6

in the selected mutant clones and their sensitiverqyenitors.

AS-ATN, resistant to artesunate and its progenftarasite line AS-15CQ and AS-ART,
resistant to artemisinin and its progenitor clor®-20CQ were all sequenced twice in both
directions (sense and antisense) for all genesridedcabove. Pairwise comparisons were
made between sensitive and resistant clones asasethe sequence published in e
chabaudidatabase. The result revealed that the sequenak génes was identical between
all parasites and between the database sequemoeging that no mutations had occurred
during the selection of drug resistance. In otherds, the genes do not appear to be involved

in chemoresistance in the rodent malaria mé&dehabaudi
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4.2. Estimation of gene copy numbers of th@cmdrl, pctctp and pcatp6

genes, in the selected mutant clones.

Besides gene mutations, changes in copy numbers aisy be responsible for drug
resistance. Therefore, gene copy numbepahdrl, pctctpand pcatp6 on the previously
selected and cloned artemisinin and artesunatentsuta P. chabaudi(AS-ART and AS-
ATN respectively) were studied. At this stage tlenegpccglOwas not analysed for gene
copy nhumber change due to the fact that there weneferences found in the literature that
account for changes in the gene copy number oémjtftrt or its P. chabaudihomologue
pccglo.

The gene copy number can be analysed by variousoa&t the method of using real-time
guantitative PCR (RTQ-PCR) has been extensivelglatdd for the use in malaria parasites.
We found that the most robust method for copy nurdie¢éermination by real-time PCR is the
comparative Ct (2°“) method [Livak KJet al.2001]. While requiring an endogenous control
and a calibrator, meaning a gene from which pressimowledge is needed for the exact gene
number (for examplensp-1gene that is known for sure to be a single copyegenP.
chabaudi)and a sample that is use as a control for that,geddfers from relative standard
method by relying on equal PCR efficiencies witle ttarget and the endogenous control
genes. The 2“‘method is described in detail by Livak and collesgy[Livak KJet al.2001].
Briefly for the AACt calculation to be valid, the efficiency of the@lification of target and
reference gene must be approximately equal. Thiealgene wasnsp-land the target genes
were mdrl, tctp andatp6 genes. The average Ct was calculated for bothralosbd target
genes and thACt (Ct target gene— Ctmsp-) Was determined. Different plots of the log DNA
dilution versusACt were made and whenever the slope was closerdotize efficiencies of
the target and reference genes were similar, AA€t was calculated for the relative
quantification of the target ger®ACt= (Ctiarget gene Ctmsp-9a = (Ctiarget gener Ctmsp-)p, Where

o = ART or ATN resistant sample afid= AS-30CQ or AS-15CQ samples respectively.
After the method was validated the results for esarinple were expressed in N-fold numbers
in o gene copy number with normalization to thep-hene copy number according to the
equation: gene number of target %' [Livak KJ et al.2001].

After optimisation of all the RTQ-PCR conditions w&ined to investigate if ART and ATN
resistance could be related to changes in the game number ofndrl, tctp andatp6 genes.
For this the N-fold gene number was evaluated amiitl, tctp and atp6 genes were

normalised tansp-1gene, in artemisinin resistant paraseshabaudiAS-ART relative to
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artemisinin sensitivé®. chabaudiAS-30CQ from which this parasite line was obtairaed
artesunate resistar®. chabaudi AS-ATN relative to artesunate sensiti® chabaudi
AS15CQ from which this parasite line was obtain€dree independent experiments were
carried out; the mean N-fold values of the expentaare presented in Figure 27. There were
no changes in the gene copy numbemufr]l, tctp and atp6 genes detected (Figure 27),
meaning that during the selection for artemisimid artesunate resistance the ggmaadrl,

pctctpandpcatp6did not suffer any gene copy number change.

15%

05¢

AS-ART AS-ATN AS-ART AS-ATN AS-ART AS-ATN
mdrl tctp atp6

Figure 27 — Relative differences (N-fold) in gene copy numbetween artemisinin (AS-ART) and artesunate
(AS-ATN) resistant parasites and their sensitivegpnitors, AS (30CQ) and AS (15CQ) respectively.

The y-axis represents the mean N-fold of gene nuifgvey bars) and standard deviations (verticad)rat 95%
confidence interval of each of the genes underystadmalised againshsp-1 generated after three independent
assays.

From: Afonso Aet al2006.
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4.3. Discussion

4.3.1. Summary

The previously described putative genetic modutafor artemisinin and artesunate drug
resistancepcmdrl, pcglO, pctctpnd pcatp6that areP. chabaudigene homologues d@®.
falciparum mdrl, crt, tct@nd atp6, respectively, were fully isolated and analysed tfair
coding regions. In the case of the geatp6 genean area of 4kb upstream and 1 kb
downstream was also analysed, in both the resistant lines, AS-ART and AS-ATN in
relation to their sensitive progenitors AS-30CQ #&®815CQ respectively and found to be
not mutated.

Collectively, the above data allowed us to conclikdat in our modelP. chabaudithe
pcmdrl, pcglO, pctct@nd pcatp6 genes are not involved in artemisinin or arteseinat
resistance by gene point mutation.

Besides looking for point mutations, the genmsmdrl, pctctpand pcatp6 were also
investigated for their involvement in artemisinindaartesunate resistance by inspecting
putative changes in gene copy number. This allougdo conclude that the phenotype of
artemisinin and artesunate resistance in our m&dehabaudijs also not associated with an

increase in the gene copy number of the same genes.
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4.3.2. General Discussion

This study has shown that no changes in nucleatdpience or copy number foecmdrl,
cgl0, tctp or atp@eneswere foundin the artemisinin or artesunate resistant pamsieen
compared to their sensitive progenitors.

We consider, however, that other genetic mechan@mh as protein turnover and/or post-
translational modifications of the gene productsymacount for the involvement of these
genes in the resistance phenotype. However thestigegion of these putative mechanisms
was not contemplated in this study.

In malaria, the genetic mechanisms underlying dasgstance have been extensively studied
for most antimalarials, but are not fully understpexcept for resistance to pyrimethamine.
Resistance to this drug has been to shown to biered by cumulative single nucleotide
mutations in thedhfr gene [Sirawaraporn Wt al. 1997] in P. falciparumand in all rodent
malaria models analyzed. Artemisinin has been usethe field for centuries without
resistance ever being registered, so one mightoex@eomplex mechanism for resistance, not
as simple as that for pyrimethamine.

In our study in a rodent malaria model, we seleéedigh levels of drug resistance, which
suggests the involvement of more than one gene.

The evidences supporting the role for pfatpase@eproin artemisinin sensitivity irP.
falciparum arise from the interaction of artemisinin in @x vivo heterologous system
(Xenopusoocytes) [Eckstein-Ludwig Wet al. 2003] which may reflect a histological,
physiological and biochemistry point of view whictay be difficult to interpret in light of the
human malaria parasite. Evidence for the involveneénhis gene in modulating artemisinin
susceptibility also came from the fact that recevidence indicates that mutations in the
pfatpase6gene may correlate with varying degreesno¥itro responses dP. falciparumto
artemisinin derivatives [Jambou & al 2005]. In this case the pfatpase6 protein S769N,
A623E and E431K polymorphisms were associated waitincreased mean in the IC50 for
artemisinins [Jambou Ret al 2005]. The importance of these findings is uncleavever,
since: i) the correspondence between reduced stysdf the field isolates to artemisinins
and the presence of the different polymorphisms wesmplete and ii) there was a region-
specific association of these polymorphisms withryway degreees of susceptibility
correlating highly (but not completely) with the @N mutation in French Guiana but not in
Senegal or Cambodia. In addition, later studiesdlono association between mutations in the
pfatpase6gene and the sensitivity of field isolates to mitnins from Tanzania [Mugittu K
et al.2007] and Sdo Tomé and Principe [Ferreiratal.2007].
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Interestingly, it may be possible that another gelusely link to theatp6 gene may be
involved in the resistance to this drug, which doexplain the strong but incomplete
association observed in French Guiana [JamboetRal 2005]. In actual fact, a similar
scenario has already been described before witkhloeoquine resistance determinanfin
falciparumwhich had been mapped by linkage analysis to a segon chromosome 7 where
two candidate genesgl and cg2 with complex polymorphisms initially linked to the
chloroquine resistance phenotype where found [Burgih MTet al. 2000a, Fidock D/Aet al.
2000a]. More detailed analysis within that regiatet revealed a different, but closely linked
gene pfcrt, to be the major determinant of chloroquine rasise.

Finally, it is relevant to mention that, [ffatpase6turns out to be the major modulator of
artemisinin responses . falciparum it is conceivable that the rodent malafachabaudi
may reveal alternative mechanisms of resistantlease ofP. falciparum as is the case with

chloroquine resistance [Hunte® al. 2004].
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RESULTS
CHAPTER V

EXPERIMENTS USING LINKAGE GROUP SELECTION AS
AN ATTEMPT TO IDENTIFY THE LOCUS OR LOCI
INVOLVED IN ARTEMISININ AND ARTESUNATE
RESISTANCE
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5.1 Introduction

As described in the previous chapter (Results pp@ndV) sequence analysis of genes with
potential involvement in modulating parasite regamto artemisinin derivatives, was carried
out for theP. chabaudiorthologues opfatp6 [Eckstein-Ludwig Uet al. 2003; Jambou Rt

al. 2005; Uhlemann A@t al.2005], pfcrt [Sidhu ABet al. 2002],pfmdr1[Ferrer-Rodriguez |
et al. 2004; Price RNet al. 2004; Reed MBet al. 2000; Sidhu ABet al. 2005], andpftctp
[Bhisutthibhan Xt al. 1998; Walker DXt al. 2000]. Sequencing of AS-ART and AS-ATN
and their progenitors showed that there were natiauns or copy number changes in these
genes (data published Afonsoefal.2006).

This chapter describes the application of Linkageup Selection (LGS) as an approach to
identify the genetic locus or loci involved in artisinin and artesunate resistanceRn
chabaudi

Some of the results described below have been txtép publication [Hunt Rt al.in press

at theMolecular Microbiology.
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5.2 Production of cross progeny

The procedure to obtain a cross progeny have b&endy described (See Chapter Il -
Materials and Methods).

Three independent genetic crosses were obtainad A8-ART and AJ and two independent
genetic crosses were obtained using AS-ATN and AJ.

One of the conditions for a correct and usefulailon of LGS for identifying genetic locus
involved in a particular phenotypic trait, is thatge numbers of recombinant progeny clones
are present both in the progeny prior to the selecand post selection. For that reason and in
order to increase the number of recombinants, th@ooned progeny from these crosses
(called “unpassaged”) were pooled in equal proposi(equal number of parasites) and
passaged through the two treated and untreatecpgrdiee Figure 28 for details on the
experimental groups.

For further analysis pooled crosses were used. €llpa®led crosses were named super
crosses. The three genetic crosses obtained betW®&RT and AJ were pooled together in
a super cross that for clarity was named AS-ART X Ahe two genetic crosses obtained
between AS-ATN and AJ were polled together in aesuposs that for clarity was named AS-
ATN x AJ.

Each cross was not analysed individually during pbject.
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5.3 Selection of cross progeny

5.3.1 General procedure

When the sporozoites-induced infections (so cdlietpassaged”) reached parasitaemias of
between 10%-15%, the parasites were harvested FoPAanalysis (providing a reference
point for markers analysed in the subsequent trettrgroups), pooled, and inoculated (each
mouse in each group received 1 X parasites) into two groups of mice, one drug &eat
with either artemisinin or artesunate (so callegkdted”) and the other left untreated (so

called “untreated”). See Figure 28 for details.

Genetic cross 1 Genetic cross 2 Genetic cross 3
Unpassaged

Super cross pooled in equal
proportion of parasite numbers
from individual crosses

/ \

Treated Untreated

Figure 28 - Schematic representation of the selection of thelgabcross progeny (LGS) experiment using
previously generated individual crosses betweea®JAS-ART

For the pooled cross AS-ATN x AJ only two individeaosses were used.

Adapted from Culleton R, 2005 with kind permissfoom Dr. Richard Culleton.
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5.3.2 Results

We passaged the pooled uncloned cross progenyipridsence and in the absence of drug
treatment. The dose of artemisinin used for LGE&atreated group of the cross AS-ART x
AJ was 25 mg/kg of mouse body weight daily for Bsecutive days, starting 3h after parasite
challenge. The dose of artesunate used for LG8drtreated group of the cross AS-ATN x
AJ was 5 mg/kg of mouse body weight daily for 5 segutive days, starting 3h after parasite
challenge. These doses were chosen as a likely roomge between a very good selection,
that would eliminate most sensitive progeny andsedhat allowed the maintenance of a still
high number of recombinants.

Both the artemisinin or artesunate treated andutiteeated blood-stage cross progeny were
allowed to grow to peak parasitaemia (30-40 % fotreated approximately day 8 post
infection and 20-30% for treated approximately d#&y post infection), at which point the
blood was harvested, and DNA was extracted foréutnalysis. See Figures 29 and 31: each
point on these figures corresponds to a group & fnice; means were calculated and

standard deviations are presented in the graphs.
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5.3.2.1 Selection of the pooled AS-ART x AJ cross

Parasitemias of ART treated and untreated uncloned progeny of pooled cross AS-
ART x AJ

50

40

% Parasitemia
)] w
o o
]

0 1 2 3 4 5 6 7 8 9 10

Days post infection

‘ —— ART treated —=— Untreated ‘

Figure 29 -Parasitaemia curves for the “untreated” and “arsémm treated” uncloned cross progeny of the AS-
ART x AJ cross. Each point corresponds to a meaasfiamia of an experimental group of five mice amel
vertical bars are standard deviations.

The dose of artemisinin used for LGS of the croSsART x AJ was 25 mg/kg of mouse body weight daily

24-hintervals for 5 consecutive days, startingflar parasite challenge.

Parasitaemia curves for both artemisinin treatetlarireated groups are shown in Figure 29.
The ART treated group show a delay in the paragitev due to drug administration, though
it does not show a very marked inhibition of paegrowth when compared to the untreated
group, meaning there is not a very big delay omptmasite recrudescence of the treated group
indicating presence of relative high amounts ofapaes carrying the resistant allele (AS
allele) in the polled cross used AS-ART x AJ.

Before engaging in the genome wide analysis usikg§ the proportions of AS and AJ
alleles were measure to get information on theityjuahd genetic composition of the cross
relative to the number of sensitive and resistdeles,

Quantitation of the proportion of each allele oe genetic crosses allowed us to evaluate the
guality of the selection by calculating the pereget of the resistant allele (AS allele).
Proportional Sequencing [Hunte® al. 2005] estimates the proportions of alleles of aegen

a mixture by measuring the heights of the peakBMNA sequence gel electropherograms
which correspond with the nucleotides at the polggh@ sites under study (See example
Figure 13, 14 and 30).
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For analysing the composition of the progeny of gemetic cross AS-ART x AJ (the
unpassaged, ART treated and untreated experimgraaps), proportional sequencing of
alleles of thalhpsgene was performed.

Each DNA sample (one from AS-ART x AJ and othenfrdS-ATN x AJ untreated group)
was prepared with the blood of all mice in eacheexpental group pooled together. Each
individual measurement was repeated 5 times fr@P@R stage (meaning 5 different PCR
amplifications using the same DNA sample) and am#sAS (AS concentration in the
mixture) was calculated for each polymorphism asdeiach different PCR amplification for
thedhpsgene. On Table 11 we can se the mean %AS for @aetof the four polymorphism
(named for simplicity 1-4 see Figure 13 and 30 dorrespondence) obtained from the
quintuplicate analysis for each experimental gr@ugpassaged, untreated and ART treated)
and for each group another mean was calculated) wsich mean value obtained for each
polymorphism each will then gives us the mean %ASeach experimental group. These
values serve the purpose to quickly evaluate ttaditgof the genetic cross and its selection,
prior the extended AFLP analysis. The approximatéAS%composition for each
polymorphism was calculated by the relative pealghtecorresponding to the nucleotide
from the AS DNA sequence, normalized with a noryparphic allele. The data normalised
treatment is described in detail by Hunt P andeaglues [Hunt Bt al. 2005].

Proportional sequencing protocols are describedregtee Materials and Methods - Chapter
2) and in great detail in Huntd® al, 2005.

AS — AATCGAGAAACA GAATGATAAATT AAATCAAAATAACCTATCTTTAC
AJ - - G
1 2
3 4
AS —AAA CAAAAACATCAACTATTTATAA ACCGCCTATAAGTATAGATACCA
YN [ S— G

Figure 30 —Detail of thepcdhpsgene sequence with indication of polymorphismseth and bold, 1-4 numbers
in blue are the numbers used in Tables 11 and iitltcate each one of the polymorphism between AGA.

For entire sequence of the gene please check Figure
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Table 11 —Proportional sequencing results for each grouthefselection procedure for the genetic cross AS-
ART x AJ (“unpassaged”’, “untreated” and “artemisitieated”) for all the polymorphisms of tlaps gene
analysed. There are four polymorphisms between @A) strains for the gerdhps the mean %AS coming
from the quintuplicate measurements was calculfdéedeach polymorphism and finally a mean %AS was

calculated as a mean between the four %AS means.

dhps gene %AS for the dhpslocus
(%AS)
1 2 3 4 Mean
Unpassaged group 43.4 42 31.4 30.4 36.8
Untreated group 134 15.8 25.8 16.3 17.8
ART treated group 42.8 39.8 37.9 36.4 39,2

From the results presented on Table 11 we canabdeat though the unpassaged group was
not submitted to any kind of drug selection, the S@oes not correspond to the 50% initially

inoculated (the initial inoculum was 50% AS and 5@ parasites, calculated by parasite

numbers), which can be explained by the fact thairevious experiments (data not shown)

AJ parasites overgrew AS, AJ is a faster groweoimparison to AS.

As expected under drug treatment, and due to teetse pressure applied, AS overgrows

AJ which carried the sensitive alleles, this waseapected result and gives us an indication

that the selection pressure is being efficient.



5.3.2.2 Selection of the pooled AS-ATN x AJ cross

Parasitemias of ATN treated and untreated uncloned progeny pf the pooled cross
AS-ATN x AJ
40
35 T —
g 30 A
8 25 — —+
g 20 — 1l
8 15 1
o //
s 10 T
5 /f -
0 4_/‘—!2/‘ __/f
0 1 2 3 4 5 6 7 8 9 10
Days of follow up
—e—ATN treated —s— Untreated ‘

Figure 31 -Parasitaemia curves for the “untreated” and “artatitreated” uncloned cross progeny of the AS-
ATN x AJ cross. Each point corresponds to a meaagit@mia of an experimental group of five mice dmgl
vertical bars are standard deviations.

The dose of artesunate used for LGS of the cros&l$ x AJ was 5 mg/kg of mouse body weight daily24t

h intervals for 5 consecutive days, starting 3bergftarasite challenge.

Parasitaemia curves for both artesunate treatecuammdated groups for the AS-ATN x AJ

pooled cross are shown in Figure 31. The ATN tekaoup show a delay in the parasite
grow due to drug administration, thought it doessimw a very marked inhibition of parasite
growth when compared to the untreated group, megathi@re is not a very big delay on the
parasite recrudescence of the treated group imdicaresence of relative high amounts of

parasites carrying the resistant allele (AS alleléhe polled cross used AS-ATN x AJ.
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Table 12 —Proportional sequencing results for each grouthefselection procedure for the genetic cross AS-
ATN x AJ (“unpassaged’, “untreated” and “artesuntiated”) for all the polymorphisms of thps gene
analysed. There are four polymorphisms between @A) strains for the gerdghps the mean %AS coming
from the quintuplicate measurements was calculfdedeach polymorphism and finally a mean %AS was

calculated as a mean between the four %AS means.

dhps gene %AS for the dhpslocus
(9%AS)
1 2 3 4 Mean
Unpassaged group 21.9 13.4 24.8 31.7 22.9
Untreated group 30.5 23.5 21.6 17.9 234
ATN treated group 7.6 114 17.5 16.8 13.3

As expected under drug treatment, and due to teetae pressure applied, AS overgrows
AJ which carried the sensitive alleles, this wasapected result and gives us an indication

that the selection pressure is being efficient.



5.4 AFLP analysis

5.4.1 General procedure

Once the selection pressure is applied in the gepebgeny of a cross, the parasites that
carry the allele that is sensitive (in this case &J allele) will be removed, and from an
experimental point of view this disappearance bl by the decrease in intensity or
complete disappearance of an AFLP band specifithiosensitive allele (AJ band). Thus, we
were looking for the disappearing of AJ sensitivakers on the treated group (artemisinin or
artesunate treated) in comparison to the untregtedp (an example of an AFLP gel is
represented in Materials and Methods Figure 12).

Keeping in mind that the objective is to identihetgenomic loci under drug selection either
by artemisinin or artesunate that would corresptimé selection valley associated to the
resistant phenotype. AFLP markers with low Cls waméally identified and positioned
according to the previously defined genetic linkagep of Martinelli A et al 2005.
Subsequently, markers under selection were seqdencerder to confirm their location

though comparative genomics, making use of a rothatdria genetic sinteny map.
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5.4.2 Results

We determined the Cls of 206 AJ specific AFLP mesland 119 AS specific AFLP markers.
A table showing raw data from all markers (AS anbispecific markers) comparative indices
(Cl) between all treatment groups is included irp&pdix 5.

When in the genetic cross AS-ART x AJ, the ART tiedagroup was compared to the
untreated group, 36 of the 206 AJ specific marlstiewved Cls of less than 0.5 (meaning a
reduction of more than 50 % on the band intenshgmnvcomparing selected and unselected).
These are shown in Table 13, along with their @sfipositions as located on the genetic
linkage map, assigned by Martinelli A and colleagyBlartinelli A et al. 2005]. Those
positions only correspond to their localizationtbe genetic map, prior from sequencing of
each individual band, which then will eventuallyoaled a physical position on the parasite
chromosome. The markers that were further analgsedepresented in grey in the table.

By assigning AFLP markers to tHe. chabaudigenetic linkage map, it was possible to
generate graphs showing the change in marker itiesnbetween treatment groups as they

appear across th chabaudigenome.
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5.4.2.1 AFLP analysis for the AS-ART x AJ

Table 13 -ClI of AJ specific AFLP markers under selectiontie ART treated group, compared to the untreated
group for the AS-ART x AJ genetic cross, and tieichabaudchromosomal locations according to the genetic
linkage map.

Group 2, 12, 16 and 38 are linkage groups thatdcoot be assigned to any particular chromosomed&ta
means there is not any data for the chromosomdiqrosf this marker.

Unlinked means a marker that is not linked to ahgomosome or group. The marker name, when a marker
shows reduction in both crosses AS-ART x AJ setbetih ART and AS-ATN x AJ selected with ATN is
coloured in orange. In grey, AJ specific AFLP maskihat showed high reduced ClI that were sequenced.

P. chabaudi chromosomal location in genetic
linkage map according to Martinelli A et al.

Marker name  Comparative intensities (CI) 2005
AJACO3TA 0.479° Chromosome
AJTTOS5AT 0.1252 Chromosome 6
AJTAO01CA 0.448: Chromosome
AJGAO3AC 0.4496 Chromosome 7
AJTGO2AT 0.4702 Chromosome 7
AJAGO3AC 0.300( Chromosom 8
AJTTO2AT 0.1500 Chromosome 8
AJATO1TA 0.3230 Chromosome 8
AJTGO3AA 0.466" Chromosome
AJACO3AT 0.3185 Chromosome 8
AJGAOITT 0.266" Chromosome 1
AJAGO3AC 0.2500 Chromosome 10
AJACO02AC 0.3077 Chromosome 10
AJAC02AA 0.1667 Chromosome 10
AJGAO3AG 0.2195 Chromosome 10
AJGAO1CA 0.2027 Chromosome 10
AJGAO2CA 0.2797 Chromosome 10
AJTTO3AT 0.1538 Chromosome 11
AJTTO4AT 0.1364 Chromosome 12
AJATO02CT 0.4141 Chromosome 12
AJTAO01AG 0.3622 Chromosome 13
AJAAOLITA 0.4000 Group 2
AJAGO2AT 0.3333 Group 2
AJGAO1GA 0.3770 Group 2
AJACO5AT 0.490: Group ?
AJTAO3AC 0.3617 Group 2
AJACO1TT 0.437¢ Group :
AJGAO2AC 0.4398 Group 12
AJTGO4AT 0.4706 Group 16
AJTTO1AT 0.148t¢ Group 3
AJTA02AG 0.2857 Group 38
AJACO1ITG 0.4528 Group 38
AJGAOLTA 0.318: Group 8

AJACO04.5AT 0.3600 No data
AJTCO2AC 0.452¢ No dat:
AJGAO3AT 0.4505 Unlinked

Figure 32 shows the CI of AJ specific AFLP markbetween the ART treated and the

untreated group. It was found that all of the AJkaes which were most reduced under ART
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pressure lie in chromosomes 8 and 10 (in the gveifth a red arrow) ofP. chabaudiand
groups 2 and 38 (unassigned).

Figure 33 shows the same graph but for the AS fpedFLP markers. No markers showed
significant reductions in the Cl between the AR@ated and untreated group, except in the
case of three markers (represented in the grapa f®d arrow) which seeme to be found

under selection, although the reason for this ddaar.
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Figure 32 - Comparative Intensities (Cl) of AJ (sensitive payespecific AFLP markers in the ART treated
group compared to the untreated group, for the &AS-A AJ cross.

P. chabaudchromosome numbers (Chromosome number *) corresmotite markers chromosomal location in
genetic linkage map according to Martinelliefal. 2005 (prior to individual band sequencing).

Markers are positioned on the X axis accordinghtgrt positions in cM along the chromosomes. Eadintpo
corresponds to an AJ-AFLP specific marker and thesition along the chromosome. The gaps correspmnd
areas without any marker.

The two red arrows indicate the chromosomes whenetis a bigger AJ specific marker selection thlsgger

drug selection.
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Figure 33 - Comparative Intensities (Cl) of AS (resistant paéyespecific AFLP markers in the ART treated

group compared to the untreated group, for the &A-A AJ cross.

P. chabaudchromosome numbers (Chromosome number *) corresgotice markers chromosomal location in
genetic linkage map according to Martinelliefal. 2005 (prior to individual band sequencing).

Markers are positioned on the X axis accordinghkirtpositions in cM along the chromosomes. Eadntpo
corresponds to an AS-AFLP specific marker and thesition along the chromosome. The gaps correspmnd

areas without any marker.
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5.4.2.2 AFLP analysis for the AS-ATN x AJ

Once AFLP analysis was done for the AS-ART x Aksroe wished to investigate whether
similar loci were involved in the selection of theoled AS-ATN x AJ cross after artesunate
treatment. 13 of the 206 AJ markers showed Cl gg than 0.5 (meaning a reduction of more
than 50 % on the band intensity when comparingréfeted and the untreated groups). These
are shown in Table 14, along with their derivedifpmss as located on the linkage map.

Only four markers were reduced on both the pool&dART X AJ selected with ART and
this one, pooled AS-ATN x AJ selected with ATN, skowere: AJAGO3AC located dp.
chabaudichromosome 10, AJTAO1AG located Bn chabaudichromosome 13, AJACOS5AT

a marker that belongs to group 2 and finally AJGAD3a marker that is unlinked
(represented in orange in Tables 13 and 14).

Though only one marker on chromosome 10 (AJAC02A@3$ significantly reduced in this
cross, all the AFLP markers from this chromosongerapresented in Table 14 in grey, due to
the fact that although their CI indices in this [gabAS-ATN x AJ were reduced to border
line values to the cut level of 0.5 of Cl those samarkers orP. chabaudichromosome 10

were significantly reduced in the pooled cross ASTAX AJ.
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Table 14 -ClI of AJ specific AFLP markers under selectiontie ATN treated group, compared to the untreated
group for the AS-ATN x AJ genetic cross, and theichabaudchromosomal locations according to the genetic
linkage map.

Group 2 and 20 are linkage groups that could nadségned to any particular chromosome.

Unlinked means a marker that is not linked to ampmosome or group.

The marker name, when a marker shows reductiorotin trosses AS-ART x AJ selected with ART and AS-
ATN x AJ selected with ATN is coloured in orange.

In grey, AJ specific AFLP markers that showed higtiuced ClI that were sequenced.

P. chabaudi chromosomal location in genetic
linkage map according to Martinelli A et al.

Marker name  Comparative intensities (CI) 2005
AJTCO1TG 0,4549 Chromosome 8
AJGAOLTT 0,6667 Chromosome 10
AJAGO3AC 0,5556 Chromosome 10
AJACO02AC 0,3571 Chromosome 10
AJACO02AA 0,6667 Chromosome 10
AJGAO3AG 0,6667 Chromosome 10
AJGAO1CA 0,5316 Chromosome 10
AJGAO2CA 0,6866 Chromosome 10
AJTTO2GA 0,454: Chromosome 1
AJTTO1CT 0,0313 Chromosome 12
AJTAO01AG 0,4097 Chromosome 13
AJAGO2TT 0,4444 Group 2
AJACO5AT 0,4419 Group 2
AJGAO01GA 0,368 Group :
AJTCO2TA 0,4885 Group 20
AJATO2CT 0,4426 Group 20
AJGAO3AT 0,486¢ Unlinkec
AJTCO1AT 0,4750 Unlinked
AJTTO3GA 0,436: Unlinkec
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Figure 34 - Comparative Intensities (Cl) of AJ (sensitive peyespecific AFLP markers in the ATN treated
group compared to the untreated group, for the AB{AX AJ cross.

P. chabaudchromosome numbers (Chromosome number *) corresmotite markers chromosomal location in
genetic linkage map according to Martinelliefal. 2005 (prior to individual band sequencing).

Markers are positioned on the X axis accordinghirtpositions in cM along the chromosomes. Eadntpo
corresponds to an AJ-AFLP specific marker and thesition along the chromosome. The gaps correspmnd

areas without any marker.
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Figure 35 - Comparative Intensities (Cl) of AS (resistant pdyespecific AFLP markers in the ATN treated
group compared to the untreated group, for the ABtA AJ cross.

P. chabaudichromosome numbers (Chromosome number *) corresgotite markers chromosomal location in
genetic linkage map according to Martinelliefal. 2005 (prior to individual band sequencing).

Markers are positioned on the X axis accordinghigrtpositions in cM along the chromosomes. Eadhtpo
corresponds to an AS-AFLP specific marker and thesition along the chromosome. The gaps correspmnd

areas without any marker.
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5.4.2.3 AFLP analysis comparison between pooledosses AS-
ART x AJ and AS-ATN x AJ

As summary of the AFLP analysis on the two poolex$ses:

A — There is a general reduced pattern of seledtidghe AS-ATN x AJ pooled cross
in relation to the AS-ART x AJ that may potentialte attributed to a reduced number of
recombinants in the AS-ATN x AJ cross;

B — There are four main genetic loci under stroeggaion, according to the.
chabaudigenetic linkage map defined by Martinelli A andleafjues [Martinelli Aet al.
2005] on chromosomes 8 and 10 and two unlinkedpgr@uand 33. The AFLP bands from

these loci were sequenced and results will be pteden the next section.



5.5 Sequencing and mapping of AFLP bands under sekon

5.5.1 General procedure

The genetic linkage map [Martinelli &t al. 2005] shows the position of markers uponfhe
chabaudigenome as determining from the characterisatioB8otlones of a cross between
AS and AJ.

The way the genetic linkage map was prepared ahlisped by Martinelli A and colleagues
[Martinelli A et al. 2005] may not reflect exactly the correct physigatage in the genome,
thus and to be absolutely sure about the genetiacclromosomic position of these markers
sequencing is necessary. In this context, with dbgective of obtaining the exact correct
physical position of those markers in the genomed amapping their physical
chromosomal/gene position all AFLP markers wereaisaged. The strong synteny betwéen
falciparumand the rodent malaria parasites [CarltonelNal. 1998; Hunt Ret al. 2004] and
the synteny map compiled by Kooij TW and colleagikemji TW et al 2006], allowed us to
physically localize the markers in relation to gentsely linked.

AFLP bands that appeared to be under selection wegeenced and the corresponding
sequences in thi. falciparumgenome were identified [Huntd® al 2004b]. The sequences
obtained in theP. falciparumdatabase were then used in BLAST searches agae®.t
chabaudidatabase in addition to the genome-wide previodshcribed syntenic map [Kooij
TW et al 2006]. See Table 15 for detalils.
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5.5.2 Results

All the data from AFLP markers sequencing is sunirearin Table 18. Though there were
other markers under selection either by artemisiniartesunate (see Tables 16 and 17), their
sequences are not presented there due to thé&they were either not possible to assigned
unambiguously to any particular areaPinchabaudgenome or due to poor sequence quality.
So as a result summary from the AFLP sequencintysisa

A — Three AJ specific markers were found to be ursidection onP. falciparum
chromosome 6 that are allocated, usingRhéalciparumrodent malaria synteny map, én
chabaudichromosome ;1

B — Two AJ specific markers were found to be unselection onP. falciparum
chromosome 12 and one éh falciparumchromosome 13 that are all allocated, using the

P.falciparumrodent malaria synteny map, Bnchabaudchromosome 14

C — Two AJ specific markers were found to be unsieglection onP. falciparum
chromosome 9 that are allocated usingRhédalciparumrodent malaria synteny map, &
chabaudichromosome 8

D — Four AJ specific markers were found to be unskdection onP. falciparum
chromosome 7 and one én falciparumchromosome 1 all of them are allocated usingrthe

falciparumrodent malaria synteny map, Bnchabaudchromosome 2see also Figure 36).

Mostly due to the evidence presented above th&@tladipecific AFLP markers dA. chabaudi
chromosome 2 were under strong selection furthealyais was only done on this
chromosome. The othé&t. chabaudiloci under selection; chromosome 1, 8 and 14 will be

analysed within the scope of other projects.
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Table 15 - Physical and genetic mapping of the AFLP markerth Wow Cl.Most of the AJ specific AFLP
markers that were found to have Cls under 0,5 aesemted. Their names, Cls and physical localizatio
according to Martinelli Aet al. 2005, and the gene annotation got from Ehechabaudidatabase is also
presented. Their chromosomal position in Ehefalciparumgenome and their correspondence after using the
correspondences facilitated by the use of the syntaap are also presented.Pfxx means the chromosome
number inP. falciparum Na — Not possible to assign. Adapted from: HurgtRl. in press at the Molecular
Microbiology, 2007, with kind permission of Dr. Ratunt.

AFLP Marker Comparative P. chabaudi Gene name P. falciparum P. chabaudi
Intensities linkage group genomic locus chromosome
(cn according to location
Martinelli A et al. according to
2005 synteny from
Kooij TW et al.
2006
AJATOL1TA 0.3230 Chromosome 8 hypothetical Pf09 8
AJACO3AT 0.3185 Chromosome 8 hypothetical Pf09 8
AJGAOLITT 0.2667 Chromosome 10 hypothetical Pf07 2
Insufficient Na Na
sequence for
AJAGO3AC 0.2500 Chromosome 10  analysis
Insufficient Na Na
sequence for
AJACO02AC 0.3077 Chromosome 10  analysis
Ubiquitin pPfo7 2
carboxy-
terminal
AJACO02AA 0.1667 Chromosome 10 hydrolase
AJGAO3AGC 0.219¢ Chromosome 1 hypothetici PfO7 2
AJGAQ1CA 0.2027 Chromosome 1 hypothetica Pf01 2
AJGAQ2CA 0.2791 Chromosome 1 hypothetica PfO7 2
AJAAOLITA 0.400( Group - hypothetica Pf12 14
Translation Pf1:z 14
initiation
factor-2,
AJAGO2AT 0.3333 Group 2 putative
AJACO5AT 0.4903 Group 2 hypothetical Pf12 14
AJGAOL1TA 0.2857 Group 38 hypothetical Pf06 1
AJACO1TG 0.4528 Group 38 hypothetical Pf06 1
AJTA02AG 0.3182 Group 38 hypothetical PfO6 1
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5.6 Further investigation of markers under selectia on chromosome 2

From a detailed observation of the synteny mapigureé 10, it is clear thaP. chabaudi
chromosome 2 is syntenic with two blocks of thefalciparumgenome, on chromosomes 1
and 7 [Kooij TWet al. 2006]. One should also note that the fragmesnfP. falciparum
chromosome 1 in inverted ¢h chabaudchromosome 2. See Figure 36 for details.

When we joined the synteni. falciparumblock of approximately 330 kb from chromosome
1 with the synteni®. falciparumblock of approximately 220 Kb from the end portioinP.
falciparumchromosome 7 we obtained a region of 550 KB.ifalciparumthat is expected to
be most similar in size iR. chabaudidue to the big similarities already published betwe
genome sizes oP. falciparumand rodent malaria parasitfSarlton JMet al 2002]. The
approximately 150 Kb difference between the desdityO0O Kb size ofP. chabaudi
chromosome 2 and the 550 Kb obtained by the syimtheap can be due to the fact that
telomeres and genes from the chromosomes extrenditie to the fact that are very variable
are not included in the syntenic map betwBefalciparumandP. chabaudi.

An interesting finding concerning the genetic laaion of the markers found to be under
selection and their position dA. falciparumgenome is that the gene that has been mostly
suggested and described as the target for artémislie SERCA-type Ca-dependent atpase
gene [Eckstein-Ludwig et al 2003] is genetically localized very near the neaskunder
selection.

The AJ specific marker AJACO2AA annotated asudiquitin carboxyl-terminal hydrolase,
putative gene, for simplicity namedbp-1, was sequenced and two major mutations were
subsequently detected between different parasiteeslas described in the ensuing sections.
Briefly, ubiquitin hydrolases promote the catalysfsthe hydrolysis of non terminal peptide
linkages in oligopeptides or polypeptides. Ubiquhliydrolases are involved in the hydrolysis
of esters, including those formed between thiotshsas dithiothreitol or glutathione and the

C-terminal glycine residue of the polypeptide ulitig{Hall N et al.2002].
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P. chabaudi chromosome 2, from synteny map
A B CDEF

0Kb —{ PfL (inverted 700 KbtY

P. falciparum chromosome 1

A
okb I ] - 330 Kb®
B

P. falciparum chromosome 7 3
1000 Kp®

0OKb — | "]:I:F 1220 Kb®

CDE F

B AFLP markers under selection
I Ca**-ATPase-serca type gene already sequenced

Figure 36 - P. chabaudichromosome 2 with syntenic blocks represenedalciparumchromosome 1 ang.
falciparumchromosome 7.

In red (A) theCa?*-ATPase-serca typgene.

In green the AFLP markers that were sequenced.

Legend for AFLP markers:

B — AJGAO1CA

C — AJAC02AA

D — AJGAO3AG

E — AJGAO2CA

F - AJGAOLITT

See Table 18 for details on the AJ specific AFLRkees.

Note (1): The dimension oP. chabaudchromosome 1 is approximately 750 Kb. This resas wbtained from
pulse-field gel electrophoresis analysisFofchabaudiclones AS and AJ by Carlton JM [Carlton JM, peedon
communication].

Note (2): 330 Kb is the dimension of th& falciparumsynthenic block. The published size of this chroomos
is 644 Kb. 330 Kb does not include telomeres amdctiromosome extremities where genes dikkevor, rifins
andcir are found.

Note (3): 1220 Kb approximately the dimension of thefalciparumchromosome 7 defined by the synteny map
the first synthenic block is approximately 1000 léhg and the second synthenic block is approxim&a0 Kb

long. The published size of this chromosome is 1852
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5.6.1 Identification of ubp-1 gene mutation on P. chabaudi

chromosome 2

The entire sequence, primers used for its amplifina predicted protein sequence and gene
and protein alignments relative to thiep-1gene are presented in Appendix 4.

Due to the fact that a mutation was found betwé&enQINA sample from the clone AS-ART
and the one from the clone AS-ATN, the other cloared parasite lines were fully sequenced,;
those were AS-SENS, AS-15CQ and AS-30CQ.

The fullubp-1gene sequence and alignments can be seen fourgpendix 4. For a question
of simplicity and interest for the discussion, guetion of the alignments where mutations are
to be found is presented in Figure 37. A summarygerie/protein analysis of the changes

found in theubp-1gene is depicted in Table 16.
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2211 2340
AS15CQ AGATGTTACAGAATTATTTAGATATACATTTGAACAAT TAGGAGGATCAGAAAAAAAATTTCTAAGATTAATATTTTCAGGAGT TGT TATACAAAAAGT TCAATGCCAAAAATGTTTTTTTATTTCAAAG

AS30CQ AGATGTTACAGAATTATTTAGATATACATTTGAACAAT TAGGAGGATCAGAAAAAAAATTTCTAAGAT TAATATTTTCAGGAGT TGT TATACAAAAAT TTCAATGCCAAAAATGT TTTTTTATTTCAAAG
AS- ART  AGATGTTACAGAATTATTTAGATATACATTTGAACAAT TAGGAGGATCAGAAAAAAAATTTCTAAGATTAATATTTTCAGGAGT TGTTATACAAAAAT TTCAATGCCAAAAATGT TTTTTTATTTCAAAG
AS- ATN  AGATTTTACAGAATTATTTAGATATACATTTGAACAAT TAGGAGGATCAGAAAAAAAATTTCTAAGAT TAATATTTTCAGGAGT TGT TATACAAAAAGT TCAATGCCAAAAATGT TTTTTTATTTCAAAG

Figure 37 —Part of theubp-1gene alignments where the different mutations aglelight.
The rest of the gene alignment is represented geAgix 4.

Just to resume the gene/protein analysis of thegdsafound on thebp-1gene Table 16 was built.

Table 16— A summary of theibp-1gene mutations and their correspondence on ubgra$dript for each of the. chabaudlones and parasite lines analysed.

P. chabaudi clone or parasite line DNA Protein
2215 bp 2308 bp 739 aa 770 aa
AS-15CQ G G \% \Y
AS-30CQ G T \Y F
AS-ART G T \% F
AS-ATN T G F \%
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From Table 16 and Figure 37 it can be seen thamgltine process of artesunate resistance a
mutation base 2215 of théop-1gene had occurred. This was a transversion wh&enas
changed into a T. This change generates a non-gyraus substitution in the ubp-1 protein
that results in a swap from a valine in codon 788 phenylalanine (V739F).

Also, in base position 2308 of th#op-1gene, a difference was found between the parasite
line AS-15CQ and the clone AS-30CQ (obtained fro8+¥5CQ after chloroquine pressure),
meaning that during the chloroquine selection ¢j@ee suffered a transversion ofa Gtoa T
in this base. This gene change corresponds to ssymnymous substitution in the ubp-1
protein from a valine to a phenylalanine at residd@ (V770F).

As a summary from the results obtained for the trartal analysis of thebp-1gene:

a) A G to T transversion occurred in DNA base 28@8n AS-15CQ, intermediate
chloroquine resistant, to AS-30CQ, high chloroquiesistant, under chloroquine pressure.

b) A G to T transversion occurred in DNA base 22ftdm AS-15CQ to AS-ATN
under artesunate pressure.

c) The G2215T mutation above does not exist inABe30CQ nor in the AS-ART
clone. Thus whilst this mutation may be responsitie the appearance of artesunate
resistance in the AS-ATN clone, the gene changeporesible for the appearance of
artemisinin resistance after artemisinin pressarelone AS-30CQ are yet to be found.

At this stage it seemed important to evaluate ibéogical and biochemical significance of
the mutations found in the. chabaudigene homologue of thie. falciparum ubp-lgene. A
profound analysis of this significance was doneHunt P and colleagues (Huntel al. in
press at the Molecular Microbiology, 2007) andibut of the scope of this thesis.

For this thesis only very preliminary comparisonsrevmade between the ubp-1 predicted
protein ofP. chabaudiand forP. falciparum.The two proteins, ubp-1 frof. chabaudand
ubp-1 fromP. falciparumare only moderated similar, possessing a very highree of
identity only in a particular area of the protemgar the C-terminus of the protein. Because
both mutations V739F and V770F are mapped to tleaportion of the ubp-1 protein it is
expected that these mutations occurred in partseoprotein/enzyme that are very important,

maybe even fundamental for its biological activity.



5.7 Discussion

Most of this chapter was devoted to present redwdis the use of LGS in the analysis of
pooled genetic crosses called AS-ART x AJ and ANATAJ. LGS was chosen as a faster
approach to identify the genetic loci involved nteaisinin and artesunate resistance.

For the artemisinin resistant line, AS-ART, thrad@pendent genetic crosses were obtained,
these three were not analysed individually and vper@ed together in a super cross named
AS-ART x AJ. For the artesunate resistant line, AN, two independent genetic crosses
were obtained, theses two independent crossesnegr@nalysed individually and were also
pooled together in a super cross named AS-ATN x AJ.

Four loci were found to be under selection in timeloned progeny of the treated pooled
crossesP. chabaudchromosomes 1, 2, 8 and 14.

A note to the fact that the selection observe @Al$-ATN x AJ was much less pronounced
than the one that we were allowed to observe inABeART x AJ cross. One possible
explanation to this fact is that in the AS-ATN x Adoled cross there was a limited number
of genetic recombinants. An alternative explanatian also be that the artesunate dose given
to the cross was higher that the one that allowsase correct discrimination between
resistant and sensitive progeny.

Due to the fact that all markers & chabaudichromosome 2 were under strong selection,
further analysis was only done & chabaudichromosome 2. Within this chromosome 2 a
gene encoding a deubiquitinating enzyme (ubp-lepmptwvas found to be mutated twice. A
transversion of a G to a T was found in DNA bas&x28f theubp-1gene, in the clone AS-
ATN in relation to its parasite line progenitor ASCQ, corresponding to a protein change of
V739F. The same gene was also found mutated in 2388 in the clone AS-30CQ when
compared to its progenitor AS-15CQ. Thus the V788Rnge occurred from AS-15CQ to
AS-ATN under artesunate pressure, independentiy tiee V770F change that occurred from
AS-15CQ to AS-30CQ under chloroquine pressure. Ftenvery preliminary alignments
done between the. falciparumandP. chabaudiproteins it was possible to observe that the
changes occurred in the most conversed area gfrtgtein thus for that reason supposedly
important maybe even fundamental for the enzymetiomn.

The analysis of this gene and these two mutatiermadst incomplete and the physiological
significance of these mutations is still to clarilus the fact that there were no mutation
found in any of the genes analysed so far thatdcexplain or justify the artemisinin resistant

phenotype.
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The failure to find a new mutation in the AS-ARToeé can be explained by the fact that
there may still be a gene, lets call it gene Afedént fromubp-1gene but still orP. chabaudi
chromosome 2, which is indeed mutated and whichatimut arose during artemisinin drug
selection. If on future further analysis of thisramosome 2 other gene is found to be
mutated, then the selection observed after artaimisind artesunate treatment on the AS-
ART x AJ and AS-ATN x AJ pooled crosses can be &xyld. This gene A should also be
found to be mutated on the AS-ATN clone.

But a pendent question will then remain, if in thure another gene either on chromosome 2
or any other chromosome, either found under seleditke P. chabaudchromosome 1, 8 and
14 or not found under selection, is found mutated gne mutation found then could indeed
explain or justify the resistant phenotype. The sfio@ will then be: what would be the
importance of the mutations already found in ti#p-1 gene? One explanation is that
mutations on thebp-1gene may be compensatory mutations. By compensatotgtions we
mean a mutation that is not directly responsibtetiie resistant phenotyger sibut on one
hand is responsible for a change in a proteinrthght be involved in increasing the parasite
general fitness, giving him proliferative and suing advantages in relation to the ones that
do not posses the same mutation.

But an important note has to be made again bedaasether gene on anothBr chabaudi
chromosome either 1, 8 or 14 or any other not usétction on these LGS experiments is
indeed found mutated there is still unansweredjthestion, why is there a selection valley on
chromosome 27?

A very curious finding was that two different, batt the same time similar mutations were
found in theubp-1gene, that occurred during chloroquine and artdsuselection. Why this
particular gene? Maybe the ubp-1 protein is invélirea particular cellular function involved
in drug metabolism like for example the regulatadroxidative stress and drug detoxification
[Krungkrai SRet al. 1987, Tilley GJet al. 2001].

Artemisinin and its derivatives resistance is nig@ly to be a multigenic phenomenon and
many reasons can be pointed to support this statefirst the fact that artemisinin resistance
in the field is yet to be reported though its enousiuse makes it likely, even in vitro stable
resistance (besides this study) an though manyresers have tried is yet to be reported.
One can even suggest evidences for the phenomdnmiltigenic resistance when in our
project four loci were found to be under drug setec(thoughP. chabaudichromosome 2
was under greater selection), might each loci spoad to a different gene involved in the
resistant phenotype? Future studies on these ¢murate necessary but before engaging in

further analysis orP. chabaudichromosome 1, 8 and 14 for example the recommended
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procedure is to narrow down the selection valleyd & do that the pooled genetic crosses
used in this project should be submitted again riotteer genetic cross (so called back-
crossing) and another round of LGS.

Another future question that should be answer iatvdifect might be expected fobp-1
gene mutations on malarial parasites. This disonssilargely done in Hunt & al.in press

at Molecular Microbiology of which | am a co-authfthis paper is in Appendix to this
thesis). Thus | would not like to repeat Hunt P anlleague’s argumentslbp-1 gene allelic
exchange transfection d¢h falciparumparasites in culture and evaluation of the impunta

of the mutations found on this gene.
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CHAPTER VI
GENERAL CONCLUSIONS

181



182



A - Chapter Il

Stable resistance to artemisinin and one of itvdves, artesunate, was described for the
first time to our knowledge in a rodent malaria & chabaudi

A line was selected that was 6-fold more resistaatrtesunate than the initial progenitor, AS-
ATN and other was selected that was 15-fold moséstant to artemisinin than the initial
progenitor, AS-ART. Importantly, these results skdwhat malaria parasites are capable of
developing resistance to these drugs and thatrésstance can be passed on through
generations, because it is genetically stable.

There was full cross resistance between ART and Adldcted parasites clone lines. This is a
strong indication that genetic mechanisms in commaght be involved in drug resistant to
ART and ATN.

The resistant clones obtained were used downstteaimvestigate the putative mutations
involved in these phenotypes.

B - Chapter IV

The previously described putative genetic modusatmr artemisinin and its derivatives,
Plasmodium chabaudhomologues of the gengsfmdr, pfcrt, pftctpand pfatp6 were
sequenced and their gene copy number calculatediition to their progenitors.

No changes were found, between resistant paremite¢gelated sensitive ones allowing the

conclusion that, at least in this model, resistasc®t determined by these genes.

C — Chapter V

Genetic crosses between AS-ART and AJ and AS-ATN Ad were done. These were
submitted to LGS and four logvere considered to be under selection. These qmnesto
areas irP. chabaudchromosomes 1, 2, 8 and 14.

This complex picture clearly points towards a ngdtic mechanism of resistance to
artemisinin and its derivatives.

Detailed analyses of chromosome 2 allowed to uncowgtations in a gene denotetp-1
whuich may be implicated in resistance to both sam@te and chloroquine. No novel
mutations could be detected in artemisinin-reststparasites however implying that

understanding the genetic basis of resistancagaltbg requires further efforts.
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There may be many hypothetical roles for the ingotent of this gene in drug resistance,
whose study lie outside the time frame of this wdgkidence of a particular role for the
mutations found in thabp-1gene in the rodent malaria para$ttechabaudbor, eventually, in

the human malaria parasitB, falciparumis not yet demonstrated. In this trend, further
investigations on the role of the mutations detdaie ubp-1 gene are necessary. Allelic

replacement experiments represent an attractiaéegy to elucidade functional properties of

theubp-1mutations disclosed.
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APPENDIX 1

SOLUTIONS AND BUFFERS

1:1 FCS: Ringer’s Solution

50% (v/v) heat inactivated foetal ca TBE buffer (sterilised by filtration)

serum
50% (v/v) mammalian Ringer’s solution
20 units heparin/ml mouse blood

Buffer A
150 mM NacCl
25 mM EDTA

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- sterilise by filtration.

Mammalian ringer solution
27mM KCI

27mM CaC}

0.15M NacCl

100nM Tris
100 mM Boric Acid
2 mM EDTA (Ethylenediaminetetraacetic Acid)

TE buffer (Tris/EDTA)
10mM Tris-HCI
1mM EDTA
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APPENDIX 2

GENE AND PRIMER SEQUENCE FOR THE GENES pcmdr1, pccgl0,
pctctp and pcatp6

A-pcmdrl gene

Note: Primers are underlined in the sequence.

TATATTATTACAAAAAGGT CTATAGATGT TGTAAAATTTGTTGTCTTAAATATATTCAGTTATTTTATAAGTATGCATAATTTGTGTCGTTATC
CACAC( 45) TATAAAATTACAGAATAAAGT AATCACATATTTTTAACGATAGACATATTTATTTATGATTGCGCTTGATAATATATACCTCATT
ATATAATTTCTTAATACCTGATTTTTCAAAAT GGOGGACAAAAGAAGT AATAACAAT AGT ATCAAAGATGAAGT TGAGAAAG( 34) AGTTAAAT
AAGCAAT CCACCGT TGATCTGTTTAAAAAG 37) ATAAAGAAACAAAATATCCCACTGTTTT TGCCAT T TCATTCACTACCATCCAAACACAAG
AGATTATTAGCTATATCTTTTATATGT GOGACAATAT CAGGAGCTGCGT TACCCATTTTTATTTCGGTGTTTGGTCTTACTATGGCAAATATGA
ATATGGGAGAGAGCGT AAATGACATAGT TTTAAAAT TAGT AATAGT TGGTATAT GCCAAT TTGT GATATCATCGATTTCATGT TTATGCATGEG
TACTGTTAC( 29) TACAGAGATTATAAGAAT GTTAAAAT TAAAATAT TTAAAAAGT GTTTTTCAT CAAGATGGAGAATTTCATGATAATAACCC
AGGTTCTAAATTAACATCOG 30) ATTTAGATTTTTATTTAGAACAAGT AAATTCAGGAATAGGAACAAAAT TTACTACAATATTTACATATAG
CAGTTCATTCTTAGGT TTGTAT T TCTGGTCACTATATAAAAATGT AAGATTAACAT TATGTGTTACATGTGT TTTTCCAGTAATATATATAATC
AGTACGATATGTAATAAAAGAGT TCGATTAAATAAAAAAACAT CAT TATTATATAAT AACAATTCAATGTCTATAAT TGAAGAAGCATTAGT TG
GTATTAAAACTGTTGTAAGT TATTGT GGAGAAAGT ACAATAT TAAAAAAAT TTAAAT TATCAGAACAAT TTTACAGTAAATACATGT TAAAGGEC
(44) AAATTTTATGGAATCGCTACATGTTGE 39) TTTTATTAATGGATTTATATTAGCT TCATATGCTATGGGATTTTGGTATGH 23) TACT
AGAATTATGATACATGATAT TAAAAAT CTGAGT T CACCCAGOGATTTC( 25) AATGGAGGATCAGT TATATCAAT TTTATTAGGAGI TCTTATA
AGTATGTTTATGCTTACTATTATATTACCAAATGT TACT GAATATAT GAAAGOGT TAGAGGCAACGAACAATATACATGAAGT TATTAACAGAA
AACCAGCTGT TGACAGAAAT CAAAAT AAAGGT AGAAAAT TAGAT GATAT TAAAAAAATAGAAT T TAAAAAT GTCAAATTTCATTATGGTACTAG
(40) AAAAGATGTTGAAAT TTATAAGGAT TTAAATTTTACAT TAAAAGAAGGAAATACT TATGCATTTGT TGGAGAAT CTGGATGTGGTAAATC
AACAATTTTAAAAT TGCTTGAGOGAT TTTAT GATCCAACAGAAGGAGATAT TGT TAT TAAT GGT GCACACAAT TTGAAAGACGT TGACT TAAAA
TGGTGGAGATCTAAAATTGE 17) AGTAGTTAGTCAAGATCCTTTATTATTTAGCAAT TCGATTAAAAAT AATATTAAATATAGT TTAATAAGT
CCAAATACT T TAGAAGCAAT GGAAAAT GGAT TCACCAT GAACGGAAGT AGCGAT TCT TCAT TAAAT AAT AACAAAAAT GGAAAGT CCACTAGTA
TTTTGGATGAAATATCTAAGAGAAAT ACAACT AATGAT TTAT TAGAAGT AATATCATCTATTAATTCAGT TGAAGAT TCAAAAGTAGT TGATGT
ATCTAAGAAAGT GCTAATCCACGATTTTGT TGCAGCATTACCAGACAAATATGACACT TTAGT AGGT TCTAGOGCAT CTAAGT TGT CAGGT GGA
CAAAAACAAAGAATAT CGATAGGT AGAGCTGT TATTAGAAACCCTAAGAT TTTAATACT TGATGAAGCT ACATCATATCTTGATAATAAATCAG
AATATTTAGTTCAGAAAACAAT TAACAAT TTAAAAGGAAAT GAAAAT CGTATCACCATTATTATTGCTCATAGAT TGAGTACTATTCGATATGC
(26) TAACCAAATTTTTGTCTTATCAAAT AGAGAT CAAGAAT CAACAGGAAT TGATGAAAAAAAACAAGGT GCTATAAATAGCAATAACGGAAG
TGTAAT AGT TGAACAAGGT ACTCATGATAGT TTGAT GAAAAAT AAAAAT GGTAT TTACT AT TCTAT GATTCAAAACCAGAAAGT ATCCTCAAGT
GGAAAT GGT GAAAAT GGTGATGACAATAATAGTAGCGTATAT AAAGACT CTAAT CCAGGT GATGCTAAATCTGTTACTG( 27) ATACAAATATG
GACATTGGTACAAAT AAAAATCTTAATACTAAAAAAGAAAAAGAGAT TGCT GAT GCTGATAAACAAACT AAACCAT CAATCT TTAAAAGAAT GT
TTGGAAAGAAAAAGAAGAAACCT AACAAT TTGAATAT GGTGTATAAAGAAATAT TTTCTCACAGAAAAGAGGTTGCTATTATGCTTTTAAGTAC
TATAGTAGCAGGTGGTTTATATCCATTGT TTGCTGT ATTATATGCAGAATACGT TGTGACAT TATTTGATATCCOGAACT TAGAATATAATTCA
AATAAATATTCTATATTCATATTGTTTATTGCTTTAGCTATGTTTATTTCTGAAACAT TAAAAAAT TATTACAATAATAAAATTGGAGAAAAGG
TTGAAAGCAAAA( 14) TTAAATATTTATTATTCGAGAATATAATACACCAAGAAATTGCCT TTTTTGATAAAGATGCACATGCCCCTGGATTTT
TATCATCATATATTAACAGAGATGTACATTTATTAAAAACT GGT TTAGT AAATAATATTGTAATATTTACGCATTTTATTATTTTGTTTATTGT
TAGTATGATTTTGTCATTTTATTTTTGOCCAATAAT AGCAGCAGCT TTAACATTAACAT ATACCT T TATAATGCGAGCT GTTACTGCAAGAGTA
CGAATGGAAAAATOG 18) AATAAAATAGAGAAAAT CGGAGATAAAAAAGAT GGATGOCT TTCATATACTACTGATGACGAAATAT T TAAAGAT
CCTAACTTTTTAATTCAAGAAGCATTTTATAACAT GCAGACAAT TATTACAT ATGGATTAGAAGAT TATTATTGTAAACT GATAGAAAATGCAA
TAGATCATTACAATAAAGAGCAAAGAAAAT CAAT TATAGT AAAT TCAATAT TATGGGGAT T TAGT CAATGTACACAATTATTTATTAATGCATT
TGCTTATTGGT TAGGT TCCATTTTGATAAAACACAAAATTATAGT TGTTGATGATTTTATGAAATCTTTATTTACATTTATATTTACTGGTAGT
TATGGTGGT AAGTTAATGT CCTTCAAAGGAGACT CAGAT AATGCTAAAT TAACATAT GAGAAAT AT TATCCTATAATGGTTAGAAAATCAAATA
TCGATGTAAGAGAT GAAGGT GGTATAAGAATAAAGAAT CCACAT CAAAT AGACGGAAAAGT AGAAGT GAAGGATGT TAACT TTAGATATTTATC
TCGACCAAATGTACCAATATATAAAGATTTATCATTTAGT TGTGATAGCAAAAAAACTACTGCTATAGT TGGAGAAACT GGATGTGGTAAATCC
ACAATTATGCATTTATTGATGOGATTTTATGATT TGAAAGAT GACCACGT TTTATTAGATAATCAACAT GT TGAAAAAGACAAT AAAGATAAAT
CAAATGATATAGAAAT GACTAATGCAACCT CTATGAACGAAT TGAAT GAAT T GCAT AAGAAAAACGCAACT GAAGAATATACTCTTTACAAAAA
TAGTGGTAAAATTTTACTTGATGGTGTAGACAT T TGCGAT TATAACT TAAAAGAT CTAAGAAAAT TATTTGOGATAGT TAACCAAGAACCAATG
TTGTTTAATATGTCTATTTATGAAAATATAAAAT TCGGT AAAGAAGAT GCAACAT TAGAAGAT GTAAAAAGGGCTTGTAGATTGGCTGCTATTG
ACGAATTTATTGAATCATTACCAAATAAATATGATACTAAT GTAGGACCTTATGGAAAAAGC( 5) TTATCAGGT GGTCAAAAACAACGTGTTGC
TATTGCTAGAGOCC( 3) TATTAAGAGAACCTAAAATATTGTTGT TAGACGAAGCTACAT CAGCT CTTGAT TCACACT CAGAAAAAT TAATCGAA
AAAACTATTGT TGATAT TAAAGAT AGAGCT GACAAAACCAT CAT TACTAT TGCT CACAGAAT TGCATCTATCAAAAGAT CAAATAAAATTGTAG
TTTTTAACAACAATGATAAAAAT GGATCTTTTGTTCAAGCOC( 53) AAAAAACACACGACGAAT TGATTCGTGATAAAGATAGTGT TTATACAA
AATATGTCAAATTAACT AAATAAACGAT TGAAAGT TGGGCAAAT ACATAACCAGAT AATAGGAATGGAAAAAAATTGTGTTGAAATTTATTATT
AGCTCACTCTTGATCTATGAC( 31) TATAGAAAGAGT TCATTTTACCT T TTAAT CGGCTAT TGAAAAAGAACT AAAAAAAAT GAATTTGCTAAT
ACAAGATGATGAGT TGATATTTGGT CATGATTTTTATATAACATATAAT TAT TATGAACAAATATGCTAT TAAAATTATATTTTGATGTATGCT
TTTTGAAAATGT TTTATATGTTCTCTCTTTATATCTTCATATATTTTATTTTTGCATATTTTTTTGTATTCACAATATACATATTGTTTTTTTT
TTTCATTTTTCCTATAAGAGAGGGAAT TTTTGTGCATAT( 50) TTAGCACCCGCTAAACCCTAATAATGCGCAAAATACATATTTTGTATACAT
ACATTTCTCATTAAATTTTGTTCTTATTATCGTTTGTGT TACTGTATTTTTTTTCATATGTAATATAGT GTATGTAAAATAACACCGTTTTTTA
CCGAATATTATATTTTTATGATTATCTAAATTTTAAACTATTTTTATAAAAAAAAAAT GOGAT T TTTATATATAGT AAAGAT AAGT AGGGATGT
TATTOCCAGGAAAATA( 51)

B-pccglO gene

Note: Primers are underlined in the sequence



GTACTATAATATTATTATTATAGGGT GAATAATAAAATTGT TTGCTTTAT TAGGAGT CGACCAAAAATAAAT GTATTATGGAAAT CACCGCATA
C(37) CAATTGATTATAAAAAAATATATATATAATATTTATTGCATTTAAAAAAAAAAAAAAAAAAAATATCCCTATATAAATAATAATTCCTA
TGTATTAGAAAAT AAGACTCACCTATATCGAAATAGT GCTGATAT GAAT GGGAAAAAAAAT TTTATGGATAATAAAATTCTAATATATGCATAT
AATAACTACTATAAGCATTCATATTGATTTCCTTATCATTTTTAAAACTATAAAAAAATCAAGGT TTATATTATTTTTATATCTTTTTTTTTTA
AACTATTATATATAGTAAAATAATAAGT TTTTATGGAAAATATTAATATTCCAGT TTGAATATCATCATATTATCCATTAATATATATATAACC
AATTATATTAATACATTATAATATTCTAATTTTTTTAATATTTATTTTAATAGTATAAGAGT TTGTGCTAATT( 35) AAATAAATATATTATA
TATATTTTCTTTAACATTAGGT TATATATATATATAATTGATAATATGAATTATTTTCATTACTTAGT TAATGATATACATTGAGAATAAAACA
ATATATTGAAAAATAATATTATATATTTAATATAAATTATACAATTATATGT AAAAAAACCAAGACATATTATTTATATATCAACTTTTTAAGA
TATACTAAATCATTGTAT CAAT AAT GACAGGAATGAAAAAAGGAAAAAACAAAAAAAAAAAT GTAAAAAATGAT GAACGCTATAAAGAAT TGGA
TAGTCTAATAAGCAATGATAG 15) TAATAAT CAAATAAAAT TAAAAATGAAAATATAAAAACAAAGGAAACAAAAT AAATAT GAAAATATTAA
ATAATTAAGCTCGAAGCCAAACAAT AAGGGEGGATATAAGAGAAACT AATTGAAATGATAAT TAGCTACT AATTTTGGAAGACAGAATAAACTA
TGATGAACTGATTATGTATTTTCACACATGATTACTGATTGTATTATAGT TTTTTTTGTCTTATTTTTCTTATAACCATTCCAAATACT(36) T
ATGTTTGAGACTTAATCGT GGCTTAATTATATTTGACAAAAGT TTCGCAAACT TAATAAAAAAAGT TAAGGGTGTAGTGATATGH 27) TAGTA
GTATTACGACTTATATAGCACTAGT TACTCTAAACTTATTATTATGT TAACGATAAAATATATAGTAATATCACACATGCCATGTATAGAAAAC
ATACATATATTTTTCCCTTATTATAATAAATATATTTGTAGGCGAAATAGGAAATAACT CAC( 18) GATGGGGT GGTGCCAAAAGAATTTGCAA
ACTAATTGGAAATGAAATG 20) AGAAATAACATTTATGTTTATTTACTAAGTATATTATATTTATGCGT CAGTGTAATGAATAAAGTTTTTTC
AAAAAGAACCCTGAATAAGATTGGAAATTATAGT TTTGTTACT TCAGAAGTACATAACATGATTTGTAC( 17) TATAGTTTTCCAATTATTATA
TTTTATTTACCGT AAAACAT CAAAT CCTGCAT CTAGAAAT GAGAGCCAAAAAAAT TTTGGATGCCAGT TTTTCCTTATCTCATTATTAGATGCC
TCCACAGTTATAATTACTATGATTGGTATGT CAATTTTATCCCGAAAATTATATATTAAGCT TTAAAACGGCGCATGCTCGCTACTCATATGTA
TATATATGCACACACACACACACTTACGACTCTTCTCCTTTTTAAGGT CTCACAAGAACAACGGGGAACATCCAATCATTTATTATGCAACTGA
TTATTCCAGT TAACATGTATTTTTGI TTCATCTTCCTTGGATATAGGT AAAAAAT CGAAAT TAAAAAATGGAAACCATTACACGTATATTTATA
GCACCAAATTTTATGCATACTAAAATTTATACATTTTACTATTATCCTTTTTTTGCTACTCTTAGATATCACTTATTTAACTATTTGGGACGCTT
TCATTATACTTATTAC( 32) TATAGOCGCCGTAGAAACTGT TTTATCTTATGAAACCCAAAGT GACAACT CAATC( 33) ATTTTTAACTTAATT
ATGATTTTCGCCTTAATTGTAAGT TTATTAATATAAT CGTCAACGAACAGT TTGCAAATTTATATGCGCCCCTTTTCC(12) TTTTTATTAATA
TTTTTCAATTTTCATTTTTCAATTTTCATTTTTCAATTTTCATTTACAGCCTTTAAGCTTTTCAAATATGACC( 13) AGAGAAGTTGTCTTCAA
AAAACACAAAATAAATATCATAAGATTGAATGT AAGAAATAT GTTAAAAT TGCGT TTGAAAAAGAT GGCAAAAAATCGTAGAAT TGCAATAGCG
CAATTTATCAAACTGAT TGCACCACTAATAATCACACTATGATAAAATTTTTCCAACAATTTTTCCAACAATTTTTTATTTTTATTAGCCTATG
GTCGCTTTGTTCCAATTTTTTACTTCCCTTTTAGI TTTACCAGTCTATAATATCTCATTTTTGAAAGAAAGT AATGAAAATAAGATTTCAGTTT
ATTTGAAAAAGAATAGTACCAGT TTTTAGCTATATTACTG 21) TCTGCAAAATTGTTATTTTTCATTTTTCATTTTTTCACTTTTTAGITTAT
ATGCCATTCTCTGAAATGGGCACAAACATTAATGACGGTTT( 22) AAGATGCTTATTTTATGGACAAAGCACAAT CGT TGAGGTAGGACATAAT
TTTACATTCTCAAGATGAAATTCACATATTTTTATTCAGCTAATGT TTTATAACATACTTATACAATCATGT TTATTACTAATTTTGIGTATTA
TTTTTTTTACAGAATTGT GGTGT TGGTATGGT CAAAAT GT GT GACCAAT GT GAAGGAGCATGGGT AATTAAT TTTTATAAAAAAAAAAAAAAAA
AAAATACAGAATAAAATGCATTATTCAAGT TGATATATTCAACAAAATTATCTAACTGTTTTTTATCTCTTTTTCAGAAAACCT TTATAACATA
TTCCTTTTTCAAC(11) ATATGTGACAACTTACTTGTTTGCT( 26) ATGTAAGATAAAAAAAAT GCACATAATATATCATTATTTAGATCAAAA
AACATATAAAATTATTATTATTTTTTTTTTCGT TTTAGATAATTGATAAATTTTCAACAATGACATATACCATTGITAGI TGT(16) ATACAAG
GACCAGCCATAACAATAGCTTATTACTTTAAATTTCTTGCGGTAAAATAT TTTATAACAGAACAAAATTCGAAATATTTTCACCTTTTTTTTAC
TTTATTTTGACAATATATGITTTTTTTTTGTGTCTTTAGGGT GATGI TGTAAGACAACCAAGACTATTGGATTTTCTCACTTTE 24) GTAAGG
AATATGAAATAAAAATTTTTAACAATTTTGTACATAGCTAGTAATGATTTC( 28) TTTTTTAATATAATTTTTTTGITTTCTTTCTTACAGITT
GGATACTTATTGGGAAC( 29) AATAATTTACAGAATTGGAAATATCATATTAGAAAGT TAGT TTTAAAAATAGT TAAATAAAACT GGAAAATTA
TATTTATACATATATTATGTGI CTACATAT( 30) TGTACAACATATTGATATTTTTTTATTCTTTTTTAATNCAGAAAAAAAAATGT TAAAGG
CACTAAACACCGATGGATCCGAAGCAGAAT TAACT TCTATAGAAACAT CAACAGCATAATAGATATGACAAGT TTATATGT TAAATATTTTTTT
TAAATGCCACATAAAATTGTAAAGAAG( 34) AGTATGCTAATAATTAAATATATGTATTTTTTTTTGAATCAAACTACTTTATTTTGATTCATA
AATATTTATATTTTATAAAATTTGTGAATTTTTTTTTTATGAAAATTATGTGT TACATTTTGAATATTAAATATATGACTTTTTAATACATATT
TTGTAAATCTTAAAATTTGCTGATATTCTGCTATTATATATTAAT

C-pctctp gene

Note: Primers are underlined in the sequence.

AATGATGAAGTATGCTCTGACTCA( 1F) TACGCT CAAGAAGAT CCAT TTGGAAAT CCAGAAT TCCGTGAAATTCCTTTTGAAGT CAAATCAAAT
AAAAGAATAAAAGGAAAT GATGACT AT GGTATAGCCGATAATAGT GAAGAT GCAGTAGAAGGAAT GGGAGCTGATGT TGAACACGTCATTGATA
TTGITGACTCTTTTCAATTAACATCCACTAGT TTAAGCAAAAAGGAATACAGT GCTTATGT TAAAAACTTTATGCAAAGGATTCTTAAGCATTT
AGAAGAAAAGAAACCAGATCGT GTAGAGAT TTTTAAAACAAAGGCACAACCCT TAATTAAACATATTTTAACAAATTTCGATGACT TTGAATTT
TATATGGGAGAATCACT TGATAT GGAAGCTGGT TTAATTTATTCATATTATAAAGGT GAAGAAATTACTCCTAGATTTGI TTACATATCA( 1R)
A

D-pcatp6 gene

Note: Primers are underlined in the gene sequenceatinig and stop codon are presented in bold, theriat
are highlighted in grey.

AAGGATCTTTATATAGTTTATATTATATATGAAATAAAAAAATACACATGTATATATAAT TATAAAAAACAAAT TATCCTAATAATAAAAACAT
TTCAAACAAAAAATAGAAGAAAAGAAAAAAGAAACAATTGCTAAATATGT TTATGCTTATATGT TGATACTCAAAATTTTCTTATAATCTTAGA
AATATTCACAACTCGTITTGGTC( 1F) ATTTTTATTTTTTTTTAACCAAAGAT GAAATAAATCATTTGTAAAAAAAATATATATTAGCGATTTTT
TCATATAGCTAGAATTTCCCTTTAAAAAAAATATGATAAATATAGCTATTTGCAATAAGAAGTATATAAATTATAAAAAAAAACATGAACAGT T
CAGATTATTTTATCCGT TATGTATGATTTGTACATGT TTTTTTCCCCTTTTACTGAATATTTCAAAATGGTACAAAATAATTTGATATAACAAA
TGITCATTATTCTTGI TGCTAGTGATATGI TTAATAGACAAAAGT AATTTTTATCACAGGAAAAAAAATATGT GTATATATTTGACTTATTCTG
CATACACATATGTATAGGAAATATTTAGGT TTTTCAATGAGCTTTATTTATTGAATGT CTTCTGATTCATATGAATCCGAATATGCTTGATTGG
AATCGTCCTCATCTGAATATTCGCTAGCTGAATCATCTTCTTCATCTATATCCGCTTCTTGTATTAAATTATGTTCTCTACAAGAGTTTAAATC
GGATTC( 2F) TTGTATATTTCTAATTTTTTCAATCATTTCTAAATTATTGTTTTTTAAATCTTTGTACAAATCTAATATTAAATCAGAAACTTC
GATCTACAAATTGEH 1R) AAAAAAAATAAAGCGTATAATTGT TAATAAATTAATATTTTTCATAGT TTTGCTTATATTTCTATTATTTATTCGT
TTGTTTGTTTATCTTACATCACTATCATCATCAAGAT CCACATTAAAAAGCGTATTAATTTCATCTCTTAAGTAGTCACAAAGTTTATCTTTGG
GTCCCGT GTCTTGAGAATAGTATATGAAAAAAATAAAAAAAT GCATATATATATTTTGATTATCTAAGTAATAAGAAATGGGAATGCATTTTAG
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CGCCTAATTCGGTATATGCATACACGT TAACATTTTTTGTGTGCTTACT TGATAAAACATAATTATGGACATATTCAATTAACTTTTTTTTCTT
TTCCTCTGAGGATGT TCCACCCCAATTATTTGT CACAGCTAAACGGAGCACTGTCCTATATC( 3F) AATGGAAAACGAAATTTTATATTTTTTT
TATTTATTCAATCGTATGTAAATAAATATAAAT TGTAGATAT GCAT GATGGAAGGT ATAGCAATAATCCTTGTAGATGACAAATGCAGH 2R) T
TTTTGCCAAATACATAGAATATTTACATATATTAAATTGCTTTTTTTATATAATACCATTTATCAAATATTAAGT TAATCCCTTCAAGTAATAA
AGTAGATAAATTTTCACTATTCATTATTATTATTATTTTATTTAAAGTAAAATTAAAATATGT TTTTCAAAAAATAACCCGT TATATATTTTAT

AGAAACCCTGT TTCATTAATTTTTAAGCAATCCGTTTTTTTATATTTTTTTTGICGTTGTTTTTTTTCCACTCGTTTTTTAATTACAACGATTA
CATTTTATTGI GCCCAAAAAAGGCCGAAAAAGT ATAAAGATACT TTTATTTTATAAAAAAAAATGTCTATATATTCCTGATTTACTATAAAATAA
ATATTATATCCAATTATATATTGCTACAAGTATTGACGT TTGCCATTCTCGIG( 4F) ATGCTATTTTTATTTTTTTTATTTTTTACTAGCCAAA

TATTGITACATATTAGGAAATAACATATAAAAAATAT AATAAAAGAAAAAAATTAAAAAAT TTACAAACGTAGAAAAT GATAGCACGH 3R) TA
AATAAGAATAATAAAACAAGT GAACT TTGAACAACT TTAGAAAAAAGT TAAATGAAAAATATAAAT TTCCCAAATAATATATTATTTCTTATTA
TTGCCCCCACCCCAATTTGTAAAATATTACTGTATATTTTTTACATGAACTGT TAATAATTAAATGGGATAATTCATAAATTTTAATTTTATTA
TTCCAAAAT GAACAGGT TGAAATCGTAAGT TATCAAAAATAATGCCTAATTTTTTCTTTTATTTGTCATATTTTTTATAATTATAAATGAGCATA
GATAAAATATGTGCATATGTAAGT TGGTGT TATACGT TTTTATGGATTAAACT TATAAATGGECGTATATATTTCTCCTCTATACTTTCGGATA
GCCATATCAATATGCTAATGT TTGTATAACCT TGTTCAGT CTCATAAGGTATAGAAATGGT TATATAACAATGAGGTATAATTTAGCTTATCCA
ATTTCTTTAC( 5F) ATAAATTTATTTATTTAAAGACAGAATAATATTATATATATACAAAACAATATTTTTGTATGTAGGGGTATTTTATAAAA
AATATTTTTTCCCCTTTTCTCACACACATAAAG 4R) TAAATAATTATATCCAATGT AATATAAAAAGGGTAACAAAATTAATAAGAGATATAC
TTATCATATCATCTTATGAATAATTTAACACAATGCTTACGCATATGTATGTGCATATTTATTGGGGGTAATATTTATTATTAACATTACAAAG
CAATAATTTTTTTTTCCTAATAAGACTTTTTTTATGACTGI TCATAAATATTTATCTAAAAAAATTATTAGTATAAATTTACTTTTATATCATT
ATGTGTGITTTAGTAAATGT GCTTATGAATAATTTTACACGCATAATATAGT AATACTAAATAAAAGAAAAAAAT GT GT TAGT TGCCAAATATCA
TTGTCATTAATTTTATTATTCTTATGAAAGAAATAATATAT CATAAAGATAAAT TAGCTAAAGATAT TTATAAAATAAGCGAAT GGAAATATGA
GCATATTTAAAAAAGTATAATATATATTGT TGTTAATTTGCTTTTGTATATTATAAACACTATATGGTATTTACGC( 6F) TTTTTCTTATACAC
ATTTTTTATTTAATTTATAATAATTTAGTATGGAATAATTAATTTTTTTTTCTTAATTGAGATATATATTTTATTTTGTGTCAGTTTTCTACAA
TGC( 5R) AAATAGAAAAAAAATATATTTTTATGCATACATAACATATTATTTTAAAAATAAT TGAAAATTAAGAAATAATAGCAATTTTCATGA
TATATTTTTTTCATTTATTAATCATTTCATTTATGCTTAACATGAT CTCGTAACAATAAAAAAT AAAAAAAT AAAT CGCTAAAAAGATACAAAA
ATATATAAAATGTATGGTGATTTATTTTTATAAGT GTACATATATATATATACATACACGGTATTATAAGT GCTCATTACTTAATAGCTTTAAA
ATTTATAAAATTTTTTACCATATTTGT TATGTATGTAAAATAGATACGCTTATTTATGTATACATTTTTTTTTCCTGT TTCAATAAATAAAAAT
ATATATATATATTTTATCCCTTGT TTTATATTTCTATTATTTTTATTTATTTTTCTTTTTTTTTTTAATGTGCTTTTCTTTTTGT TTTACATAA
TGCCAAAAAATGOGTAG 7F) TAAAATTAGGATTTATATATAATATATACACATATATTATTATAAGTATGCACATGAAAAGGATTATAAATAT
ATTGATTTAGGTATGTACATATAGTATAATAAAGTACGCTAATTAAGATAAAACAAACT TAAAAAAAAATTATATAAAAATAATTCTGTGGATT
TACAAAATAATTGATC( 6R) CCCCAAAAGAAACAAGAGAAACACAT CACGTATGTACATGTATGTATTTATGCGTATTATGT GTTAAATAAACA
TTAGAGGTGATTATATTTGITTTTTATTTTTTTCATAATATTTTAAAAAAATAATATACAAAAT TTGGAGTCACAATTATTTTAATCTATGATA
AAAGTTTATATTGAAGTGT TTGCTTTTCOGT CGCAGCATATGCCCGT GAGTATATGCATATATGTATATGTGCCTATATGCATATAGATAAATAG
AAATATAATTTATGAGTAGGTTAGCCCTTTGAT( 7R) TTAAAAATAAATTTTGATTTAAGATCACATTACAATTATCAAATAAAAAGATATATA
TATCGAGAGACATTTCCAGTAGATATCATTCGATGTATTTTGCCATATTGT CAATAAAATAAGCATACAAAATAAT AAT TGATACT GCGAAAAT
ATAATGGAAGATATTTTGAAATAT GCACATGTATATAAT GTAGAAGATGTTTTGAGAGCAG 8F) TAAAAGTAGATGAAAATCGGGGTTTATCC
GAAAAT GAAAT AAGAAAGAGAATAAT GCAAT ATGGGT TCAACGAAT TGGAAGT AGAAAAAAAAAAAGCGAAT TTTTGAAT TGATATTGAATCAGT
TTGATGACTTATTAGTAAAGATATTGCTTTTAGCTGCTTTTGI TAGT TTTGCACTAACATTACTAGATATGAAAGATAATGAAGTAGCTTTATG
TGATTTTATAGAACCCGT TGT TATATTATTGATACT TATAT TAAAT GCAGCT GT TGGAGT ATGGCAAGAATGTAATGCAGAAAAATCGT TAGAG
GCACTAAAACAGT TGCAGCCAACAAAGGCAAAAGT AT TGAGAGAAGGT AAAT GGGAAGT TATAGATAGT AAATATTTAACAGT TGGTGATATAA
TTGAATTAAGT GT TGGTAATAAAACACCAGCAGATGT TCGAATTAT TAAAATATTTTCAACAAGT AT TAAAGCAGAACAAAGTATGT TAAC( 9F
) TGGTGAATCATGCTCTGT TGATAAATATGCAG 8R) AAAAATTAGATGAAT CATTAAAAAATTGT GAAATTCAATTAAAAAAAAATATATTAT
TTTCTTCTACAGCTATTGTAGCAGGTAGATGTATAGCTGT TGTAAT TAAAATAGGTATGAAAACT GAAATAGGTAATATACAACATGCAGT TAT
AGAATCAAATAATGAAGAAACAGATACACCAT TACAAATAAAAATAGAT TCATTTGGAAAACAAT TATCAAAAATTATATTTATTATTTGTGTA
ACCGTTTGGATTATTAATTTTAAACATTTTTCAGATCCAGTACATGAATCATTTTTATATGGATGT TTATATTATTTCAAAATCAGT GTGGCAT
TAGCTGT TGCTGCAATTCCTGAAGGAT TACCAGCAGT TATTACTACATGT TTAGCT TTAGGAACCAGACGAATGGT CAAAAAAAATGCTATTGT
TAGAAAGT TACAAAGT GTTGAAACATTAGGT TGTACCACTGT TATATGT TCT GATAAAACCGGAACCT TAACAACAAAT CAAAT GACAGCTACT
GITTTTC( 10F) ATATATTTAGAGAATCAAATACATTAAAAGAATATCAACTAT GTCAAAGAGGAG( 9R) AAACCTATTTCTTTTATGAAACTA
ATACTAATCAAGATGGT GAAGAAGATTCATTTTTTAAAAAATTACAAGAAGAGGAAAAT AAT GAAT CTAAT TATAAAAGACAAATAAGT AAAAA
TATAATACATGATGAAGAAGAT TCAGAT GAT GAAAGAGCACCGT TAATGAATAT GAAAT CAAAT GTAAATACAAT TATAAGT AGAGGTAGTAGA
ATTATTGATGATAAAATAAATAAATATAGT TATTCCGATCTTGATTATCATTTTTATATGTGT TTATGTAATTGTAATGAAGCTAGTATTTTAT
GTAATAGGAATAATAAGATTATTAAAACATTTGGAGATAGT ACCGAATTAGCTTTACTTCATTTCGT TCATAATTTTAATATAACTCCTAATAG
TGCAAAAAATAATAAAAT GACATCTGAATAT GAAAAATTAAATAGT GGAAGCAGAAAAAAT AGT GACCTGGATACCGATTGTGATTCTTTATAT
AGTAGT GAAAAAAAAACAAAAGT TTCAGATAAAAAAT CGGAACCAT CAT TCCCAAGT GAAT GTATAACT GCATGGAGAAACGAATGTACAACAT
TGCGAATTATTGAATTTACTCGTGAAAGAAAACT AATGAGT GTCATTGTAGAAAATAATAAGAATGAATATATATTATATTGTAAAGGT GCACC
AGAA( 11F) AATATTATTAATAGATGTAAATATTACATGTCTAAAAAT GATGTACGGTCATTAACTGATTC( 10R) TATGAAAAATGAAATTTT
AAATAAAAT TAAAAAT ATGCGAAAAAGAGCT TTGAGAACT TTAAGT TTTGCATATAAAAAAGT TAAAGCCAATGATATTAATATAAAAAAT GCT
GAAGATTATTATAAATTAGAATATGAT TTAATATATATAGGAGGAT TAGGT ATAAT TGATCCCCCAAGGAAGAATGTAGGAAAAGCTATTAGT T
TATGTCACTTAGCAGGCATTCGTGTTTTTATGATTACTGGT GATAATAT TGATACT GCAAAAGCTAT TGCTAAAGAAAT CCATATATTGAATAA
TGATGATACTGATAAATATAGT TGTTGCT TTAATGGACGTGAATTTGAAGAACTACCT TTAGAAAAACAAAAATATATTTTAAAAAATTATCAA
CAAATAGTATTCTGTAGAACT GAACCAAAACATAAAAAAAATATTGT TAAAATTTTAAAAGATTTAGGAGAAACT GTTGCTATGACAGGTGATG
GTGTAAATGATGCACCTGCTCTTAAATCTGCTGATATAGGTATTGCTAT GGGTATAAAT GGAACT CAAGT TGCTAAGGAAGCT TCCGATATTGT
TTTAGCTGATGATAATTTTAATACTATTGT TGAAGCTATTAAAGAAGGACGATE 12F) TATATATAACAACAT GAAAGCTTTTATACGATATC
TTATAAGTAGTAATATTGGAGAAGITGC( 11R) TTCGATTTTCATTACTGCTATTTTGGGTATCCCCGATAGT TTGGCTCCCGT CCAGT TACTA
TGGGTTAACTTAGTAACTGATGGT TTACCTGCCACT GCTCTCGGTAAGT TTGTGAATCT TCACATGT TTCCATTTTCTCACCTTTTCCATTTCT
TACTTTGITTCGCTTATTTTGTCATTTCT TTACCATCGCAGGAT TCAACCCCCCCGAGCACGACGT GATGAAAT GCAAACCCAGACACAGGAAC
GACAACTTAATAAACGGGCTGACATTGCT TAGATACATAAT TATAGGTACATATGT TGGAATAGCTACAGT GTCAATCTTTGTATATTGGT TTG
TGTTTTATCCAGATATGGATAATCACACTCTAATAAATTTTTATCAACTTTCTCACTACAATCAATGTAAAACGT GCGAAAATTTTAAAGT GAA
TAAAGTATATGGTATGT CCGAGGATCTATGCTCTTATTTTTCTGCT GGCAAAGT CAAGGTAATAAAATCATTCCGT TTTTATCATAAATTTTGT
ATGCATGCAACAATATAGI TATTCATTTGACGI TTGT TTACTTCTTTTTTTTAGGCAAGTACCTTATCATTATCC( 13F) GTTCTAGTCTTGAT
CGAAATGT TCAATGCGCTTAATG 12R) CACTTAGT GAGTATAACT CATTATTTGT GCT TCCACCAT GGCGAAATAT GTACCTAGTATTTGCAA
CAATAGGATCTTTACTTCTTCACTGTATGATCATATATTTCCCACCACTAGCTAGAATAT TTGGGGT TGTGCCACTTAATTTACACGATTGGT T
TTTAGTATTCTTGIGGTCCTTCCCTGTAATAATAAT TGATGAAATTATCAAATTTTATGCAAAAAAACAAT TAAACAAAGAACT CGGGTATGGT
CAAAAATTGAAGACGC( 13R/ 15F) ACTAATGCACACATTTACTTCGCATCAAATAATTATAAACATGT TGTACATGGAAGT TTATGTCTTCTT
TCGITTCTTTTCTTTTCTGITTTTTTTTTTTTTTTTATTGTGATACT TTTCTAAATTAAACCCCCAAATTATGAATATGCATAATGTATACTTA
TCTCTTAATTATTTTACTTCGCTTATTTTTATTTTATTTTCTTCTTCCTATTTTATATTGTATTTAAATTAGTATAACATTATTACTATCCCAT
TTTTATTTTTTTAAATATATTATAAAAGT ACAATAAAAAGAAAAAT AACGAACATCAATTTTTTATATATTCCTTATTTATAAATATTTACAAT

TTTTTTTTTAAATATATATTGATGICTTTTTCGAATAATTCTAATTTTTTTTCGACAATTTTTTTAAGTATACACATATTTGGGTATTGAAAAA
GGTGTGCGTAAAATGAGH 14F) AAAATTATACACATTCTTCCTTTTCATTATTTTTAATTTTTATAAAAAAAAAT GAAAATAACAAGATATAT
AATTGGTAATTAAAAATATAAACTACGAATTTACTACTGI TTTATGTATTTTCTTTTTTTTTTTTTITTITTTITTITTTTTTTTTTTTAACTTTATT

ATTTGT TACATCCCTATGCAAATGGCC( 15R) ACAATGATACTACTTGACAAATAAAGAAGGGAACATAACGAAATACAGT TATTTTAAAAATT
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TTTTTATTTTATACATTTTGAGAAAAAATGGAACT AGCATACGAACAT GAAGT TACAAAAAAAATAGT TTATAAAAT AATAAACAATATGAACA
GCAAAAAT GATGT AACAT TAGAAAGGATGCAACACACCAGGTACAGTATTCATTTTGT TACCATCTTACTACTGCCTTACATGTGTATTTACTT
GAAAATATAAGAATGGT CATGAAGT AAT GGCACACT TTCAAAAAGGCACAAAGCCAAAACACGT TCATACAATATGCCATATGTCATAGCACAA
AGAATAATTCATTTTGTAATATACT TTATAATTATACTTTATTTTGTACATTTTCTTGCCCTTTTTAGAAATAAGATAGT GAAATACTTTTTCG
AAGCAGAATTGTTATTTAAATACTATGACATAGGAAAGACTGGTGAG( 14R) ATAGATGT AAGTCTATTCCCACAAAT GGCAAGAACATTAAAA
CAAATATATGAT GCAGAAGATATTAAACGGT
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APPENDIX 3

PRIMER SEQUENCE AND PCR AMPLIFICATION CONDITIONS FO R
DETERMINING GENE COPY NUMBER OF pcmdrl, petctp and peatpé
GENES

Table A3-1 - Polymerase Chain Reactions for gene quantifinatth pcmdrl, pctctpand pcatp6 genes in
comparison tgpcmspl

Gene

Primer sequence
5-3

[MgCl,] (mM) /
[Primer] (uM)

PCR amplification programme

pcmdrl

sense- TCT CGA CCA AAT GTA CCA ATATA

antisense- GCA TTA GTC ATT TCT ATATCATTT G

3mM/0.8uM

40 cycles

95°C for 600", 95°C with a 0’ hold,
cooling at 20°C/s to 63°C with a 7’
hold, heating at 20°C/s to 72°C with a
7’ hold. heating at 20°C/s to 95°C with
0’ hold, cooling at 20°C/s at 65°C and
heating at 0.2°C/s to 95°C in a
continuous acquisition mode produced
the melting curve

pctctp

sense- AAT GAT GAA GTATGC TCT GAC TCA

antisense- CAT TCC TTC TAC TGC ATC TTC AC

4.5 mM/0.8uM

40 cycles

95°C for 600", 95°C with a 0’ hold,
cooling at 20°C/s to 60°C with a 7’
hold, heating at 20°C/s to 72°C with a
7’ hold. heating at 20°C/s to 95°C with
0’ hold, cooling at 20°C/s at 65°C and
heating at 0.2°C/s to 95°C in a
continuous acquisition mode produced
the melting curve

pcatp6

sense- AGG CAA GTA CCT TAT CAT TAT CC

antisense- GTG AAG AAG TAA AGA TCC TAT TG

4.5 mM /0.8uM

40 cycles

95°C for 600", 95°C with a 0’ hold,
cooling at 20°C/s to 58°C with a 7’
hold, heating at 20°C/s to 72°C with a
7’ hold. heating at 20°C/s to 95°C with
0’ hold, cooling at 20°C/s at 65°C and
heating at 0.2°C/s to 95°C in a
continuous acquisition mode produced
the melting curve

pcmspl

sense- ACA GTA ACA CAA GAA GGA AC

antisense- GAT ACT TGT GTT GAT GCT GG

3.5mM / 0.4uM

40 cycles

95°C for 600", 95°C with a 0’ hold,
cooling at 20°C/s to 59°C with a 6’
hold, heating at 20°C/s to 72°C with a
7’ hold. heating at 20°C/s to 95°C with
0’ hold, cooling at 20°C/s at 65°C and
heating at 0.2°C/s to 95°C in a
continuous acquisition mode produced
the melting curve
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APPENDIX 4

GENE AND PRIMER SEQUENCE FOR THE GENE ubp-1

A - Pcubiquitin carboxyl-terminal hydrolase gene summary (bp-1 gene)

Note: Primers are underlined in the gene sequenceatinigj and stop codon are presented in bold.

TTATCAAAGAGT TCAATTTTAATGATAT TGT TAAT GCTGAGGT GAGT TCAAAAAACCT AATGCACTCCCCTCGCGAT CACAATCACGATTCCCA
CGGAACCCCCCCT CCGAATCCAT TGAAT CAGGT AT GT TCGECGCCCGAT GOCACGOCCACCAT TTGCT TGTCATGCT TGCCATGCATCGGT TTA
GGCCCACTTGITTAGT TTCATTGCATTTTCTTTGT TTCACTTGCATTTTCTTTGI TGCACTCGT TTCGT TCTTCGOCCACT CTCACATTGACA(
1F) TTCCCATTCTCT TTGCAGCAGAAAACCGAGAGGAAAT CGAACAGGCCAAGGAAAACACGAT CGGAAT AAAAAATATGCTTAAGT TCATAAT
CCAAAAAAGCAAAAAGGAAAAAAATATGATATGT TGTAGT GATGCTAATGAACT GAAACTGT TGGTATTTTTAGGCATATGTATAAAAATTGIC
ATATGTAGGATATCAAATTTATTAAATGCAAAAGCATGCTTAGAACAATTTTACTATTTCATAAATCATAAAATATTGGGT TTAAAAATATTTC
GACATTCTCATATCGTTTTAGT TTATTTTATTCCGT TTTTCAAAAAATATTATTTTTTATGGAAGT TTATTGAACATGAAATTGATCCAGAAAT
TATTAAACTCATAAATGCAATTATAAATAATTTAGAAAACT TACAAAATAATAAAAATATAAATAATATTGGAAGTAATCCTATGT TACATCCA
TACACTCGTAGTAATACATCATTACCTGAAGTAGATCATTTCTCTTTCCCTTCAAAAGATAAGAATCTAAATCATACTTTTAATAATTTTTCTA
CCCAATATAACCCACAT GATTATAAAACAAGCTTCTCTCACAGCATATC( 2F) AATAGAAAATAACAATTCAAAACAAAACTTTTTTAAACATA
AACAGAATGATTTATCATTAGATTCTGATTTGCCAACACCAG( 1R) ATTTATTTAACCCAAAAAATAAAAAAAAAAAAAAAAAAAATTCTGAAA
AATTTGAAGATTCACATAATAAAAATCAGCAACATCCTCATGATTATTCCGAATTTGATTCACATAATAATTTTCACAAAAATATAATTAATAA
TATTAATAATATTAATTATTTTAGACCTAGCTCTTTATTTAATACAAATGAAAAT TGTGATCACGGTATTACTTATGATGACATGT TTAGAGAT
AATGACAATAGCAGT GATGATAATTATTTTGATAAAGGTAAAAATAAAAT TTGTAATGT TAAAGAATATATTACAAACTTACATTTTAATAATT
TACCGGACTATCCTACTTCTTTG( 3F) AAAAATAGT GATGAAAAT AAAAAAT CGGAAGATAAAAAAAAAAAAAAAAAAAAAAT AAAAAAT GAAA
ATCAAAATAGTAAAGAAGAACAAGATAAT GG 2R) GAAGAAGAAAATCATAGTAATAAAACTCAACATAAAGAAAATAATAATATTTCAAAAG
TCAATGAGCAAAATGAAAATATTTTACTTTATAATATACAAGAT AAT GAAAATGCAGAAAACAAAAT AT CCAAAAATTCTAACACTACTCGAAA
ATATATGATTGATGAAAACCT TAATGAATATAAAATTGAAAACAAAAAAGAT GTATCAAACAATTATAATAATAAAGAAGGATCACCAACTTTT
GAAGAAGATAAGT ATAGACATAATAAT CGATCAAGCACTCCTCAAAACAATGGAAT TAAAAAATTTCCTACTGT TTCCTATGAAGATGCTGATA
ATTCAAATAATATGGTGGATAAAAAAT CACAAAAGAATTATATAAATTTAGAATTAGATAGAGAGAAAAAAGAAAAT TTTGGATCCTCAAAAAA
GTTAACTAACATTGAAAGT GCTAAAGGAAT GAATAAT GAT GACAATTATAATAGCAATAATGAAATAT TAAAT AAT CGTAGAACAAT TCAAACC
AATGE( 4F) ACATACTGT TAACTACAACAGAAATAATAACAATAT GAGACCAGAT GAATATGAAAACT ( 3R) TTGTAAAAGATAAAAAAAACGA
TTTAGATATTATACAAAGAAAAGGAATATCTCTTGTTAATGCTACAACAAATAATAATTATGAAGAAATAAATATAGT TAATAATCCTATAGAA
AAAAATAAACATGT TAGT TCAGATAAGT TAATACAAAAACGACCCAAATAT TTAATGT TACCAAT TGATACGACT GAAT TAAAAAAAAT GCAAA
AAGGAAAATTACGACACCCACCTGT TGGT TTGATAAATTTAGGAAATACT TGCTACTTAAATAGT TTATTACAAGCATTATATAGTACTGITTC
ATTTGTTGTTAATTTATACATTTTTAATATTGATGATAATAAAGAAT TAAAACACATAAATAATAAAAAT AT CT CTAACGAAAT GCCCAT CAA(
5F) AAATAAATTATCATTTAACCTGAACAATACAAACATGAATAATAATAATAAT AATGCAAACT TACTTTCAAAACGATTTTTATATGAGI TG
AAAATATTATTTAAATTAATGACTACAACAAATAAAAAATAT GTTTCACCAGATAATATTTTAGGTATACTACCT CAAGAACT TAACAATAGAA
ATCAACAAGATGT TACAGAATTATTTAGATATACATTTGAACAAT TAGGAGGATCAGAAAAAAAATTTCTAAGATTAATATTTTCAGGAGT TGT
TATACAAAAAGT TCAATGCCAAAAATGT TTTTTTATTTCAAAGAAAGAAGAAATTATCCACGATTTATCATTTCATGT TCCTGCAAAGT CAAGY
4R) TAAAAAACAGT CTATCCAAAAATTCT TTGATACATATAT TCAAAAAGAAAAAAT TTATGGAAACAAT AAATACAAAT GCTCGAAATGCAAC
AAAAGGCGAAAT GCCCT CAAGT GGAACGAAAT CATAT CCCOCCCCTGCCACCT CATACTAAT TCT GAACAGGT AAACCAAAAAAT GCAAAAAAA
TCCAAAAAAATCCAAAAAAAT CCAAAAAAAT CCAAAAAAAAGCAAAAAAAAATAT TTTTCACTTCGTCAATTTTTCATTTTTCAATTTTCCATT
TCGTCAATTTTTCACTTCGTCAATTTTTCACTTCGTCATTTTTCCATTTTCCACT CCTTCCCACT TTCAGGTACAACTGGTCGT TTAGCTCCAA
CGAAAAGAAGAAAAT AAAAACGCACGT CAAGATCAACAAAAAGATAGT TGTAAACAAT TTTGAT TACCGAT TGTATGGAGGAATAAT TCACAGT
GGCGTGT CAGCATC( 6F) ATCAGGT CATTATTATTTTATCGGAAAGAAAT CCGAAAAAGGT GACAAT TCAAAAAAT GAAT GGTAT CAAATGGAC
GACTCAGCTATTACTA( 5R) AAGTTAGT TCCAAAT CCATAAACCGAAT TTCTAAAGAT CCATCAAATGATCACACTCCTTACGTTTTATTTTAT
CGTTGCAAACAAGCTCCCGATTCCCCAAGCTTATACTTTTAATCATATTTCAAAATTGCAACAATTTTGCTAACGCTTTATTATTTTATATACG
TGCACCTTTGAACGAAAAC( 6R) CCTTTTTAAGITATATTTTTTGT TTAGT TTTTCCGATTATGT TTGTATATATATATATGTATATATAATGT
GTGCGATCTTTTTTGTCGCCTAATTAATTAATGAGTATTTGCTCTATGAAATCTAGT TTTTTTATAGT TTTCATTTCTTTGT TATTGTATATTA
CATATA

Note: The gene is composed by:

3 exons,
197855 — 197933bp 79 b. p.
197998 — 200899bp 2902 b. p.
201129 —201468bp 340 b. p.

2 short introns
*63 b. p.
*229 b. p.
Total genomic = 3321 + 63 + 229 = 3613b. p.

Protein =1106 a. a.

B - Pcubiquitin carboxyl-terminal hydrolase predicted translation

M CCSDANELKLLVFLG Cl Kl VI CRI SNLLNAKACLEQFYYFI NHKI LGLKI FRHSHI VLVYFI PFFKKYYFLWKFI EHEI DPEI | KLI NAI |

NNL ENLONNKNI NNI' GSNPMLHPYTRSNT SL PEVDHFSFPSKDKNL NHTFNNFSTQYNPHDYKTSFSHSI SI ENNNSKQNFFKHKQNDL SLDSD
L PTPDL FNPKNKKKKKKNSEKFEDSHNKNQOHPHDYSEFDSHNNFHKNI | NNI NNI NYFRPSSLFNTNENCDHG TYDDMVFRDNDNSSDDNYFD
KGKNKI CNVKEY! TNLHFNNL PDYPTSL KNSDENKKSEDKKKKKKKI KNENQNSKEEQDNGEEENHSNKTQHKENNNI SKVNEQNENI LLYNI Q
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DNENAENKI SKNSNTTRKYM DENLNEYKI ENKKDVSNNYNNKEGSPTFEEDKYRHNNRSSTPONNGH KKFPTVSYEDADNSNNWDKKSQKNY
| NLEL DREKKENFGSSKKLTNI ESAKGVNNDDNYNSNNEI LNNRRT! QTNGHTVNYNRNNNNIVRPDEYENFVKDKKNDL DI | QRKG SLVNATT
NNNYEEI NI VNNPI EKNKHVSSDKLI QKRPKYLM_PI DTTELKKMQKGKLRHPPVGLI NLGNTCYLNSLLQALYSTVSFVVNLYI FNI DDNKEL
KHI' NNKNI' SNEMPI KNKL SFNL NNTNIVNNNNNNANL L SKRFL YELKI LFKLMITTNKKYVSPDNI LG LPQELNNRNQQDVTELFRYTFEQLGG
SEKKFLRLI FSGWI QKVQCQKCFFI SKKEEI | HDL SFHVPAKSSKKQSI QKFFDTY! QKEKI YGNNKYKCSKCNKRRNALKWNET | SPPCHLI

LI LNRYNWSFSSNEKKKI KTHVKI NKKI VVNNFDYRLYGG | HSGVSASSGHYYFI GKKSEKGDNSKNEWYQVDDSAI TKVSSKSI NRI SKDPS
NDHTPYVLFYRCKQAPDSPSL YF*

Note: In grey the codons where mutations were found
Effect of mutations:G2215T gives V739GTT toTTT
G2308T gives V77GHTtoTTT

C — Sequence of thebp-1 gene of the differentP. chabaudi clones

Note: non-coding sequence in small caps
Length: unspliced 3079 bp; spliced 2942 bp

C.1 - AS-15CQ (Intermediate chloroquine-resistant,progenitor of AS-
ATN)

ttcccattctctttgcagcagaaaaccgagaggaaat cgaacaggccaaggaaaacacgat cggaat aaaaaat at gct t aagt t cat aat cca
aaaaagcaaaaaggaaaaaaat ATGATATGI TGTAGT GATGCTAATGAACT GAAACTGT TGGTATTTTTAGGCATATGTATAAAAATTGTCATA
TGTAGGATATCAAATTTATTAAATGCAAAAGCATGCT TAGAACAAT TTTACTATTTCATAAATCATAAAATATTGGGT TTAAAAATATTTCGAC
ATTCTCATATCGTTTTAGT TTATTTTATTCCGT TTTTCAAAAAATATTATTTTTTATGGAAGT TTATTGAACAT GAAATTGATCCAGAAATTAT
TAAACTCATAAATGCAATTATAAATAAT TTAGAAAACT TACAAAAT AATAAAAATAT AAAT AATATTGGAAGTAATCCTATGT TACATCCATAC
ACTCGTAGTAATACATCATTACCT GAAGTAGATCATTTCTCTTTCCCT TCAAAAGAT AAGAATCTAAATCATACTTTTAATAATTTTTCTACCC
AATATAACCCACATGATTATAAAACAAGCT TCTCTCACAGCATATCAATAGAAAAT AACAAT TCAAAACAAAACT TTTTTAAACATAAACAGAA
TGATTTATCATTAGATTCTGATTTGCCAACACCAGAT TTATTTAACCCAAAAAAT AAAAAAAAAAAAAAAAAAAAT TCT GAAAAATTTGAAGAT
TCACATAATAAAAATCAGCAACATCCTCATGATTAT TCCGAATTTGATTCACATAATAATTTTCACAAAAATATAATTAATAATATTAATAATA
TTAATTATTTTAGACCTAGCTCTTTATTTAATACAAATGAAAATTGT GATCACGGTATTACT TATGATGACATGT TTAGAGATAATGACAATAG
CAGTGATGATAATTATTTTGATAAAGGTAAAAATAAAAT TTGTAATGT TAAAGAATATATTACAAACT TACATTTTAATAAT TTACCGGACTAT
CCTACTTCTTTGAAAAATAGT GATGAAAATAAAAAAT CCCGAAGATAAAAAAAAAAAAAAAAAAAAAAT AAAAAAT GAAAAT CAAAATAGTAAAG
AAGAACAAGAT AAT GGGGAAGAAGAAAAT CATAGTAATAAAACT CAACATAAAGAAAAT AAT AATAT TTCAAAAGT CAATGAGCAAAAT GAAAA
TATTTTACTTTATAATATACAAGATAAT GAAAATGCAGAAAACAAAATAT CCAAAAATTCTAACACTACT CGAAAATATATGATTGATGAAAAC
CTTAATGAATATAAAAT TGAAAACAAAAAAGATGT AT CAAACAAT TATAATAAT AAAGAAGGAT CACCAACT TTTGAAGAAGATAAGTATAGAC
ATAATAATCGAT CAAGCACT CCTCAAAACAAT CGAATTAAAAAATTTCCTACTGTTTCCTAT GAAGATGCT GATAATTCAAATAATATGGT GGA
TAAAAAATCACAAAAGAAT TATATAAAT TTAGAATTAGATAGAGAGAAAAAAGAAAAT TTTGGATCCTCAAAAAAGT TAACTAACAT TGAAAGT
GCTAAAGGAAT GAATAAT GAT GACAAT TATAATAGCAATAAT GAAATAT TAAAT AATCGTAGAACAAT TCAAACCAAT GGACATACT GTTAACT
ACAACAGAAATAAT AACAATAT GAGACCAGAT GAATATGAAAACT TTGTAAAAGATAAAAAAAACGATTTAGATAT TATACAAAGAAAAGGAAT
ATCTCTTGTTAATGCTACAACAAATAATAATTAT GAAGAAATAAATATAGT TAATAATCCTATAGAAAAAAATAAACAT GT TAGT TCAGATAAG
TTAATACAAAAACGACCCAAATAT TTAATGT TACCAATTGATACGACTGAAT TAAAAAAAAT GCAAAAAGGAAAAT TACGACACCCACCTGT TG
GTTTGATAAATTTAGGAAATACTTGCTACTTAAATAGT TTATTACAAGCATTATATAGTACTGT TTCATTTGT TGT TAATTTATACATTTTTAA
TATTGATGATAATAAAGAATTAAAACACATAAATAAT AAAAATATCT CTAACGAAAT GCCCATCAAAAATAAAT TATCATTTAACCT GAACAAT
ACAAACATGAATAATAATAATAAT AATGCAAACT TACTTTCAAAACGATTTTTATATGAGT TGAAAATATTATTTAAATTAATGACTACAACAA
ATAAAAAATAT GTTTCACCAGATAATATTTTAGGTATACTACCT CAAGAACT TAACAATAGAAATCAACAAGATGT TACAGAATTATTTAGATA
TACATTTGAACAAT TAGGAGGAT CAGAAAAAAAATTTCTAAGATTAATATT TTCAGGAGT TGTTATACAAAAAGT TCAATGCCAAAAATGTTTT
TTTATTTCAAAGAAAGAAGAAAT TATCCACGATTTATCATTTCATGT TCCT GCAAAGT CAAGTAAAAAACAGT CTATCCAAAAATTCTTTGATA
CATATATTCAAAAAGAAAAAAT TTAT GGAAACAATAAAT ACAAAT GCTCGAAAT GCAACAAAAGGCGAAAT GCCCT CAAGT GGAACGAAAT CAT
ATCCCCCCCCTGCCACCTCATACTAATTCTGAACAGYt aaaccaaaaaat gcaaaaaaat ccaaaaaaat ccaaaaaaat ccaaaaaaat ccaa
aaaaaagcaaaaaaaaatatttttcacttcgtcaatttttcatttttcaattttccatttcgtcaatttttcacttcgtcaatttttcacttcg
tcatttttccattttccactccttcccacttt cagGrACAACTGGT CGTTTAGCTCCAACGAAAAGAAGAAAATAAAAACGCACGT CAAGATCA
ACAAAAAGATAGT TGTAAACAATTTTGAT TACCGAT TGTATGGAGGAATAAT TCACAGT GGCGT GT CAGCATCATCAGGTCATTATTATTTTAT
CGGAAAGAAAT CCGAAAAAGGT GACAATTCAAAAAAT GAAT GGT AT CAAAT GGACGACT CAGCTAT TACTAAAGT TAGT TCCAAAT CCATAAAC
CGAATTTCTAAAGATCCATCAAATGATCACACTCCTTACGT TTTATTTTATCGT TGCAAACAAGCT CCCGAT TCCCCAAGCT TATACTTTTAAL
catatttcaaaattgcaacaattttgctaacgctttattattttatata

C.2 - AS-30CQ (High chloroquine-resistant; derivedfrom AS15CQ,
progenitor from AS-ART)

ttcccattctctttgcagcagaaaaccgagaggaaat cgaacaggccaaggaaaacacgat cggaat aaaaaat at gctt aagtt cat aat cca
aaaaagcaaaaaggaaaaaaat ATGATATGI TGTAGT GATGCTAATGAACT GAAACTGT TGGTATTTTTAGGCATATGTATAAAAATTGTCATA
TGTAGGATATCAAATTTAT TAAAT GCAAAAGCATGCT TAGAACAAT TTTACTATTTCATAAATCATAAAATATTGGGT TTAAAAATATTTCGAC
ATTCTCATATCGTTTTAGT TTATTTTATTCCGT TTTTCAAAAAATATTATTTTTTATGGAAGTI TTATTGAACAT GAAATTGATCCAGAAATTAT
TAAACTCATAAATGCAATTATAAATAATTTAGAAAACT TACAAAAT AATAAAAATATAAATAAT ATTGGAAGTAATCCTATGT TACATCCATAC
ACTCGTAGTAATACATCATTACCTGAAGTAGATCATTTCTCTTTCCCTTCAAAAGAT AAGAATCTAAATCATACTTTTAATAATTTTTCTACCC
AATATAACCCACAT GATTATAAAACAAGCT TCTCTCACAGCATATCAATAGAAAAT AACAAT TCAAAACAAAACT TTTTTAAACATAAACAGAA
TGATTTATCATTAGATTCTGATTTGCCAACACCAGAT TTAT T TAACCCAAAAAATAAAAAAAAAAAAAAAAAAAAT TCT GAAAAAT TTGAAGAT
TCACATAATAAAAATCAGCAACAT CCTCATGATTATTCCGAATTTGATTCACATAATAATTTTCACAAAAATATAATTAATAATATTAATAATA
TTAATTATTTTAGACCTAGCTCTTTATTTAATACAAATGAAAATTGT GATCACGGTATTACTTATGATGACATGT TTAGAGATAATGACAATAG
CAGTGATGATAATTATTTTGATAAAGGTAAAAATAAAAT TTGTAATGTTAAAGAATATATTACAAACT TACATTTTAATAATTTACCGGACTAT
CCTACTTCTTTGAAAAATAGT GATGAAAATAAAAAAT CCGAAGATAAAAAAAAAAAAAAAAAAAAAAT AAAAAAT GAAAAT CAAAATAGT AAAG
AAGAACAAGAT AAT GGGGAAGAAGAAAAT CATAGTAATAAAACT CAACATAAAGAAAATAAT AATAT TTCAAAAGT CAATGAGCAAAAT GAAAA
TATTTTACTTTATAATATACAAGATAAT GAAAAT GCAGAAAACAAAATAT CCAAAAATTCTAACACTACT CGAAAATATATGATTGATGAAAAC
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CTTAATGAATATAAAAT TGAAAACAAAAAAGAT GT ATCAAACAAT TATAATAATAAAGAAGCGATCACCAACT TTTGAAGAAGATAAGTATAGAC
ATAATAATCGATCAAGCACT CCTCAAAACAAT GGAAT TAAAAAAT TTCCTACT GT TTCCTATGAAGATGCTGATAATTCAAATAATAT GGTGCGA
TAAAAAAT CACAAAAGAAT TATATAAAT TTAGAAT TAGATAGAGAGAAAAAAGAAAAT TT TGGAT CCTCAAAAAAGT TAACTAACAT TGAAAGT
GCTAAAGGAATGAATAAT GATGACAAT TATAATAGCAATAATGAAATAT TAAATAAT CGT AGAACAAT TCAAACCAAT GGACATACT GTTAACT
ACAACAGAAATAATAACAATATGAGACCAGAT GAATATGAAAACT TTGTAAAAGATAAAAAAAACGATT TAGATATTATACAAAGAAAAGGAAT
ATCTCTTGTTAATGCTACAACAAATAATAATTATGAAGAAATAAATATAGT TAATAATCCTATAGAAAAAAATAAACATGT TAGT TCAGATAAG
TTAATACAAAAACGACCCAAATATTTAATGT TACCAAT TGATACGACT GAAT TAAAAAAAAT GCAAAAAGGAAAATTACGACACCCACCTGI TG
GTTTGATAAATTTAGGAAATACTTGCTACT TAAATAGT TTATTACAAGCATTATATAGTACTGITTCATTTGT TGTTAATTTATACATTTTTAA
TATTGATGATAATAAAGAATTAAAACACATAAATAAT AAAAATAT CT CTAACGAAAT GOCCATCAAAAAT AAAT TATCATTTAACCT GAACAAT
ACAAACATGAATAATAATAATAATAATGCAAACT TACT TTCAAAACGATTTTTATATGAGT TGAAAATAT TATTTAAATTAATGACTACAACAA
ATAAAAAATATGT TTCACCAGATAATATTTTAGGTATACTACCTCAAGAACT TAACAATAGAAAT CAACAAGATGT TACAGAATTATTTAGATA
TACATTTGAACAAT TAGGAGGAT CAGAAAAAAAAT TTCTAAGATTAATATTTTCAGGAGT TGTTATACAAAAATTTCAATGCCAAAAATGTTTT
TTTATTTCAAAGAAAGAAGAAAT TATCCACGAT TTATCATTTCAT GT TCCTGCAAAGT CAAGT AAAAAACAGT CTATCCAAAAATTCTTTGATA
CATATATTCAAAAAGAAAAAAT TTAT GGAAACAAT AAATACAAAT GCTCGAAAT GCAACAAAAGGOGAAAT GCCCTCAAGT GGAACGAAAT CAT
ATCCCCCCCCTGCCACCTCATACTAATTCTGAACAGYt aaaccaaaaaat gcaaaaaaat ccaaaaaaat ccaaaaaaat ccaaaaaaat ccaa
aaaaaagcaaaaaaaaatatttttcacttcgtcaatttttcatttttcaattttccatttcgtcaatttttcacttcgtcaatttttcacttcg
tcatttttccattttccactccttcccactttcagGrACAACTGGTCGITTAGCT CCAACGAAAAGAAGAAAATAAAAACGCCACGTCAAGATCA
ACAAAAAGATAGT TGTAAACAATTTTGAT TACCGATTGTATGGAGGAATAAT TCACAGT GGCGTGT CAGCATCATCAGGTCATTATTATTTTAT
CGGAAAGAAAT CCGAAAAAGGT GACAAT TCAAAAAAT GAATGGT ATCAAATGGACGACT CAGCTATTACTAAAGT TAGT TCCAAAT CCATAAAC
CGAATTTCTAAAGATCCATCAAATGATCACACTCCTTACGT TTTATTTTATCGT TGCAAACAAGCTCCCGAT TCCCCAAGCT TATACT TTTAAL
catatttcaaaattgcaacaattttgctaacgctttattattttatata

Note: A mutation G2308T detected between 15CQ and 30CQ

C.3 - AS-ATN (Artesunate-resistant; derived from AS5CQ)

tttcccaaacagaaatt at aat aaactttcat ccaaagcttcttcaacat at gct gaat cacaaaacaaaggt aat t acaat gat gaat ct gat

gatttcaatctttttgatgttgaaaatattatcaaagagttcaattttaatgatattgttaatgctgaggtgagttcaaaaaacctaatgcact

cccct cgegat cacaat cacgatt cccacggaacccacccct ccgaat ccat t gaat caggt at gtt cggcgecccgat gccacgeccaccat tt

gcttgtcatgecttgecatgcatcggtttaggeccacttgtttagtttcacttgecattttetttgtttcacttgecattttctttgttgeactcgt

ttcgttcttcgeccactctcacattgacattcccattctctttgcagcagaaaaccgagaggaaat cgaacaggccaaggaaaacacgat cgga
at aaaaaat at gct t aagt t cat aat ccaaaaaagcaaaaaggaaaaaaat ATGATATGT TGTAGTGATGCTAATGAACTGAAACTGT TGGTAT
TTTTAGGCATATGTATAAAAATTGT CATATGTAGGATATCAAATTTATTAAATGCAAAAGCATGCTTAGAACAATTTTACTATTTCATAAATCA
TAAAATATTGGGT TTAAAAATATTTCGACATTCTCATATCGT TTTAGT TTATTTTATTCCGT TTTTCAAAAAATATTATTTTTTATGGAAGT TT
ATTCGAACATGAAATTGATCCAGAAATTATTAAACT CATAAATGCAAT TATAAATAATTTAGAAAACT TACAAAATAATAAAAATATAAATAATA
TTGGAAGTAATCCTATGT TACATCCATACACT CGTAGTAATACAT CATTACCTGAAGTAGATCATTTCTCTTTCCCT TCAAAAGATAAGAATCT
AAATCATACTTTTAATAATTTTTCTACCCAATATAACCCACATGATTATAAAACAAGCTTCTCTCACAGCATATCAATAGAAAATAACAATTCA
AAACAAAACTTTTTTAAACATAAACAGAATGATTTATCATTAGATTCTGATTTGCCAACACCAGATTTATTTAACCCAAAAAATAAAAAAAAAA
AAAAAAAAAATTCTGAAAAATTTGAAGATTCACATAATAAAAAT CAGCAACATCCTCATGATTATTCCGAATTTGATTCACATAATAATTTTCA
CAAAAATATAATTAATAATATTAATAATATTAATTATTTTAGACCTAGCTCTTTATTTAATACAAATGAAAATTGTGATCACGGTATTACTTAT
GATGACATGT TTAGAGATAATGACAATAGCAGT GATGATAATTATTTTGATAAAGGT AAAAATAAAAT TTGTAATGT TAAAGAATATATTACAA
ACTTACATTTTAATAATTTACCGGACTATCCTACTTCTTTGAAAAAT AGT GATGAAAATAAAAAAT CGGAAGATAAAAAAAAAAAAAAAAAAAA
AATAAAAAAT GAAAAT CAAAATAGT AAAGAAGAACAAGAT AAT GGGGAAGAAGAAAAT CATAGTAAT AAAACT CAACATAAAGAAAAT AATAAT
ATTTCAAAAGT CAAT GAGCAAAATGAAAATATTTTACT TTATAATATACAAGATAATGAAAAT GCAGAAAACAAAATATCCAAAAATTCTAACA
CTACTCGAAAATATATGATTGATGAAAACCT TAATGAATATAAAATTGAAAACAAAAAAGAT GTATCAAACAATTATAATAATAAAGAAGGATC
ACCAACTTTTGAAGAAGATAAGT ATAGACATAATAAT CGATCAAGCACT CCTCAAAACAATGGAATTAAAAAATTTCCTACTGT TTCCTATGAA
GATGCTGATAATTCAAATAATAT GGT GGATAAAAAAT CACAAAAGAAT TATATAAAT TTAGAAT TAGATAGAGAGAAAAAAGAAAAT TTTGGAT
CCTCAAAAAAGT TAACTAACAT TGAAAGT GCTAAAGGAAT GAATAAT GATGACAATTATAATAGCAATAATGAAATATTAAATAATCGTAGAAC
AATTCAAACCAATGGACATACT GTTAACTACAACAGAAATAATAACAATAT GAGACCAGATGAATATGAAAACT TTGTAAAAGATAAAAAAAAC
GATTTAGATATTATACAAAGAAAAGGAATATCTCTTGT TAATGCTACAACAAATAATAATTATGAAGAAATAAATATAGT TAATAATCCTATAG
AAAAAAATAAACATGT TAGT TCAGATAAGT TAATACAAAAACGACCCAAATAT TTAATGT TACCAAT TGATACGACT GAAT TAAAAAAAATGCA
AAAAGGAAAATTACGACACCCACCTGTTGGT TTGATAAAT TTAGGAAATACT TGCTACT TAAATAGT TTATTACAAGCATTATATAGTACTGT T
TCATTTGTTGTTAATTTATACATTTTTAATATTGATGATAATAAAGAAT TAAAACACATAAATAATAAAAATAT CTCTAACGAAATGCCCATCA
AAAATAAATTATCATTTAACCT GAACAATACAAACATGAATAATAATAATAATAATGCAAACT TACT TTCAAAACGATTTTTATATGAGT TGAA
AATATTATTTAAATTAATGACTACAACAAATAAAAAATATGT TTCACCAGATAATATTTTAGGTATACTACCT CAAGAACT TAACAATAGAAAT
CAACAAGATTTTACAGAATTATTTAGATATACATTTGAACAAT TAGGAGGAT CAGAAAAAAAATTTCTAAGATTAATATTTTCAGGAGT TGT TA
TACAAAAAGT TCAATGCCAAAAATGT TTTTTTATTTCAAAGAAAGAAGAAAT TATCCACGATTTATCATTTCATGT TCCTGCAAAGT CAAGTAA
AAAACAGT CTATCCAAAAATTCTTTGATACATATATTCAAAAAGAAAAAAT TTATGGAAACAAT AAATACAAAT GCTCGAAATGCAACAAAACG
CGAAATGCCCTCAAGT GGAACGAAAT CATATCCCCCCCCTGCCACCT CATACTAATTCTGAACAGYt aaaccaaaaaat gcaaaaaaat ccaaa
aaaat ccaaaaaaat ccaaaaaaat ccaaaaaaaagcaaaaaaaaat atttttcacttcgtcaatttttcatttttcaattttccatttcgtca
atttttcacttcgtcaatttttcacttcgtcatttttccattttccactccttcccactttcagGrACAACTGGTCGTTTAGCTCCAACGAAAA
GAAGAAAATAAAAACGCACGT CAAGATCAACAAAAAGATAGT TGTAAACAAT TTTGATTACCGAT TGT AT GGAGGAATAAT TCACAGT GGCGTG
TCAGCATCATCAGGT CATTATTATTTTATCGGAAAGAAAT CCGAAAAAGGT GACAAT TCAAAAAAT GAAT GGTAT CAAAT GGACGACT CAGCTA
TTACTAAAGT TAGT TCCAAATCCATAAACCGAATTTCTAAAGATCCATCAAATGATCACACTCCTTACGT TTTATTTTATCGT TGCAAACAAGC
TCCCGATTCCCCAAGCTTATACTTTTAAt cat at t t caaaat t gcaacaattttgct aacgctttattatttt at atacgtgcacctttgaacg
aaaaccctttttaagttatattttttgtttagtttttccgattatgtttgtatatatatatatgtatatataatgtgtgegatcttttttgtcg
cctaattaattaatgagtatttgctctatgaaatctagtttttttatagttttcatttctttgttattgtatattacatatatttgataactta
tttttatttaattcatttaaagtttgtaataatttcaagcaaaattatgggcacaataaatcctatacttttctatgcataggtaaacctaaac

gggtttcacatcgacaattttttttttcttattttccaactctacaaagtta

Note: There is one difference between this sequencd a8 - G2736T

C.4 - AS-ART (Artemisinin-resistant; derived from AS30CQ)
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tttcccaaacagaaatt at aat aaacttt cat ccaaagcttcttcaacat at gct gaat cacaaaacaaaggt aat t acaat gat gaat ct gat

gatttcaatctttttgatgttgaaaatattatcaaagagttcaattttaatgatattgttaatgctgaggtgagttcaaaaaacct aatgcact

cccctcgegat cacaat cacgatt cccacggaacccacccct ccgaat ccat t gaat caggt at gt t cggcgeccgat gccacgeccaccat tt

gcttgtcatgettgecatgecat cggtttaggeccacttgtttagtttcacttgecattttctttgtttcacttgecattttctttgttgcactcgt

ttcgttcttcgeccact ctcacattgacattcccattctctttgcagcagaaaaccgagaggaaat cgaacaggccaaggaaaacacgat cgga
at aaaaaat at gct t aagt t cat aat ccaaaaaagcaaaaaggaaaaaaat ATGATATGI TGTAGTGATGCTAATGAACTGAAACTGTTGGTAT
TTTTAGGCATATGTATAAAAATTGTCATATGT AGGATATCAAATTTATTAAATGCAAAAGCATGCCT TAGAACAATTTTACTATTTCATAAATCA
TAAAATATTGGGT TTAAAAATATTTCGACATTCTCATATCGT TTTAGT TTATTTTATTCCGT TTTTCAAAAAATATTATTTTTTATGGAAGTTT
ATTGAACATGAAATTGATCCAGAAATTAT TAAACT CATAAAT GCAAT TATAAATAAT TTAGAAAACT TACAAAATAATAAAAATATAAATAATA
TTGGAAGTAATCCTATGT TACATCCATACACT CGTAGTAATACATCATTACCTGAAGTAGATCATTTCTCTTTCCCTTCAAAAGATAAGAATCT
AAATCATACTTTTAATAATTTTTCTACCCAATATAACCCACAT GATTATAAAACAAGCT TCTCTCACAGCATAT CAATAGAAAATAACAATTCA
AAACAAAACTTTTTTAAACATAAACAGAATGATTTATCATTAGATTCT GATTTGCCAACACCAGAT TTATTTAACCCAAAAAAT AAAAAAAAAA
AAAAAAAAAAT TCTGAAAAAT TTGAAGAT TCACATAATAAAAAT CAGCAACATCCTCATGATTATTCCGAATTTGATTCACATAATAATTTTCA
CAAAAATATAATTAATAATATTAATAATATTAATTAT TTTAGACCTAGCTCTTTATTTAATACAAATGAAAAT TGTGATCACGGTATTACTTAT
GATGACATGTTTAGAGATAAT GACAATAGCAGTGATGATAATTAT TTTGATAAAGGTAAAAATAAAAT TTGT AATGT TAAAGAATATATTACAA
ACTTACATTTTAATAATTTACCGGACTAT CCTACTTCTTTGAAAAAT AGT GATGAAAATAAAAAAT CGGAAGAT AAAAAAAAAAAAAAAAAAAA
AATAAAAAAT GAAAAT CAAAATAGT AAAGAAGAACAAGATAAT GGGGAAGAAGAAAAT CATAGT AATAAAACT CAACAT AAAGAAAATAATAAT
ATTTCAAAAGT CAAT GAGCAAAAT GAAAATATTTTACTTTATAATATACAAGATAAT GAAAATGCAGAAAACAAAATAT CCAAAAATTCTAACA
CTACTCGAAAATATAT GATTGATGAAAACCT TAAT GAATATAAAAT TGAAAACAAAAAAGAT GTATCAAACAAT TATAATAATAAAGAAGGATC
ACCAACTTTTGAAGAAGATAAGTATAGACATAAT AAT CGAT CAAGCACT CCTCAAAACAAT GGAAT TAAAAAAT TTCCTACTGT TTCCTATGAA
GATGCTGATAATTCAAATAATATGGT GGATAAAAAAT CACAAAAGAATTATATAAATTTAGAAT TAGATAGAGAGAAAAAAGAAAAT TTTGGAT
CCTCAAAAAAGT TAACT AACAT TGAAAGT GCTAAAGGAAT GAAT AATGATGACAAT TATAATAGCAATAAT GAAATATTAAATAAT CGTAGAAC
AATTCAAACCAATGGACATACT GT TAACTACAACAGAAATAAT AACAAT AT GAGACCAGAT GAATAT GAAAACT TTGTAAAAGATAAAAAAAAC
GATTTAGATATTATACAAAGAAAAGGAATAT CTCTTGTTAATGCTACAACAAAT AATAATTATGAAGAAATAAATATAGT TAATAATCCTATAG
AAAAAAATAAACAT GT TAGT TCAGATAAGT TAATACAAAAACGACCCAAATATTTAATGT TACCAAT TGATACGACT GAAT TAAAAAAAAT GCA
AAAAGGAAAAT TACGACACCCACCTGT TGGT TTGATAAATTTAGGAAATACT TGCTACT TAAATAGT TTATTACAAGCATTATATAGTACTGI T
TCATTTGTTGITAATTTATACATTTTTAATAT TGATGATAATAAAGAAT TAAAACACATAAATAATAAAAAT AT CTCTAACGAAAT GCCCATCA
AAAATAAATTATCATTTAACCTGAACAATACAAACAT GAATAATAATAATAATAAT GCAAACTTACT TTCAAAACGATTTTTATATGAGT TGAA
AATATTATTTAAATTAATGACTACAACAAATAAAAAATATGT TTCACCAGATAATAT TTTAGGTATACTACCTCAAGAACT TAACAATAGAAAT
CAACAAGATGT TACAGAATTATTTAGATATACAT TTGAACAAT TAGGAGGAT CAGAAAAAAAAT TTCTAAGATTAATATTTTCAGGAGT TGT TA
TACAAAAATTTCAATGCCAAAAATGT TTTTTTATTTCAAAGAAAGAAGAAAT TATCCACGATTTATCATTTCATGT TCCTGCAAAGT CAAGT AA
AAAACAGTCTATCCAAAAATTCTTTGATACATATATTCAAAAAGAAAAAAT T TATGGAAACAAT AAATACAAAT GCT CGAAATGCAACAAAAGG
CGAAAT GCCCT CAAGT GGAACGAAAT CATAT CCCCCCCCTGCCACCTCATACTAATTCTGAACACYt aaaccaaaaaat gcaaaaaaat ccaaa
aaaat ccaaaaaaat ccaaaaaaat cCaaaaaaaagcaaaaaaaaatatttttcacttcgtcaatttttcatttttcaattttccatttcgtca
atttttcacttcgtcaatttttcacttcgtcatttttccattttccactccttcccactttcagGrACAACTGGTCGTTTAGCTCCAACGAAAA
GAAGAAAATAAAAACGCACGT CAAGAT CAACAAAAAGATAGT TGTAAACAAT TTTGAT TACCGAT TGTATGGAGGAATAAT TCACAGTGECGTG
TCAGCATCATCAGGTCATTATTATTTTATCGGAAAGAAAT CCGAAAAAGGT GACAAT TCAAAAAAT GAATGGTATCAAATGGACGACT CAGCTA
TTACTAAAGT TAGT TCCAAAT CCATAAACCGAAT TTCTAAAGATCCATCAAATGATCACACTCCTTACGT TTTATTTTATCGT TGCAAACAAGC
TCCCGATTCCCCAAGCTTATACTTTTAAL cat at tt caaaat t gcaacaattttgct aacgctttattattttatatacgtgcacctttgaacg

aaaaccctttttaagttatattttttgtttagtttttccgattatgtttgtatatatatatatgtatatataatgtgtgegatcttttttgtcg

cctaattaattaatgagtatttgctctatgaaatctagtttttttatagttttcatttctttgttattgtatattacatatatttgataactta
tttttatttaattcatttaaagtttgtaataatttcaagcaaaattatgggcacaataaatcctatacttttctatgcataggtaaacctaaac

ggotttcacatcgacaattttttttttcttattttccaact ctacaaagtta

Note: This has a mutation G2308T that occurred duringctileroquine selection going from AS-SENS to AS-
15CQ. AS30CQ contains the same mutation. Therefonérms that ART is a direct descendant of AS30@&
expected because AS-ART was selected by ART pre$sam AS-30CQ), AS-ATN has a different mutation.



D — Alignment of theubp-1 gene sequence for AS-15CQ, AS-30CQ, AS-ART and ASFN

Note: Mutations indicated in the sequence in highlighdesly, bold and underlined.

1 130
AS15CQ ATGATATGT TGTAGTGATGCTAATGAACTGAAACTGTTGGTATTTTTAGGCATATGTATAAAAATTGT CATATGTAGGATATCAAATTTATTAAATGCAAAAGCATGCTTAGAACAATTTTACTATTTCA
AS30CQ ATGATATGT TGTAGTGATGCTAATGAACTGAAACTGT TGGTATTTTTAGGCATATGTATAAAAATTGT CATATGTAGGATATCAAATTTATTAAAT GCAAAAGCATGCTTAGAACAATTTTACTATTTCA
AS- ART ATGATATGT TGTAGTGATGCTAATGAACTGAAACTGTTGGTATTTTTAGGCATATGTATAAAAATTGT CATAT GTAGGATATCAAATTTATTAAATGCAAAAGCATGCTTAGAACAATTTTACTATTTCA
AS- ATN ATGATATGT TGTAGTGATGCTAATGAACTGAAACTGT TGGTATTTTTAGGCATATGTATAAAAATTGT CATATGTAGGATATCAAATTTAT TAAAT GCAAAAGCATGCTTAGAACAATTTTACTATTTCA

131 260
AS15CQ TAAATCATAAAATATTGGGTTTAAAAATATTTCGACATTCTCATATCGTTTTAGT TTATTTTATTCOGTTTTTCAAAAAATATTATTTTTTATGGAAGT TTATTGAACATGAAATTGATCCAGAAATTAT
AS30CQ TAAATCATAAAATATTGGGTTTAAAAATATTTCGACATTCTCATATCGT TTTAGT TTATTTTATTCCGT TTTTCAAAAAATATTATTTTTTATGGAAGT TTATTGAACATGAAATTGATCCAGAAATTAT
AS- ART TAAATCATAAAATATTGGGTTTAAAAATATTTCGACATTCTCATATCGTTTTAGT TTATTTTATTCOGT TTTTCAAAAAATATTATTTTTTATGGAAGT TTATTGAACATGAAATTGATCCAGAAATTAT
AS- ATN TAAATCATAAAATATTGGGT TTAAAAATATTTCGACATTCTCATATCGT TTTAGT TTATTTTATTCCGT TTTTCAAAAAATATTATTTTTTATGGAAGT TTATTGAACATGAAATTGATCCAGAAATTAT

261 390
AS15CQ TAAACTCATAAATGCAATTATAAATAATTTAGAAAACTTACAAAATAATAAAAATATAAATAATAT TGGAAGT AATCCTATGT TACATCCATACACTCGTAGT AATACATCATTACCTGAAGTAGATCAT
AS30CQ TAAACTCATAAATGCAATTATAAATAATTTAGAAAACT TACAAAATAATAAAAATATAAATAATATTGGAAGT AATCCTATGT TACATCCATACACT CGTAGTAATACATCATTACCTGAAGTAGATCAT
AS- ART TAAACTCATAAATGCAATTATAAATAATTTAGAAAACT TACAAAATAATAAAAATATAAATAATAT TGGAAGT AATCCTATGT TACATCCATACACT CGTAGT AATACATCATTACCTGAAGTAGATCAT
AS- ATN TAAACTCATAAATGCAATTATAAATAATTTAGAAAACT TACAAAATAAT AAAAATATAAATAATATTGGAAGT AATCCTATGT TACATCCATACACT CGTAGTAATACATCATTACCT GAAGTAGATCAT

391 520
AS15CQ TTCTCTTTCCCTTCAAAAGATAAGAATCTAAATCATACTTTTAATAATTTTTCTACCCAATATAACCCACATGATTATAAAACAAGCT TCTCTCACAGCATATCAATAGAAAATAACAATTCAAAACAAA
AS30CQ TTCTCTTTCCCTTCAAAAGATAAGAATCTAAATCATACTTTTAATAATTTTTCTACCCAATATAACCCACATGATTATAAAACAAGCT TCTCTCACAGCATATCAATAGAAAATAACAATTCAAAACAAA
AS- ART TTCTCTTTCCCTTCAAAAGATAAGAATCTAAATCATACTTTTAATAATTTTTCTACCCAATATAACCCACATGATTATAAAACAAGCT TCTCTCACAGCATATCAATAGAAAATAACAATTCAAAACAAA
AS- ATN TTCTCTTTCCCTTCAAAAGATAAGAATCTAAATCATACTTTTAATAATTTTTCTACCCAATATAACCCACATGATTATAAAACAAGCT TCTCTCACAGCATATCAATAGAAAAT AACAATTCAAAACAAA

521 650
AS15CQ ACTTTTTTAAACATAAACAGAATGATTTATCATTAGATTCTGATTTGCCAACACCAGAT TTATTTAACCCAAAAAAT AAAAAAAAAAAAAAAAAAAATTCTGAAAAATTTGAAGATTCACATAATAAAAA
AS30CQ ACTTTTTTAAACATAAACAGAATGATTTATCATTAGATTCTGATTTGCCAACACCAGAT TTAT TTAACCCAAAAAATAAAAAAAAAAAAAAAAAAAAT TCT GAAAAAT TTGAAGAT TCACATAATAAAAA
AS- ART ACTTTTTTAAACATAAACAGAATGATTTATCATTAGATTCTGATTTGCCAACACCAGATTTATTTAACCCAAAAAATAAAAAAAAAAAAAAAAAAAAT TCTGAAAAAT TTGAAGATTCACATAATAAAAA
AS- ATN ACTTTTTTAAACATAAACAGAATGATTTATCATTAGATTCTGATTTGCCAACACCAGAT TTAT TTAACCCAAAAAATAAAAAAAAAAAAAAAAAAAAT TCT GAAAAAT TTGAAGAT TCACATAATAAAAA

651 780
AS15CQ TCAGCAACATCCTCATGATTATTCCGAATTTGATTCACATAATAATTTTCACAAAAATATAATTAATAATATTAATAATATTAATTATTTTAGACCTAGCTCTTTATTTAATACAAATGAAAATTGTGAT
AS30CQ TCAGCAACATCCTCATGATTATTCCGAATTTGATTCACATAATAATTTTCACAAAAATATAAT TAATAATATTAATAATATTAATTATTTTAGACCTAGCTCTTTATTTAATACAAAT GAAAATTGTGAT
AS- ART TCAGCAACATCCTCATGATTATTCCGAATTTGATTCACATAATAATTTTCACAAAAATATAAT TAATAATATTAATAATATTAATTATTTTAGACCTAGCTCTTTATTTAATACAAAT GAAAATTGTGAT
AS- ATN TCAGCAACATCCTCATGATTATTCCGAATTTGATTCACATAATAATTTTCACAAAAATATAAT TAATAATATTAATAATATTAATTATTTTAGACCTAGCTCTTTATTTAATACAAAT GAAAATTGTGAT

781 910
AS15CQ CACGGTATTACTTATGATGACATGT TTAGAGATAATGACAATAGCAGT GATGATAATTATTTTGATAAAGGTAAAAATAAAAT TTGTAATGT TAAAGAATATATTACAAACTTACATTTTAATAATTTAC
AS30CQ CACGGTATTACTTATGATGACATGT TTAGAGATAATGACAATAGCAGT GATGATAATTATTTTGATAAAGGTAAAAATAAAAT TTGTAATGT TAAAGAATATATTACAAACTTACATTTTAATAATTTAC
AS- ART CACGGTATTACTTATGATGACATGT TTAGAGATAATGACAATAGCAGT GATGATAATTATTTTGATAAAGGTAAAAATAAAAT TTGTAATGT TAAAGAATATATTACAAACTTACATTTTAATAATTTAC
AS- ATN CACGGTATTACTTATGATGACATGT TTAGAGATAATGACAATAGCAGT GATGATAATTATTTTGATAAAGGTAAAAATAAAAT TTGTAATGT TAAAGAATATATTACAAACTTACATTTTAATAATTTAC



911 1040
AS15CQ CGGACTATCCTACTTCTTTGAAAAATAGT GATGAAAATAAAAAAT CGGAAGAT AAAAAAAAAAAAAAAAAAAAAAT AAAAAAT GAAAAT CAAAAT AGT AAAGAAGAACAAGAT AAT GGGGAAGAAGAAAA
AS30CQ CGGACTATCCTACTTCTTTGAAAAATAGT GATGAAAATAAAAAAT CGGAAGATAAAAAAAAAAAAAAAAAAAAAAT AAAAAAT GAAAAT CAAAATAGT AAAGAAGAACAAGATAAT GGGGAAGAAGAAAA
AS- ART CGGACTATCCTACTTCTTTGAAAAATAGT GATGAAAATAAAAAAT CGGAAGATAAAAAAAAAAAAAAAAAAAAAAT AAAAAAT GAAAAT CAAAATAGT AAAGAAGAACAAGAT AAT GGGGAAGAAGAAAA
AS- ATN CGGACTATCCTACTTCTTTGAAAAATAGT GATGAAAATAAAAAAT CGGAAGATAAAAAAAAAAAAAAAAAAAAAAT AAAAAAT GAAAAT CAAAATAGT AAAGAAGAACAAGAT AAT GGGGAAGAAGAAAA

1041 1170
AS15CQ TCATAGTAATAAAACT CAACATAAAGAAAATAATAATATTTCAAAAGT CAATGAGCAAAAT GAAAATATTTTACT TTATAATATACAAGAT AAT GAAAATGCAGAAAACAAAATATCCAAAAATTCTAAC
AS30CQ TCATAGTAATAAAACT CAACATAAAGAAAATAATAATATTTCAAAAGT CAATGAGCAAAAT GAAAATATTTTACT TTATAATATACAAGAT AAT GAAAATGCAGAAAACAAAATATCCAAAAATTCTAAC
AS- ART TCATAGTAATAAAACT CAACATAAAGAAAATAATAATATTTCAAAAGT CAATGAGCAAAAT GAAAATATTTTACT TTATAATATACAAGAT AAT GAAAATGCAGAAAACAAAATATCCAAAAATTCTAAC
AS- ATN TCATAGTAATAAAACT CAACATAAAGAAAATAATAATATTTCAAAAGT CAATGAGCAAAAT GAAAATATTTTACT TTATAATATACAAGAT AAT GAAAATGCAGAAAACAAAATATCCAAAAATTCTAAC

1171 1300
AS15CQ ACTACTCGAAAATATATGATTGATGAAAACCT TAATGAATATAAAATTGAAAACAAAAAAGAT GTATCAAACAATTATAATAATAAAGAAGGAT CACCAACT TTTGAAGAAGATAAGTATAGACATAATA
AS30CQ ACTACTCGAAAATATATGATTGATGAAAACCT TAATGAATATAAAATTGAAAACAAAAAAGAT GTATCAAACAATTATAATAATAAAGAAGGAT CACCAACT TTTGAAGAAGATAAGTATAGACATAATA
AS- ART ACTACTCGAAAATATATGATTGATGAAAACCT TAATGAATATAAAATTGAAAACAAAAAAGAT GTATCAAACAATTATAAT AATAAAGAAGGAT CACCAACT TTTGAAGAAGATAAGTATAGACATAATA
AS- ATN ACTACTCGAAAATATATGATTGATGAAAACCT TAATGAATATAAAAT TGAAAACAAAAAAGAT GTATCAAACAATTATAATAATAAAGAAGGAT CACCAACT TTTGAAGAAGATAAGTATAGACATAATA

1301 1430
AS15CQ ATCGATCAAGCACTCCTCAAAACAAT GGAATTAAAAAATTTCCTACTGT TTCCTATGAAGATGCTGATAATTCAAATAATAT GGTGGATAAAAAAT CACAAAAGAATTATATAAATTTAGAATTAGATAG
AS30CQ ATCGATCAAGCACT CCTCAAAACAAT GGAATTAAAAAATTTCCTACTGT TTCCTATGAAGATGCTGATAATTCAAATAATAT GGTGGATAAAAAAT CACAAAAGAATTATATAAATTTAGAATTAGATAG
AS- ART ATCGATCAAGCACT CCTCAAAACAAT GGAAT TAAAAAATTTCCTACTGT TTCCTATGAAGATGCTGATAATTCAAATAATAT GGTGGATAAAAAAT CACAAAAGAATTATATAAATTTAGAATTAGATAG
AS- ATN ATCGATCAAGCACT CCTCAAAACAAT GGAATTAAAAAATTTCCTACTGT TTCCTATGAAGATGCTGATAATTCAAATAATAT GGTGGATAAAAAAT CACAAAAGAATTATATAAATTTAGAATTAGATAG

1431 1560
AS15CQ AGAGAAAAAAGAAAATTTTGGATCCTCAAAAAAGT TAACTAACAT TGAAAGT GCTAAAGGAAT GAATAATGAT GACAAT TATAATAGCAAT AATGAAATAT TAAAT AAT CGTAGAACAAT TCAAACCAAT
AS30CQ AGAGAAAAAAGAAAATTTTGGATCCTCAAAAAAGT TAACTAACAT TGAAAGT GCTAAAGGAAT GAATAATGAT GACAAT TATAATAGCAAT AATGAAATAT TAAAT AAT CGTAGAACAAT TCAAACCAAT
AS- ART AGAGAAAAAAGAAAAT TTTGGATCCTCAAAAAAGT TAACTAACAT TGAAAGT GCTAAAGGAAT GAATAATGAT GACAAT TATAATAGCAAT AATGAAAT AT TAAAT AAT CGTAGAACAAT TCAAACCAAT
AS- ATN AGAGAAAAAAGAAAATTTTGGATCCTCAAAAAAGT TAACTAACAT TGAAAGT GCTAAAGGAAT GAATAATGAT GACAAT TATAATAGCAAT AATGAAAT AT TAAAT AAT CGTAGAACAAT TCAAACCAAT

1561 1690
AS15CQ GGACATACTGTTAACTACAACAGAAATAATAACAATAT GAGACCAGATGAATAT GAAAACT TTGTAAAAGATAAAAAAAACCGAT TTAGATAT TATACAAAGAAAAGGAATATCTCTTGT TAATGCTACAA
AS30CQ GGACATACTGT TAACTACAACAGAAATAATAACAAT AT GAGACCAGATGAATAT GAAAACT TTGTAAAAGATAAAAAAAACCGAT TTAGATAT TATACAAAGAAAAGGAATATCTCTTGT TAATGCTACAA
AS- ART GGACATACTGTTAACTACAACAGAAATAATAACAATAT GAGACCAGATGAATATGAAAACT TTGTAAAAGATAAAAAAAACGAT TTAGATAT TATACAAAGAAAAGGAATATCTCTTGT TAATGCTACAA
AS- ATN GGACATACTGI TAACTACAACAGAAATAATAACAATAT GAGACCAGATGAATATGAAAACT TTGTAAAAGATAAAAAAAACGAT TTAGATAT TATACAAAGAAAAGGAATATCTCTTGT TAATGCTACAA

1691 1820
AS15CQ CAAATAATAATTATGAAGAAATAAATATAGT TAATAATCCTATAGAAAAAAAT AAACAT GT TAGT TCAGATAAGT TAATACAAAAACGACCCAAATATTTAATGT TACCAATTGATACGACTGAATTAAA
AS30CQ CAAATAATAATTATGAAGAAATAAATATAGT TAATAATCCTATAGAAAAAAAT AAACAT GT TAGT TCAGATAAGT TAATACAAAAACGACCCAAATATTTAATGT TACCAATTGATACGACTGAATTAAA
AS- ART CAAATAATAATTATGAAGAAATAAATATAGT TAATAATCCTATAGAAAAAAAT AAACAT GT TAGT TCAGATAAGT TAATACAAAAACGACCCAAATATTTAATGT TACCAATTGATACGACTGAATTAAA
AS- ATN CAAATAATAATTATGAAGAAATAAATATAGT TAATAATCCTATAGAAAAAAAT AAACAT GT TAGT TCAGATAAGT TAATACAAAAACGACCCAAATATTTAATGT TACCAATTGATACGACTGAATTAAA

1821 1950
AS15CQ AAAAATGCAAAAAGGAAAATTACGACACCCACCTGTTGGT TTGATAAATTTAGGAAATACT TGCTACTTAAATAGT TTATTACAAGCATTATATAGTACTGTTTCATTTGI TGTTAATTTATACATTTTT
AS30CQ AAAAATGCAAAAAGGAAAATTACGACACCCACCTGTTGGT TTGATAAATTTAGGAAATACT TGCTACTTAAATAGT TTATTACAAGCATTATATAGTACTGTTTCATTTGT TGTTAATTTATACATTTTT
AS- ART AAAAATGCAAAAAGGAAAATTACGACACCCACCTGTTGGT TTGATAAATTTAGGAAATACT TGCTACT TAAATAGT TTATTACAAGCATTATATAGTACTGT TTCATTTGI TGT TAATTTATACATTTTT
AS- ATN AAAAATGCAAAAAGGAAAATTACGACACCCACCTGTTGGT TTGATAAATTTAGGAAATACT TGCTACT TAAATAGT TTATTACAAGCATTATATAGTACTGTTTCATTTGT TGTTAATTTATACATTTTT
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1951 2080
AS15CQ AATATTGATGATAATAAAGAATTAAAACACATAAATAATAAAAATATCT CTAACGAAAT GCCCATCAAAAATAAATTATCATTTAACCT GAACAATACAAACAT GAATAATAATAATAATAAT GCAAACT
AS30CQ AATATTGATGATAATAAAGAATTAAAACACATAAATAATAAAAATAT CTCTAACGAAAT GCCCATCAAAAATAAATTATCATTTAACCT GAACAATACAAACAT GAATAATAATAATAATAATGCAAACT
AS- ART AATATTGATGATAATAAAGAATTAAAACACATAAATAATAAAAATATCTCTAACGAAAT GCCCATCAAAAATAAAT TATCATTTAACCT GAACAATACAAACAT GAATAATAATAATAATAATGCAAACT
AS- ATN AATATTGATGATAATAAAGAATTAAAACACATAAATAATAAAAATATCTCTAACGAAAT GCCCATCAAAAATAAAT TATCATTTAACCT GAACAATACAAACAT GAATAATAATAATAATAAT GCAAACT

2081 2210
AS15CQ TACTTTCAAAACGATTTTTATATGAGT TGAAAATATTATTTAAATTAATGACTACAACAAATAAAAAATATGT TTCACCAGATAATAT TTTAGGTATACTACCT CAAGAACTTAACAATAGAAATCAACA
AS30CQ TACTTTCAAAACGATTTTTATATGAGT TGAAAATATTATTTAAATTAATGACTACAACAAATAAAAAATATGT TTCACCAGATAATATTTTAGGTATACTACCT CAAGAACT TAACAATAGAAATCAACA
AS- ART TACTTTCAAAACGATTTTTATATGAGT TGAAAATATTATTTAAATTAATGACTACAACAAATAAAAAATATGT TTCACCAGATAATAT TTTAGGTATACTACCT CAAGAACT TAACAATAGAAATCAACA
AS- ATN TACTTTCAAAACGATTTTTATATGAGT TGAAAATATTATTTAAATTAAT GACTACAACAAATAAAAAATATGT TTCACCAGATAATATTTTAGGTATACTACCT CAAGAACT TAACAATAGAAATCAACA

2211 2340
AS15CQ AGATGTTACAGAATTATTTAGATATACATTTGAACAAT TAGGAGGAT CAGAAAAAAAAT TTCTAAGAT TAATAT TTTCAGGAGT TGTTATACAAAAAGT TCAATGCCAAAAATGT TTTTTTATTTCAAAG
AS30CQ AGATGTTACAGAATTATTTAGATATACATTTGAACAAT TAGGAGGATCAGAAAAAAAAT TTCTAAGAT TAATAT TTTCAGGAGT TGTTATACAAAAATTTCAATGCCAAAAATGT TTTTTTATTTCAAAG
AS- ART AGATGTTACAGAATTATTTAGATATACATTTGAACAAT TAGGAGGATCAGAAAAAAAAT TTCTAAGAT TAATAT TTTCAGGAGT TGTTATACAAAAAT T TCAATGCCAAAAATGT TTTTTTATTTCAAAG
AS- ATN AGATTTTACAGAATTATTTAGATATACATTTGAACAAT TAGGAGGATCAGAAAAAAAAT TTCTAAGAT TAATAT TTTCAGGAGT TGTTATACAAAAAGT TCAATGCCAAAAATGT TTTTTTATTTCAAAG

2341 2470
AS15CQ AAAGAAGAAATTATCCACGATTTATCATTTCATGT TCCTGCAAAGT CAAGT AAAAAACAGT CTATCCAAAAAT TCTTTGATACATATATTCAAAAAGAAAAAAT TTATGGAAACAATAAATACAAATCCT
AS30CQ AAAGAAGAAATTATCCACGATTTATCATTTCATGT TCCTGCAAAGT CAAGT AAAAAACAGT CTATCCAAAAAT TCTTTGATACATATATTCAAAAAGAAAAAAT TTAT GGAAACAATAAATACAAATGCT
AS- ART AAAGAAGAAATTATCCACGATTTATCATTTCATGT TCCTGCAAAGT CAAGT AAAAAACAGT CTATCCAAAAATTCTTTGATACATATAT TCAAAAAGAAAAAAT TTATGGAAACAATAAATACAAATCCT
AS- ATN AAAGAAGAAATTATCCACGATTTATCATTTCATGT TCCTGCAAAGT CAAGT AAAAAACAGT CTATCCAAAAAT TCTTTGATACATATATTCAAAAAGAAAAAAT TTAT GGAAACAATAAATACAAATGCT

2471 2600
AS15CQ CGAAATGCAACAAAAGGCGAAAT GOCCT CAAGT GGAACGAAAT CATAT CCCOCCCCTGCCACCT CATACTAAT TCTGAACAGGT AAACCAAAAAAT GCAAAAAAAT CCAAAAAAAT CCAAAAAAAT CCAA
AS30CQ CGAAATGCAACAAAAGGCGAAAT GOCCT CAAGT GGAACGAAAT CATAT CCCOCCCCTGCCACCT CATACTAAT TCTGAACAGGT AAACCAAAAAAT GCAAAAAAAT CCAAAAAAAT CCAAAAAAAT CCAA
AS- ART CGAAATGCAACAAAAGGCGAAAT GOCCT CAAGT GGAACGAAAT CATAT CCCOCCCCTGCCACCT CATACTAAT TCTGAACAGGT AAACCAAAAAAT GCAAAAAAAT CCAAAAAAAT CCAAAAAAAT CCAA
AS- ATN CGAAATGCAACAAAAGGCGAAAT GCCCT CAAGT GGAACGAAAT CATAT CCCOCCCCTGCCACCT CATACTAAT TCTGAACAGGT AAACCAAAAAAT GCAAAAAAAT CCAAAAAAAT CCAAAAAAAT CCAA

2601 2730
AS15CQ AAAAATCCAAAAAAAAGCAAAAAAAAATATTTTTCACTTCGTCAATTTTTCATTTTTCAATTTTCCATTTCGTCAATTTTTCACTTCGTCAATTTTTCACTTCGTCATTTTTCCATTTTCCACTCCTTCC
AS30CQ AAAAATCCAAAAAAAAGCAAAAAAAAATATTTTTCACTTCGTCAATTTTTCATTTTTCAATTTTCCATTTCGTCAATTTTTCACTTCGTCAATTTTTCACTTCGTCATTTTTCCATTTTCCACTCCTTCC
AS- ART AAAAATCCAAAAAAAAGCAAAAAAAAATATTTTTCACTTCGTCAATTTTTCATTTTTCAATTTTCCATTTCGTCAATTTTTCACTTCGTCAATTTTTCACTTCGTCATTTTTCCATTTTCCACTCCTTCC
AS- ATN AAAAATCCAAAAAAAAGCAAAAAAAAATATTTTTCACTTCGTCAATTTTTCATTTTTCAATTTTCCATTTCGTCAATTTTTCACTTCGTCAATTTTTCACTTCGTCATTTTTCCATTTTCCACTCCTTCC
2731 2860

AS15CQ CACTTTCAGGTACAACTGGTCGT TTAGCT CCAACGAAAAGAAGAAAAT AAAAACGCACGT CAAGAT CAACAAAAAGATAGT TGTAAACAATTTTGATTACCGAT TGTATGGAGGAATAAT TCACAGT GGC
AS30CQ CACTTTCAGGTACAACTGGTCGT TTAGCT CCAACGAAAAGAAGAAAAT AAAAACGCACGT CAAGAT CAACAAAAAGATAGT TGTAAACAATTTTGATTACCGAT TGTATGGAGGAATAAT TCACAGT GGC
AS- ART CACTTTCAGGTACAACTGGTCGT TTAGCT CCAACGAAAAGAAGAAAAT AAAAACGCACGT CAAGAT CAACAAAAAGATAGT TGTAAACAAT TTTGATTACCGAT TGTATGGAGGAATAAT TCACAGT GGC
AS- ATN CACTTTCAGGTACAACTGGTCGT TTAGCT CCAACGAAAAGAAGAAAAT AAAAACGCACGT CAAGAT CAACAAAAAGATAGT TGTAAACAAT TTTGATTACCGAT TGTATGGAGGAATAAT TCACAGT GGC

2861 2990
AS15CQ GTGTCAGCATCATCAGGT CATTATTATTTTATCGGAAAGAAAT CCGAAAAAGGT GACAAT TCAAAAAAT GAATGGT ATCAAATGGACGACT CAGCTATTACTAAAGT TAGT TCCAAATCCATAAACCGAA
AS30CQ GTGTCAGCATCATCAGGT CATTATTATTTTATCGGAAAGAAAT CCGAAAAAGGT GACAAT TCAAAAAAT GAAT GGT AT CAAAT GGACGACT CAGCTATTACTAAAGT TAGT TCCAAAT CCATAAACCGAA
AS- ART GTGTCAGCATCATCAGGT CATTATTATTTTATCGGAAAGAAAT CCGAAAAAGGT GACAAT TCAAAAAAT GAAT GGT AT CAAAT GGACGACT CAGCTATTACTAAAGT TAGT TCCAAAT CCATAAACCGAA
AS- ATN GTGTCAGCATCATCAGGT CATTATTATTTTATCGGAAAGAAAT CCGAAAAAGGT GACAAT TCAAAAAAT GAAT GGT AT CAAAT GGACGACT CAGCTATTACTAAAGT TAGT TCCAAAT CCATAAACCGAA
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AS150Q
AS300Q
AS- ART
AS- ATN

2991 3079
TTTCTAAAGATCCATCAAATGATCACACTCCTTACGTTTTATTTTATCGI TGCAAACAAGCTCCCGATTCCCCAAGCTTATACTTTTAA
TTTCTAAAGATCCATCAAATGATCACACTCCTTACGTTTTATTTTATCGI TGCAAACAAGCTCCCGATTCCCCAAGCTTATACTTTTAA
TTTCTAAAGATCCATCAAATGATCACACTCCTTACGTTTTATTTTATCGTI TGCAAACAAGCTCCCGATTCCCCAAGCTTATACTTTTAA
TTTCTAAAGATCCATCAAATGATCACACTCCTTACGTTTTATTTTATCGT TGCAAACAAGCTCCCGATTCCCCAAGCTTATACTTTTAA

201



APPENDIX 5

THE RELATIVE INTENSITY AND COMPARATIVE INTENSITES O F
ALL AFLP MARKERS ANALYSED IN THE LGS EXPERIMENTS
DESCRIBED IN CHAPTER V

A - AS-ART x AJ — AJ specific AFLP markers

Marker Name Relative Intensity

Non ART Comparative Intensity ART
AJ Marker CM distance along chromosome  passaged Untreated  treated treated/Untreated

Chromosome 1

AJTGO1GT 12 1,31 1,26 1,09 0,8651
AJACO3TA 16,2 1,19 1,23 0,59 0,4797
AJAGO2TC 16,2 0,5 0,3 0,2 0,6667
AJTAO3AT 16,2 0,5 0,42 0,34 0,8095
AJAGO1GT 25,4 1,8 2,3 1,2 0,5217
AJTGO1AA 43,4 0,64 0,9 0,57 0,6333
Chromosome 5
AJAAD4AC 70 0,5 0,7 0,6 0,8571
AJATO7AT 70 0,4 0,41 0,23 0,5610
AJATO1AT 73,9 1,16 2,51 1,28 0,5100
AJTA01AC 77,5 1,97 1,02 0,56 0,5490
AJAGO1TT 82,7 0,4 0,3 0,3 1,0000
AJAAO3TA 82,9 0,6 0,6 0,3 0,5000
Chromosome 6
AJAGO2AG 11,3 0,1 0,3 0,3 1,0000
AJAGO02CT 11,3 0,6 0,4 0,2 0,5000
AJAC01GT 11,3 1,06 0,55 0,8 1,4545
AJATO2TA 11,3 0,93 0,88 0,8 0,9091
AJTCO02CT 11,3 1,08 0,81 0,64 0,7901
AJTCO1TC 11,3 0,45 0,45 0,45 1,0000
AJTG02AA 11,3 0,84 0,82 0,75 0,9146
AJTTO5AT 11,3 7,03 10,78 1,35 0,1252
AJAGO1CT 16,1 0,5 0,7 0,5 0,7143
AJATO3TG 29,3 0,82 0,8 0,6 0,7500
AJTA02GA 37,1 2,07 2,3 2,22 0,9652
AJTTO1CA 44,3 1,44 0,45 0,38 0,8444
AJTA02AC 62,7 0,34 0,31 0,22 0,7097
Chromosome 7
AJAA02TG 24,1 2 2 1 0,5000
AJAGO1AG 37,2 0,5 0,5 0,5 1,0000
AJAAO01GA 37,3 2,9 1,7 1,2 0,7059
AJATO1GT 37,3 0,61 0,54 0,31 0,5741
AJTTO6AT 48,5 0,49 2,55 2,66 1,0431
AJTA01CA 62,3 0,73 0,58 0,26 0,4483
AJGAO3AC 77,5 0,87 1,29 0,58 0,4496
AJAT02TC 77,5 1,05 0,73 0,45 0,6164
AJTGO2AT 77,5 2,54 1,51 0,71 0,4702
AJTGO1TC 77,5 1,28 1,07 0,69 0,6449
AJAT02AC 77,7 1,82 1,41 0,81 0,5745
AJTTO3TG 81,4 0,1 0,54 0,88 1,6296
AJAAO5CA 96,3 0,68 0,47 0,29 0,6170
AJAGO2CA 100,3 0,8 0,7 0,6 0,8571
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AJTG01AG 104,4 0,05 0,15 0,12 0,8000
AJTGO1GA 104,4 0,68 0,96 0,7 0,7292
AJACO2TT 123,8 3,39 2,44 1,23 0,5041
AJTCO1AG 135,1 0,06 0,03 0,03 1,0000
AJAAO3AT 135,3 0,3 0,4 0,3 0,7500
Chromosome 8
AJAGO3AG 0 0,2 0,2 0,06 0,3000
AJTTO2AT 17,3 0,8 04 0,06 0,1500
AJATOL1TA 21,3 2,99 3,22 1,04 0,3230
AJTTO7AT 25,9 0,86 0,82 1,04 1,2683
AJAC02AG 43 1,2 1 0,7 0,7000
AJAC02AT 46,2 0,37 0,42 0,21 0,5000
AJTGO3AA 55 0,69 1,2 0,56 0,4667
AJTCO1TG 58,5 2,13 2,15 1,33 0,6186
AJACO3AT 73,2 1,96 1,57 0,5 0,3185
Chromosome 9
AJATO5TG 40,2 2,26 1,45 1,35 0,9310
AJATO1TC 40,2 1,86 1,31 0,84 0,6412
AJTA01GT 40,2 5,96 6,75 4,09 0,6059
AJACO01AA 51,7 0,83 0,9 0,5 0,5556
AJACO01CT 51,7 1,45 0,64 0,53 0,8281
AJAGO1TC 63,5 0,2 0,4 0,3 0,7500
AJATO4TA 67,2 0,57 0,64 0,47 0,7344
Chromosome 10
AJGA01ITT 7,2 0,65 0,45 0,12 0,2667
AJAGO3AC 10,9 0,8 0,8 0,2 0,2500
AJAC02AC 10,9 3,7 2,6 0,8 0,3077
AJAC02AA 18,4 0,75 0,6 0,1 0,1667
AJGAO3AG 18,4 0,67 0,82 0,18 0,2195
AJGA01CA 18,4 0,75 0,74 0,15 0,2027
AJGA02CA 18,4 1,46 1,18 0,33 0,2797
Chromosome 11
AJATO3CT 5,3 0,64 0,83 0,41 0,4940
AJACO01CA 9,6 1,26 1,52 0,93 0,6118
AJTTO3AT 9,7 0,7 0,39 0,06 0,1538
AJTTO3CA 9,7 14,2 0,8 0,58 0,7250
AJTTO02GA 9,7 0,26 0,4 0,38 0,9500
AJTTO3AA 13,6 0,99 0,9 0,66 0,7333
AJATO3AA 17,6 1,67 1,75 1 0,5714
AJATO1AA 21,6 0,71 0,99 0,46 0,4646
AJGA02TT 31,2 0,53 0,23 0,12 0,5217
AJTA0LTT 39,3 0,74 0,71 0,55 0,7746
AJTGO5AT 39,3 0,5 0,61 0,38 0,6230
AJATO6CT 44,6 3,08 2,15 1,72 0,8000
AJAGO1TA 48,7 0,5 0,5 0,4 0,8000
AJACO1TA 53 1,71 1,11 0,82 0,7387
Chromosome 12
AJTTO4AT 13,3 1,05 0,44 0,06 0,1364
AJACO01GA 20,8 0,42 0,38 0,24 0,6316
AJTTO1CT 24,6 0,04 0,19 0,69 3,6316
AJAA02TC 35,9 2 0,8 0,5 0,6250
AJTCO1CT 50,9 1,29 0,8 0,46 0,5750
AJATO04ACT 79,9 0,53 0,8 0,59 0,7375
AJAGO1TG 106,8 0,3 0,5 0,4 0,8000
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AJTCO1TA 1114 0,56 0,46 0,29 0,6304
AJTTO02AA 1235 0,79 0,47 0,34 0,7234
AJAAO3TC 123,6 0,5 0,4 0,3 0,7500
Chromosome 13
AJTTO1AG 15,2 1,02 0,77 0,69 0,8961
AJAAO3TG 28,5 1 15 1 0,6667
AJAC04.0AT 28,5 0,51 0,65 0,46 0,7077
AJTA01GA 28,5 1,51 2,38 1,35 0,5672
AJTTO4AA 32,4 0,31 0,29 0,42 1,4483
AJTTO02AC 36,7 0,71 0,97 1,03 1,0619
AJAAOQLIAT 44,5 0,8 0,8 0,8 1,0000
AJAT02TG 64 1,01 0,53 0,51 0,9623
AJTA01AG 72,9 15,39 18,47 6,69 0,3622
AJGAO02AA 76,9 1,02 0,98 0,71 0,7245
AJAAO3AC 136,1 0,7 0,8 0,5 0,6250
AJAAOLTG 151,2 0,3 0,1 0,1 1,0000
AJAGO4AG 177,9 0,9 0,3 0,2 0,6667
AJTG02AG 183,4 0,57 0,76 0,83 1,0921
AJTTO2TG 183,4 14 1,47 1,16 0,7891
AJTTO2TT 183,4 0,95 1,38 1,35 0,9783
AJTTO2CA 183,4 1,28 0,32 0,2 0,6250
AJGAO02AG 183,5 1,88 1,96 1,47 0,7500
AJGA02CT 183,5 0,3 0,29 0,23 0,7931
AJTA01TC 187,9 0,3 0,32 0,17 0,5313
AJAAO3CA 200 1,09 1,23 0,73 0,5935
AJACO3TT 200 5,47 4,07 2,94 0,7224
AJATO2AT 200 1,49 1,09 0,97 0,8899
AJAAO01AG 208,2 0,5 0,3 0,3 1,0000
AJTGO1TG 217,8 0,04 0,02 0,03 1,5000
Group 31
AJTT02CT 0 58,5 1,33 1,11 0,8346
Group 12
AJAGO2AC 28,3 0,6 0,4 0,3 0,7500
AJAGO2TA 0 0,2 0,3 0,2 0,6667
AJGAO1AG 4 0,35 0,35 0,5 1,4286
AJACO4TA 4 0,89 1,11 0,67 0,6036
AJTGO3AT 12,8 0,73 0,54 0,37 0,6852
AJACO04AA 20,3 0,5 0,6 0,6 1,0000
AJGAOLIAC 20,3 1,78 1,44 1,06 0,7361
AJATO4AT 20,3 2,1 1,35 1,15 0,8519
AJTTO3CT 28,3 57,19 0,49 0,42 0,8571
AJGA02AC 28,3 1,64 1,91 0,84 0,4398
Group 14
AJTGO02CT 4 15 1 1,14 1,1400
AJTTOLTT 8,2 0,31 0,49 0,45 0,9184
Group 15
AJATO3AC 0 1,03 0,88 0,5 0,5682
AJTCO1GT 4,4 0,9 0,87 0,64 0,7356
AJTGO4AT 24,5 0,94 1,19 0,56 0,4706
AJTTO1AA 48,4 0,73 0,41 0,28 0,6829
Group 2
AJAAO2TA 0 0,6 0,5 0,3 0,6000
AJAGO2TT 19,8 0,8 0,9 0,5 0,5556
AJACO5AT 24,4 2,44 1,49 0,75 0,5034
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AJAADITA 28,1 0,4 0,5 0,2 0,4000
AJGAO2TA 33,1 0,67 0,69 0,37 0,5362
AJAGO2AT 36,8 0,7 0,6 0,2 0,3333
AJTTO1TC 44,6 2,25 2,43 15 0,6173
AJGAO1GA 71,9 1,37 1,22 0,46 0,3770
AJTTO1GT 71,9 4,82 0,67 1,03 1,5373
AJTAO03AC 79,6 0,55 0,47 0,17 0,3617
AJACOLTT 88,4 3,9 2,9 1,27 0,4379
AJGAOLIAT 88,4 0,42 0,59 0,53 0,8983
AJATO5AT 120,6 1,13 0,83 0,52 0,6265
Group 20
AJATO3TA 4,6 5,01 4,35 3,43 0,7885
AJAAQLIGT 8,7 0,5 0,5 0,5 1,0000
AJAT02AA 8,7 0,36 0,41 0,28 0,6829
AJATO1AC 8,7 1,26 14 0,96 0,6857
AJTCO2TA 8,7 2,36 2,12 1,47 0,6934
AJAAO5AC 16,8 15 1,3 1 0,7692
AJAT02GT 16,8 1,13 0,83 0,61 0,7349
AJATO4TG 25,5 1 0,65 0,57 0,8769
AJTTO5AA 43,7 0,15 0,11 0,13 1,1818
AJATOLTG 43,7 0,95 0,5 0,42 0,8400
AJATO4AA 47,5 0,31 0,45 0,34 0,7556
AJAT02CT 71,9 1,12 0,99 0,41 0,4141
AJATOL1CT 84,2 1,98 0,9 0,8 0,8889
AJTGO1CT 84,2 0,98 1,08 1 0,9259
AJTTO6AA 84,2 0,16 0,15 0,13 0,8667
AJAGO3AT 92,7 15 1 0,6 0,6000
AJGA02AT 92,7 0,85 0,81 0,74 0,9136
Group 21
AJAAQLIAC 0 1,2 1,3 1,2 0,9231
Group 29
AJATO1CA 0 0,33 0,44 0,29 0,6591
Group 3
AJTTO7AA 40,7 1,63 0,91 0,87 0,9560
AJACO01AG 44,2 1,44 1,42 1,4 0,9859
AJTTO1AC 49,5 0,49 0,53 0,45 0,8491
AJTA02AT 51,4 0,29 0,3 0,21 0,7000
AJACO1AT 63,8 0,88 0,97 0,87 0,8969
AJAAQ2TT 75,5 1,9 1,1 0,6 0,5455
AJTAO01AT 86,4 0,58 0,48 0,42 0,8750
Group 33
AJTTO1AT 8,1 0,52 1,21 0,18 0,1488
AJGAO1AA 22,5 1,28 0,83 0,44 0,5301
Group 38
AJTA02AG 75 1,24 0,91 0,26 0,2857
AJACO1TG 11 0,65 0,53 0,24 0,4528
AJGAOLTA 15,8 0,64 0,66 0,21 0,3182
Group 6
AJGAOLITG 0 1,03 0,86 0,59 0,6860
AJGA01CT 0 0,64 0,6 0,32 0,5333
AJTTO1TG 0 2,08 1,69 1,51 0,8935
AJAAQ2AT 8,5 1 1 0,8 0,8000
AJAGO1AT 19,4 0,4 0,6 0,7 1,1667
No data
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AJAGO2TG e, 0,7 0,7 04 0,5714

AJAADLITC i 1 0,9 0,9 1,0000
AJACOA.5AT s 0,45 0,25 0,09 0,3600
AJGAO4AT 0,56 0,8 0,49 0,6125
AJGAOSAT 0,37 0,39 0,25 0,6410
AJACO02TA 0,92 0,75 0,46 0,6133
AJGAOD3AA e 0,86 0,78 0,61 0,7821
AJTADITG e 3,91 3,46 2,86 0,8266
AJTAD3GA e 0,72 1,39 1,37 0,9856
AJTCO2AG s 0,43 0,53 0,24 0,4528
AJTCO2TG 0,12 0,3 0,42 1,4000
AJTG04AG 0,88 0,97 0,76 0,7835
AJTGO5AG 1,16 1,75 2,95 1,6857
AJTGO2TG e emens 0,04 0,03 0,04 1,3333
AJTGO3TG i 2,41 0,98 0,65 0,6633
AJAGO3CA s 0,3 0,4 0,3 0,7500
AJAGOS5CT e 0,6 0,5 0,3 0,6000
AJAGOIAC s 0,09 0,09 0,15 1,6667
AJATO1GA 1,69 1,68 0,85 0,5060
Unlinked
AJAGOIAA s 0,5 0,8 1 1,2500
AJAAD2AC 1 1 1 1,0000
AJACO3AG s 3,74 3,11 2,23 0,7170
AJAADLICA 1,39 1,08 0,7 0,6481
AJACO2CT i 3,33 2,07 1,57 0,7585
AJGAO3AT 1,41 0,91 0,41 0,4505
AJATOBAT 0,66 0,5 0,31 0,6200
AJATO2CA e 0,8 0,53 0,3 0,5660
AJTADICT e 0,73 0,61 0,64 1,0492
AJTCOIAT s 0,86 0,3 0,5 1,6667
AJTTO3GA e 10,92 1,57 1,32 0,8408

B - AS-ART x AJ — AS specific AFLP markers

Marker Name Relative Intensity

Non ART Comparative Intensity ART
AS Markers CM distance along chromosome  passaged Untreated  treated treated/Untreated

Chromosome 1

ASAA01TC 16,2 0,56 0,09 0,28 3,1111
ASAA02CA 16,2 1,39 0,25 0,9 3,6000
ASTAOLTT 16,2 1,08 0,42 0,65 1,5476
ASTAO02AT 16,2 0,29 0,07 0,22 3,1429
ASTA02GT 16,2 1,47 0,24 0,57 2,3750
ASTGO1AA 43,4 0,7 0,13 0,3 2,3077
Chromosome 5
ASAA03TG 26,7 0,81 0,24 0,46 1,9167
ASAA02GA 54,4 0,85 0,18 0,38 2,1111
ASACO3AT 69,9 1,24 0,24 0,68 2,8333
ASAA04AC 69,9 0,31 0,09 0,19 2,1111
ASAC01AG 74,6 0,67 0,09 0,32 3,5556
ASTAO01AC 74,6 1,3 0,36 0,63 1,7500
Chromosome 6
ASACO02AT 11,3 0,75 0,08 0,2 2,5000
ASATO1AA 11,3 0,31 0,13 0,24 1,8462
ASTC01TC 11,3 0,17 0,09 0,18 2,0000
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ASTGO1AT 11,3 1,94 0,3 0,69 2,3000
ASTTO01CA 44,2 0 1,54 0,09 0,0584
ASAGO1TG 62,6 1,6 0,25 0,46 1,8400
Chromosome 7
ASAA02GT 31,6 1,08 0,29 0,42 1,4483
ASACO1GT 31,6 0,68 0,13 0,18 1,3846
ASAAQ1CA 48,4 1,21 0,28 1,03 3,6786
ASAAQ5CA 62,2 1 0,35 0,97 2,7714
ASTTO3CA 62,2 1,09 0,72 0,8 1,1111
ASACO05AA 69,7 0,85 0,58 0,6 1,0345
ASATO2AT 69,7 0,55 0,11 0,37 3,3636
ASTGO01TC 77,5 0,17 0,11 0,31 2,8182
ASAGO02CA 100,3 1,7 0,2 0,6 3,0000
ASTT01AG 123,6 0,07 0,13 0,14 1,0769
ASACO1TA 127,6 1,23 0,19 0,61 3,2105
Chromosome 8
ASACO01TG 30,8 1,19 0,3 0,85 2,8333
ASTAO1AT 34,3 0,38 0,16 0,25 1,5625
ASAGO01CA 38,2 14 0,1 0,5 5,0000
ASGA02AC 43 1,36 0,41 1,23 3,0000
ASTGO02AA 50,8 0,12 0,59 0,43 0,7288
ASTCO1CT 58,5 44,6 12,7 31,35 2,4646
ASACO1AT 73,2 0,44 0,05 0,28 5,6000
ASATO03AC 73,2 1,46 0,39 1,22 3,1282
Chromosome 9
ASTAO01IGT 40,2 4,04 2,18 3,43 1,5734
ASAAQ4CA 40,2 1,02 0,24 0,68 2,8333
ASACO03CT 51,7 0,91 0,18 0,64 3,56556
ASTTO5CA 51,7 0,85 0,8 0,6 0,7500
ASATO04AA 59,2 0,41 0,16 0,33 2,0625
ASTTO2TT 71,1 389 0,55 0,04 0,0727
Chromosome 10
ASGAO01TC 7,2 0,46 0,11 0,39 3,5455
ASTGO1CA 7,2 20,8 1,03 0,98 0,9515
ASTTO1TT 10,9 0,01 18,6 2,93 0,1573
ASGAO01CA 18,4 0,99 0,22 0,75 3,4091
ASATO5AA 18,4 0,31 0,11 0,28 2,5455
ASTA02AG 18,4 0,37 0,15 0,47 3,1333
Chromosome 11
ASAGO3CA 53 24 0,1 0,9 9,0000
ASATO03AA 5,3 0,95 0,27 0,78 2,8889
ASTC02AC 5,3 0,25 0,12 0,28 2,3333
ASTT02AA 5,3 0,09 0,07 0,07 1,0000
ASTAO03GA 21,5 1,17 0,17 0,59 3,4706
ASTCO01CA 21,5 1,21 0,28 0,8 2,8571
ASTAOLTA 39,2 0,29 0,12 0,21 1,7500
ASTCO01AC 39,2 0,07 0,04 0,06 1,5000
ASTGO1TA 39,2 0,59 0,15 0,34 2,2667
ASAGO1TA 48,7 0,6 0,3 0,4 1,3333
ASAA01TG 52,9 1,32 0,82 0,47 0,5732
ASACO02TA 52,9 1,65 0,14 0,35 2,5000
Chromosome 12
ASACO02CT 20,8 0,83 0,06 0,31 5,1667
ASAA01AT 54,6 0,82 0,38 0,86 2,2632
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ASACO03AA 54,6 0,99 0,25 0,66 2,6400
ASGA02AG 66,4 1,17 0,39 1,09 2,7949
ASTCO1TA 1114 0,61 0,07 0,33 4,7143
Chromosome 13
ASAA05AT 0 1,67 0,56 0,55 0,9821
ASTGO02TT 3,9 0,8 0,1 0,19 1,9000
ASTAO1AA 15,2 1,08 0,41 0,71 1,7317
ASTT02AG 15,2 0,14 0,1 0,24 2,4000
ASTTO1GA 28,5 1,23 1,84 1,47 0,7989
ASAA01TA 36,1 1,57 0,14 0,39 2,7857
ASAAD4TA 36,1 0,73 0,09 0,26 2,8889
ASTAO02CA 36,1 0,42 0,14 0,29 2,0714
ASTAO02CA 36,1 1,22 0,29 0,42 1,4483
ASAA03AT 44,6 0,31 0,15 0,23 1,5333
ASTAOLAG 73 11,2 7,84 59 0,7526
ASTT02TC 132,5 0,01 0,01 0,02 2,0000
ASGAO02TA 177,9 0,14 0,02 0,06 3,0000
ASATO1AC 177,9 0,94 0,4 0,62 1,5500
ASGAO03CA 177,9 0,58 0,08 0,19 2,3750
ASTAO03TA 183,5 1,65 0,45 1,23 2,7333
ASTGO3AA 183,5 0,43 0,09 0,27 3,0000
ASTT02CA 183,5 0 2,65 0,93 0,3509
ASTAO01CT 200,1 0,36 0,11 0,16 1,4545
ASTAO01CT 200,1 0,79 0,29 0,42 1,4483
ASTTO4AT 200,1 0,96 1,88 0,98 0,5213
ASATO1AT 209,2 1,33 0,3 0,65 2,1667
ASGAO02AT 221,9 0,85 0,14 0,34 2,4286
Group 12
ASACO01GA 4 1,15 0,24 0,67 2,7917
ASGAO01AG 4 0,82 0,12 0,3 2,5000
ASAT09AA 4 0,44 0,2 0,25 1,2500
ASATO8AA 12,8 0,58 0,14 0,29 2,0714
ASAA01GT 20,3 0,73 0,15 0,4 2,6667
ASGAO3AC 20,3 0,46 0,24 0,23 0,9583
ASGAO1AC 24,4 1,35 0,25 0,93 3,7200
ASTA02TA 28,3 3,24 0,92 1,74 1,8913
Group 14
ASTAO03AA 0 2,65 0,26 0,69 2,6538
ASTAO02AA 4 0,62 0,15 0,31 2,0667
Group 16
ASATO4AC 0,98 0,26 0,64 2,4615
ASTGO1TT 0,51 0,1 0,18 1,8000
ASTTO1CT 4,4 0 0,25 0,28 1,1200
ASAGO1CT 12,4 1,6 0,2 1 5,0000
ASAA03TA 32,2 0,61 0,21 0,35 1,6667
ASTTO1AC 40,3 8,43 2,25 0,93 0,4133
ASTTO3AA 59,2 0,08 0,07 0,08 1,1429
ASTTO1AA 74,5 0,16 2,4 0,65 0,2708
Group 2
ASAA02AT 0 0,8 0,17 0,59 3,4706
ASAGO1TT 7,8 15 0,3 0,8 2,6667
ASAC02AG 24,4 0,91 0,16 0,55 3,4375
ASTCO01GA 24,4 3,59 1,04 3,31 3,1827
ASTTO1AT 71,9 0,41 0,28 0,41 1,4643
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ASTTO4CA 71,9 46,8 0,71 1,11 1,5634
Group 20
ASGA02CA 4,6 0,59 0,06 0,15 2,5000
ASAA04TC 8,7 0,77 0,11 0,21 1,9091
ASAAO01GA 8,7 1,34 0,27 0,66 2,4444
ASTC02TC 8,7 0,04 0,03 0,03 1,0000
ASAA06AC 16,8 0,17 0,68 0,52 0,7647
ASAAO03TC 43,7 1,06 0,25 0,35 1,4000
ASAA02TG 55 0,99 0,52 0,65 1,2500
ASAGO1GA 64,2 2,3 0,48 14 2,9167
ASAC01CT 84,2 0,42 0,14 0,36 2,5714
ASTG02CT 84,2 1,09 1,19 1,07 0,8992
Group 21
ASAAO01AC 0 0,09 0,05 0,08 1,6000
Group 3
ASGAO1AT 40 0,81 0,06 0,28 4,6667
ASAA02TA 44,2 1,11 0,57 0,34 0,5965
ASAA03CT 44,2 2,55 0,54 0,95 1,7593
ASAT11AA 44,2 0,94 0,25 0,3 1,2000
ASATO2AA 63,8 0,21 0,12 0,07 0,5833
ASTA01CA 75,5 1,24 0,13 0,66 5,0769
ASTAO01CA 75,5 0,8 0,13 0,27 2,0769
Group 30
ASTTO1TC 11,9 1,97 1,16 1,22 1,0517
Group 33
ASTTO02AT 0 0,09 0,04 0,02 0,5000
ASAT02AC 8,1 1,73 0,4 0,62 1,5500
Group 6
ASGAO01TA 1,92 0,49 1,05 2,1429
ASGAO1GA 1,7 1,22 0,46 0,3770
ASTGO01GA 0,13 14 1,18 0,8429
ASATO6AA 23,4 0,33 0,13 0,25 1,9231
No data
ASTAD4AGA e 4,25 0,54 2,05 3,7963
ASTADACA e 0,27 0,2 0,18 0,9000
ASTAO2TG e 0,55 0,76 0,64 0,8421
ASTAO2GA e 0,71 0,16 0,4 2,5000
ASTAO3TG e 0,7 0,23 0,33 1,4348
ASTA04TC 2,68 1,39 4,56 3,2806
ASTAO2TC s 0,96 0,12 0,48 4,0000
ASTAO3TC e 1,78 0,12 0,58 4,8333
ASGADLAA 1,27 0,12 0,29 2,4167
ASGAD2AA 1,26 0,14 0,66 4,7143
ASGAD3AA 0,04 0,03 0,07 2,3333
ASGAO04AA 1,56 0,94 0,63 0,6702
ASGAO5AA 2,68 0,48 1,28 2,6667
ASGAO6AA 1,35 0,31 0,68 2,1935
ASGAOTAA 1,78 0,37 1,09 2,9459
ASGAOBAA 0,78 0,16 0,31 1,9375
ASTAOLGA s 1,37 0,36 0,84 2,3333
ASTADATG s 17 1,33 1,29 0,9699
ASTAO02TT 0,83 0,3 0,3 1,0000
ASTA01TC 1,77 0,05 0,04 0,8000
ASTCO02GT 1,35 2,06 1,66 0,8058




ASTAO3CA e 0,35 0,09 0,1 1,1111

ASTAOLITC e 1,27 0,13 0,43 3,3077
ASTCO3AA e 0,51 0,11 0,33 3,0000
ASTCO03TC 1,41 0,28 1,19 4,2500
ASTGO4AA 0,36 0,15 0,16 1,0667
ASTGO02TC 0,58 0,06 0,49 8,1667
ASTGO2GA e 0,13 1,35 1,28 0,9481
ASTGOAT s 0,84 0,08 0,18 2,2500
ASTGOGT e 11,6 1,57 1,14 0,7261

ASTTOTC e 0,14 0,44 0,44 1,0000
ASTTOOTC e 0,01 1,12 1,23 1,0982

ASTTOTT 58,1 0,82 0,9 1,0976
ASTTOOTT 0,89 0,97 1 1,0309
ASTTOO0TT e 0 1,02 1,15 1,1275

ASTTOCT e 0,06 114 5,53 0,0483
ASTTOOCT it 1,61 1,46 1,14 0,7808
ASTCO2TT i 0,19 0,02 0,07 3,5000
ASTGO01CT 0,03 1 0,84 0,8400
ASAA05AC 0,48 0,12 0,37 3,0833
ASGAO01TT 0,38 0,24 0,28 1,1667
ASTCOLTT e 1,38 0,57 0,05 0,0877
ASTTO3AT e 1,29 1,04 1,24 1,1923
Unlinked

ASAADAAT e 1,86 0,47 0,72 1,5319
ASACO06AA 5,25 3,33 4,21 1,2643
ASAA01CT 1,28 0,23 0,6 2,6087
ASATO7AA 0,45 0,07 0,17 2,4286
ASTCOLAA e meaes 0,95 0,31 0,88 2,8387
ASTCO2AA s 1,04 0,22 0,54 2,4545

C - AS-ATN x AJ — AJ specific AFLP markers

Marker Name Relative Intensity
CM distance along ATN
AJ Marker chromosome  Non passaged Untreated treated Comparative Intensity ATN treated/Untreated

Chromosome 1

AJTGO1GT 12 1,31 1 1,05 1,0500
AJACO3TA 16,2 1,19 0,91 0,62 0,6813
AJAGO2TC 16,2 0,5 0,3 0,3 1,0000
AJTAO3AT 16,2 0,5 0,38 0,36 0,9474
AJAGO1GT 25,4 1,8 2,2 2 0,9091
AJTGO1AA 43,4 0,64 1,08 0,79 0,7315
Chromosome 5
AJAAO4AC 70 0,5 0,8 0,5 0,6250
AJATO7AT 70 04 0,39 0,33 0,8462
AJATO1AT 73,9 1,16 2,59 1,57 0,6062
AJTA01AC 77,5 1,97 0,8 0,7 0,8750
AJAGO1TT 82,7 0,4 0,2 0,2 1,0000
AJAAO3TA 82,9 0,6 0,5 0,4 0,8000
Chromosome 6
AJAG02AG 11,3 0,1 0,2 0,2 1,0000
AJAGO2CT 11,3 0,6 0,4 0,3 0,7500
AJAC01GT 11,3 1,06 1,63 2,05 1,2577
AJATO2TA 11,3 0,93 0,66 0,58 0,8788

21C



AJTCO02CT 11,3 1,08 0,59 0,56 0,9492
AJTCO1TC 11,3 0,45 0,34 0,35 1,0294
AJTG02AA 11,3 0,84 0,65 0,63 0,9692
AJTTO5AT 11,3 7,03 1,09 1,28 1,1743
AJAGO1CT 16,1 0,5 0,3 0,4 1,3333
AJATO3TG 29,3 0,82 0,49 0,44 0,8980
AJTA02GA 37,1 2,07 1,75 1,09 0,6229
AJTTO1CA 44,3 1,44 1,84 2,6 1,4130
AJTA02AC 62,7 0,34 0,14 0,1 0,7143
Chromosome 7
AJAA02TG 24,1 2 1 1 1,0000
AJAGO1AG 37,2 0,5 0,4 0,7 1,7500
AJAAOLIGA 37,3 2,9 15 1,8 1,2000
AJATO01GT 37,3 0,61 0,45 0,45 1,0000
AJTTO6AT 48,5 0,49 21 1,75 0,8333
AJTA01CA 62,3 0,73 0,69 0,39 0,5652
AJGAO3AC 77,5 0,87 0,92 0,84 0,9130
AJAT02TC 77,5 1,05 0,61 0,69 1,1311
AJTGO2AT 77,5 2,54 1,19 1,28 1,0756
AJTGO1TC 77,5 1,28 0,93 0,74 0,7957
AJATO02AC 77,7 1,82 1,19 0,98 0,8235
AJTTO3TG 81,4 0,1 32 214 6,6875
AJAAO5CA 96,3 0,68 0,52 0,56 1,0769
AJAGO2CA 100,3 0,8 0,5 0,8 1,6000
AJTGO1AG 104,4 0,05 0,3 0,26 0,8667
AJTGO1GA 104,4 0,68 0,78 1 1,2821
AJACO2TT 123,8 3,39 2,09 2,02 0,9665
AJTCO1AG 135,1 0,06 0,03 0,02 0,6667
AJAAO3AT 135,3 0,3 0,4 0,6 1,5000
Chromosome 8
AJAGO3AG 0 0,2 0,14 0,1 0,7143
AJTTO2AT 17,3 0,8 0,5 0,3 0,6000
AJATOL1TA 21,3 2,99 2,37 1,62 0,6835
AJTTO7AT 25,9 0,86 0,83 0,73 0,8795
AJAC02AG 43 1,2 15 0,8 0,5333
AJAC02AT 46,2 0,37 0,45 0,25 0,5556
AJTGO3AA 55 0,69 1,25 0,73 0,5840
AJTCO1TG 58,5 2,13 2,33 1,06 0,4549
AJACO3AT 73,2 1,96 1,54 0,91 0,5909
Chromosome 9
AJATO5TG 40,2 2,26 2,06 1,76 0,8544
AJATOL1TC 40,2 1,86 0,94 1,05 1,1170
AJTA01GT 40,2 5,96 2,93 4,98 1,6997
AJACO01AA 51,7 0,83 0,7 0,7 1,0000
AJACO01CT 51,7 1,45 0,88 0,94 1,0682
AJAGO1TC 63,5 0,2 0,4 0,4 1,0000
AJATO4TA 67,2 0,57 0,58 0,55 0,9483
Chromosome 10
AJGAOLITT 7,2 0,65 0,48 0,32 0,6667
AJAGO3AC 10,9 0,8 0,9 0,5 0,5556
AJAC02AC 10,9 3,7 2,8 1 0,3571
AJAC02AA 18,4 0,75 0,6 0,4 0,6667
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AJGAO3AG 18,4 0,67 0,75 0,5 0,6667
AJGAO1CA 18,4 0,75 0,79 0,42 0,5316
AJGAO02CA 18,4 1,46 1,34 0,92 0,6866
Chromosome 11
AJATO3CT 53 0,64 0,57 0,6 1,0526
AJACO01CA 9,6 1,26 0,89 1,16 1,3034
AJTTO3AT 9,7 0,7 0,6 0,9 1,5000
AJTTO3CA 9,7 14,2 0,74 1,58 2,1351
AJTT02GA 9,7 0,26 0,11 0,05 0,4545
AJTTO3AA 13,6 0,99 1 1,05 1,0500
AJATO3AA 17,6 1,67 1,58 1,41 0,8924
AJATO1AA 21,6 0,71 0,87 0,95 1,0920
AJGA02TT 31,2 0,53 0,22 0,24 1,0909
AJTAOLTT 39,3 0,74 0,62 0,75 1,2097
AJTGO5AT 39,3 0,5 0,52 0,44 0,8462
AJATO6CT 44,6 3,08 2,13 1,49 0,6995
AJAGO1TA 48,7 0,5 0,5 0,5 1,0000
AJACO1TA 53 1,71 1,21 0,78 0,6446
Chromosome 12
AJTTO4AT 13,3 1,05 0,47 0,61 1,2979
AJAC01GA 20,8 0,42 0,32 0,4 1,2500
AJTTO1CT 24,6 0,04 30,7 0,96 0,0313
AJAAO02TC 35,9 2 0,7 0,5 0,7143
AJTCO1CT 50,9 1,29 0,65 0,73 1,1231
AJATO4CT 79,9 0,53 0,76 0,92 1,2105
AJAGOLTG 106,8 0,3 0,3 0,2 0,6667
AJTCO1TA 1114 0,56 0,35 0,23 0,6571
AJTTO2AA 123,5 0,79 0,48 0,5 1,0417
AJAAO3TC 123,6 0,5 0,3 04 1,3333
Chromosome 13
AJTTO1AG 15,2 1,02 0,89 1,21 1,3596
AJAAO3TG 28,5 1 1,3 1,4 1,0769
AJAC04.0AT 28,5 0,51 0,68 0,87 1,2794
AJTA01GA 28,5 1,51 1,97 2,19 1,1117
AJTTO4AA 32,4 0,31 0,32 0,49 1,5313
AJTT02AC 36,7 0,71 1,35 1,29 0,9556
AJAAOQIAT 44,5 0,8 0,7 0,6 0,8571
AJAT02TG 64 1,01 0,68 0,67 0,9853
AJTA01AG 72,9 15,39 13,84 5,67 0,4097
AJGA02AA 76,9 1,02 0,95 0,94 0,9895
AJAAO3AC 136,1 0,7 0,8 0,5 0,6250
AJAAOLITG 151,2 0,3 0,2 0,2 1,0000
AJAGO4AG 177,9 0,9 04 0,3 0,7500
AJTG02AG 183,4 0,57 0,77 0,76 0,9870
AJTTO02TG 183,4 14 1,51 1,29 0,8543
AJTTO2TT 183,4 0,95 0,04 0,04 1,0000
AJTTO02CA 1834 1,28 0,7 0,5 0,7143
AJGA02AG 183,5 1,88 2 1,38 0,6900
AJGA02CT 183,5 0,3 0,26 0,34 1,3077
AJTAOLTC 187,9 0,3 0,32 0,35 1,0938
AJAAO3CA 200 1,09 1,29 0,78 0,6047
AJACO3TT 200 5,47 3,89 3,18 0,8175
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AJATO2AT 200 1,49 1,15 0,78 0,6783
AJAAD1IAG 208,2 0,5 0,4 0,4 1,0000
AJTGO1TG 217,8 0,04 0,02 0,07 3,5000
Group 31
AJTT02CT 0 58,5 1,35 2,07 1,5333
Group 12
AJAGO2AC 28,3 0,6 0,5 0,3 0,6000
AJAGO2TA 0 0,2 0,2 0,2 1,0000
AJGAO1AG 4 0,35 0,44 0,33 0,7500
AJACO4TA 4 0,89 1,17 0,94 0,8034
AJTGO3AT 12,8 0,73 0,39 0,44 1,1282
AJACO04AA 20,3 0,5 0,6 0,7 1,1667
AJGAQ1AC 20,3 1,78 1,48 1,2 0,8108
AJATO4AT 20,3 2,1 1,09 1,07 0,9817
AJTTO3CT 28,3 57,19 0,28 0,62 2,2143
AJGAO02AC 28,3 1,64 1,6 1,11 0,6938
Group 14
AJTGO2CT 4 1,5 0,81 1 1,2346
AJTTO1TT 8,2 0,31 0,04 0,03 0,7500
Group 16
AJATO3AC 0 1,03 0,71 0,82 1,1549
AJTCO1GT 4,4 0,9 0,62 0,94 1,5161
AJTGO4AT 24,5 0,94 0,89 0,94 1,0562
AJTTO1AA 48,4 0,73 0,45 0,45 1,0000
Group 2
AJAAQ2TA 0 0,6 0,5 0,3 0,6000
AJAGO2TT 19,8 0,8 0,9 0,4 0,4444
AJACO5AT 24,4 2,44 1,72 0,76 0,4419
AJAAQLITA 28,1 0,4 0,4 0,3 0,7500
AJGAO02TA 331 0,67 0,57 0,48 0,8421
AJAGO2AT 36,8 0,7 0,5 04 0,8000
AJTTO1TC 44,6 2,25 2 1,58 0,7900
AJGA01GA 71,9 1,37 1,14 0,42 0,3684
AJTTO1GT 71,9 4,82 1,47 0,85 0,5782
AJTAO3AC 79,6 0,55 0,65 0,6 0,9231
AJACO1TT 88,4 3,9 2,95 1,64 0,5559
AJGAOQLIAT 88,4 0,42 0,63 0,61 0,9683
AJATO5AT 120,6 1,13 0,86 0,64 0,7442
Group 20
AJATO3TA 4,6 5,01 3,73 2,58 0,6917
AJAA0LIGT 8,7 0,5 0,5 0,4 0,8000
AJAT02AA 8,7 0,36 0,3 0,34 1,1333
AJATO1AC 8,7 1,26 0,97 1,38 1,4227
AJTCO02TA 8,7 2,36 1,74 0,85 0,4885
AJAAO5AC 16,8 15 1 0,9 0,9000
AJATO2GT 16,8 1,13 0,68 0,43 0,6324
AJATO4TG 25,5 1 0,79 0,54 0,6835
AJTTO5AA 43,7 0,15 0,13 0,13 1,0000
AJATO1TG 43,7 0,95 0,55 0,36 0,6545
AJATO4AA 47,5 0,31 0,36 0,29 0,8056
AJATO2CT 71,9 1,12 0,61 0,27 0,4426
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AJATOICT 84,2 1,98 0,96 0,84 0,8750
AJTGOL1CT 84,2 0,98 1,09 0,87 0,7982
AJTTO6AA 84,2 0,16 0,16 0,1 0,6250
AJAGO3AT 92,7 15 0,7 0,7 1,0000
AJGAO02AT 92,7 0,85 0,64 0,58 0,9063
Group 21
AJAAOLIAC 0 1,2 1,6 0,8 0,5000
Group 29
AJATO1CA 0 0,33 0,35 0,23 0,6571
Group 3
AJTTO7AA 40,7 1,63 0,88 0,71 0,8068
AJACO01AG 44,2 1,44 16 1,1 0,6875
AJTTO1AC 49,5 0,49 0,36 0,4 1,1111
AJTAO02AT 51,4 0,29 0,34 0,29 0,8529
AJACO1AT 63,8 0,88 0,84 0,79 0,9405
AJAA02TT 75,5 1,9 0,9 0,6 0,6667
AJTAOLAT 86,4 0,58 0,36 0,45 1,2500
Group 33
AJTTO1AT 8,1 0,52 1,65 1,21 0,7333
AJGAO1AA 22,5 1,28 0,86 0,62 0,7209
Group 38
AJTA02AG 75 1,24 0,65 0,54 0,8308
AJACO01TG 11 0,65 0,75 0,66 0,8800
AJGAOLTA 15,8 0,64 0,63 0,64 1,0159
Group 6
AJGAOLTG 0 1,03 0,71 0,57 0,8028
AJGAOLCT 0 0,64 0,33 0,35 1,0606
AJTTO1TG 0 2,08 2,48 0,46 0,1855
AJAAO2AT 8,5 1 0,9 0,9 1,0000
AJAGO1AT 19,4 0,4 0,5 0,8 1,6000
No data
AJAGO2TG s 0,7 0,6 0,4 6657
AJAAOLITC s 1 0,9 1 1,11
AJACO4.5AT e, 0,45 0,27 20 0,7778
AJGADAAT s 0,56 0,76 0,5 0,6579
AJGAOSAT e 0,37 0,35 23 0,9143
AJACO2TA s 0,92 0,67 8.8 1,2388
AJGAO3AA . 0,86 0,7 0,61 0,8714
AJTAOLTG e, 3,91 2,62 2,3 0,9084
AJTA03GA 0,72 1,69 4,1 0,6982
AJTCO2AG 0,43 0,33 D4 1,3333
AJTCO02TG 0,12 0,51 94 0,8431
AJTGO4AG 0,88 0,77 ®,7 0,9870
AJTGO5AG 1,16 2,48 D4 0,1976
AJTGO2TG i 0,04 0,15 0,1 0,6667
AJTGO3TG i 2,41 1,11 3,8 0,7477
AJAGO3CA e 0,3 0,3 0,3 ,0000
AJAGO5CT e, 0,6 0,3 04 3333
AJAGOIAC e 0,09 0,16 D1 0,6875
AJATOIGA e 1,69 1,22 4,0 0,8525
Unlinked
AJAGOIAA s 0,5 0,8 1 800
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AJAAO2AC s 1 1 0,6 0,800

AJACO3AG s 3,74 2,89 7 0,9377
AJAADICA i, 1,39 0,89 10 1,1348
AJACO2CT i, 3,33 2,04 P,2 1,1225
AJGAO3AT i 1,41 1,11 95 0,4865
AJATOBAT i, 0,66 0,47 0,5 1,0851
AJATO2CA i, 0,8 0,62 0,34 0,5484
AJTAOLICT s 0,73 0,69 D,7 1,1159
AJTCOIAT i, 0,86 0,8 0,38 0,4750
AJTTO3GA i, 10,92 2,82 23, 0,4362

D - AS-ATN x AJ — AS specific AFLP markers

Marker Name Relative Intensity

Non ATN Comparative Intensity ATN
AS Markers CM distance along chromosome  passaged Untreated  treated treated/Untreated

Chromosome 1

ASAA01TC 16,2 0,6 0,2 0,3 21
ASAA02CA 16,2 14 0,3 0,4 1,3
ASTAOL1TT 16,2 11 0,3 0,6 2,3
ASTA02AT 16,2 0,3 0,1 0,1 1,2
ASTA02GT 16,2 15 0,9 0,7 0,8
ASTGO1AA 43,4 0,7 0,3 0,6 18

Chromosome 5

ASAAQ3TG 26,7 0,8 04 0,6 1,6
ASAAQ2GA 54,4 0,9 0,2 0,4 1,8
ASACO3AT 69,9 1,2 0,3 0,6 2,4
ASAA04AC 69,9 0,3 0,1 0,2 2,3
ASACO01AG 74,6 0,7 0,1 0,3 31
ASTAO01AC 74,6 13 0,4 0,2 0,5

Chromosome 6

ASACO2AT 11,3 0,8 0,2 0,4 15
ASATO1AA 11,3 0,3 0,2 0,4 1,6
ASTCO01TC 11,3 0,2 0,2 0,2 11
ASTGO1AT 11,3 19 0,7 15 2,1
ASTTO1CA 44,2 0,0 3,5 15 0,4
ASAGO01TG 62,6 1,6 0,7 0,6 0,8

Chromosome 7

ASAAQ2GT 31,6 11 0,5 0,5 11
ASACO01GT 31,6 0,7 0,4 0,8 19
ASAA01CA 48,4 1,2 0,3 0,4 1,3
ASAAQ5CA 62,2 1,0 04 0,7 1,7
ASTTO3CA 62,2 11 1,0 1,0 11
ASACO5AA 69,7 0,9 0,5 0,6 1,2
ASATO2AT 69,7 0,6 0,1 0,2 1,3
ASTGO1TC 77,5 0,2 0,3 0,3 1,2
ASAG02CA 100,3 1,7 0,3 0,3 10
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ASTTO1AG 123,6 0,1 0,1 0,5 3,7
ASACO1TA 127,6 1,2 0,4 0,3 0,8
Chromosome 8
ASACO1TG 30,8 1,2 0,3 0,9 3,3
ASTAO1AT 34,3 0,4 0,3 0,4 1,3
ASAGO01CA 38,2 14 0,1 0,5 6,6
ASGAQ02AC 43,0 1,4 0,3 0,9 3,3
ASTG02AA 50,8 0,1 0,6 0,7 1,1
ASTCO1CT 58,5 44,6 13,8 20,5 15
ASACO1AT 73,2 0,4 0,1 0,3 54
ASATO3AC 73,2 15 0,3 1,1 4,1
Chromosome 9
ASTAO01GT 40,2 4,0 1,9 3.7 2,0
ASAA04CA 40,2 1,0 0,5 0,8 1,7
ASACO03CT 51,7 0,9 0,4 0,3 0,7
ASTTO5CA 51,7 0,9 0,7 1,6 2,3
ASATO4AA 59,2 0,4 0,2 0,2 1,3
ASTTO2TT 71,1 388,8 0,1 0,5 8,8
Chromosome 10
ASGA01TC 7,2 0,5 0,1 0,3 3,1
ASTGO1CA 7,2 20,8 1,0 1,1 1,1
ASTTOLTT 10,9 0,0 3,1 0,5 0,2
ASGA01CA 18,4 1,0 0,1 0,4 3,3
ASATO5AA 18,4 0,3 0,2 0,2 15
ASTA02AG 18,4 0,4 0,1 0,3 4,1
Chromosome 11
ASAGO3CA 53 2,4 0,3 0,1 0,3
ASATO3AA 53 1,0 0,5 0,4 0,8
ASTCO02AC 53 0,3 0,2 0,1 0,7
ASTTO02AA 53 0,1 0,1 0,1 1,4
ASTAO3GA 21,5 1,2 0,4 0,3 0,8
ASTCO1CA 215 1,2 0,6 0,5 0,9
ASTAO1TA 39,2 0,3 0,1 0,3 2,3
ASTCO1AC 39,2 0,1 0,0 0,1 3,5
ASTGO1TA 39,2 0,6 0,2 0.4 1,8
ASAGO1TA 48,7 0,6 0,3 0,4 1,3
ASAA01TG 52,9 13 0,5 0,3 0,6
ASACO02TA 52,9 1,7 0,1 0,6 4,6
Chromosome 12
ASAC02CT 20,8 0,8 0,2 0,3 1,6
ASAAO01AT 54,6 0,8 0,6 0,5 0,9
ASACO03AA 54,6 1,0 0,4 0,6 1,8
ASGA02AG 66,4 1,2 0,6 0,8 1,3
ASTCO1TA 111,4 0,6 0,1 0,4 2,6
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Chromosome 13

ASAAQ5AT 0,0 1,7 0,6 0,6 11
ASTGO02TT 3,9 0,8 0,1 0,1 14
ASTAO01AA 15,2 1,1 0,4 0,3 0,7
ASTT02AG 15,2 0,1 1,6 1,5 0,9
ASTTO1GA 28,5 1,2 2,1 15 0,7
ASAAO01TA 36,1 1,6 0,1 0,3 29
ASAAQ4TA 36,1 0,7 0,1 0,2 23
ASTA02CA 36,1 04 0,2 0,4 1,7
ASTA02CA 36,1 1,2 0,2 0,2 0,9
ASAAQ3AT 44,6 0,3 0,2 0,2 13
ASTAO01AG 73,0 11,2 4,9 4,1 0,8
ASTTO02TC 132,5 0,0 0,0 0,0 2,0
ASGAO2TA 177,9 0,1 0,0 0,1 3,0
ASATO1AC 177,9 0,9 0,3 0,4 15
ASGAOQ3CA 177,9 0,6 0,1 0,2 2,1
ASTAO3TA 183,5 1,7 04 10 2,7
ASTGO3AA 183,5 0,4 0,1 0,3 2,2
ASTT02CA 183,5 0,0 0,9 0,9 1,0
ASTA0LICT 200,1 0,4 0,1 0,1 11
ASTA0LICT 200,1 0,8 0,3 0,5 1,9
ASTTO4AT 200,1 1,0 2,1 1,6 0,8
ASATO1AT 209,2 13 0,3 0,6 1,9
ASGAQ02AT 2219 0,9 0,4 0,8 1,8
Group 12
ASACO01GA 4,0 1,2 0,4 0,5 1,1
ASGA01AG 4,0 0,8 0,1 0,6 3.9
ASAT09AA 4,0 0,4 1,0 0,3 0,2
ASATO08AA 12,8 0,6 0,2 0,4 18
ASAAQ1GT 20,3 0,7 0,3 0,4 1,5
ASGAO3AC 20,3 0,5 0,4 0,2 0,6
ASGAO01AC 24,4 14 0,4 0,7 1,8
ASTA02TA 28,3 3,2 1.3 11 0,8
Group 14
ASTAO03AA 0,0 2,7 0,3 0,9 2,8
ASTA02AA 4,0 0,6 0,2 0,6 25
Group 16
ASATO04AC 0,0 1,0 0,5 0,4 0,8
ASTGO1TT 0,0 0,5 0,2 0,2 1,1
ASTTO1CT 4,4 0,0 0,9 0,7 0,8
ASAGO01CT 12,4 1,6 0,5 0,7 1,4
ASAAO03TA 32,2 0,6 0,2 0,3 1,2
ASTTO1AC 40,3 8,4 0,9 0,2 0,2
ASTTO3AA 59,2 0,1 0,1 0,1 1,6




ASTTO1AA 74,5 0,2 2,3 1,6 0,7
Group 2
ASAAQ2AT 0,0 0,8 0,3 0,6 2,6
ASAGOL1TT 7,8 15 0,4 1,0 2,5
ASAC02AG 24,4 0,9 0,2 0,5 35
ASTCO1GA 24,4 3,6 1,3 2,8 2,2
ASTTO1AT 71,9 0,4 0,3 0,4 1,3
ASTTO4CA 71,9 46,8 2,0 1,9 1,0
Group 20
ASGA02CA 4,6 0,6 0,2 0,2 1,1
ASAA04TC 8,7 0,8 0,2 04 1,8
ASAAO01GA 8,7 1,3 0,6 1,0 1,8
ASTC02TC 8,7 0,0 0,0 0,0 1,5
ASAAO06AC 16,8 0,2 0,6 0,6 1,0
ASAAQ03TC 43,7 11 0,3 0,5 1,7
ASAA02TG 55,0 1,0 0,7 1,0 14
ASAGO01GA 64,2 2,3 1,0 1,8 1,9
ASACO01CT 84,2 0,4 0,3 0,5 14
ASTGO02CT 84,2 11 1,2 0,9 0,8
Group 21
ASAAO01AC 0,0 0,1 0,1 0,1 1,1
Group 3
ASGAOQ1AT 40,0 0,8 0,1 0,3 2,1
ASAAO02TA 44,2 1,1 0,5 0,4 0,9
ASAA03CT 44,2 2,6 0,6 1,4 2,3
ASAT11AA 44,2 0,9 0,2 0,5 2,4
ASAT02AA 63,8 0,2 0,1 0,2 3,0
ASTAO01CA 75,5 12 0,1 04 2,8
ASTAO01CA 75,5 0,8 0,3 0,4 14
Group 30
ASTTO1TC 11,9 2,0 42,0 0,8 0,0
Group 33
ASTTO2AT 0,0 0,1 0,0 0,0 0,5
ASAT02AC 8,1 1,7 0,3 04 15
Group 6
ASGAO1TA 0,0 1,9 0,6 1,2 2,0
ASGAO01GA 0,0 1,7 11 0,4 04
ASTGO1GA 0,0 0,1 2,5 1,1 0,4
ASATO6AA 234 0,3 0,2 0,5 3.2
No data
ASTAD4GA e 4,3 1,2 2,8 2,4
ASTADACA e, 0,3 0,2 0,2 1,0
ASTAD2TG e 0,6 0,4 0,4 0,8
ASTAD2GA e 0,7 04 0,5 1,3
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ASTAO3TG i, 0,7 0,3 0,5 1,9
ASTAOATC e 27 32 3,0 0,9
ASTAD2TC e 1,0 0,3 0,3 1,3
ASTAO3TC s 1,8 0,4 0,5 1,4
ASGAOLIAA s 1,3 0,3 0,5 2,1
ASGAD2AA s 1.3 0,4 0,8 2,0
ASGAO3AA s 0,0 0,0 0,1 4,0
ASGAD4AA s 1,6 0,7 1,0 1,4
ASGADSAA s 2,7 0,5 0,8 1,5
ASGADBAA s 1,4 0,5 0,7 1,6
ASGAO7TAA e 1,8 0,3 0,8 29
ASGAOBAA s 0,8 0,4 0,6 1,4
ASTAOIGA e 1,4 0,3 0,3 0,9
ASTAOATG s 1,7 0,2 0,2 1,2
ASTAD2TT e 0,8 0,5 04 0,7
ASTAOLITC e 1,8 1,0 1,2 1,2
ASTCO2GT e 1,4 1,9 2,0 1,0
ASTAO3CA e 0,4 0,1 0,1 1,4
ASTAOLITC s 1,3 0,3 0,5 1,6
ASTCO3AA s 0,5 0,3 0,2 0,7
ASTCO3TC s siimms 14 0,7 1,3 1,9
ASTGO4AA e 04 0,2 0,2 1,0
ASTGO2TC = s 0,6 0,1 0,2 1,2
ASTGO2GA e 0,1 13 0,7 0,6
Unlinked
ASAADAAT e 1,9 0,6 0,5 0,9
ASACOBAA s 53 34 3.2 0,9
ASAAQLICT e 1,3 0,2 0,7 34
ASATO7TAA e 0,5 0,1 0,3 3,0
ASTCOLAA e 1,0 0,5 0,5 1,1
ASTCO2AA e 1,0 0,7 1,2 1,9
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Artemisinin combination
therapy (ACT) -

Clone -

Isolate -

Line -

Linkage Group
Selection (LGS) -

Minimum Curative
Dose (MCD) -

N-fold resistance -

Polymerase chain
reaction (PCR) -

As a response to increasing levels of resistancantomalarial medicines, WHO
recommends that all countries experiencing regigtarto conventional
monotherapies, such as chloroquine, amodiaquinsulfadoxine—pyrimethamine,
should use combination therapies, preferably thasmtaining artemisinin
derivatives (ACTSs) fofalciparummalaria.

WHO currently recommends the following combinatitrerapies (in alphabetical

order):

1. Artemether/lumefantrine

2. Artesunate plus amodiaquine (In areas where the i@ie of amodiaquine
monotherapy is greater than 80%)

3. Artesunate plus mefloquine (Insufficient safetyaded recommend its use
in Africa)

4, Artesunate plus sulfadoxine / pyrimethamine (Inaarevhere the cure rate

of sulfadoxine / pyrimethamine is greater than 80%)

Note: Amodiaquine plus sulfadoxine / pyrimethamimey be considered as an
interim option where ACTs cannot be made availgieyided that efficacy of both
is high.

A collection of parasites in which all individudtgwve been derived from a single
cell by asexual reproduction.

Therefore, a particular clone should represent puladion of genetically identical
parasites, assuming that no spontaneous mutatexhdalken place during parasite
growth.

A population of parasites that have been colledtedh mosquitoes, humans or

rodents living in the wild on a single occasion authsequently kept as deep-frozen
material.

An isolate does not necessarily represent a honsmgesnparasite population and
may contain more than one representative of thes spacies or different species.

A population of parasites that have undergone anenare in vitro or in vivo
laboratory passages.

Usually, a line is produced when the parasitesghpassaged in the laboratory have
been subjected to some kind of induced pressucd, &1 drug treatment. As for the
isolate, parasites constituting a line may not &eegjcally identical.

Was devised for application to malaria parasitesrder to locate genes that control
selectable phenotypes such as drug sensitivitywtgraate and strain-specific

immunity without the disadvantages of classicatdige analysis.

LGS uses a genetic cross between two unrelatecefigalty distinct) parasites of

the same species, one of which is sensitive andtiher resistant to the relevant
selection pressure (such us drug treatment). Folpwross-fertilisation between

gametes of each parasite and zygote formation i mhosquito, there is

recombination between the parental genomes duria@sis, producing haploid

recombinant progeny.

The MCD of each drug was first assessed in drugecsadl parasites and untreated
control lines. MCD was defined as the minimum do$esach drug that would
prevent re-appearance of parasites in all five miithin each treated group at any
time during the first 10 days of the follow-up peti

A resistance index was determined using the folhgwequation:
N-fold resistance = MCD drug selected parasitesDMitug unselected parasites

Is a biochemistry and molecular biology techniqoe éxponentially amplifying
DNA, via enzymatic replication, without using aifig organism (such &s. coli or
yeast). As PCR is ain vitro technique, it can be performed without restrictiam
the form of DNA, and it can be extensively modifiedperform a wide array of
genetic manipulations.

PCR is commonly used in medical and biological aede labs for a variety of
tasks, such as the detection of hereditary disedbesidentification of genetic
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Proportional
Sequencing -

Quantitative Polymerase
Chain Reaction (RTQ-
PCR) -

RI - Delayed
Recrudescence -

RI - Early
Recrudescence -

RIl — Resistance -

RIIl — Resistance -

Sensitive Parasite (£ -

Strain -

fingerprints, and the diagnosis of infectious déges the cloning of genes, paterr
testing, and DNA computing.

Technique for analysing parasite mixtures. The weib rapid, and in principle can
be applied to any single nucleotide polymorphisNR$ at any locus, with only
minimal requirements for optimisation and assay ettgyment. Proportional
sequencing exploits the fact that during a PCR tieac DNA is amplified in
proportion to the initial template.

Is a modification of the polymerase chain reactimed to rapidly measure t
qguantity of DNA, complementary DNA or ribonucleicid present in a sample.
Like other forms of polymerase chain reaction, phecess is used to amplify DNA
samples, via the temperature-mediated enzyme DNyxrmrase.

PCR theoretically amplifies DNA exponentially, dding the number of molecules
present with each amplification cycle. The numbeamplification cycles and the
amount of PCR end-product should allow one to dateuthe initial quantity of
genetic material, but numerous factors complicate talculation. The ethidium
bromide staining typically used to assess a sufide$3CR prevents further
amplification, and is only semi-quantitative. Thaymmerase chain reaction may not
be exponential for the first several cycles, amthiermore, plateaus eventually, so
care must be taken to measure the final amouniN# While the reaction is still in
the exponential growth phase. To overcome theskculifes, several different
gquantitative methods have been developed.

The most sensitive quantification methods are diopehe real-time polymerase
chain reaction, where the amount of DNA is measuafeer each cycle of PCR by
use of fluorescent markers. Other end-point methmodasure DNA after PCR is
completed. These methods depend on addition ofngettor RNA (for reverse-
transcriptase PCR) or DNA in serial dilutions or-arplification of an internal
control to ensure that the amplification is stoppédle in the exponential growth
phase.

Although real-time quantitative polymerase chaiact®n is often marketed as RT-
PCR, it should not to be confused with reverse siteption polymerase chain
reaction, which is also referred to as RT-PCR,idutsed to amplify RNA samples.
The two methods may be used in concert to reveaesdribe RNA and then
guantitate the resulting cDNA using real-time PQegh referred to as real-time
RT-PCR).

The WHO 1973 definition of the level of parasiteigiresistance remains in use.
According to the WHO the asexual parasitaemia resltioc < 25% of pre-treatment
level in 48 hours, but reappears between 2-4 weeks.

The WHO 1973 definition of the level of parasitaiglresistance remains in use.
According to the WHO the asexual parasitaemia resltic < 25% of pre-treatment
level in 48 hours, but reappears within 2 weeks.

The WHO 1973 definition of thlevel of parasite drug resistance remains in
According to the WHO there is a marked reductionasexual parasitaemia
(decrease >25% but <75%) in 48 hours, without ceteptlearance in 7 days.

The WHO 1973 definition of the level of parasitaigiresistance remains in use.
According to the WHO there is a minimal reduction asexual parasitaemia,
(decrease <25%) or an increase in parasitaemiagftbours

The WHO 1973 definition of the level of parasitaigiresistance remains in use.
According to the WHO the asexual parasite counuced to 25% of the pre-
treatment level in 48 hours after starting thettrest, and complete clearance after
7 days, without subsequent recrudescence - Conmipestevery.

All parasites of a single subspecies present inglesisolate.

For examplePlasmodium chabaudi chabaustrain AS-sens is composed of all the
parasites belonging to the. c. chabaudisub-species in blood isolated from the
thicket ratThamnomys rutilans
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