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Summary

This thesis is a description of the effects of Sulphadoxine/Pyrimethamine (SP)
selection on the genome of Plasmodium falciparum. Antimalarial resistance in P.
falciparum to the antifolate combination of SP is conferred by a series of substitutions
that alter the active sites of the target enzymes dihydrofolate reductase (DHFR) and

dihydropteroate synthetase (DHPS).

Different combinations of substitutions result in differing levels of drug insensitivity
as shown by both in vitro studies and association with treatment failure. In southeast
Africa, where the samples taken for this study originate, the two most highly resistant
dhfr and dhps alleles are the triple mutant (N51I+C59R+S108N) and the double
mutant (A437G+K540E) , respectively. A molecular population genetic analytic
approach is applied to examine the emergence and spread of SP resistant mutations in
Africa. We observe that differences in the frequencies of the resistance alleles
between southeast African populations broadly reflect heterogeneity in drug selection
history across the region. We find that this exists despite strongly homogenising gene

flow.

Selection for a favourable allele can have effects on neutral loci flanking the selected
site. A selective sweep occurs when neutral flanking loci hitchhike with the selected
allele as it increases in frequency, reducing genetic diversity along the chromosome
in the population. The hitchhiking alleles indicate the ancestry of the selected allele
and has shown that alleles at dhfr and dhps comprised of multiples of mutations have

emerged rarely in east African parasite populations (Roper et al. 2003).
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The thesis is the first description of the full extent of the selective sweeps around
three dhfr and dhps resistance alleles in southeast Africa. The thesis contains analysis
of the changes that occur to a selective sweep over time and in populations with
contrasting recombination rates and selection histories. Through use of a
deterministic model we identify that gene flow plays an important role in establishing
the frequency of the resistance allele at values greater than '/, the frequency of a de

novo mutation.
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Chapter 1 Plasmodium falciparum.D rug Selection and Selective Sweeps

The apicomplexan parasite, Plasmodium falciparum is the most deadly of the four
human malarias. The World Health Organisation (WHO) estimated that in 1998 P.
falciparum globally caused 273 million clinical attacks per year, with over 90% of
clinical disease occurring in sub Saharan Africa, of which the majority was in
children (Greenwood and Mutabingwa 2002). A recently published estimate for the
year 2002 reported that the number of clinical attacks per year globally was 515
million clinical attacks (Snow et al. 2005),hig her than estimated by WHO and
revising the burden of malaria in sub Saharan Africa to 70% of the global total, to

reflect the under reported burden of malaria in southeast Asian populations

In addition to the cost in human life, P. falciparum malaria through its effect on
morbidity greatly burdens the economies of African countries. The cost of malaria to
the annual GDP of African countries is a 1.9% reduction in economic growth to
below that of the global average outside Africa (2.3%) (Sachs and Malaney 2002).
The importance of reducing the malaria burden globally is great. The control of this
disease and HIV/Aids are arguably the first steps in relieving poverty in developing
countries. Organisations such as the WHO and Global Fund have recognised this and
have targeted P. falciparum malaria as one Qf three key infections to control in the

developing world, putting malaria alongside HIV/Aids and Tuberculosis.

The focus of this literature review will specifically be on drug resistance in P.
falciparum malaria,conc entrating particularly on the situation in southeast African

while making some reference to drug resistance globally.

24



Plasmodium falciparum,D rug Selection and Selective Sweeps

I Plasmodium falciparum basic biology

a The life cycle

The definitive host of P. falciparum is the female Anopheline mosquito. Blood
feeding on humans (the intermediary host) by the mosquito releases infective
sporozoites collected in the mosquito salivary glands into the human bloodstream.
Once in the bloodstream, the sporozoites move rapidly to infect hepatocytes in the
liver (Figure 1-1). Here sporozoites multiply through several rounds of cell division
(schizogony) eventually releasing merozoites into the bloodstream where they infect
erythrocytes. Here begins erythrocytic schizogony and the parasite numbers increase
through numerous rounds of multiplication via the trophozoite stage and then mature
schizonts that rupture, releasing merozoites into the bloodstream, infecting other
erythrocytes. A subset of merozoites leaves erythrocytic schizogony and
differentiates into gametocytes. The gametocytes are taken up in a blood meal by a
female Anopheline mosquito where they further develop into male and female
gametes that fuse and form a zygote in the insects’ stomach lining. The zygote
develops into the ookinete which moves across the mosquito stomach wall forming a
sporozoite-filled oocyst. The oocyst bursts, the sporozoites are released into the
haemocoele and move to the mosquito salivary glands. There the process can begin

again when the mosquito inoculates these into the bloodstream of another host.
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Figure 1-1: The life cycle of Plasmodium falciparum between the definitive host, the
Anopheline mosquito, and the human host. Details of the lifecycle steps can be found

in the text. Taken from (Miller et al. 1986)
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b Genetic consequences of the lifecycle

The P. falciparum genome is comprised of 14 highly A+T rich (>80%)
chromosomes (Gardner et al. 2002), which are haploid throughout the parasites
lifecycle in the human host. When the male and female gametes fuse in the mosquito
gut, the genome becomes diploid and homologous recombination occurs during
meiosis. Recombination occurs in P. falciparum at a high rate; breakpoints are
estimated to occur at a rate of 1cM per 17kb as determined by analysis of
microsatellite genotypes in a genetic cross between two P. falciparum strains, Hb3
and Dd2 (Su et al. 1999). This estimated meiotic recombination rate is 20 times
higher than that estimated in Drosophila and 40 times higher than in humans
(Conway et al. 1999). Estimates of the recombination rate in the field in African P.
falciparum populations are similarly high. Linkage disequilibrium in antigen genes
MSP1 and AMAT1 reaches half its maximal value at a distance of about 300 base pairs

(Conway et al. 1999; Polley and Conway 2001).

It is important to note that the meiotic recombination rate in a genetic cross is an
overestimate of recombination in the field because selfing occurs between
gametocytes of the same genotype. In African parasite populations parasite genetic
diversity is high, whereas at other locations globally diversity tends to be lower; least
diverse populations are in South America (Anderson et al. 2000a). This difference in
genetic diversity limits the opportunities for recombination to occur between different

genetically distinct parasite lineages.
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c Transmission intensity

In areas of high transmission intensity infections tend to be composed of multiple
genetically distinct parasite lines (Babiker, Ranford-Cartwright, and Walliker 1999).
These occur either through super-infection of a host who has received multiple
infectious bites, or through the bite of a mosquito carrying a mixture of genotypes
within its’ inoculating saliva. The multiplicity of an infection is correlated with a
measure of transmission intensity, known as the entomological inoculation rate (EIR).
This is a measure of the number of infective bites per individual per annum. Ina
review of 159 distinct sites recorded in sub Saharan Africa, regardless of land use
type (EIRs are lower in urban areas), annual EIR ranged from 0 to 884, with a mean
of 121 infected bites per annum (Hay et al. 2000) indicating that malaria transmission
is both endemic and high. By contrast, in South America and southeast Asia, the
annual EIR tends to be low, rarely exceeding 5 infective bites per adult per annum
(reviewed by (Greenwood and Mutabingwa 2002). Malaria in such areas is unstable,
and rather than endemic in a population, it is prone to epidemics, where the majority
of disease occurs during short bursts of intense transmission. It is less likely that

multiple infections occur under these circumstances and the opportunities for

outcrossing are reduced as a consequence.
d Transmission intensity and its’ effect on host parasite interactions

In addition to the effect on genetic diversity, the second effect of high malaria
transmission is that the development of clinical immunity in the human host occurs
quicker than in low transmission areas, as an individuals’ immune system receives a
far higher number of challenges (Snow et al. 1997). For an individual living in an
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area of intense transmission the first few years of childhood are when the risks of
severe disease and mortality are highest. With age the risk of mortality and severity
of disease decrease as the individual develops immunity against the disease (Snow et
al. 1997). Infections in the clinically immune are by definition asymptomatic,
although attacks of fever and headache are common. However, premunition is not

sterilising immunity and resolution of infections tends to occur through, or is assisted

by, use of antimalarial chemotherapy.
II Antimalarials and P. falciparum

a History of antimalarial usage

Treating malaria infection has been a concern of humans for centuries and it is
unsurprising that the earliest antimalarials were isolated from plants. The oldest
recorded antimalarial was used in China over 2000 years ago. Artemesinin is
extracted from the Chinese herb quinghao (4rtemisia annua) and had been done so
for over 1500 years before the discovery of Quinine, found in the bark of the
Peruvian ‘fever tree’ (Chinchona spp.). Artemesinin is undergoing resurgence of
interest and its use in Artemesinin-based Combination Therapy (ACT) is the most

promising future direction of antimalarial treatments.

Quinine was isolated from the bark of the Chinchona tree in the 19™ century
(Cowman 1997; Talisuna, Bloland, and D'Alessandro 2004). It has provided the
backbone for much of the development of novel antimalarials since shortly after the
First World War, as well as current usage as treatment of drug resistant malaria

infections. It is not in widespread use as a prophylactic or therapeutic antimalarial
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because of severe side effects of intravascular haemolysis and acute renal failure;

colloquially called ‘black water fever’

Shortly before the Second World War, breakthroughs were made in the manufacture
of synthetic quinine analogues known as the 4-aminoquinolones. Of the four
discovered to have antimalarial activity, chloroquine and amodiaquine were the two
most useful, having the least contraindications, although amodiaquine is not

recommended for prophylactic use due to adverse reactions (Cowman 1997).

Use of the highly schizonticidal compound chloroquine as a drug of choice for
malaria treatment began in the mid 1940s and it was readily adopted due to its cheap
manufacture and minimal side effects. The other great benefit of chloroquine is its
antipyretic activity, as reducing fevers quickly aids the perception of a curative effect
of the drug whereas other antimalarials that do not have antipyretic action, such as
sulphadoxine pyrimethamine, the perceived benefit is lessened. This has latterly
become an issue as anecdotal evidence points to its continued use in populations

where the prevalence of resistance alleles are high, because the antipyretic benefit

remains.

In the 1960s resistance to the 4-aminoquinolqnes, most importantly chloroquine,
began to emerge with the earliest reports of chloroquine resistance coming out of
South America in 1960 followed by Southeast Asia in 1962 reviewed by (Payne
1989). Resistance to chloroquine then radiated out from these initial foci eventually
reaching Africa in the 1980s (Figure 1-2). From the temporal distribution of reported
chloroquine resistance Payne concluded that there was a dispersal of resistance

through Southeast Asia, spreading outwards to India and eventually East Africa.
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Figure 1-2: The geographical expansion of chloroquine resistance globally from

1960 to 1985. Adapted from (Payne 1989)
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Figure 1-3: A time series of reported in vivo resistance after wide scale prophylactic
use of pyrimethamine in Africa from 1952 to 1963, collated from (Peters 1970).
Countries shaded in black represent the first report of pyrimethamine resistance in
that country. Note the apparent spread of the resistance phenotype in East Africa

from Sudan to Kenya to Tanzania but in West Africa the pattern is more (cont’d over)
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disjointed. The explanation for the apparently discontinuous spread of a resistance

phenotype in West Africa (1957) is either under-reporting or the occurr fd
ence of de

novo mutation
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The conclusion that spread rather than repeated de novo emergence of resistance in
each country was later supported by molecular studies of the ancestry of chloroquine

resistance alleles (Wootton et al. 2002), and this is reviewed below.

As chloroquine came into widespread usage in the 1940s the chemical company ICI
began to investigate the potential of pyrimidine derivatives as antimalarials. In 1945
Proguanil was identified as a drug with low toxicity and high activity against avian
malaria and in the early 1950s pyrimethamine was developed. Early use of
pyrimethamine quickly led to resistance detected within populations across Aftrica
(Figure 1-3) reviewed by (Peters 1970). Notably there is an apparent spread of the
pyrimethamine resistance phenotype in east Africa from Sudan to Kenya to Tanzania,
similar to the spread chloroquine resistance out of south east Asia, however it also
appears that it has emerged de novo independently at several sites, particularly in the

disjointed distribution of pyrimethamine resistance in West Africa.

In an attempt to prolong the useful therapeutic life of pyrimethamine, it was
combined during the 1960s with a sulphonamide, sulphadoxine, in a drug called SP or
Fansidar, as trademarked by Hoffman LaRoche. Sulphadoxine and Pyrimethamine
are competitive inhibitors of enzymatic components of the folate biosynthesis
pathway, dihydropteroate synthase (DHPS; bifunctionally combined with
hydroxymethylpterin pyrophosphokinase, PPPK-DHPS) and dihydrofolate reductase
(DHFR; bifunctionally combined with thymidylate synthetase, DHFR-TS)
respectively. The two inhibitors work synergistically in disrupting folate synthesis
and the parasites lifecycle. They are sometimes considered to be a single
‘monotherapy’ drug rather than a ‘combination therapy® because they target the same

pathway (Sibley et al. 2001), the development of resistance to one of the drugs
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reversing the synergy. The first reported national use of SP in southeast Africa began
in Tanzania in 1982 when it was introduced as second-line treatment for use in cases
of chloroquine failure. As early as 1984 it was the policy of the Muheza district
hospital to use SP as first line antimalarial (Mutabingwa et al. 2001), although it did
not become first line antimalarial throughout Tanzania as national policy until 2001.
KwaZulu Natal in South Africa followed shortly after Muheza, changing policy from
chloroquine usage to SP in 1988. The first country in Africa to begin using SP as
first line treatment was Malawi, in 1993. Four years later Kenya, South Africa
(following KwaZulu Natal) and Botswana followed Malawi in adopting SP as first

line antimalarial (Bloland et al. 1993; Bloland et al. 1998).

Resistance to SP was relatively quick to develop, although slower than to
pyrimethamine alone. The earliest reports of emerging SP resistance in Africa were
from Muheza district in Tanzania during 1994 and 1995 (Ronn et al. 1996; Trigg et
al. 1997). Studies from the region around Muheza reported that SP was highly
effective during the late 1980s but resistance was present in Magoda village near
Muheza in 1994 (Ronn et al. 1996). It was subsequently reported in villages in the

surrounding area (Jelinek et al. 1997; Trigg et al. 1997; Jelinek et al. 1998).

b Mechanism of resistance to Sulphadoxine Pyrimethamine

The mechanism of resistance to sulphadoxine and pyrimethamine was identified
through association in vitro with a series of substitutions within the active site of the
target enzymes of the folate biosynthesis pathway, dihydropteroate synthase (DHPS)

(Brooks et al. 1994; Triglia and Cowman 1994) and dihydrofolate reductase (DHFR)
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(Cowman et al. 1988; Peterson, Walliker, and Wellems 1988; Snewin et al. 1989)
respectively. This was demonstrated through laboratory based in vitro sensitivity
tests and transfection experiments on DHFR (Zolg et al. 1989; Wu, Kirkman, and
Wellems 1996) and DHPS (Triglia et al. 1997; Wang et al. 1997b; Triglia et al.
1998). A Ser to Asn substitution at codon 108 of DHFR decreases sensitivity to
pyrimethamine by a 100 fold (Wu, Kirkman, and Wellems 1996). Additional
substitutions at codons 51 (N51I), 59 (C59R), and 164 (1164L) progressively increase
levels of resistance to pyrimethamine (Hyde 1990; Wu, Kirkman, and Wellems
1996). Isolates containing all four substitutions have been found in South America
and Southeast Asia but have yet to have been reported in field studies in Africa
(Wang et al. 1997a; Mutabingwa et al. 2001; Kublin et al. 2002). At DHPS 14
substitutions at five sites have been characterised world wide of which six have been
recorded in Africa. The A437G and K540E mutations are the most frequently

reported in Africa (Wang et al. 1997a; Wang et al. 1997b; Eberl et al. 2001).

The role of the point mutations at each locus in conferring resistance to SP in vivo
has been inferred from studies showing predictive association of particular mutations
with treatment failure (Omar, Adagu, and Warhurst 2001; Kublin et al. 2002), and
from over-representation of mutations in recrudescent infections following treatment
failure (Edoh et al. 1997; Jelinek et al. 1997; Khan et al. 1997; Basco, Tahar, and
Ringwald 1998; Cortese and Plowe 1998; Curtis, Duraisingh, and Warhurst 1998;

Jelinek et al. 1999a; Jelinek et al. 1999b; Basco et al. 2000; Doumbo et al. 2000,

Nzila et al. 2000a).

36



Plasmodium falciparum,D rug Selection and Selective Sweeps

c Folate salvage and dhps enzyme

The importance of sulphadoxine in killing parasites in vivo has been under some
doubt, because of the ability of the reported parasite to source folate externally
(Sibley et al. 2001). Different parasite lines show differing abilities to use exogenous
folate and some grow almost normally in very high concentrations of sulphadoxine in
Vitro,ind icating that dhps is non essential in the biosynthesis of folate (Wang et al.
1997b; Wang et al. 1999). The ability of parasites to salvage folate from the host has
been postulated as the explanation of why in the majority of populations where SP

resistance occurs, resistance alleles at dhf are found in higher frequencies than at

dhps.

Genetic analysis of folate salvage in P. falciparum was performed on the genetic
cross between a sulphadoxine sensitive parasite strain, Hb3, and a sulphadoxine
resistant strain, Dd2. It was found that there was complete linkage of the folate
utilisation phenotype with a 48.6kb region around d#f on chromosome 4 (Wang et al.
2004a). Of the 7 putative open reading frames in this region, the strongest candidate
for the folate salvage phenotype was dhfr. Low level folate reductase activity has
been detected at dhf of other systems such as chickens, bacteria and mammals, and it
is plausible that this extends to P. falciparum (Wang et al. 2004a). It is argued, but
not shown, that different combinations of mutations at dhfr may affect the ability of a
parasite to utilise exogenous folate, as it is speculated that as Hb3, which displays
little folate utilisation effect, is a single S108N mutant, and that the presence of three
mutations (N511+C59R+S108N) at diy of parasite line D2 explains its highly

efficient folate utilisation effect phenotype (Wang et al. 2004a).
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In contradiction to the assertion that dhps is non essential, recent transfection studies
have shown that parasites with truncated forms of dhps are not viable (Wang et al.
2004b). It was shown that DHPS activity above a low yet critical level is essential for
viable parasites, regardless of the availability of salvageable folate. Earlier studies
had assumed that high concentrations of sulphadoxine were completely inhibiting all
dhps activity with negligible effect on parasite viability because of the folate salvage
effect. The authors speculate that this contradiction is resolved by considering that
dhps may be active in more than one compartment in the cell, in which one
compartment is perhaps less susceptible to sulphadoxine influx (Wang et al. 2004b).
Analysis of dhps mutant alleles in field populations of P. falciparum have shown that
positive selection is operating on dhps A437G+K540E double mutant resistance

alleles during a period of SP firstline use in South African populations (Roper et al.

2003).

d Evolution and emergence of SP resistance

Compared to chloroquine resistance, SP resistance developed relatively quickly. This
is thought to be due to the long half life of the drug in the body of treated people,
Wherein a long tail of sub inhibitory plasma concentrations can select for allelic forms
of the enzymes that do not survive full therapeutic doses, but are mutant stepping
stones to fully drug insensitive forms of the enzymes (Hastings, Watkins, and White
2002). For example N511+S108N dhfr double mutant allele can only survive plasma
concentrations found in the body 5-7 days after initial dosing with pyrimethamine,
Whereas the sensitive form of the enzyme is inhibited by pyrimethamine
concentrationg present in the plasma for more than 52 days after the initial dosing

(Watkins et 4], 1997). The dhfy- N511+C59R+S108N triple mutant is thought to be of
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borderline sensitivity to the initial high concentrations of pyrimethamine in the blood

plasma (Watkins et al. 1997; Hastings, Watkins, and White 2002).

In addition to the long half life of the drug, the mechanism of resistance to SP is
simple when compared to chloroquine, requiring only substitutions in the drug target
to preferentially bind the native substrate rather than the inhibitor. By contrast
chloroquine targets the polymerisation of toxic haem from digestion of haemoglobin
to the inert haemozoin and thus resistance occurs through the prevention of
chloroquine from accumulating in the digestive vacuole of the red blood cell

(Cowman 1997).

It has long been assumed that the point mutations that confer resistance to SP occur
regularly. Indeed, the in vitro mutation rate of codon 108 of dhfr has been calculated
as 2.5x107° mutations/DHFR gene/infection (Paget-McNicol and Saul 2001). As each
patent infection contains between 10'°- 102 parasites, this equates to a mutation
occurring at dhfy during every infection. Recent studies using flanking markers
around dhfi and dhps have thrown the ability of these de novo mutations to survive

into doubt (reviewed below).
III  The effects of strong selection on chromosomal flanking sequence

Strong positive selection operating on a favourable allele can reduce gene diversity at
loci flanking the selected gene as the frequency of a favourable allele increases. The
association of neutra] flanking alleles with the selected site is termed *hitchhiking’
(Smith and Haigh 1974; Kaplan, Hudson, and Langley 1989). As the hitchhiking

alleles increage in frequency in the population, a valley of reduced diversity on the
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flanking sequence surrounding the selected site occurs, hence the term selective

sweep (Smith and Haigh 1974).
a Determinant parameters of selective sweeps

The persistence of a selective sweep in a population and the length of chromosome
affected are dependant on both the strength of selection and the rate of recombination.
If selection for a favourable allele is strong and it increases in frequency to fixation
rapidly, the selective sweep will be large. Conversely if the rate of recombination is
high the associations between selected site and flanking markers are rapidly broken

down and the selective sweep is likely to be small.

There are a range of sizes of selective sweeps reported. In humans the region of
reduced diversity found around the lactate dehydrogenase extended for more than 1
Mb (Bersaglieri et al. 2004). In organisms where there are higher rates of
recombination, selective sweeps are contained to a smaller region of sequence
flanking the selected site such as the extended haplotype of ~88kb in a highly

recombining region of the genome of Drosophila simulans (Quesada et al. 2003).

Interpretation of the cause of selection giving rise to ancient selective sweeps is often
Speculative. In organisms with long generation times, such as humans, the formation
of a selective SWeep occurs over a long time, limiting the observations that can be

made of the changes occurring in genome in real time. Retrospective data can clarify

the nature, strength and duration of selection occurring for an allele in some cases.
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By contrast the selective sweeps that arise due to therapeutic drug selection in malaria
parasites occur in a defined period, selection beginning when the drug was first used
and ending when the drug is no longer used. Changes in the frequency of resistance
alleles can be used to directly measure the strength of selection occurring. This
combined with a short generation time provides an opportunity to observe the effects

i i i time.
of selection on a genome with precision over a precisely defined period of

j ] ja: Chloroquine
b Drug resistance associated selective sweeps in malaria: Chloroq

resistance

The first of the drug resistance related selective sweeps to be identified was in a
sample of chloroquine resistant parasites sampled from Africa, southeast Asia, South
America and Papua New Guinea (Wootton et al. 2002). Although the genetic basis
for chloroquine resistance is thought to be multigenic, the key determinant is thought
to be Pfert on chromosome 7 (Sidhu, Verdier-Pinard, and Fidock 2002). Wootton et
al took samples of chloroquine resistant and sensitive parasites and using 342 highly
polymorphic microsatellite markers described patterns of linkage disequilibrium over
all 14 haploid chromosomes. Through the comparison of chloroquine resistant and
chloroquine sensitive genomes they were able to identify regions of extensive linkage
disequilibrium among the resistant isolates. This process identified only one locus,

i b of reduced
namely Pfert on chromosome 7 which was flanked by a region of >200kb o

allelic diversity.

our n identifi tton et al. 2002).

F chloroquine resistance founding events were identified (Wootton €

The Pfer fi ; h Asi ican chloroquine
fert allele found in high frequencies in both Asian and African

i lineages were
resistant populations, shared the same ancestry. A further three lineag
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described in two locations in South America and one in Papua New Guinea, in each
case the Pfcrt allele present had arisen only once and was of distinct ancestry to
alleles sampled at other sites (Wootton et al. 2002). The transcontinental spread of
the chloroquine resistance allele across Asia and the African continent is consistent
with the history of chloroquine resistance and its spread out of southeast Asia into
neighbouring countries (Payne 1989) (Figure 1-2). It is a matter for speculation

where, when and how many times the allele came to enter the African parasite

population.

The key conclusion from this work is that the widespread occurrence of chloroquine
resistance is not due to numerous de novo mutation events, but rather due to the

expansion of a limited number of monophyletic resistance lineages.
c Drug resistance selective sweeps in malaria: SP resistance

Genetic mapping of resistance traits in mixed samples from many global locations
can be confounded by admixture. It is therefore preferable to limit detection of
linkage disequilibrium to samples taken from a single population, where the risks of
admixture linkage are much reduced. There have been three studies describing the
ancestry of pyrimethamine resistance, but as opposed to the chloroquine study, these

were performed in a continent specific manner.

a.South America

Analysis of dhfr and dhps alleles and closely linked microsatellite loci, one in an

intron within dhps and another within the 5° UTR of dhfi,showed strong association
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of flanking alleles with each of the resistance alleles (Cortese et al. 2002). However,
matching polymorphism at four microsatellite loci not physically linked to either dhps
or dhfr,wa s also found and there was linkage disequilibrium between resistance
alleles at dhfr,dhps ,Pfcrt and pfimdri. The linkage disequilibrium between these
four resistance loci indicates that recombination between drug resistant parasites and
drug sensitive parasites is very rare, either due to low transmission or assortative
mating enforced by intense selection pressure. In populations where transmission is
low, diversity at neutral loci is generally low, reflecting the low recombination rate.
Thus descriptions of the full extent of a selective sweep around any one of the

resistance loci would be impossible.

b.Southeast Africa

Chronologically the second published report of evidence of a selective sweep around
SP resistance loci was in populations in southeast Africa. This description was of a
region encompassing 3 microsatellites within 8kb of dips on chromosome 8 and 3
microsatellites within 5kb of dhfir on chromosome 4 (Roper et al. 2003). In South
Africa and Tanzania we found three separate origins of parasites carrying two
mutations at dhfr, but just a single origin of parasites carrying the triple mutant
(N51I+C59R+S108N) dhfi alleles. Microsatellite flanking markers were tightly
associated with each dhfi resistance allele containing 2 or more mutations and the
association of different flanking markers with different dhf resistance alleles
demonstrates that each has an independent origin (Roper et al. 2003). At dhps the
double A437G+K540E mutant allele was identified as being monophyletic in South
Africa and northern Tanzania. The work presented in this thesis extends this work

describing the full extent of the selective sweeps around these two SP resistance loci
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in southeast Africa. Here the P. falciparum population is one of the most diverse

populations with both extremes of global recombination rates.

c. Southeast Asia

The full extent of a selective sweep around dhf on chromosome 4 has been described
in southeast Asian pyrimethamine resistant parasites collected from clinics on the
Thailand — Myanmar border. It was described as a region of 12kb of strongly
reduced gene diversity within a wider valley extending from 58kb upstream to over
40kb downstream (Nair et al. 2003). The significance of the reduction of
microsatellite variation within the ~100kb region around dhft was determined by
comparison of chromosomes carrying the resistance alleles to a deterministic

hitchhiking model, as sensitive chromosomes were absent in the region (Nair et al.

2003).

There was a diversity of resistant alleles at dhfr with mutations at codons 51, 59, 108
and 164. Importantly all alleles carrying 2-4 mutations had identical or very similar
flanking microsatellites indicating a single ancestral origin. The selective sweep is
effectively shared between multiple alleles. Selection was not concurrent with the
time period that the samples were taken (Nosten et al. 2000). Since the cessation of
drug pressure in the early 1980s, the selective sweep has survived despite
recombination. The size of this selective sweep around dhfr was smaller than that
described around Pfcrt. Factors which may explain this are the global sampling
strategy for the Pfert analysis and the age of the dhfi- sweep in Asia. Withregardtoa
description of a selective sweep around Southeast Asian sulphadoxine resistant dips

alleles, this work is ongoing (T.J.C.Anderson, personal communication).
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d The importance of dispersal in resistance

Numerous models describing the evolution of antimalarial drug resistance have made
the assumption that one mutation should arise de novo per infection. It is clear from
the above descriptions of the ancestry of SP resistance alleles in South America, Asia
and Africa, that contrary to expectations highly resistant difi and dhps alleles arise
very rarely indeed (Cortese et al. 2002; Nair et al. 2003; Roper et al. 2003).
Comparing the flanking haplotype at 6 markers over a 30kb region around the dhfr
triple mutant resistance alleles from Africa and dhfr resistance alleles from southeast
Asia, it was shown that the triple mutant allele from southeast Asia had been
introduced into Africa and has subsequently introgressed into the population over
considerable distances (>4000km) (Roper et al. 2003; Roper et al. 2004). The spread
of the dhfr triple mutant resistance allele from southeast Asia to Africa echoes the
spread of the chloroquine resistance Pfcrt allele between the two populations
(Wootton et al. 2002). This is a strong indication that the spread of resistance alleles
is a more important factor in determining the useful therapeutic life of an antimalarial,
rather than the de novo mutation rate (Hastings 2004). The differences seen between
sweeps around genes such as dhfr and Pfcrt and the remarkable effect of
epidemiological context such as in South America or southeast Asia means that

further research is needed to explore the African situation.

| A% Thesis Outline

Chapter 2: We describe a high throughput sequence specific oligonucleotide probing

(SSOP) dot blot methodology for detection of point mutations at dhfr and dhps in
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field collections of blood from P. falciparum infected people. The occurrence of
single genotype infections allowed us to infer allelic haplotypes consisting of
different combinations of point mutations present in three northern Tanzania
populations. We compared the level of resistance between sites by measuring the
frequency of these allelic haplotypes in each population and made inferences about
the recent history of SP selection based on allele frequencies and linkage

disequilibrium between dhfr and dhps resistance alleles.

Chapter 3: We applied the SSOP-dot blot and allelic haplotype methodology to three
populations in southeast Africa which have different histories of SP use. We found
heterogeneity in the frequencies of resistance alleles between the three populations.
By typing the populations at eight neutral microsatellite markers we showed that this
heterogeneity exists in the face of strongly homogenising gene flow. In one of the
populations, South Africa, we found evidence of epidemic expansion of genetically

similar parasites and high degrees of inbreeding.

Chapter 4: We describe, for the first time,the f ull extent of the selective sweep
around dhff triple mutant alleles in Africa P. falciparum. We compared diversity on
resistant and sensitive chromosomes. By using triple mutant chromosomes taken
during a longitudinal study in South Africa, we observe the effects of time on the size
of a selective sweep. Sampling in other southeast African populations with different
selection histories and transmission intensities we examine the impact on diversity
around the triple mutant allele. Using a deterministic model to predict the extent of
the selective sweep under given selection and recombination conditions we show that

gene flow was almost certainly important in establishing an initial starting frequency

greater than I/N,3 in all these populations.
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Chapter 5: We describe the extent of the selective sweep around a dhfr CS9R+S108N
double mutant allele. The dhfr double mutant allele is less resistant to pyrimethamine
than the dhfi triple mutant and was displaced by the triple mutant allele in South
African populations where SP was the primary treatment for malaria (Roper et al.
2003). We find evidence of reduced gene diversity on double mutant chromosomes
sampled from Tanzania and South Africa. The extent of the selective sweep was
smaller than that present on triple mutant chromosomes for the same population but
Was not as small as predicted by the deterministic model for the population specific
selection and recombination parameters. Once again it appears that gene flow in
determining initial starting frequencies played an important role in defining the size

and shape of the selective sweep.

Chapter 6: We describe the extent of the selection sweep around the dhps
A437G+K540E double mutant allele. This allele is a more recent arrival in southeast
Africa than resistant difr alleles. Chromosomes sampled from two South African
Populations, had significantly reduced gene diversity around the dps double mutant
allele when compared with sensitive chromosomes. The extent of the selective sweep
Was greater than that around the dhf# triple mutant in the same sample. We discuss

the effects of time, migration, drug use, and selection pressure on the size and shape

of the selective sweeps around dhfr and dhps.

Chapter 7 We draw broad conclusions relating to the effect of SP selection of the

genome of southeast African P. Jalciparum.

47



A Population Genetic Analysis of Antifolate Resistance in Plasmodium falciparum in southeast Africa.

Characterising Point Mutation Haplotypes in the Dihydrofolate

Chapter 2

Reductase and Dihydropteroate Synthase Genes of Plasmodium falciparum

I Abstract

The genetic determinants of in vitro resistance to the two drugs individually are
shown to be point mutations at seven sites in dihydrofolate reductase (dhfF)
conferring resistance to pyrimethamine and five sites in dihydropteroate synthase
(dhps) conferring resistance to sulphadoxine. Different combinations of mutations
within each gene confer differing degrees of drug sensitivity but information about
the haplotypic conformations of point mutations and the frequency with which they
occur has been lacking because of the complicating effects of multiple infection. We
developed a novel high throughput sequence specific oligonucleotide probing based
approach to screen for and infer haplotype frequencies. We then demonstrate its
practical use in an analysis of three P. falciparum populations in northern Tanzania.
This chapter describes the method and haplotype scoring approach and illustrates its
application in Tanzania. Screening surveys of asymptomatic infections for the
presence of all known point mutations in dhfr and dhps genes we showed that just
five dhfi and three dhps allelic haplotypes are present. A high frequency of both
triple mutant dhfr and double mutant dips mutant alleles were found in addition to
significant inter-regional heterogeneity in allele frequency. In vivo studies have
shown that the co-occurrence of three dhfi- mutations and two dips mutations in an
infection prior to treatment are statistically predictive of treatment failure. We
combined data for both loci to determine the frequency of two locus genotypes. The
triple dhfr/double dhps genotype was present in all three regions with frequencies
ranging between 30% and 63% predicting that treatment failure rates will be high.
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This work has been published as Pearce et al 2003 (Appendix 8).
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11 Introduction

Sulphadoxine — Pyrimethamine (SP) has now replaced chloroquine as the first line
curative antimalarial in much of East Africa. Resistance to Sulphadoxine and
Pyrimethamine are associated in vitro with a series of substitutions within the active
site of target enzymes of the folate biosynthesis pathway, dihydropteroate synthase
(DHPS) (Brooks et al. 1994; Triglia and Cowman 1994) and dihydrofolate reductase
(DHFR) (Cowman et al. 1988; Peterson, Walliker, and Wellems 1988; Snewin et al.
1989) respectively, and this has been demonstrated through laboratory based in vitro
sensitivity tests and transfection experiments on DHFR with respect to
pyrimethamine (Zolg et al. 1989; Wu, Kirkman, and Wellems 1996) and DHPS with
respect to sulphadoxine (Triglia et al. 1997; Wang et al. 1997b; Triglia et al. 1998).
The sequence changes coding for substitutions that are naturally occurring worldwide
are summarised in Table 2-1. A Ser to Asn substitution at codon 108 of DHFR
decreases sensitivity to pyrimethamine by a 100 fold (Wu, Kirkman, and Wellems
1996). Additional substitutions at codons 51 (N51I), 59 (C59R), and 164 (1164L)
progressively increase levels of resistance to pyrimethamine (Hyde 1990; Wu,
Kirkman, and Wellems 1996). Isolates containing all four substitutions have been
found in South America and Southeast Asia but have yet to have been reported in
Africa (Wang et al. 1997a; Mutabingwa et al. 2001; Kublin et al. 2002). At DHPS 14
substitutions at five sites have been characterised world wide of which six have been
recorded in Africa, with A437G and K540E mutations being the most frequently

reported (Wang et al. 1997a; Wang et al. 1997b; Eberl et al. 2001).
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Probe Sequence

DHFR Probes Probe Name _Amino Acid
CODON 16 A* ALA CCATATGTGCATGTTGTA
S SER CCATATGTTCATGTTGTA
\"% VAL CCATATGTGTATGTTGT A
CODON 50 & CN* CYS ASN TGG AAA TGT AAT TCC CTA
CODON 51 CN2* CYS ASN TGG AAA TGT AAC TCCCTA
RN ARG ASN TGG AAA CGT AAT TCC CTA
RN2 ARG ASN TGG AAA CGT AACTCCCTA
RI ARGILE TGG AAA CGT ATT TCC CTA
CI CYSILE TGG AAA TGT ATT TCC CTA
CODON 59 C* CYS AATATTITTGT GCAGTTA
R ARG AATATTITCGT GCAGTTA
CODON 108 N ASN A AGA ACA AAC TGG GAA AG
S* SER A AGA ACA AGC TGG GAA AG
T THR A AGA ACA ACC TGG GAA AG
CODON 140 V* VAL AT GAA GATGTT TATATCA
L LEU AT GAA GATCTT TATATCA
CODON 164 I* ILE GT TTT ATT ATA GGAGGT T
L LEU GT TTT ATT TTA GGA GGT T
DHPS Probes
CODON436 &  SA* SER ALA GAA TCC TCT GCT CCTTTT
CODON 437 SG SER GLY GAA TCCTCT GGT CCTTIT
FA PHE ALA GAA TCC TTT GCT CCTTTT
FG PHE GLY GAATCC TTT GGT CCT TTT
AA ALA ALA GAA TCC GCT GCT CCT TTT
AG ALA GLY GAA TCC GCT GGT CCT TTT
CA CYS ALA GAATCCTGT GCTCCTTTT
CODON 540 K* LYS ACA ATG GAT AAA CTA ACA
E GLU ACA ATG GAT GAA CTA ACA
CODON 581 A* ALA A GGATTT GCG AAGAAACA
G GLY A GGA TTT GGG AAG AAA CA
CODON 613 A¥* ALA GA TTT ATT GCC CAT TGC
T THR GA TTT ATT ACC CAT TGC
S SER GA TTT ATT TCC CAT TGC

Table 2-1: Summary of the sites at which a SNP known to be associated with SP
resistance occurs, and the oligonucleotide probe designed to detect it. The sequence
in bold represents the codon within which the point mutation occurs. The asterisk

following the Probe Name indicates the wildtype sensitive codon. Column 3

indicates the amino acid change that occurs at the relevant codon following the point

mutation
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The role of the point mutations at each locus in conferring resistance to SP in vivo
has been inferred from studies showing predictive association of particular mutations
with treatment failure (Omar, Adagu, and Warhurst 2001; Kublin et al. 2002), and
from over-representation of mutations in recrudescent infections after treatment
(Edoh et al. 1997; Jelinek et al. 1997; Khan et al. 1997; Basco, Tahar, and Ringwald
1998; Cortese and Plowe 1998; Curtis, Duraisingh, and Warhurst 1998; Jelinek et al.
1999a; Jelinek et al. 1999b; Basco et al. 2000; Doumbo et al. 2000; Nzila et al.
2000a). Such studies are complicated by mixed infections, although the blood stage
parasites are haploid the co-occurrence of more than one genotype in an infection
means that variation at multiple sites cannot be assigned to an individual parasite line

within the infection and accordingly the predictive association with treatment

outcome is complicated.

To understand the natural history of the point mutations that occur at dhfi and dhps
one needs to know how they occur in populations. In order to study the frequency of
alleles at a population level, we have designed a PCR-SSOP high throughput
approach for detection of known single nucleotide polymorphisms (SNP) in order to
identify and construct haplotypes. Haplotypes are combinations of SNPs that are in
the same gene, in the same parasite: as distinct from associations of point mutations
that co-occur because there is a mixture of parasites of different genotypes within a
single infection. Haplotypes are biologically meaningful since they determine the
resistance properties of parasites that are exposed to drug at the time of treatment.
For example a triple mutant dhfi haplotype of N511+C59R+S108N has a 1.5 — 3 fold
higher pyrimethamine resistance in vitro than either of N511+S108N or C59R+S108N
double mutant haplotypes (Sirawaraporn et al. 1997). A mixed infection containing
these two double mutant alleles is less resistant to pyrimethamine than an infection
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containing the triple mutant allele despite all three mutations being present in either
case. It is important when comparing populations, to measure the frequency of
haplotypes, rather than prevalence of each point mutation separately, because

haplotypes are the determinants of the drug resistance levels.

The method we have employed involves the PCR amplification of sequence from the
coding regions of dhfr and dhps genes, which is fixed on to membranes and probed
with sequence specific oligonucleotide probes (SSOP) (Conway et al. 1999),
designed to detect each of the single base pair substitutions at all positions
summarised in Table 2-1. Figure 2-1 is an example of a pair of dot blots probed for
the polymorphism at codon 59 of dhfr. The SSOP method has advantages for high
throughput, while retaining the equivalent sensitivity and specificity of other methods
used for detection of dhfr and dhps SNPs (Abdel-Muhsin et al. 2002; Ranford-
Cartwright et al. 2002). We used tetramethylammonium chloride (TMAC) to
standardise the melting temperature (Tm) of dioxigenin labelled oligonucleotide
probes, so enabling duplicate membranes to be probed and washed at a standard
temperature and sequence variants at all SNP sites to be detected simultaneously. In
addition to these improvements over other variations on SSOP-dot blotting (Abdel-
Mubhsin et al. 2002), we modified the methodology described in (Conway et al. 1999)
in the following ways:
1.DNA extractions from bloodspots were performed in 96 well arrays in plates

designed to take at least one ml capacity. By performing DNA extractions in

this format, many more extractions could be performed in a shorter period of

time removing a bottleneck to subsequent high throughput steps.

2.The se cond modification was to switch the substrate used in the detection of
bound probe sequence. In the original methodology the detection substrate
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was CSPD, a chemiluminescent substrate which was used to expose the blots
to x-ray film. The range of detection of film is limited and a strong signal can
quickly exceed the upper limit of the sensitivity range. The length of
exposure of the blot to the film was variable as the strength of signal, a
function of the quantity of target sequence on the blot, varied between
populations analysed. To eliminate this, a chemifluorescent signal was used
instead. The substrate ECF (Enhanced Chemi-Fluorescence) is broken down
by alkaline phosphatase and then using the Storm phosphoimager the strength
of signal following excitation with blue laser light (nm=440) is digitised and
quantified. The intensity of the excitatory light can be raised or lowered to
adjust for the quantity of target sequence on the blots, thereby decreasing or
increasing the emission over all spots to fit within the range of sensitivity of
the Storm Phosphoimager.

3.The f inal modification is a benefit of being able to quantify signal from the
blots as a function of the maximum intensity of signal within a defined area,
termed volume, as defined by the software Image Quant. Scoring the absence,
presence and relative abundance of signal was previously performed by eye
and was open to subjective bias. Quantification of signal has removed this
subjectivity. A number of rules for scoring were developed and are described
below. Essentially the volume of signal for a single sample probe for one
SNP can be compared to the other SNPs for that locus through their relative

signal strengths.
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Figure 2-1: Example of a pair of dot blots detecting polymorphism at codon 59 of
dhfr. The presence or absence of point mutations and relative amounts of signal in

each of the samples can be determined by eye or quantitation of digitised signal.
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We chose to apply this approach to samples collected in northern Tanzania to
evaluate the resistance status of the parasite population. The earliest reports of
emerging SP resistance in Africa were from Muheza district in Tanzania during 1994
and 1995 (Ronn et al. 1996; Trigg et al. 1997). SP was introduced as first line
treatment for uncomplicated malaria in Tanzania during 2001 following 18 years of
second line use. It is now a priority to know how widespread genetic determinants of

SP resistance currently are in the wider regions of northern Tanzania.

To investigate this we have carried out a population-based genetic analysis of P.
Salciparum of N. Pare, S. Pare and Hai districts, which are distinct geographically.
There has been no malaria research in these districts since 1965, until recent work
showing relatively low levels of transmission with an estimate of the entomological
inoculation rate (EIR) at 24 (infective bites/person/year) in Hai (Drakeley et al. 2005),

as compared with an EIR in the range of 34-405 in the Muheza district (Ellman et al.

1998).

It is widely understood that people self-treat with antimalarial drugs, which can be
freely purchased (McCombie 1996), as a consequence, a proportion of people
attending health facilities with signs and symptoms of malaria may have had recent
prior exposure to drug. In this study we have analysed material from community
surveys of asymptomatic infections. This, we believe, will be less subject to bias due

to prior drug selection and therefore representative of the parasite population at large.
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111 Methods and Materials

a The study area and the samples:

Plasmodium falciparum positive samples were collected from two separate studies
within the same area of north east Tanzania; one was a study of infants and young
children in Hai District and the second was a study of people up to 45yrs in age in the
North/South Pare districts. Both studies were cross sectional malariometric surveys

across an altitude band of 550-1600m and most of the study subjects were

asymptomatic.

For the villages in the Hai District samples were collected in May 2001 by D.
Chandramohan. All <5 year-old children from 16 randomly selected villages were
invited to attend the survey clinic at a central clinic. A finger prick blood sample for
blood slide, and filter paper blood sample was collected from <5 year-old children.
The filter paper blood samples were air dried and stored at 4°C with desiccant.

Bloodspots from blood film positive children were selected retrospectively for

genotyping.

Samples from the North and South Pare mountains were collected in November 2001
during malariometric cross sectional surveys by C Drakeley and F Mosha. A random
sample of 1250 individuals (250 per village) under 45 years of age were recruited and
a finger blood sample taken into an EDTA microtainer. Filter paper blood spots were

made with 10p1 of packed cells from samples of individuals found to be parasite

positive.
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b DNA extraction:

DNA extraction from bloodspots on filter paper was carried out in a 96 well plate
format. A segment of the bloodspot was first soaked in 0.5% Saponin in 1xPBS
overnight, and then washed twice in 1ml 1xPBS. The segment was then boiled for 8

minutes in 100ul PCR quality water plus 50ul 20% chelex suspension in distilled

water (pH 9.5).

c PCR amplification of dhfr and dhps:

A 711bp fragment of dhps and a 594bp fragment of dhfr containing the polymorphic
codons were independently amplified by nested PCR in a 96 well plate format. PCR
primer sequences and reaction conditions are indicated in Table 2-2. The 25ul PCR
reaction mix contained primers at 0.25uM final concentration, 2mM MgCl,, 250uM
of each dNTP, 1x Bioline Taq Polymerase. 1ul of template DNA was introduced to
outer reactions. 1ul of dhps outer PCR product was introduced into a 25ul inner
amplification. Aliquots of 1ul of three fold diluted dhfr outer PCR product were

introduced into a 25ul inner amplification reaction.

d Molecular genotyping of point mutations using SSOP

Final round PCR products were heat denatured (95°C for 2 minutes), cooled and then

spotted onto nylon membranes in 1pl volumes in a 12x8 grid. A panel of 4 PCR
samples of known sequence representing all common sequence variants was spotted
on every blot to act as positive/negative controls for probe specificity. Replicate blots

were made of each array so that probing with the full panel of oligonucleotide probes
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for that gene could be conducted simultaneously. After drying, cross-linking was
performed with 1200 J ultraviolet light. Sequence specific 18bp oligonucleotide
probes 3’-end labelled with dioxigenin (Roche Boehinger Mannheim, Germany) were
each designed to compliment the known sequence polymorphisms in dhfr and dhps
listed in Table 2-1. SNP specific hybridisation was followed by high stringency
TMAC washes and detection of DIG labelled probes using Alkaline Phosphatase
conjugated Anti-DIG Fab fragments (Roche Boehinger Mannheim, Germany) as
described in (Conway et al. 1999). Visualisation was performed through the alkaline
phosphatase catalysed breakdown of the fluorogenic substrate ECF (Amersham
Pharmacia Biotech, UK) and scanned on the Molecular Dynamics Storm 840

Phosphoimager (Amersham Pharmacia Biotech, UK).

e Scoring

We scored the presence, absence or relative abundance of the variant sequence
polymorphism at each site separately. Images of blots probed with variant sequences
for a single locus were transferred as .tif files to ImageMaster Total Lab (Amersham
Pharmacia Biotech, UK). In the ‘array analysis’ subsection of the software a standard
area of each spot was defined and the intensity of chemifluorescence in that area
measured. Background was adjusted for by subtraction of the volume of the negative
controls from the volume data. Thus volume of chemifluorescence for each spot was
calculated as Volume = (MaxIntensity X SpotArea) — Background. To determine the
threshold of detection per se the presence flagging option was employed. By this
method the faintest spot considered present and not background was selected to set

the flagging threshold value.
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Primer Sequence

PCR reaction conditions

94°C for 3 min

DHFR Outer M1 5’ TTTATGATGGAACAAGTCTGC 3’
650bp M7 5 CTAGTATATACATCGCTAACA 3’ 94°C x 1 min, 52°C x 2 min,
72°C x 1 min, 40X
72°C for 10 min
Inner M3b 5’"TGATGGAACAAGTCTGCGACGTT 3’ 94°C for 3 min
594bp M9 5° CTGGAAAAAATACATCACATTCATATG 3’ 94°C x 1 min, 44°Cx 2 min,
72°C x 1 min, 4X
94°C x 1 min, 44°C x 1 min,
72°C x 1 min, 34X
72°C for 10 min
DHPS Outer N1 5’GATTCTTTTTCAGATGGAGG 3’ 94°C for 3 min
770bp N2 5’ TTCCTCATGTAATTCATCTGA 3’ 94°C x 1 min, 51°C x 2 min,
72°C x 1 min, 40X
72°C for 10 min
Inner R2 5’AACCTAAACGTGCTGTTCAA 3’ As for Outer
711bp R/ 5’ AATTGTGTGATTTGTCCACAA 3’

Table 2-2: Table of PCR primer sequences and reaction conditions for the nested

amplification of dhfr and dhps
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To compare SNP specific probes at a single site Microsoft Excel bar charts were
drawn comparing the volume data for each probe on every sample and the presence
flagging result in each case. The following rules were used to determine whethera

SNP was present or absent at each site.

a) A SNP was considered present in a PCR product when volume value with a
particular probe is greater than background. If volume values were low, presence

flagging provided an internal control to avoid possible biasing between probes or

blots.

b) Absent: All volume values below the first gridline on the chart were rejected. No
set value can be given for this criterion as volume value comparison is relative

and varies depending on the strength of the probe labelling and binding.

Samples were categorised into single, majority or mixed at each site as follows:
Samples were considered to be of mixed haplotypes if the volume value of the
minority SNP was greater than half the volume value of the majority SNP. Samples
were considered to be mixed but containing a majority SNP if the minority SNP was
less than half of the majority value, but greater than the first gridline on the chart.

Samples were considered to be single if there was only one SNP present at a site

given the above rules.

To combine data from all sites in a gene and construct haplotypes it was necessary to

discard samplés in which a mixture was found, but which did not contain a majority

SNP. Thus for the purpose of generating frequency data one haplotype was scored
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from each sample, this was of either a single or majority type, because haplotypes

from mixed infections cannot be constructed.

Following the same principle, for measuring the frequency of two locus genotypes a
subset of samples in which a single or majority allelic haplotype was found at both

dhfr and dhps was used.

f Statistical Analysis

Statistical analysis of population differences in haplotype frequencies (Wright’s Fgy)
(Cockerham and Weir 1984) and linkage disequilibrium were carried out using
Arlequin software (Schneider, Roessli, and Excoffier 2000). Statistical analysis of

contingency tables of the association of haplotypes within two locus combinations

was performed using a Chi Squared test.

IV Results and Interpretation.

Of the 165 bloodspots that yielded PCR products, 10.3% were mixed at dhps and
1.2% mixed at dhfr, no ‘majority’ haplotypes were identified. The low number of
mixed infections was a reflection of the low level of malaria transmission in the three
regions. On stratification of the populations of N. Pare and S. Pare into the age
ranges of 0-4yrs and 5-45yrs, no significant difference was found in the frequency of
dhfr and dhps allelic haplotypes, allowing comparisons to be made between the

samples from those sites with those from the Hai district where samples were taken

exclusively from <5yrs.
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Using single genotype infections we were able to determine the point mutation
haplotypes that were present in the three districts surveyed. The dhfi- and dhps allelic
haplotypes present in each region are shown in Figure 2-2. Three point mutations in
dhfr were found, occurring at codons 51, 59 and 108. Of the eight possible
haplotypic conformations of these three SNPs, five were found. This represents only
a subset of point mutations reported globally, but matches well with previous reports
of point mutations present in single genotype infections that have been described
elsewhere in East Africa, namely Kenya and Tanzania (Wang et al. 1997a; Nzila et al.
2000a). Likewise, at dhps three point mutations were found and of the eight possible
haplotypes only three were found, namely the sensitive allele, single mutant allele
S436A and the double mutant allele A437G, K540E haplotype, which has been
widely recorded in East Africa (Jelinek et al. 1997; Wang et al. 1997a; Jelinek et al.
1998; Nzila et al. 2000a; Nzila et al. 2000b; Mutabingwa et al. 2001; Kublin et al.

2002) but not so far in West Africa (Plowe et al. 1997; Wang et al. 1997a; Eberl et al.

2001).
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Figure 2-2: Scheme of dhfi- and dhps alleles found in this study. Shaded blocks
indicate the site that the constituent SNPs of each haplotype arise. Names of the
alleles are composed of the amino acids present at each of the sites, in consecutive

order of the codon number, described as having a role in SP resistance
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a Regional Variation in Population Resistance

Allelic haplotype frequencies in the three regions differed significantly and are
summarised in Figure 2-3. Not all alleles at dhfi and dhps were present in each of the
districts. The sensitive dhfr allele was not present in Hai or the S. Pares, the S108N
substitution having reached fixation. The frequency of the dhfr triple mutant allele
was high in all districts, highest in Hai (84.1%). The N. Pare sample set had the
lowest frequency of dhf# triple mutant allele; nevertheless it was five times greater
than the frequency of sensitive dhfr alleles. We found no dhf- 1164L at all and
therefore no quadruple mutant alleles (N51I + C59R + S108N + I164L). The
frequency of the dhps double mutant allele was extremely high being greatest in Hai
(64.2%), lowest in N. Pare (43.3%) and S. Pare was intermediate (54.5%). Unlike
dhfr, the sensitive allele of dhps was found in all districts. Furthermore there was a
low frequency (4%-7.4%) of the single mutant (S436A) allele in all districts. On
calculation of the Wright’s Fsr, the pairwise difference in haplotype frequencies at
both loci between region is shown to be statistically significant when comparing Hai

District with N. Pare (dhft Fsr = 0.0733 P <0.05; dhps Fsr = 0.0748 P < 0.05).

65



A Population Genetic Analysis of Antifolate Resistance in Plasmodium falciparum in southeast Africa.

A 1.0 F
0.8 [~
2 0.6
;g
0.4 [
0.2 [
Region n ACNCSVI ACNCNVI ACNRNVI  ACICNVI
[0 Hai District 88 0 0.034 0.011 0.11
North Pare 35 0.086 0.086 0.086 0.143
B South Pare 40 0 0.075 0 0.2
B 10
0.8
5 os]
E
0.4
0.2
Region n SGEAA
[0 Hai District 81 0.284 0.074 0.642
[ NorthPare 30 0.533 0.033 0.433
M South Pare 33 0.394 0.061 0.545

Figure 2-3: Frequency of a) dhfr alleles and b) dhps alleles found in the three

districts of Hai, North Pare, and South Pare
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Interestingly there was no significant difference in the remaining pairwise
comparisons, despite the differences in haplotype frequencies between North and
South Pares. These findings point to some difference in selection pressure between
districts with weaker selection explaining a slower development of SP resistance in
N. Pare. Possible causes of weaker selective pressure are a greater use of alternative
antimalarials such as amodiaquine, or a reduced use of antimalarials per se due to
poor access to healthcare facilities or raised levels of acquired immunity. The
differences in resistance allele frequencies between the N. Pares and the remaining
two sites have occurred in the face of presumably strong gene flow which would be
acting to make the parasite population homogeneous. Whilst these sites are
geographically separate they are by no means genetically isolated. A study
identifying the ancestry of the triple mutant allele showed that the Hai district triple
mutant was identical to the triple mutant allele found in KwaZulu Natal, South
Africa, over 4000km away. What is maintaining the differences between the study
sites in the face of gene flow is unclear, but ongoing investigations into treatment
seeking behaviour and over prescription by providers will aim to further illuminate
differences in drug use between the three study populations (Swarthout, T., D.

Chandramohan, F. Mosha, A. Bell, G. Masuki, C. Drakeley, and H. Reyburn.

Abstr. The 3rd MIM Pan-African Malaria Conference, 2002).

During an in vivo study in Malawi, a statistical association was found between the
presence of all three dhft mutations and both dhps mutations with failure to clear
parasitaemia after SP treatment (Kublin et al. 2002). It is probable that in many cases
this is due to the presence of the two most highly resistant alleles, triple dAf and the
double dhps — and this is supported by analysis of recrudescent infections following

SP treatment (Kun et al. 1999). Two locus combinations were derived from ‘single’
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infections where only one haplotype was recorded at both dhfr and at dhps. The map
in Figure 2-4 shows the spatial distribution of frequencies of two locus combinations.
The reduction in sample size ‘n’ reflects the loss due to mixed infections. Here we
directly measured the frequency of the highly resistant two locus genotype consisting
of the ACIRNVI / SGEAA and found it to be extreme. In Hai it was 63.2%, in S Pare

50%, and in N Pare 22%. Hence there is a clear and testable prediction that SP

treatment failure rates in these three regions will differ.

b Selection on dhfr and dhps by SP use

In N. Pare there was more diversity at both loci and consequently a greater diversity
of two locus genotypes. The Wright’s Fsr comparing the three populations at both
loci further confirmed this difference between N. Pare and S. Pare (Fs; = 0.0583
p=0.0054) and between N. Pare and Hai (Fs; = 0.149 p<0.00001). Pair-wise
compafison of S. Pare and Hai district populations (Fsr = 0.011) showed no
significant difference and were merged for subsequent analysis. Statistical analysis
of observed and expected two locus combinations was performed on the population
of N. Pare and the combined populations of Hai District and S. Pare. We found a
significant departure from expected in the merged Hai /S. Pare population (y test
p=0.0018, 6d.f.), whereas the distribution in N. Pare was non-significant (y° test
p=0.835, 8d.f.). Linkage disequilibrium analysis was performed on the combined
Hai and S. Pare data set, and we found three two locus combinations to be in linkage
disequilibrium, namely ACICNVI- SAKAA (D’=0.277, p=0.01), ACNRNVI-
AAKAA (D’=1.0, p<0.00001) and ACIRNVI-SGEAA (D’=0.229, p=0.031). No

other pair of alleles was found to be in LD.
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Figure 2-4: Map of the three districts of northern Tanzania showing the frequencies

and distribution of dhfr/dhps two locus genotypes
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Within populations in Africa it has been observed that dhfi mutations appear earlier
in the development of SP resistance (Mberu et al. 2000; Nzila et al. 2000a; Sibley et
al. 2001). Our own data suggests the same sequence of events, with resistant dhf
being fixed in Hai and South Pare yet sensitive dhps relatively common. The
observed linkage disequilibrium between the ACICNVI-SAKAA two locus
combination and the absence of significant LD between either of the dhfr double
mutants and the dhps double mutant alleles supports the idea of an interaction,

between dhfi and dhps in the development of resistance.

Additionally, there was a statistically significant association between the triple dhfr
mutant and the double dhps mutant in the combined Hai District and the South Pare
populations. dhfr is on chromosome 4 and dhps on chromosome 8, so the fact that
linkage disequilibrium was found between two highly resistant haplotypes at these
unlinked loci, is indicative of the non-independence of sulphadoxine and
pyrimethamine selection. This has been reported previously in Kenya (Omar, Adagu,
and Warhurst 2001) and Malawi (Kublin et al. 2002). The same relationship was not
apparent in N. Pare, consistent with the frequency of resistance alleles at both loci
being significantly lower. Both factors imply that drug selection is weaker. This
finding emphasises the transient nature of linkage, particularly in areas of high
transmission intensity where recombination rapidly breaks down the linkage between
dhfr and dhps, and argues for caution in use of ‘indicator’ mutations as a proxy for
resistance genotyping. While the co-occurrence of all five mutations in an infection
in S. Pare and Hai was in fact a reliable indicator of the presence of a quintuple
genotype, this was not the case in N. Pare. The wide spread use of the antibiotic

Septrin which contains trimethoprim and sulphamethoxazole to treat other infections
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may indirectly select on dhfr and dhps resistance mutations and further complicate

the relationship.

c Past, present and future of Pyrimethamine and Sulphadoxine use in Northern

Tanzania

The three districts described here are found at between 200km and 400km northwest
of Muheza district, a region historically associated with exceptionally high levels of
antifolate resistance. Resistance to pyrimethamine alone was reported in 1954 in
Mngeza in Muheza district, following mass administration of prophylactic doses of
pyrimethamine monotherapy over a five month period during 1953 (Clyde 1954).
Use of the SP combination began in Tanzania in 1982 when it was introduced as
second-line treatment for use in cases of chloroquine failure and as early as 1984 it
was the policy of the Muheza district hospital to use SP as first line antimalarial
(Mutabingwa et al. 2001). Studies from the region report that SP was highly effective
during the eighties but resistance was recorded in Magoda village near Muheza in
1994 (Ronn et al. 1996) and subsequently reported in villages in the surrounding area
(Jelinek et al. 1997; Trigg et al. 1997; Jelinek et al. 1998). The emergence of
resistance to SP in 1994 was attributed by Ronn et al to be in part a result of the
prophylactic intervention of weekly dapsone pyrimethamine to all children <10 years
old. Parasitological failure rates in children 7 days post treatment with SP in Muheza

district hospital was most recently reported to be as high as 45% (Mutabingwa et al.

2001).

Two explanations for the high frequency of resistance alleles in the three districts
described here are the widespread use of SP or related drugs, and the movement of

resistance from Muheza. However levels of resistance do not show a simple decline
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with distance from Muheza to Hai (Fig. 2-4), and clearly local drug use is a very
important factor. What is striking from the data presented here is the significant
inter-population differences, and it is probable these differences have arisen from
differing patterns of drug use in these communities. The relationships between
populations to determine whether they are genetically distinct or homogeneous due to
gene flow can be elucidated by analysis of marker loci such as microsatellites not
subject to drug selection. Unfortunately these samples were of poor quality and it

was not possible to perform this additional step. However this approach is applied in

the next chapter.

\% Concluding Remarks

In this chapter we have described a new approach by which to determine the
frequency of point mutation haplotypes in P. falciparum populations using blood
survey material. It allows quantitation of resistance at the population level and
enables direct comparison of population resistance levels even when they differ
widely in the proportion of multiply infected individuals. The issue of multiple
infections can be problematic when genotyping blood stage parasites, because it
causes haplotypic conformations of point mutations to be obscured and rare mutations
to be over-sampled. By recording one genotype per infection and discounting
minority genotypes we avoid over-sampling of rare genotypes, and estimate the
frequency of mutation haplotypes in the population in a measure which is
standardised over all populations of different transmission intensity. With this
consideration in mind, the SSOP method employed is designed for high throughput

screening of blood stage infections, to derive haplotype frequencies from survey

material.
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Modifications that we made to the original methodology have improved and
increased the throughput of the technique. A further modification made after this
work was performed was the use of pre-labelled probe sequences. These are labelled
and then purified which ensures that only labelled probe sequence is present. The
quantity of labelled probe used in the experiment is then standardised between

probes, whereas previously unlabelled probe was also present causing variation in the

intensity of replicate blots screened with the different probes.

In the published work describing these findings (Pearce et al, 2003; Appendix 8) we

recommended that in vivo studies be performed to confirm that the high frequency of
resistance alleles is indicative of treatment failure as would be predicted by studies
elsewhere in Africa. Surprisingly,in vivo studies of samples taken at a nearby site in

Moshi, northern Tanzania (Alifrangis et al. 2005), identified a rate of only 20%

parasitological 14 — 28 day treatment failure despite a frequency of 56% for the dhfr
triple mutant — dips double mutant combination, similar to that reported for the Hai
district here (63.2%) (C. Drakeley, Personal Communication). Work is currently

underway to establish the role of clinical immunity in reconciling this difference

between expected and observed treatment failure rates.

We have shown that heterogeneity exists in the frequencies of resistance alleles
between populations in northern Tanzania. We postulate that this heterogeneity

exists despite extensive gene flow and we address this question in the following

chapter.
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Population Differentiation between Three Plasmodium falciparum

Chapter 3

Populations in Southeast Africa at Positively Selected and Selectively Neutral

Markers

I Abstract

We identify significant heterogeneity in the frequency of resistance alleles typed at
sulphadoxine/pyrimethamine resistance genes, dihydrofolate reductase and
dihydropteroate synthetase, in three southeast African populations; Tanzania,
Mozambique and South Africa. There are only a small number of alleles present in
each of the populations, five at dhf and three at dhps and these were found
throughout the region. Within countries we observed significant differences in the
allele frequencies between sites, particularly in the frequency of the two most highly
resistant alleles; the dhfir N511+C59R+S108N triple mutant and the dhps
A437G+K540E double mutant. The differences between countries in resistance allele
frequencies broadly conforms to our expectations given the known selection histories,
with the exception of very high resistance allele frequencies in the supposedly drug
naive Mozambican populations. However, using linkage disequilibrium between the
dhfr triple mutant and dhps double mutant allele as a proxy for ongoing selection,
casts doubt on whether selection was actually occurring in Mozambique at the time of
sampling. Gene flow homogenises allele frequencies across a region and may explain
the high frequencies of resistance alleles in Mozambique. Using eight selectively
neutral microsatellites markers we show that there is no population differentiation in
the region despite samples being taken over a 1250mile long area. In South Africa
we identify a number of epidemic expansions, particularly in the population of

Steenbok that may be the cause or a result of the notably high frequencies of the dhfr
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triple mutant and the dips double mutant allele compared to the other South African

populations.
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II Introduction

Gene flow is a homogenising force acting to equilibrate allele frequencies between
populations. Positive directional selection, such as operating during selection of drug
resistance alleles, acts to increase to fixation the frequency of a favourable allele in a
population, and if selection is absent in a second population this generates
heterogeneity in allele frequencies between them. It is known that in southeast Africa
each of the SP resistance alleles comprised of two or more mutations have arisen
once de novo (with the exception of the dhfi- double mutant N511+S108N allele,
which has two separate ancestries) and have spread widely (Roper et al 2003); in the
case of the dhfr triple mutant (N511+C59R+S108N) allele the spread includes
migration from a single origin in southeast Asia (Roper et al 2004). Clearly this
shows that whilst within populations drug selection is increasing the frequency of the

resistance alleles, gene flow is moving these alleles between populations.

The importance of gene flow and understanding its extent is two fold. Firstly, the
spread of drug resistance is a public health policy concern. If the parasite populations
in southeast Africa are freely mixing with no regard for ‘nationality’ and border
control, decisions taken by policy makers on which antimalarial to use would be best
made on an international basis rather than nationally. If the parasite population in the
region is panmictic, using an antimalarial already abandoned by your national
neighbour will become a false economy as the useful therapeutic life of the drug will
arguably be short. However, if the parasite populations are more discrete and not
panmictic, the spread of resistance may be prevented by well applied control

measures. By looking at the extent of gene flow in south east Africa we can assess

how easily the resistance alleles have become disseminated.
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The second reason to determine the extent of gene flow between populations will
become more apparent in subsequent chapters where we describe the effects of
selection on the chromosome sequence flanking the selected site. Whether the

parasite population in southeast Africa is panmictic or not has implications for this

and will be discussed where appropriate.

In this chapter we address the question of how much gene flow occurs between three
countries in southeast Africa with different drug selection histories. In South Africa
malaria is a problem limited to north of the country and different provinces have
taken different approaches to antimalarial treatment policy. The northeast province of

Mpumalanga, where the South African samples were taken, began using SP as first

line treatment of P. falciparum malaria infections in 1997.

The samples taken in Tanzania are from the south of the country, specifically from
three ‘census’ regions: Morogoro, Rufigi and Kilombero/Ulanga. Nationally
Tanzania only began using SP in 2001 following 18 years of second line usage,

although as outlined in the previous chapter there is a longer selection history in the

northern regions.

Finally, at the time of sampling in 2001, Mozambique had not officially adopted SP
as first or second line antimalarial. The only recorded exception is the brief use of SP
as first line antimalarial in Maputo after flooding in the region in 2000 (Alifrangis et
al. 2003). The samples taken in Mozambique were specifically from populations in

the south of the country close to the South Africa border. As would be expected, this
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heterogeneity between populations in drug selection history has generated significant

differences in the frequencies of the SP resistance alleles between the countries.

The geographical locations of the sample collection sites in these three countries

allows us to observe gene flow over short distances (South Africa to Mozambique
~75 miles) and over considerably larger distances (South Africa to Tanzania >1250

miles). It is possible that population differentiation may correlate with distance as we

would expect if parasite populations were discrete.

In order to perform the population differentiation we have genotyped unlinked
selectively neutral microsatellite markers in a cross-section of the parasite
populations. Microsatellites are short polymorphic tandem repeat sequences that
change in size through strand slippage increasing or decreasing the number of repeats
(Kruglyak et al. 1998). As they can be considered selectively neutral, microsatellites
are informative of the background level of genetic drift as it is assumed that any

difference between two populations in the distributions of alleles is not due to

selection acting on the locus.

Microsatellite loci in P. falciparum sampled from Africa tend to be highly
polymorphic in the population (Anderson et al. 1999; Anderson et al. 2000a). Using
simple assumption free parameters such as Wrights fixation index (Fsr) to determine
population differentiation can result in an underestimation if applied to highly
polymorphic markers (Hedrick 1999). Fsr is a descriptor of the proportion of genetic
variation found between populations proportional to that within each population, such
that a low Fst value indicates little difference in allele frequencies between the two

populations. Fgr are calculated from the expected heterozygosity in the total
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population and the weighted expected heterozygosity in the subpopulations.
Therefore, if diversity is high these two values can approach unity, regardless of
whether the populations have overlapping or non-overlapping sets of alleles (Paetkau
et al. 1997; Hedrick 1999). To minimise the effects of any underestimation of
population differentiation, we include a test of individual assignment that takes allele

identity into account in addition to allele frequency distributions (Pritchard, Stephens,

and Donnelly 2000).

111 Methods and Materials

a Sample material

Details of the sample used in this study are given in Table 3-1. DNA extraction from
bloodspots on filter paper was carried out in a 96 well plate format. A segment of the
bloodspot was first soaked in 0.5% Saponin in 1x phosphate buffered saline (PBS)
overnight, and then washed twice in 1ml 1xPBS. The segment was then boiled for 8

minutes in 100ul PCR quality water plus 50pl 20% chelex suspension in distilled

water (pH 9.5).
b dhfr and dhps point mutation detection

We typed the point mutations that encode amino acid substitutions at codons 51, 59,
108, 164 of dhfi and codons 436/437, 540, 581 and 613 of dhps using the sequence
specific oligohucleotide probing dot blotting technique described in (Pearce et al.

2003) and in the previous section. The point mutations at dhfi- and dhps in samples

taken from Mozambique and South Africa were typed by A. Keyser.
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Country District/Province Date Collection Study Information
method
South Africa Mpumalanga 2001 Passive case Southeast African Combination
detection at 3 Antimalarial Therapy (SEACAT).
clinics during the  http://www.malaria.org.za/Scacat/
transmission Karen Barnes (Uni. of Cape Town)
season. Brian Sharp (Medical Research Council
Steenbok(n=103) (MRC), Durban)
Komatipoort Molecular technologist
(n=153) Alana Keyser (MRC, Durban)
Mangweni
(n=92)
Tanzania Kilombero/Ulanga 2000 Houschold Interdisciplinary Monitoring Project for
(n=549)* Surveys Antimalarial Combination Therapy in
Rufiji Tanzania (IMPACT-Tz).
(n=583)* http://www.mimcom.org.uk/ifakara/imp
Morogoro act.htm
(n=245)* Salim Abdulla, Hassan Mshinda,
(Ifakara Health Research and
Development Centre (IHRDC))
Patrick Kachur, Peter Bloland (Center
for Disease Control, Atlanta.)
Molecular technologist:
Allen Malisa (IHRDC, & later Sokoine
University)
Mozambiqu  Maputo 2001 Active detection  LSDI
€ Southeast (n= Community Lubombo Spatial Development
105) surveys in: Initiative
Southwest (n= 1.Catuane and hitp:/Avwiwv.malaria.org.za/lsdi/home.ht
128) Boane (E. ml
Peri urban (n= Mozambique) Brian Sharp(MRC, Durban)
182) 2. BelaVistaand Molecular technologist:
Salamanga (W. Alana Keyser (MRC Durban

Mozambique)

Two periurban
sites Matola Rio
and Belulane
were included in
the resistance
allele typing.

Table 3-1: Details of samples used in this study. *Number of samples with complete

haplotype at either dhfr or dhps
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The Tanzanian samples were typed by A. Malisa. All typing was performed under
the supervision of the author. The significance and association of point mutations at
these codons with treatment failure are reviewed in previous chapters of this thesis.
However, by way of revision, in Africa the highest form of pyrimethamine resistance
found common place in field populations is a combination of three substitutions in
dhfr at codons N511+C59R+S108N (Wang et al. 1997a; Pearce et al. 2003; Roper et
al. 2003; Alifrangis et al. 2005), referred to in this thesis as the triple mutant allele.
Combinations of two point mutations occurring at codon 108 with an additional
mutation either at codon 51 or 59, are both referred to here as double mutant alleles.
At dhps the key sulphadoxine resistance allele is composed of substitutions at codons
A437G and K540E (Omar, Adagu, and Warhurst 2001; Alifrangis et al. 2003; Pearce
et al. 2003; Roper et al. 2003). A combination of three mutations at dhfr and two at

dhps is statistically associated with treatment failure (Kublin et al. 2002).

c Microsatellite PCR amplifications

The microsatellites ARAII, G377, PfPk2, Poly-a, TA109, TA42, TA87 and TA102,
chosen for use in this study are well described (Anderson et al. 1999; Anderson et al.
2000b) and have been used before in descriptive studies of P. falciparum population
structure (Anderson et al. 2000a). They are dispersed throughout the genome and

therefore will not be biased by linkage to a selective event on any one chromosome.

The primer sequences for the microsatellites are described by (Anderson et al. 1999).
The microsatellites were amplified in a semi-nested manner. The primary reaction

comprised: 1pl template, 3.0mmol/l Mg2+, 0.75pmol/L primer and 1 unit of 7aq

polymerase. The reaction was cycled as follows: 2 min at 94°C and then 25 repeated
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cycles of 30s at 94°C, 30s at 42°C 30s 40°C and 40s at 65°C followed by 2 min at

65°C.

A third fluorescently labelled primer (Applied Biosystems, Warrington, Cheshire,
UK) is incorporated into a second round PCR of total volume 11pl containing
2.5mmol/l Mg2+, 2pmol/L primer, 1 unit of Taq polymerase and 1pl of outer nest

template. Cycling conditions were: 2min 94°C then 25 cycles of 20s at 94°C 20s at

45°C 30s at 65°C final step of 2 min at 65°C.

Samples were diluted 1 in 100 and run with LIZ-500 size standard on an ABi 3730
genetic analyzer (Applied Biosystems, Warrington, Cheshire, UK). Fragments were
sized using the GeneMapper software (Applied Biosystems, Warrington, Cheshire,
UK). In the event of a two or more alleles being detected, the majority allele was
used if the minority peaks were less than 50% of the height of the majority. If peaks
were of equivalent height, the representative allele was allocated at random. The

microsatellite typing was performed by the author with the assistance of H. Pota.

d Statistics

Gene diversity values were calculated as He = [n/ (n-1)][1 -Zpiz] where n is the

number of samples and p; is the frequency of the ith allele. The variance of the gene

diversity was calculated using Nei and Roychoudhury’s formula (Nei and

Roychoudhury 1974):

Var = (2 (=D P} - 1+ Y pt = (X p?))

n(n-1)
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Wright fixation index (Fst) values were calculated in Arlequin (Schneider, Roessli,
and Excoffier 2000) and PowerMarker (Liu and Muse 2004). The number of
migrants per pairwise comparison calculated using the frequencies of rare alleles
(Barton and Slatkin 1986) was performed using Genepop (Raymond and Rousset
1995). The software “Structure” was used in the assignment of individuals to
populations in a probabilistic manner (Pritchard, Stephens, and Donnelly 2000).
Priors were set as default for the ‘admixture’ model and burnin and run length were

10° and 10° Markov chain Monte Carlo (MCMC) iterations respectively. Further

details of the software are found below.

The index of association was calculated using the software LIAN (Haubold and
Hudson 2000). The distance measure 1-Ps (Bowcock et al. 1994) was calculated
using the software Microsat (Minch et al. 1997). Neighbour joining trees were
calculated using the PHYLIP v3.6 (Felsenstein 2004) package “neighbor”.

Consensus trees were constructed using “consense” (Felsenstein 2004) and visualised

using the software TreeView (Page 1996).

IV Results and Interpretation

a Frequency of dhfr and dhps alleles in each country

The point mutations present at dhfr and dhps in parasites sampled from three
southeast African countries were typed in each of the three countries using the
sequence specific oligonucleotide probing (SSOP) dot blot hybridisation method as

described by (Pearce et al. 2003) and in chapter 2 of this thesis.
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dhfr

12}

dhps

Rare Rare
Locality CNCS CNCN CNRN CICN CIRN alleles* N= |SAKAA AAKAA SGEAA alleles* =
Matola Rio 0.08 006 016 0.02 068 0.00 50 {070 004 026  0.00 66
Beluluane 0.07 0.03 017 003 070 0.00 59 {068 006 025 0.0l 68
_ BelaVista 014 000 0.7 000 0.69 0.00 3 079 000 021  0.00 42
Mozambique  ga1amanga 0.12 000 037 005 046 0.00 43 1075 004 019  0.02 47
Catuane 0.15 002 022 007 054 0.00 46 080 004 014 0.2 50
Boane 029 000 0.9 0.0 052 0.0 31 1075 000 022  0.03 32

Average 014 002 021 003 060 0.00 075 003 021 001
Steenbok 0.19 002 0.16 000 063 0.00 83 073 003 022 00l 98
Mpumalanga Koomatipoort 028 002 0.1 006 053 0.00 1041090 007 002 0.2 122
Mangweni 035 003 016 006 041 0.00 69 {085 008 007 0.0 89

Average 027 002 0.4  0.04 0.52 0.00 0.83 006  0.10 0.0l
Morogoro 043 000 0.6 009 032 0.01 1801056 031 010 0.3 163
Tanzania Rufigi 036 001 0.2 011 038 0.02 4551074 015 007 0.3 413
Ulanga 0.51 002 007 0.1 028 0.0l 3761068 018  0.12  0.02 363

Average 043 001 0.2 0.10 032 0.0 0.66 022  0.10  0.03

Table 3-2: Allele frequencies of the most common dhfr and dhps haplotypes. *Rare alleles were defined as having a frequency of less

than 5% in the population and were pooled
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As observed in the northern Tanzania study we found a limited number of haplotypes
at the selected loci, namely a total of 5 common (>5% frequency) haplotypes at dhfr
and 3 at dhps. The frequencies of each haplotype at each site in every country are
given in Table 3-2. We detected a number of rare alleles (<5% frequency in
population), and these are summed together in the table. We observed most rare
alleles in the country with the largest sample size, Tanzania where a further 2
haplotypes of 1 or 2 point mutations at dhfr (C59R; N5S1I+C59R) and a further 6
haplotypes of 1 or 2 point mutations at dhps were seen (S436F; S436C; A437G;
K540E; A581G; S436F+K540E). In both Mozambique and South Africa there were
no additional haplotypes at dhfr and only a further 2 at dhps (A437G; S436A+A437G
in Mozambique S346F; S436A + A437G + K540E in South Africa). We did not
detect a point mutation at codon 164 of dhf and thus the most highly pyrimethamine

resistant mutant, comprised of four substitutions, was not observed in any of the three

countries.

b Between country differentiation through allele frequencies at dhfr and dhps

Of the common dhfr and dhps haplotypes, the frequencies were broadly similar across
the 3 countries (Table 3-2). Surprisingly, the frequency of the allele conferring the
greatest pyrimethamine resistance the dhfi- triple mutant (N511+C59R+S108N) allele
was highest in Mozambique (0.60) compared to 0.52 in South Africa and 0.32 in
Tanzania. Similarly, the most highly resistant dips allele, the double mutant
(A437G+K540E) was highest in Mozambique (0.21), a frequency double that

observed in Tanzania and South Africa (both 0.10).
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dhps
Mozambique Mpumalanga Tanzania
Mozambique - 0.030 ~0.041
dhfr Mpumalanga 0.022 = 0.040
Tanzania 0.120 0.048 -

Table 3-3: Between population Fsr analysis at dhps (above the diagonal), and dhfr

(below the diagonal). Cells shaded in light grey are significant at the p = 0.05 level

In Tanzania, the generally lower frequencies of these particular resistance alleles, in
addition to the greater number of alleles at dhfi- and dhps, was more in line with our
expectations, given the short SP selection history. Summarizing the allele
frequencies, we observed that the resistance levels of the three countries could be
ranked thus: Tanzania <Mpumalanga <Mozambique. To determine whether there

was any significance to the differences between countries, the frequencies of dhfi- and

dhps alleles were compared.

Table 3-3 show the Wright’s fixation index and significance values for these pairwise
comparisons. The Fgr values for comparisons with Tanzania were highest,
particularly so at dhfi (Tanzania versus Mozambique Fs1=0.12, p<0.0001), probably

due to the three times higher frequency of the sensitive dhfr alleles in Tanzania.

C Sub -population differentiation through allele frequencies at dhfr and dhps

Sites within countries were compared through pairwise Fsr and the results are shown
in Table 3-4. Within Mozambique the dhps allele frequencies at all sites were not

significantly different, while at dhfi- the Salamanga subpopulation differed
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significantly from three others (with the exception of Catuane). Inspection of Table

3-2 reveals that an unusually high frequency of the C59R + S108N double mutant

allele is common to Salamanga and Catuane.

Comparing South African sites,the subpopulation of St eenbok was significantly
different from Mangweni and Komatipoort at dips. The frequency of the double
mutant dhps allele in the subpopulation of Steenbok was 0.22 compared to 0.07, and
0.02 in Mangweni and Komatipoort respectively. At dhfi- Steenbok differed
significantly from Mangweni, the former having a higher frequency of the triple
mutant allele and greatly reduced frequency of sensitive. Inter-site differences at dhfr

and dhps are consistent with Steenbok having the most resistant alleles in both genes.

Finally in Tanzania, the subpopulation of Morogoro was significantly different
having the single mutant S436A allele at a frequency of twice that found in Rufigi or
Kilombero/Ulanga. The high frequency of this allele is curious, since the alanine
substitution at codon 436 is thought to not have a great deal of influence in
sulphadoxine resistance as it lacks the phenyl side chain that can cause
conformational chains in the enzyme active site (D. Warhurst, Personal

Communication) The three sites did not differ at dhfr.

Comparing all sub-populations pairwise some interesting observations emerge.
Inspection of table 3-4 indicated that broadly there were fewer significant differences
among pairwise intra country comparisons versus inter country pairwise comparisons.
In particular the Mozambican sample sites were identified as having more significant
and moderately high Fsr values in pairwise comparisons with South African or

Tanzanian locations. Interestingly, one exception to this was the population of
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Steenbok, which was similar to the Mozambican subpopulations at both dafr and
dhps. All pairwise comparisons involving the Tanzania population of Morogoro
resulted in high and significant Fsy values at dips. This was due to the particularly

high frequency of the dhps single mutant allele S436A, exceptional in this dataset.

d The dhfr-dhps two locus genotypes

The frequency of the two locus genotypes is given in Appendix 1 and illustrated in
Figure 3-1. Tanzania had the highest number of two locus combinations (29)
reflecting the high number of alleles present at dhfr and dhps,but over half of these
genotypes had frequencies of less than 5%. By contrast there was an average of eight
two locus combinations in the other two countries. The frequency of the most highly
resistant combination, triple mutant dhfr — double mutant dhps was highest in
Mozambique, followed by South Africa then Tanzania. The general trend of the Fst
analysis was that only the differences in allele frequencies between the Tanzanian
subpopulations and those from South Africa or Mozambique were significant for the
majority of pairwise comparisons (Table 3-5). Within country pairwise comparisons

were broadly non significant.

To look for evidence of recent selection through use of SP we tested for linkage
disequilibrium. Steenbok was the only population with significant linkage
disequilibrium between the dhf- triple mutant allele and the dhps double mutant allele
(D’=0.8026 p=0.011). This might have arisen because of a higher degree of

relatedness between the parasites sampled from this epidemic setting.
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dhfr

dhps

Komatipoort _ Steenbok  Mangwe ni__MatolaRio  Beluluane _ BelaVista _ Salamanga Catuane Morogoro  Rufigi  Ulanga

Komatipoort | - 0.11 0.00 0.14 0.15 0.10 0.09 0.04 0.22 0.00 0.12
Steenbok 0.01 - 0.05 -0.01 -0.01 -0.01 -0.01 0.00 0.10 0.04 0.00
Mangweni 0.00 0.05 - 0.07 0.07 0.04 0.03 0.00 0.13 -0.01 0.06
Matola Rio 0.04 0.00 0.09 - -0.01 -0.01 -0.01 0.01 0.08 0.06 0.00
Beluluane 0.05 0.01 0.11 -0.02 - 0.00 -0.01 0.02 0.07 0.07 -0.01
BelaVista 0.03 -0.01 0.08 -0.02 -0.02 - -0.02 -0.01 0.13 0.03 0.02
Salamanga 0.06 0.05 0.05 0.06 0.06 0.06 - -0.01 0.08 0.02 0.00
Catuane 0.01 0.00 0.03 0.01 0.01 0.00 0.00 - 0.10 0.00 0.01
Morogoro 0.01 0.07 0.00 0.12 0.13 0.11 0.11 0.05 - 0.12 0.02
Rufigi -0.01 0.01 0.01 0.03 0.04 0.02 0.04 0.00 0.00 - 0.05
Ulanga 0.00 0.04 -0.01 0.09 0.10 0.07 0.07 0.03 -0.02 0.00 -

Table 3-4: Within and between population pairwise Fsy values for comparisons between the individual sampling

locations. Above the highlighted diagonal dhps, below the diagonal dhfr. Boxed groups of pairwise comparisons

indicates within population comparisons indicates within population
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To test this, a subset of 60 unrelated individuals (as established by typing of 8

unlinked microsatellite loci — see below) were also tested for LD between dhfr and
dhps resistance alleles. We found significant LD between the triple mutant dhf allele
and the dhps double mutant allele (D’=0.8413 p=0.0011) in this sample of unrelated

individuals.

In Mozambique the 3 out of 5 populations had moderately positive D’ values between
these two alleles (D’= 0.455 to 0.657), but not significantly so. In Tanzania, Rufigi
and Ulanga have weakly positive D’ values (D’= 0.161 to 0.255) whereas in
Morogoro the triple double combination was positively disassociated (D’ = -0.533); a
reflection of the high frequencies of the S436A substitution in the population. That in
only one population were the dhfr triple and dhps double mutant in linkage

disequilibrium is interesting.

The presence of the all five mutations comprising the dhfr triple and dhps double

mutant is statistically associated with treatment failure, and intense use of SP will

maintain an association between these sites.
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[ Morogoro |

Other <5%
CIRN_SGEAA
CIRN_AAKAA
CIRN_SAKAA
CNRN_SGEAA
CNRN_AAKAA
CNRN_SAKAA
CICN_SAKAA
CNCS_SGEAA
CNCS_AAKAA

CNCS_SAKAA

Figure 3-1: Map showing the frequencies of the dhfr/dhps two locus genotypes of

alleles in the approximate location of the population sampled
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e Resistance allele frequency data summary

To summarise: Broadly we have observed differences in the resistance allele
frequencies within and between the three countries that reflects the heterogeneity in
drug selection pressure as mandated by national policy. The sole exception to this
generalisation was Mozambique where we conclude that the high frequencies of the
triple mutant difr allele and the double mutant d/ps allele observed suggest that SP
was in use, however there is no official sanction of this practice. This may be
explained through the anecdotal evidence of migration of individuals back and forth
across the Mozambican — South African border by those seeking treatments in
KwaZulu Natal (C. Roper Personal Communication). In Tanzania, the relative
absence of the dhps double and the number of rare haplotypes is in line with the
known selection history of this population where SP had not been first line anti-
malarial at the time of sampling. Within South African we found heterogeneity in
allele frequencies where we observed that Steenbok was more like the Mozambican
subpopulations, suggesting either an underlying population structure or more

realistically heterogeneity in the selection pressure between the sites.
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dhfr

dhps

Komatipoort ~ Steenbok  Mangweni  Catatuane Beluluane _ Salamanga MatolaRio _ BelaVista Morogoro  Rufigi Ulanga
Komatipoort | -
Steenbok 0.01 -
Mangweni 0.01 0.02 -
Catatuane 0.01 0.01 -0.01 -
Beluluane 0.04 0.00 0.08 0.04 -
Salamanga 0.03 0.03 0.02 -0.01 0.06 -
MatolaRio 0.00 -0.01 0.03 0.00 0.00 0.01 -
BelaVista -0.02 -0.01 0.02 0.01 0.00 0.02 -0.01 -
Morogoro 0.06 0.06 0.01 0.01 0.11 0.03 0.06 0.07 -
Rufigi 0.04 0.04 0.00 0.00 0.09 0.03 0.05 0.04 0.00 -
Ulanga 0.08 0.07 0.02 0.03 0.13 0.07 0.09 0.09 0.01 0.01 -

Table 3-5: Within and between population pairwise comparisons Fst 2 locus combination. Boxed groups of pairwise

comparisons indicates within population comparisons. Cells shaded in light grey are significant at the p = 0.05 level
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f Population differentiation at neutral polymorphic markers

We postulated that the differences in resistance allele frequencies exist whilst the
parasite populations are continuous and overlapping. To test this we selected a subset
of samples from a number of sites within Mozambique (n= 96), South Africa (n =
188) and Tanzania (n=475) and genotyped them at eight microsatellite loci (Anderson
et al. 1999; Anderson et al. 2000b). The samples were taken regardless of the daf or
dhps allele present, thus avoiding any biasing in allele frequencies at the neutral
alleles as a result of changes in population structure due to drug selection. Due to
sample number limitations the sites within Mozambique were grouped into East

(Boane and Catuane; n=48) and West Mozambique (Bela Vista and Salamanga;

n=48).

The eight microsatellite loci used are from sites located throughout the genome and

unlikely to be biased by a loss of diversity in any one region of the genome. The
genomic locations of the microsatellites can be found in table 3-6. Three loci are
found on chromosome 12 within a region of over 70cM, sufficient distance apart that
they can be assumed to be in linkage equilibrium (Su et al. 1999). This also applies
to the two loci present on chromosome 6. One locus, Poly-a, is found on
chromosome four, but is sufficiently distant from dhfi (>215kb) that any reduction in
gene diversity at this locus due to drug selection at difr is unlikely. The region of

reduced diversity described on selected chromosomes in southeast Asian populations

only extended as far as ~100kb around difr (Nair et al. 2003).
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Mpumalanga  Mozambique  Tanzania

Marker Chromosome n=188 n=96 n=475
ARAII 11 0.875 0.879 0.832
G377 12 0.623 0.573 0.503
PiPk2 12 0911 0911 0.896
PolyA 4 0.883 0.845 0.860
TA109 6 0.838 0.818 0.814
TA42 5 0.498 0.507 0.380
TAS87 6 0.858 0.845 0.853
TA102 12 0.849 0.809 0.839
Mean - 0.792 0.773 0.747

Table 3-6: Microsatellite locations and diversity values per population.

The gene diversity of each locus was calculated for each country and is given in table
3-6. In each country the average gene diversity across all markers was high (0.747 -
0.792) and comparable to previous estimates for other African populations as
expected for neutral loci (0.76-0.80) (Anderson et al. 2000a). Loci TA42 and G377
had lower gene diversity than the other loci, averaging across the 3 countries at 0.462
and 0.566 respectively. The locus on chromosome 4, Poly-a, has gene diversity
values comparable to those for the majority of the loci sampled, namely 0.883 in
South Africa, 0.845 in Mozambique and 0.860 in Tanzania. There was no dramatic
reduction in the gene diversity at each of the microsatellite markers when the country

samples were subdivided into the individual dhfr or dhps resistance allele classes.

g Population differentiation at the international level at neutral loci

The three populations of Mozambique, South Africa and Tanzania were compared
using Wrights fixation index (Table 3-7). In all three pairwise comparisons the Fst
values were low, ranging from 0.0087 to 0.0152, indicating little difference in the

frequencies of the alleles present in the three populations suggesting that the parasite
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population in southeast Africa is panmictic. The pairwise comparisons involving
Tanzania generated moderately higher Fsr values than that between the two southern
countries. However, the 95% confidence intervals on the Fst in the comparison

excluding Tanzania overlapped, with those including Tanzania and we rejected the

hypothesis of increased differentiation over distance.

The Fgr values for the comparison of the three populations are comparable to a prior
estimate of Fst between the African countries of Uganda, Congo and Zimbabwe
(0.003 to 0.012) as shown by Anderson et al. A conclusion of panmixia was reached
to explain the relationship between parasites from these countries (Anderson et al.
2000a). We can not directly compare the alleles present in the three previously
reported countries with those reported here as the two studies were analysed on
different instrumentation and there is no standardised allele size between the two
instruments. However, it is likely that if the six nations were to be analysed together

we would not find any significant differences, as the locations of the two studies

interweave.
Mpumalanga Mozambique
M pumalanga -
Mozambique 0.0087 (0. 0072 ) -
Tanzania 0.0104 (0.0 05 5) 0.0152 (£0.0 12)

Table 3-7: Pairwise population differentiation (Fsr) using microsatellite allele

frequencies. 95% CI given in parenthesis.
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In addition to calculating Fst we also determined the degree of population
differentiation using Slakin’s Rt (Slatkin 1995). This is analogous to Fsr but is
adapted to use with microsatellites by assuming a high-rate stepwise mutation model
(SMM) rather than an infinite-allele mutation model. This assumption of a stepwise
mutation model, may not be applicable to a majority of P. falciparum microsatellites,
that due to complex mutations such as indels and duplications do not follow simple
rules of length variation (Anderson et al. 2000b). Of the eight microsatellites used
here, SMM is the appropriate model for four, namely TA87, ARAII, G377 and P{PK2

(Anderson et al. 2000b).

Using the software Microsat (Minch et al. 1997), we calculated Rgr values between
the three populations based on this subset of microsatellites (Table 3-8). The values
generated were not significantly different from zero as indicated by the 95%CI
calculated from bootstrapping the data exhaustively, supporting a conclusion of

panmixia.

Mpumalanga Mozambique
Mpumalanga -
Mozambique 0.047 (£0.106) -
Tanzania 0.024 (x0.045) 0.011 (0.031)

Table 3-8: Population differentiation using Slatkin’s Rgr on only loci where the

stepwise mutation model could be applied. 95% CI given in parenthesis
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h Population differentiation at the international level by population assignment

As gene diversity was high at each of the microsatellite markers, the Fst values
maybe an underestimation of the actual population differentiation (Hedrick 1999).
Therefore, we ran the dataset through a Bayesian probabilistic clustering algorithm
implemented by the software Structure (Pritchard, Stephens, and Donnelly 2000).
The algorithm addresses whether the current population is structured due to an
ancestral admixture event between user-defined ‘k’ numbers of ancestral populations.
The algorithm uses a Markov chain Monte Carlo (MCMC) scheme to allocate
individuals to one of the ‘k’ number of clusters on the basis of similarities in the
allele distribution at a combination of loci, generating a likelihood value such that the
most probable ‘k’ can be identified. It also estimates the proportion, Q, of
membership of each individual to each cluster, estimating the proportion of an
individuals® genome inherited from some ancestral population. For example if k=2
was assumed and the proportion of an individuals genome coming from ancestral
population 1 was Q = 0.5 (='/)), its’ genome will come from each ‘k’ population with
equal proportions. In this particular example such a result repeated over an entire
dataset would infer that there was only one population present in the data set rather

than the two tested for.

The algorithm performs this clustering individual by individual and ignores all
information regarding the sampling populations. Thus we used Structure to
determine whether the individuals comprising the datasets of ancestral, double mutant
and triple mutant chromosomes would be clustered into populations matching those
defined by the allele present at the selected site, dhfr.
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The algorithm can implement three models to test for subpopulations and determine
the population ancestry of individuals, namely the ‘no admixture’, ‘admixture’ and
‘linkage between sites’ models. As the majority of these markers are physically
unlinked, we used the admixture model, and ignored the less appropriate no
admixture model that assumes absolute population subdivision. The admixture
proportions for each individual are independently modelled from a symmetrical
Dirichlet distribution with hyper-variable a. If a is high the distribution is random,
whereas if a is below 1, the distribution approximates a negative binomial
distribution and it models each individual as having originated mostly from a single

population, with each population being equally likely.

We tested a number of ‘k’ clusters from k=1 to 8 to test for between country
population differentiation. We found that k=1 was the most likely number of clusters,
supporting the Fsr estimates and the conclusion of panmixia. At all other k the
likelihood was low and the Dirichlet parameter a was above one indicating that each
individual has allele copies originating from all countries in equal proportions

(Pritchard, Stephens, and Donnelly 2000).

i Population differentiation within countries at neutral loci

We calculated the Wright fixation index between the sites within each country (Table
3-9) and found that there was no significant population differentiation between the
various sites, with the one exception of Morogoro versus Rufigi in Tanzania where

we observed a significant but low Fsr value. Rgr estimates of population

differentiation, using only the four microsatellites that the SMM could be applied to,
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found no significant population differentiation values for within country pairwise

comparisons (Table 3-10).

Comparing all sites pairwise across countries significant differences become apparent
(Table 3-9). The population of Steenbok stands out as being significantly different
from all non South African populations (Fsr in the range 0.017- 0.023), although this
is not supported by the Rgr analysis which finds no significant population
differentiation. The South African population of Mangweni is also significantly
different from 3 of the five non South African populations; the difference between

Mangweni and Morogoro and Rufigi supported by significant, but low Rgr values.

The highest significant Fsr values observed are those between East Mozambique and
the Tanzania populations of Morogoro and Rufigi at 0.032 and 0.033 respectively, yet
somewhat lower than the upper range of significant population differentiation

observed in the dhfy and dhps allele frequencies (0.13 dhf; 0.22 dhps from Table 3-

4).
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Ww. E.
Komatipoort  Mangweni  Steenbok  Mozambique  Mozambique Ulanga Morogoro

Komatipoort -
Mangweni -0.005 -
Steenbok 0.003 0.004 -
W. Mozambique -0.001 ~0.007 0.018 -
E. Mozambique 0.014 0.018 0.023 0.021 -
Kilombero/Ulanga 0.006 0,011 0.017 0.020 0.022 -
Morogoro 0.006 0.016 0.022 0.024 0.032 0.009 -
Rufigi 0.006 0.008 0.023 0.020 0.033 0.006 ~0.009

Table 3-9: Within and between population pairwise comparisons Fst of microsatellite alleles. Boxed

groups of pairwise comparisons indicate within population comparisons. Cells shaded in light grey are

significant at the p = 0.05 level.
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Komatipoort Mangweni Steenbok W. Mozambique E. Mozambique Ulanga Morogoro
Komatipoort -
Mangweni -0.004 (+0.014) -
Steenbok 0.019 (£0.069) 0.041 (0.051) -
W. Mozambique 0.017 (£0.071) 0.039 (0.057) 0.086 (£0.21) -
E. Mozambique -0.005 (0.024) 0.02 (£0.027) 0.069 (0.159) -0.003 (£0.020) -
Ulanga -0.004 (z0.008) 0.011 (20.031) 0.018 (0.047) 0.058 (+0.125) 0.023 (+0.078) -
Morogoro 0.045(+0.084) 0.074 (£0.067) 0.105(20.202) -0.004(£0.012) 0.006 (+0.022) 0.051 (£0.114) -
Rufigi -0.011 (£0.004) 0.03 (£0.029) 0.027 (£0.076) 0.045 (x0.125) 0.015 (£0.059) 0.004 (£0.006) 0.044 (+ 0.082)

Table 3-10: Within and between population pairwise comparisons using Slatkin’s Rst of microsatellite alleles for only those

that a stepwise mutation model could be applied. 95% CI given in parenthesis.
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j Population differentiation at the intra national level by population assignment

Intra-population analyses for all three countries using the software ‘Structure’
(Pritchard, Stephens, and Donnelly 2000) found that in Tanzania k=1 was the most
likely number of ancestral populations, denoting no population differentiation. In
Mozambique, k=2 was the most likely, but the Dirichlet parameter a was high, and
therefore k=1 was the most robust conclusion. In South Africa the admixture model
testing k=3 began to identify individuals that clustered together, however k=1 was thé
most likely number of clusters. Closer inspection of the individuals clustering in the
k=3 run identified the majority as from Steenbok. Testing this population separately,
k=3 identified a number of individuals as clustering together,diff erent from the
majority of the Steenbokian individuals. However, the variance on the log likelihood

for this run was large, casting doubt on the robustness of the k=3 conclusion,and k=1

was determined as the most robust.

Thus in all three countries analysis of population differentiation using structure
reached a conclusion of panmixia between all sites. However, the tendency of some
individuals in Steenbok to cluster together in k>2 tests, in addition to the relatively
high Fsr values for pairwise comparisons involving Steenbok and non South Africa

populations, suggested that this population warranted further investigation.
k Epidemics in South Africa
One explanation for the observed high Fsr values in the comparisons between non

South African sites and Steenbok, and to a lesser extent Mangweni (Table 3-9), is that
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whilst microsatellite diversity was high in each population, an over representation of
one or more alleles in one of the two compared populations,would be sufficient to

generate the magnitude of Fst values we have observed.

An over representation of an allele or set of alleles in a population can occur due to
the epidemic expansion of a single lineage. This may be detected by looking for
evidence of linkage disequilibrium. Plasmodium falciparum has a very high
recombination rate at 17kb/cM (Su et al. 1999) but this is tempered by the degree of
inbreeding in a population, determining the effective recombination rate (Dye and
Williams 1997; Conway et al. 1999). In the majority of African populations, malaria
transmission is high and a large proportion of infections contain multiple genetically
distinct parasite lineages. Linkage disequilibrium distances tend to be small between
loci on the same chromosome, and are even less likely to occur between physically
unlinked sites, such as the majority of these loci are. However, epidemic expansions
of a parasite lineage increase the inbreeding coefficient, reducing the effective

recombination rate and can generate linkage disequilibrium between sites.

The Entomological Inoculation Rate (EIR) is a measure of transmission intensity that
can be used as an approximate guide to expectations of effective recombination rates
in a population, namely that when EIR is high, the inbreeding coefficient is low and
the effect recombination rate is high. In Tanzania an EIR of 584 infective bites per
adult per annum (Charlwood et al. 1998) has been estimated for a population within
the study area. An EIR of this magnitude implies a high effective recombination rate
as multiple ihfections are prevalent. The EIR for Mozambique is substantially lower
at 12 infective bites per adult per annum (Hay et al. 2000). Contrast this with the EIR
of the South African population, estimated as <1 infective bite per adult per annum
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(K. Barnes Personal Communication). Populations such as South Africa are prone to
epidemic expansions of parasite lineages as transmission is so low that clinical
immunity, gained over successive resolved cases of malaria, develops later in life (in
the teens as opposed to in childhood) and as such the prevalence of naive hosts

favours epidemic transmission (Kleinschmidt and Sharp 2001).

The linkage disequilibrium measure called the “index of association (I5,)” (Haubold
and Hudson 2000) tests for a departure from random associations between the
microsatellite loci. The expectation was that where the EIR is high there would be no
association between the eight markers. Where the EIR is low the effective
recombination rate will be lower and one may expect there may be associations

between loci, particularly those on chromosome 12, that would not persist in a higher

recombination rate.

In line with this expectation we found that in both the South African populations of
Steenbok and Mangweni there was significant departure from a null hypothesis of
linkage equilibrium (Table 3-11), suggesting that there is a high degree of inbreeding

occurring in this population to maintain linkage between the eight physically unlinked

loci.

Standardized IA Parametric P

Komatipoort 0.008 0.3332
Mangweni 0.027 0.0001
Steenbok 0.033 0.0000
W. Mozambique -0.030 1.000
E. Mozambique -0.005 1.000
KiloUlanga 0.005 0340
Morogoro 0.006 0.284
Rufigi 0.011 0.088

Table 3-11: Departures from an assumption of linkage equilibrium between the eight

microsatellite loci as calculated by LIAN (Haubold and Hudson 2000).
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/ Identification of epidemically expanding lineages in South Africa

To identify the relationships of the isolates causing the LD in Steenbok and
Mangweni, a neighbour joining tree was constructed using the distance measure of 1-
Ps (Bowcock et al. 1994) where Ps is the proportion of alleles shared in a pairwise
comparison of two isolates, calculated using the software “Microsat” (Minch et al.
1997)(Figure 3-2). Ps is a measure of similarity between two isolates calculated as
the proportion of alleles shared summed over loci/(2 x number of loci compared)
(Bowcock et al. 1994). Pairs of samples that have the highest Ps values are those that
are most alike. The distance file of 100 bootstraps was made and the trees were
constructed using “neighbor” and a consensus tree was compiled using the

“consense” components of the software collection PHYLIP (Felsenstein 2004).

A node had to be present in greater than 75% of the bootstrapped trees for inclusion
into the consensus tree. Inspection of the consensus tree clearly shows that the 3
major countries are not structured as the majority of the samples are equidistant from
each other (Figure 3-2). There is no clustering of parasites into groups as defined by
the population that they were sampled from, unsurprising given the earlier conclusion

of panmixia.

What is notable is that there were a number of independent expanding lineages
containing between 2 and 5 isolates. The isolates within these expanding lineages
were all from South African sites explaining the LD values in Steenbok and

Mangweni. The details of those isolates involved can be found in table 3-12.
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Figure 3-2: Neighbour joining tree constructed using the distance measure 1-Ps.
Bootstrap values are given for each of the expanding lineages. Sample names are

found at branch tips.
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Close inspection identifies that the majority of the epidemic expansions occurred in
Steenbok supporting the hypothesis that population structure events are behind the

differences in microsatellite allele frequencies between Steenbok and the non South

African populations.

Note that whilst the expansion was not predetermined by whether or not there was a
resistant allele at dhff or dhps, they were predominant (Only 6 of the 27 isolates have
the sensitive allele at dhfi). A few of these expansions are likely to reflect very local
transmission where samples have been taken from the same family, for example
M26/M27 and M48/M49. 1t is likely that in these situations the patients will all have
been infected by the same mosquito. However, there were also several lineages
containing isolates sampled from different sites within South Africa. The high degree
of identity between these isolates across the 8 loci is unlikely to have occurred by

chance.

The epidemiology inferred by the presence of the clonal lineages of parasites in South
Africa supports the hypothesis that selection pressure in Steenbok was high, as
implied by the higher frequencies of the resistance alleles compared to the other
South African populations. Epidemically expanded lineages imply a population of
hosts with a minimal prevalence of clinical immunity to P. falciparum, which in turn

implies an increased reliance on antimalarial resolution of infections.
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Sample Population dhfr dhps ARATl G377 PolvA PfPk2 TA109 TA42 TA87 TAI02
S14 Steenbok CIRN  SGEAA 69 100 166 192 176 186 102 129
S195 Steenbok CIRN  SGEAA 695 100 166 192 176 186 102 129
M26 Mangweni CNCS SAKAA 66 100 159 189 173 186 102 141
M27 Mangweni CNCS  SAKAA 66 100 159 189 173 186 102 141
S145 Steenbok CIRN  SAKAA 105 97 172 177 173 189 108 132
S49 Steenbok CIRN SAKAA 105 97 172 177 173 189 108 132
S98 Steenbok CIRN  SAKAA 105 97 172 177 173 189 108 132
S60 Steenbok CIRN  SAKAA 105 97 172 177 173 189 108 132
S126 Steenbok CIRN  SAKAA 105 97 172 177 173 189 108 132
M43 Mangweni CIRN  SAKAA 69 97 178 189 173 186 102 117
M49 Mangweni CIRN  SAKAA 69 97 178 189 173 186 102 117
K297 Komatipoort CIRN  SGEAA 69 100 175 181 173 186 96 129
Mi01 Mangweni CIRN SGEAA 69 100 175 181 173 186 96 129
K120 Komatipoort CNRN SAKAA 78 100 143 162 176 242 102 129
K235 Komatipoot CNRN  SAKAA 78 100 143 162 176 242 102 129
M104 Mangweni CNCS SAKAA 72 97 153 175 158 186 100 17
$200 Steenbok CNCS SAKAA 72 97 153 175 158 186 100 117
M107 Mangweni CIRN SAKAA 75 100 159 169 161 189 100 126
S118 Steenbok CIRN SAKAA 75 100 159 169 161 189 100 126
S147 Steenbok CIRN  SAKAA 75 100 159 169 161 189 100 126
S38 Steenbok CNCS SAKAA 72 97 153 166 161 242 108 117
S124 Steenbok CNCS SAKAA T2 97 153 192 161 242 108 117
S61 Steenbok CNCN SAKAA 72 97 153 192 161 242 108 117
S44 Steenbok CNRN SAKAA 72 100 175 172 170 242 87 123
S67 Steenbok CNRN SAKAA 72 100 175 172 170 242 87 123
S242 Steenbok CIRN SAKAA 66 100 156 186 173 186 96 126
$§270 Steenbok CIRN SAKAA 66 100 156 186 173 186 96 126

Table 3-12: Sample details of the ‘epidemic’ expansions.
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m Observation regarding the rate of de novo point mutations at dhfr

The mutation rate for substitutions at codon 108 of dhfi- has been determined in the
laboratory as being less than 2.5x10” mutations/DHFR gene/replication (Paget-
McNicol and Saul 2001) and it can been argued numerically that, given that a patent
infection contains 10'"— 10" parasites, there is an expectation for single mutant
resistance parasites to arise regularly if not within the course of a single infection.
This observation was confirmed in description of numerous flanking sequence

haplotypes of dhfr S108N single mutants in KwaZulu Natal (Roper et al. 2003).

It is with this in mind that we note that in one isolate within an expanding lineage of
dhfr sensitive parasites there has been a substitution of asparagine for serine at codon
108. The single mutant isolate S61 from Steenbok has an identical genotype to
isolate S124 and only one allele different to isolate S38, which both carry the
sensitive allele at codon 108. This suggests that the mutation has appeared within the

recent lifetime of the lineage expansion, although this was not confirmed by direct

sequencing,

A% Discussion

We have typed the point mutations present at the SP resistance loci dhfr and dhps in a
’ population sample of Plasmodium falciparum infections taken from the field in three
southeast African countries, Mozambique, Tanzania and South Africa. We found that
throughout the region there were only a limited number of common alleles, namely 5

at dhfi and 3 at dhps, echoing a finding of Chapter 2. We found that whilst there are
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other alleles present outside of the common eight, they are rare with less than 5%

frequency in the population.

We have shown that significant heterogeneities in the frequencies of the 5 dhfi- and 3
dhps resistance alleles exist both between and within the three countries. For
example the frequencies of the most highly resistant daf triple mutant
(N51I+C59R+S108N) and the dhps double mutant (A437G+K540E) alleles were
found to be highest in Mozambique followed by South Africa and then Tanzania. In
the case of the latter two countries, this pattern is almost certainly due to
heterogeneity in selection pressure as mandated by differences in national treatment

policy, where as the exception to this generalisation, Mozambique, has no official

drug selection history.

We observed some heterogeneity in dhfr and dhps allele frequencies within countries
most notably in South Africa where the frequencies of the dhfr triple mutant and dhps
double mutant were considerably higher in Steenbok than in the neighbouring South
African sites, such that the allele frequencies in Steenbok were not significantly
different from those in Mozambique. However, when we considered the frequencies
of the two locus genotypes, the within country differentiation between sites was not

as pronounced as the greater differences existing between countries.

The hypothesis that these differences in allele frequencies exist between countries due
to heterogeneity in selection pressure can be tested through description of population
differentiation using selectively neutral markers. Using 8 microsatellites we found
that in both inter and intra country comparisons there was no evidence of population

subdivision and we make the conclusion of panmixia of parasite populations within
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and between Tanzania, Mozambique and South Africa. Therefore that the
heterogeneity exists between these countries in the frequencies of the resistance
alleles is evidence of the heterogeneity in drug selection intensity as the gene flow in

the region that has homogenised neutral allele frequencies has failed to do so at the

selected loci.

a Measures of Selection

The high frequencies of the resistance alleles in Mozambique suggest that selection is
occurring in this population, but this conclusion does not square with the known
history of selection and national policy. Therefore is selection actually occurring in
this population or are the high frequencies of the resistance alleles a result of gene
flow from neighbouring South Africa, in particular KwaZulu Natal where the drug
had been abandoned due to the high numbers of treatment failures (Roper et al,
2003). Linkage disequilibrium between dhfr and dhps resistance alleles is an indirect
measurement of the level of selection occurring in a population. The combination of
the dhfr triple mutant and dhps double mutant is the highest form of SP resistance
present in southeast Africa and in populations where selection is intense these two
alleles although physically unlinked will become associated through assortative
mating. Therefore the presence of LD between these two alleles in a population
would suggest that an association is being maintained through intense selection. In
Mozambique there was no significant linkage disequilibrium between the dhfi- triple
mutant and dips double mutant at any of the sites suggesting that selection was not
occurring at the time of sampling or at least it was not intense or of sufficient
coverage in the population to maintain an association between the two loci. Clearly

linkage disequilibrium is only an indirect indicator of selection, and only a direct
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observation, such as plasma levels of drug in patients would give the best estimate of
the level of selection in the population. However, assuming that the indication is
correct and there is no selection occurring, the high level of gene flow occurring in

the region points to another cause of the widespread resistance allele, one that has

significant policy implications for the region.

b The effect of gene flow

The evidence from the microsatellite markers strongly concluded that the parasite
population in the region was panmictic across the three countries, and that a great
deal of mixing was occurring in the parasite population such that resistance alleles
could diffuse from a site where the drug is in use to sites where drug pressure is
officially absent. This has been observed historically by Clyde (Clyde 1967) who in
Tanzania in the 1950s,trea ted semi-immune individuals in the three villages of
Mkuzi, Enzi and Kilulu found to the north of Muheza with a monthly dose of
pyrimethamine. Resistance was quick to develop and spread out of the area to sites
where selection was absent. At sites up to 100miles away and over a period of
several years, individuals treated with 25mg or 75mg of pyrimethamine showed the
presence of resistant parasites. The initial focus of intense selection was chosen by
Clyde because it was thought that its isolation from other parasite populations due to

isolation from other human populations would reduce the opportunity of gene flow of

resistance genes. This was conclusively found not to be the case.

This extent of gene flow between neighbouring countries will have significant
implications for national policy towards antimalarial usage and for the future use of

that antimalarial in a much wider area than described by national borders particularly

if high level resistance alleles have already entered the region.
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c Epidemics in South Africa

The only site where significant LD was observed between the dhfi- triple mutant and
the dhps double mutant was in the South African population Steenbok. In
conjunction with the high frequencies of the SP resistance alleles in Steenbok, the
significant and strong linkage disequilibrium values suggests that selection was more

intense at this site than elsewhere in the country.

However, the microsatellite data identified that in Mangweni and Steenbok epidemic
expansions had occurred, predominantly amongst parasites carrying the dhfr and dhps
resistance alleles. It is not clear whether these expansions are as a result of intense SP

selection pressure or the cause of it in the population.

d Microsatellites: the pros and cons of their use

One concern about the applicability of microsatellites in description of population
differentiation is that the high levels of polymorphism can lead expected
heterozygosity values within and between populations to reach unity (Hedrick 1999)
and thus underestimate the population differentiation. To account for this we
included the probabilistic individual assignment test implement by the software
Structure, in addition to allele frequency based tests such as Wrights fixation index

Fst. We found that both types of test concluded that the populations were panmictic

at the microsatellite loci.
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However, there is an additional concern about the use of microsatellites, which would
not be resolved by the use of different tests, namely the assumption of selective
neutrality of the microsatellite size. Microsatellites are useful because they can be
considered as selectively neutral. However, it has been postulated through a
modelling approach there is likely to be constraint on the size of a microsatellite
(Nauta and Weissing 1996) through the tendency of mutation pressure to shift
different populations towards the same distribution of alleles and empirical evidence
identified an equilibrium between slippage rate enforcing a maximum size and point
mutation rate removing repeat sequences from a microsatellite (Goldstein and Pollock
1997; Kruglyak et al. 1998). This constraint could generate a distribution of allele
sizes centred on a mean stable microsatellite repeat size (Kruglyak et al. 1998). In
such cases neither fixation indices nor population assignment tests would be able to
provide resolution. The similar distributions of alleles in the two hypothetical divided
populations would generate a low Fst value, and the overlapping allele identity would
confound population assignment. For example such a constraint on microsatellite
size and the allele frequency distributions has been blamed for poor differentiation of

populations of closely related bear species from more divergent populations in North

America (Paetkau et al. 1997).

Applying this to the population under discussion here it can be argued that
populations of malaria parasites in southeast Africa if not continuous, could appear so
because the levels of genetic diversity at the microsatellites are very high and
plausibly there has been sufficient time for the microsatellite allele distributions to
drift to a similar mean. However, the conclusion of large scale gene flow in southeast

Africa is the most rational, particularly as this is supported by the rapid dispersal of
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the triple mutant allele after its migration from Southeast Asia (Roper et al. 2003;

Roper et al. 2004).

It is questionable whether such an approach as microsatellite typing should be applied

to ancient populations with high genetic diversity, if there is any reason to expect

population subdivision.

VI Concluding remarks

The intensity of selection for drug resistance alleles in east Africa is heterogeneous
between sites generating heterogeneity in allele frequencies. This is unequivocally
occurring in the face of a strongly homogenising gene flow across a large region. In
the subsequent three chapters I shall explore the effects of different intensities of
selection on chromosomes carrying the selected sites, dhfr and dhps. Having
established that differences in allele frequencies between Mpumalanga and Tanzania
are maintained despite gene flow, I shall use these populations to describe the effects

of the different selection pressure intensities on the resistance alleles present on

chromosomes four and eight.
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Chapter 4 Reduced Variation Around Drug Resistant dhft Alleles in African

Plasmodium falciparum.

I Abstract

We have measured microsatellite diversity at 26 markers around the dhfi gene in
pyrimethamine sensitive and resistant parasites collected in southeast Africa.
Through direct comparison with diversity on ancestral chromosomes we have found
significant loss of diversity across a region of 70kb around the most highly resistant
allele which is evidence of a selective sweep attributable to selection through
widespread use of pyrimethamine (in combination with Sulphadoxine) as treatment
for malaria. Retrospective analysis through four years of direct and continuous
selection from use of sulphadoxine-pyrimethamine as first-line malaria treatment on a
Plasmodium falciparum population in KwaZulu Natal, South Africa has revealed how
recombination significantly narrowed the margins of the selective sweep over time.

A deterministic model incorporating selection coefficients measured during the same
interval indicates that the transition was towards a state of recombination-selection
equilibrium. We compared loss of diversity around the same resistance allele in two
populations at either extreme of the range of entomological inoculation rates (EIR),
namely under one infective bite per year in Mpumalanga, South Africa, and more
than one per day in southern Tanzania. Entomological inoculation rates determine
effective recombination rates and are expected to profoundly influence the
dimensions of the selective sweep. Surprisingly the dimensions were broadly
consistent across both populations. We conclude that despite different recombination
rates and contrasting drug selection histories in neighbouring countries, the region-

wide movement of resistant parasites has played a key role in the establishment of
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resistance in these populations and the dimensions of the selective sweep are

dominated by the influence of high initial starting frequencies.

This work has been accepted for publication and is currently in press with Molecular

Biology and Evolution
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II Introduction

Drug treatment remains the primary means of clearing potentially lethal Plasmodium
Jalciparum malaria infections and drug use has applied strong positive directional
selection for resistance mutations. Theory predicts that selection will have a
significant impact on genomic diversity (Smith and Haigh 1974). Initially there is a
complete association between the new favoured mutation and the genome in which it
arose. As the selected allele increases in frequency more distant associations are
quickly broken down by recombination until only associations between the selected
allele and sequences immediately flanking the gene remain — this type of association
is often referred to as hitchhiking (Smith and Haigh 1974; Kaplan, Hudson, and
Langley 1989). Eventually the signature of selection is a pattern of reduced gene
diversity (expected heterozygosity (H.)) at the region of sequence flanking the
selected locus (Kaplan, Hudson, and Langley 1989). This loss of diversity is known
as a selective sweep. Selective sweeps have been described in maize, humans and
drosophila (Quesada et al. 2003; Bersaglieri et al. 2004; Palaisa et al. 2004), often
long after the initial selection events which created them. Over time the eroding
effects of new mutations and recombination obscure the signature of the original
selection event, but in the case of P. falciparum drug selection is recent and
measurable. We have looked at selection of resistance alleles at dhf through use of
pyrimethamine for treatment of P. falciparum in the present day, and made direct
measurement of selection coefficients over a 4 year period of drug use (Roper et al.
2003). Here we examine the impact of selection, recombination and migration on
chromosome diversity around the highly pyrimethamine resistant triple-mutant allele

which is prevalent throughout southeast Africa.
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The antimalarial drug pyrimethamine is a competitive inhibitor of the folate
biosynthesis pathway that targets the active site of the enzyme dihydrofolate
reductase (DHFR) and resistance to pyrimethamine is associated in vitro with
substitutions within the active site of DHFR (Cowman et al. 1988; Peterson, Walliker,
and Wellems 1988; Snewin et al. 1989). In Africa resistant forms of the enzyme
contain substitutions at three different sites and permutations of these substitutions
confer a range of sensitivities to the drug, the higher the number of substitutions, the
greater the insensitivity to pyrimethamine (Wu, Kirkman, and Wellems 1996). In
southeast Asia more resistant parasites are found containing a mutation at a fourth

position, codon 164.

Microsatellite variation has been described around dhfr carrying 2-4 mutations
sampled from 11 southeast Asian populations and diversity was significantly reduced
in sites within a 100kb region around dhfr; a region of 12kb with strongly reduced
gene diversity within a valley extending from 58kb upstream to over 40kb
downstream (Nair et al. 2003). Selection was not concurrent with the study as use of
the drug was discontinued some 10 years prior to the study (Nosten et al. 2000).
Importantly all alleles had identical or very similar flanking microsatellites indicating
a single ancestral origin. In Africa the situation is different. Although microsatellite
flanking markers are tightly associated with dhfr resistance alleles containing 2 or
more mutations, three separate origins of parasites carrying two mutations, but just a
single origin of parasites carrying the triple mutant (N511+C59R+S108N) dhfr alleles
was identified in two populations in southeast Africa (Roper et al.2003) . In both
Africa and Asia alleles containing a single mutation all have different flanking
microsatellites suggesting multiple origins for single mutants. Comparing resistance
alleles from Africa and southeast Asia and using allele sharing at 6 markers over a
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30kb region around dhfr, we showed that the Africa triple mutant shared ancestry
with the southeast Asian resistance expansion (Roper et al. 2004), indicating that it
was introduced into Africa and introgressed into the population over considerable

distances (>4000km).

To further explore the dynamics underlying the introgression of this allele in Africa
and to describe the extent of the selective sweeps around it, we have measured the
loss of diversity at microsatellite loci through comparison to a baseline of high
diversity described on chromosomes carrying the drug sensitive allele. Loci are
described at increasing distances from the dhfr gene in three different population
contexts each with differing recombination rates and selection histories. It is these
parameters that determine the size of a selective sweep. Selection acts to maintain
high frequencies of the favoured allele and thereby the associations with hitchhiking
loci (Barton 2000; Kim and Stephan 2002). A high recombination rate will act to
dissolve the associations between hitchhiker and selected site, increasing variation at
the flanking loci. The intensity of malaria transmission, by multiplying the number of
genotypes infecting the same individual and increasing opportunities for outcrossing

has a profound effect on effective rates of recombination.

Analysis of a genetic cross has estimated the recombination rate in Plasmodium
Jalciparum to be 17kb/cM (Su et al. 1999), which is considerably higher that found in
other eukaryotes. However this rate is moderated in the field according to the
epidemiology of the parasite. Blood-stage Plasmodium is haploid and recombination
only occurs during meiosis in the mosquito vector. The rate of outcrossing and
therefore detectable recombination is determined by transmission intensity (Dye and
Williams 1997). In regions of higher transmission intensity, as indicated by high
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entomological inoculation rates (EIR), there are more multiple infections, increasing
the number of different clones ingested by the mosquito and increasing the
probability of out crossing during meiosis. The effective recombination rate is a more
accurate measure of the recombination rate of the parasite as it also incorporates the

degree of inbreeding (F) in the population (Babiker et al. 1994; Dye and Williams

1997; Conway et al. 1999).

Using a panel of 26 microsatellite loci we have mapped the gene diversity along drug
sensitive chromosomes, reflecting ancestral state of diversity on chromosome 4 and
triple mutant chromosomes with difr- as a central point. We have examined a single
population where the selection coefficient is known during a 4 year period of drug
selection (Figure 4-1). Having a standardized effective recombination rate across two
time points, we can describe the reduction in gene diversity at flanking loci over time
due to a known strength of selection. To quantify the effect of recombination on the
dimensions of the selective sweep around dhfr resistant chromosomes we compared
loss of diversity around the same resistance allele from two populations on either
extreme of a spectrum of transmission intensity in Southeast Africa. In this
comparison we test the hypothesis that we should see significant differences in the

dimensions of selective sweeps for parasite populations with differing effective

recombination rates.
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Figure 4-1: The change in the frequency of the five most common dhft allelic
haplotypes. The haplotype names are derived from the mutated positions in dhfrr in
the codon order 50, 51, 59 and 108. Selection coefficients (in brackets) were
calculated from the change in allele frequencies over 12 generations (1 year being

equivalent to 3 generations). The arrows indicate the sample points. Data taken from

(Roper et al. 2003)
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Population History of SP® usage Frequency of the EIR?
and (first line unless triple mutant dhfr (Infectious bites
sample date stated otherwise) allele (51/59/108) per annum)
KwaZulu Natal 22% - 38%" t
1996-1999 1988 - 2000 (42% - 62%)"® <03
Mpumalanga g4, d 52% <0.14
2001 - present day 0 .
Tanzania 2001 - present day , .
2001 (after 18 years second 40% ° 584+
line)

Table 4-1: Study population details * (Roper et al. 2003); $ Sulphadoxine-
Pyrimethamine; § clinical samples; ? unpublished;} personal communication K.

Barnes; } (Charlwood et al. 1998)

111 Methods and Materials:

a Study Samples:

To explore the effects of direct selection through time, parasite populations were
sampled over two time points (1996 and 1999) in KwaZulu Natal. Samples were
collected from patients presenting to a healthcare facility. The sites used for
contrasting effective recombination rates were in the south of Tanzania and in
Mpumalanga, a province in the northeast of South Africa. The Tanzanian samples
were collected during household surveys of the three districts of Kilombero, Ulanga
and Rufiji as a part of the Interdisciplinary Monitoring Project for Antimalarial
Combination Therapy in Tanzania (IMPACT-Tz) artesunate combination therapy
trial. The samples from Mpumalanga were from symptomatic malaria patients prior
to treatment, as a component of the Southeast African Combination Antimalarial

Therapy (SEACAT) evaluation. Table 4-1 summarises the drug use and
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epidemiological context of the populations sampled. All three study sites are

endemic for P. falciparum.

Typing of point mutations at codons 50/51, 59, 108, 164 was performed according to
the method of (Pearce et al. 2003), using hybridization of sequence specific
oligonucleotide probes (SSOP) to PCR amplified products as described in chapter 2.
As blood stage parasites are haploid, the point mutation haplotypes are immediately
evident except where multiple genotypes are co-infecting one person. For the
purposes of looking at flanking sequence polymorphism on chromosomes carrying
specific allelic forms of dhfi we deliberately selected a subset of samples that were

unmixed at any polymorphic loci at dhfr.

b PCR amplification and analysis of microsatellite sequences:

The microsatellites primer sequences can be found in Appendix 3. The
microsatellites were amplified in a semi-nested manner. The primary reaction
comprised: 1pl template, 3.0mmol/l Mg2+, 0.75pmol/L primer and 1 unit of Tag
polymerase. The reaction was cycled as follows: 2 min at 94°C and then 25 repeated

cycles of 30s at 94°C, 30s at 42°C 30s 40°C and 40s at 65°C followed by 2 min at

65°C.

A third fluorescently labelled primer (Applied Biosystems, Warrington, Cheshire,
United Kingdom) incorporated into a second round PCR of total volume 11pl
containing 2.5mmol/l mg2+, 2pmol/L primer, 1 unit of Taq polymerase and 1pl of
outer nest template. Cycling conditions were: 2min 94°C then 25 cycles of 20s at
94°C 20s at 45°C 30s at 65°C final step of 2 min at 65°C.
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Samples were diluted 1 in 100 and run with LIZ-500 size standard on an ABi 3730
genetic analyzer (Applied Biosystems, Warrington, Cheshire, United Kingdom).
Fragments were sized using the GeneMapper software (Applied Biosystems,
Warrington, Cheshire, United Kingdom). As the samples were pre selected and
consequently multiple alleles in the same isolate was a rare occurrence. In the event
of a two or more alleles being detected, the majority allele was used if the minority
peaks were less than 50% of the height of the majority. If peaks were of equivalent

height, the data was recorded as missing for that locus in that isolate.

c Statistics and Software

Gene diversity values were calculated as He = [1/ (n-l)][l-Zpiz] where n is the

number of samples and p; is the frequency of the ith allele. The variance of the gene
diversity was calculated using Nei and Roychoudhury’s formula (Nei and

Roychoudhury 1974):

Var = (2 (=D 2 =3 p21+ S P2 (X p2)}

n(n-1)

The software PowerMarker (Liu and Muse 2004) was used to calculate population
differentiation theta values. The software ‘bottleneck’ (Cornuet and Luikart 1996)
was used to determine H, levels given the observed number of alleles using a
coalescent simulation. The output was used to test the significance of allele
distribution shown in the data. Whilst the stepwise mutation model (SMM) is a

suitable model for evolution for a majority of microsatellites, the frequency of
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complex mutations in P. falciparum microsatellites suggests that observations based
on purely SMM could produce some spurious results (Anderson et al. 2000b).
Therefore, both SMM and infinite allele model (IAM) were used, representing the
upper and lower limits of the analysis. Differences between observed and
‘bottleneck’ predicted gene diversity values were tested for significance using

Wilcoxon’s tests.

We measured the significance in differences between gene diversity between pairs of
chromosomal populations by permutation (Nash et al. 2005). The ratio of gene
diversities between a pair of populations was calculated at each locus in the observed
data sets and in 10000 simulated datasets where the alleles at each locus were
reshuffled amongst all parasites. To obtain the level of significance we counted the
number of occasions that the simulated ratio of diversities exceeded that for the
observed data. The statistical package R (Team 2005) was used to generate the

permutations.

Wiehe (Wiehe 1998) developed a model to describe the pattern of reduced variation
in microsatellites flanking a selected site. This framework was subsequently
modified by (Nair et al. 2003) who adapted it for P. falciparum specifically to
describe changes in expected heterozygosity (or gene diversity) rather than variance
in repeat number. This was necessary because of the often complex nature of P.
Jalciparum microsatellite repetitive sequences. The model simulates the combined
effects of recombination (incorporating the inbreeding coefficient to determine an
effective rate of recombination), mutation, selection, and effective population size to
predict the dimension of a selective sweep at equilibrium. The assumption of the
model is that the allele under selection has reached fixation in the population. In the
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case of southeast African P. falciparum populations (unlike those in Thailand as
described by Nair et al 2003) the alleles associated with SP resistance are not fixed.
We selected chromosomes according to whether they carried a resistance allele, and
we contrasted diversity on these and on chromosomes carrying the sensitive allele.
This artificially creates a “selected population” consisting only of resistance alleles,
but importantly these chromosomes are still in a dynamic phase in the wider
population and not in equilibrium or fixation. The important difference between the
sampled chromosomes and those in the model is that they are still able to recombine
with sensitive chromosomes carrying high diversity and or with resistance
chromosomes surrounded by selective sweeps of different origin. The purpose of
using the model is to guide interpretation of changes and differences in selective
sweep dimensions measured under a number of different scenarios, and to examine

what the predicted endpoint would be given the selection coefficients, recombination

and migration rates in them.

1.Effective recombination rate, r’: The recombination rate r has been estimated
by (Su et al. 1999) from observations of the genetic cross between parasite
lines Hb3 and Dd2 to be 5.88x10™ Morgan/kb/generation. The transmission
intensity in a region determines the proportion of P. falciparum infections
that result in self fertilization (Paul et al. 1995) and this inbreeding affects the
apparent rate of recombination. Dye and Williams (Dye and Williams 1997)
established a relationship between the inbreeding coefficient, F, and the
recombination rate, r, such that r’=r(1-F). The value of F used here was
estimated from the number of mixed infections detected at dhf in the original
survey. As we are most interested in the amount of recombination that occurs
between chromosomes carrying the different dhps alleles these estimates are
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not unduly affected by being unable to detect multiple genotypes hidden by a

shared dhps allele. It should however be noted that the inbreeding coefficients

calculated this way maybe an underestimate.

2.Mutation rate, p: The mutation rate of microsatellite loci in P. falciparum has

been calculated as p=1.59x1 0* mutations/locus/generation (Anderson et al.

2000b).

3.Selec tion coefficient, s: The calculation of s from directly observed frequency

changes in these populations is described in (Roper et al. 2003)

4.Effective  population size, N,: N, for each population were estimated under
infinite alleles model using the formula Nep = H/4(1-H), where H = gene
diversity of neutral markers on sensitive dhfir chromosomes (i.e. not under the
influence of selection) and p, the mutation rate. We used the estimate of pt of

1.59x10™ mutations/locus/generation made by (Anderson et al. 2000Db).

5.

These parameters are incorporated into the formula:

—_1_ (8u+2r/s
H,=1-e

where e is the initial frequency of the favourable allele in the population. (Nair et al.

2003) estimated e as 1/N, because the resistance allele mutations had occurred de

novo in southeast Asia. For this study of African resistance mutations we considered

e to be the initial frequency of the mutant allele to be more variable because spread of

resistance by gene flow is more likely how these mutants were introduced into

African populations, rather than de novo mutation. Therefore ¢ is equal to m/N,

where m is the number of migrants from one population to another. To adjust the
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diversity predicted by the model to the baseline level of diversity per locus, the
predicted values at a locus was multiplied by the observed gene diversity at that locus

on the sensitive chromosomes.

IV Results and Interpretation:

Microsatellites occur in high frequency in the P. falciparum genome on average one
per kilobase (Su et al. 1999). dhfi occurs at a central point on chromosome 4 using
the published sequence of the 3D7 parasite line (Gardner et al. 2002). We were able
to identify microsatellite markers at or close to 10, 20, 30, 40, 50, 60, 70, 75, 80, 90,
100, 125, 150, 250 and 350kb both upstream and downstream from codon 108 of dhfr
(Primer sequences, chromosome location, repeat unit and allele size range for each
locus are summarised in Appendix 3). The markers spanned 700kb, 58% of
chromosome 4. Of the 30 markers, 5 were discarded either for having an inconsistent
repeat size or greater than 35% missing data suggesting the occurrence of null alleles.
The KwaZulu Natal sample consisted of 80 unmixed infections collected from
patients in 1996 and 1999 which were selected as representative of the triple mutant
dhfr allele (1996 n=14; 1999 n=28) and the sensitive allele (1996 n=14; 1999 n=14).
Ten were removed because they were of a chromosomal haplotype present more than
once in the sample set and were therefore presumed to be siblings. A further 11

samples were removed as they had greater than 35% missing data.

a The pattern of diversity around the sensitive dhfr allele

The pattern of diversity at all microsatellites flanking the sensitive alleles supports the
interpretation that the sensitive form of the dhf allele is considered to be the ancestral
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state of dhfr. The mean level of gene diversity in microsatellite loci on sensitive
chromosomes was similar in the two time points being 0.678 £ 0.077 in 1996 (n=9)
and 0.699 + 0.077 in 1999 (n=12). The sample sets of the two years were merged as
there was no significant differentiation between them (Wrights’ fixation index Fst =
0.025 average of all loci). The mean gene diversity of the merged ancestral
population was 0.784, consistent with previous estimates in African populations of
between 0.76 and 0.80 based on polymorphism at microsatellite markers dispersed
throughout the genome (Anderson et al. 2000a). Table 4-2 summarises the average
expected heterozygosities of markers when grouped by the repeat unit size. The gene
diversity value for the trinucleotide repeats is slightly lower than previously reported,
but not significantly so. The gene diversity values of the individual markers together
with 95% confidence intervals (Nei and Roychoudhury 1974) plotted against distance

from codon 108 of dhfr are shown in Figure 4-2a.

Gene diversity at marker loci around sensitive alleles should reflect baseline gene
diversity in the ancestral state. To test for population events which may potentially
confound this assumption we tested for excess of heterozygosity. The software
‘bottleneck’ (Cornuet and Luikart 1996) carries out a Wilcoxon signed rank test
comparing observed heterozygosity at each locus across the 700kb region and
expected values generated under IAM and SMM. It was found that under IAM there
was significant excess of expected heterozygosity (Wilcoxon test one tail p=0.008),
but not so under SMM indicating that the population had not recently undergone a
reduction in size. The high level of diversity at each marker, and the absence of a
difference in alleles present between the two time points, together with the lack of
evidence for a population structure event, means that the sensitive population can be

used as representation of the ancestral state of each locus.
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Repeattype N (loci) Expected Gene diversity = Expected Gene Diversity

(from sensitive (from (Anderson et al.
population) 2000b))

Di- 15 0.839+0.076 0.781

Tri- 7 0.593 +0.098 0.688

Other 3 0.920+0.114 0.636

Table 4-2: Gene diversity at microsatellite loci divided by repeat type

b The pattern of diversity around the triple mutant dhfi alleles sampled in

KwaZulu Natal, South Africa

The diversity at loci on triple mutant chromosomes was compared with that on
sensitive chromosomes. Figures 4-2b and ¢ show plots of gene diversity on the
sensitive chromosomes compared with that on triple mutant chromosomes collected
in 1996 (n=13) and in 1999 (n=17) respectively. The most striking observation in
each case is the valley of significantly reduced gene diversity on the selected
chromosomes. In addition to this there are differences between 1996 and 1999. In
1996 when the frequency of triple mutants in the population was 22% (Figure 4-1)
the core region of significantly reduced diversity extended across 70kb from locus
U60 upstream to D10 downstream. In 1999 when the frequency of the triple mutant
had increased to 38% (Figure 4-1) the core region was constricted to 50kb, extending

from U40 upstream to D10 downstream (Figure 4-2c).

The core region of reduced gene diversity was taken as the range of markers between
which there was an unbroken significant reduction in gene diversity. In some cases,
where single locus spikes in diversity defined the outer edge of the core region there
was significant diversity loss beyond the limits of the core region, for example the dip

in diversity at locus U70 particular in 1996. In that case this may be considered to
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have occurred as a result of selection on the favourable allele and an extended region
of interrupted reduced diversity could be described. However this locus was not
included in defining the core region of the selective sweep that would be compared

between populations.

Interestingly, at both time points a significant asymmetry in the shape of the selective
sweep is apparent with the region of reduced gene diversity extending 4-6 times
further upstream than downstream. An additional microsatellite locus was identified
between U75 to U70 to ascertain whether the dip in diversity relative to the sensitive
chromosome population at U75 was an anomaly or suggestive of an additional site
under selection. Diversity at this intermittent marker was midway between the two
flanking markers in 1996 and had returned to baseline levels in 1999. It was
concluded that if selection was occurring at a site proximal to locus U75 it was only

very weak and more likely that the dip in diversity was an anomaly.

The size and direction of difference in gene diversity at microsatellite loci on the
triple mutant chromosome from 1996, the triple mutant chromosomes from 1999 and
the sensitive chromosomes are summarised in Figure 4-3. The significance levels
were determined by the proportion of permutated diversity ratios that exceeded the
observed diversity ratio for a given locus. Paired comparison of sensitive with triple
mutant chromosomes from 1996 found diversity values were by permutation of the
dataset significantly lower than on sensitive chromosomes at 8 loci spanning the 70kb
core region. On the downstream side of difr in that comparison there several loci at
which diversity was lower on the sensitive chromosomes indicating that diversity had

fully returned on the resistant chromosomes.
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Figure 4-2: The gene diversity at each locus for populations of a) merged sensitive
dhfr alleles (dashed line in all subsequent charts); b) triple mutant dhfi- allele from
KwaZulu Natal in 1996 (solid line), c) triple mutant dhfr allele from KwaZulu Natal
in 1999 (solid line). Distances shown are actual physical distances from codon 108 of
dhfr in bp. 95% CI were calculated from the unbiased variance of gene diversity as

given by Nei and Roychoudbury (1974)

134



A Population Genetic Analysis of Antifolate Resistance in Plasmodium falciparum in southeast Africa.

On the triple mutant chromosomes from 1999, diversity was significantly lower at
each of the 7 core loci (spanning 50kb) and the magnitude of the difference in

diversity was reduced from 0.53-0.76 in 1996 to 0.19-0.50 in 1999.

c Time and its effects on the pattern of diversity around dhfr: longitudinal data

from KwaZulu Natal

The observed recovery in diversity over time could be caused by recombination
through outcrossing with sensitive chromosomes or by the generation of diversity
through de-novo mutation at microsatellite loci. To further examine the contributory
factors influencing the dimensions of the selective sweep we have used the Wiehe
model (Wiehe 1998), modified by Nair et al (Nair et al. 2003) which simulates the
combined effects of recombination, mutation, selection, effective population size and
inbreeding to predict the dimension of a selective sweep at equilibrium. To estimate
the size of the effective population of P. falciparum in KwaZulu Natal we used gene
diversity averaged across the loci on the sensitive (ancestral) chromosomes which
gives a value of 4904 under an assumption of IAM. The selection coefficient is
calculated as 0.048 based upon the measured changes in frequency of the triple
mutant allele during the interval between 1996 and 1999 (described in figure 4-1).
An inbreeding coefficient (F) of 0.7 was assumed. This is the rate at which selfing
occurs and was estimated from the number of infections in which a single dhfr
haplotype was detected in the original survey material. As it has been shown that the
triple mutant allele did not arise in Africa but was imported (Roper et al. 2003), rather
than assume an initial frequency reflecting the single mutation event, we used an
estimate that reflects the number of migrants (m) between populations within the

region and therefore the spread by gene flow.
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Figure 4-3: The significance and direction of differences in gene diversity between sensitive and triple mutant chromosomes at

each locus. Light grey = p<0.05; dark grey = p<0.001; black = p<0.0001. Significance was calculated as the proportion of

occasions that H, values greater than that observed were seen across 10000 permutations of the dataset.
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We estimated the baseline number of migrants into a southeast African population
from the Fgr estimate of population differentiation of parasites randomly sampled
from Mpumalanga province of South Africa and Tanzania and typed at eight
microsatellites dispersed throughout the parasite genome (Chapter 3). The Fsr of
0.011 estimates 24 migrants per generation from one population to the other. This is
comparable to a Fst estimate between two East African populations separated by
approximately 2000km, Zimbabwe and Uganda, where m was determined as 20
(Anderson et al. 2000a). Estimating the initial frequency based on the number of
migrants in this manner is a coarse approach as it may be an over estimate, as this
simple approach assumes that all migrants are carrying the triple mutant allele.
However, it provides a relative scale of the differences between populations in the
initial starting frequencies in the explanation of the observed selective sweep data.

For this analysis we used an estimate of 20 migrants per generation.

The predicted values from the model were adjusted at each locus for the baseline
level of gene diversity on the sensitive chromosomes. The dimensions of the
selective sweep in 1999 very closely resemble those of one predicted on the basis of
these parameters (Figure 4-4). The goodness of fit was measured by the modelled
data being not significantly different, by 95% confidence intervals, from the observed
data (loci marked by an asterisk in Figure 4-4). This was true at 4 out of the 5 loci
within the core region U40 to D10 already defined as having reduced diversity
significantly below that of the sensitive population, and at 17 out of the total 26 loci,
with the majority of the similarity in the portions of the selective sweep closest to
dhfi. There is an apparent transition between 1996 and 1999 as the competing effects

of selection and recombination reach equilibrium.
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Figure 4-4: Prediction of a line of best fit by a deterministic model of hitchhiking on
the chromosome. The grey solid line is the plot of the actual data in KwaZulu Natal
in 1999. Dashed lines above this line represent the 95% confidence intervals around
the actual data. The solid black line and dashed grey line are the model predictions
for KwaZulu Natal and Thailand respectively. Parameters used for KwaZulu Natal
were Ne = 4904, p = 1.59x107%, r = 5.88x10'4, s =0.048, m =20, F=0.7. The
asterisks above the chart indicate when the modelled data using these parameters falls
within the 95% CI of the actual data. Parameters used for the Thai prediction were as
reported by Nair et al (2003). The squares indicate when the modelled data for the

Thai population falls within the 95% CI of the KwaZulu Natal actual data
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A selective sweep around dhfi- has been described in a P. falciparum population on
the Thai-Myanmar border. In this population an additional mutation at codon 164 is
present and resistance alleles contain between 2-4 mutations. Drug selection, which
took place between 1976 and 1989, completely displaced the sensitive alleles (Nair et
al. 2003). Approximately 90 generations after drug selection ceased the selective
sweep conformed to a shape predicted on the basis of a selection coefficient of 0.1,
inbreeding co-efficient of 0.8 and a population size of 1000. The underlying
microsatellite mutation rate and basic recombination rate not adjusted for the effects
of inbreeding are assumed to be the same between KwaZulu Natal and Thailand. The
assumption of the same underlying recombination rate makes the assumes that the
genetic cross between parasite lines Hb3 and Dd2 is representative of the

recombination rate throughout the total parasite population (Su et al. 1999).

The selective sweeps predicted under these two site-specific sets of circumstances are
shown in Figure 4-4. Whilst the model data from parameters estimated for southeast
Asia has not been adjusted for the baseline level of gene diversity at each locus for
that population, the predicted line also appears fit the observed data set from 1999,
yet only 1 out of 5 loci is not significantly different from the observed data within the
region of significantly reduced gene diversity and only 8 out of 26 loci across the
whole region (loci marked by a square in figure 4-4). We argue that the model using
the parameters estimated for KwaZulu Natal is a better fit to the observed data. In
KwaZulu Natal, the selective sweep is half as wide and just two thirds of the depth of
that found in southeast Asia (Nair et al.2003; Anderson 2004) and this difference is
explained by thé lower selection coefficient (Figure 4-4) and to a lesser degree the 5
times smaller population size in southeast Asia. The effect of reduced selection is
more opportunities for recombination to occur between selected and unselected
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chromosomes. A smaller population size results in a shorter time until fixation of a
favourable mutation, thereby also reducing the opportunities for recombination events
(Kim and Stephan 2002). The difference in the magnitude of the selection coefficient
between southeast Asia and KwaZulu Natal is probably a true reflection of the
coverage of treatment and may also reflect the presence of even more highly resistant
alleles containing substitutions at codon 164 in southeast Asia. There is a spectrum
of selection coefficients acting on drug resistance loci in natural populations of P.
Jfalciparum and these are reviewed elsewhere (Anderson 2004). Effective
recombination rates in Africa are much higher in general but in the case of KwaZulu

Natal they are very similar to Thailand.

d The effect of different effective recombination rates: from low in

Mpumalanga, South Africa to high in Tanzania

Although inbreeding coefficients of KwaZulu Natal and Thai-Myanmar populations
were similar, transmission intensity in the African region spans an enormous range
and populations in general have a much higher effective recombination rate there
(Babiker et al. 1994; Anderson 2004). To examine the role of effective
recombination rates we compared the selective sweep on triple mutant chromosomes
in KwaZulu Natal with Mpumalanga, where the inbreeding coefficient (F) is high and

southern Tanzania where F is low (Table 4-1).

The valleys of reduced gene diversity found surrounding the triple mutant dhfr allele
present in populations in Tanzania (n=48), and Mpumalanga (n=56) are shown in
Figure 4-5a and 4-5b. Consistent with previous findings, hitchhiking alleles
immediately flanking the triple mutant alleles in all three populations were identical
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indicating that they are descendants of one ancestral triple mutant (Roper et al. 2003;
Roper et al. 2004). In the samples taken from the Tanzanian population, a 50kb core
region extending from loci U40 to D10 was found to have significantly lower gene

diversity than the sensitive baseline. In Mpumalanga the core region of significantly

reduced gene diversity was 70kb extending from loci U60 to D10.

When the population pair wise comparisons of the gene diversity values for each
matched pair of loci were plotted, we found a strong correlation for comparisons
between the triple mutant allele populations of Mpumalanga with KwaZulu Natal
1999 (r* = 0.934 p<<0.0001), Tanzania with KwaZulu Natal 1999 (r*=0.889
p<<0.0001) and Mpumalanga with Tanzania (*=0.772 p=0.001). The strong
correlate is a good indication of the similarities in the dimensions of the selective
sweeps in Tanzania, Mpumalanga and KwaZulu Natal in 1999. However, correlates
between Mpumalanga, Tanzania and the triple mutant population from KwaZulu
Natal in 1996 were much weaker (Mpumalanga = 0.664 p=0.010; Tanzania =

0.620 p=0.018).
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Figure 4-5: The gene diversity at each locus for populations of a) triple mutant dhfr
chromosomes from Mpumalanga and b) triple mutant dhfr chromosomes from
Tanzania. Distances shown are actual physical distances from codon 108 of dhfi- in
bp. 95% CI were calculated from the unbiased variance of gene diversity as given by

Nei and Roychoudbury (1974).
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Figure 4-6: The significance and direction of differences in gene diversity between
sensitive and triple mutant chromosomes from Mpumalanga, Tanzania and KwaZulu
Natal ‘99 at each locus. Light grey = p<0.05; dark grey = p<0.001; black =

p<0.0001.
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The significant differences between loci and their direction and magnitude are
summarised in Figure 4-6. The differences between triple mutant chromosomes from
the three sites are limited. Two significant observations were that the selective sweep
from Mpumalanga is larger, and secondly, the KwaZulu Natal 1999 selective sweep
has reduced depth at the markers closest to dhfr relative to that in Tanzania. The lack
of major differences in the dimensions of the three selective sweeps from
Mpumalanga and Tanzania in 2001 as compared with that from KwaZulu Natal in
1999 is in contrast to the reduction in size that occurred over three years from 1996 to
1999 in KwaZulu Natal. We have suggested that a relatively weak selection
coefficient versus a high rate of recombination explains the differences in the size of
the selective sweeps in KwaZulu Natal between the two time points. Extrapolating
the rates of breakdown of the selective sweep between 1996 and 1999 one may have
expected on the Mpumalangan and Tanzanian derived chromosomes in 2001 to be
more than 10kb smaller than that found in KwaZulu Natal in 1999. By contrast we
find that the Mpumalangan selective sweep is actually significantly wider, and that
the Tanzanian selective sweep whilst being the same width, is significantly deeper
than in 1999. Differences in both width and depth imply the recombination has not
occurred to the same extent in these populations as it has in KwaZulu Natal. The
differences between the populations expected from the differences in EIR and
effective recombination rate, were not apparent. In addition to EIR, assortative
mating through drug pressure killing sensitive parasites in mixed infections could also

cause an increase in the inbreeding coefficient.

144



A Population Genetic Analysis of Antifolate Resistance in Plasmodium falciparum in southeast Africa.

e The importance of gene flow and initial starting frequencies on patterns of

diversity

Using the model of expected diversity along a chromosome at equilibrium, we
determined a line of best fit to the valleys of reduced gene diversity in Tanzania and
Mpumalanga, using population-specific parameters calculated as follows. Inbreeding
coefficients of 0.7 and 0.4 were estimated for Mpumalanga and Tanzania respectively
from the number of single infections detected at dhfi- across all samples in the initial
surveys. The effective population sizes (Ne) were estimated from the average gene
diversity of 8 microsatellites (Anderson et al. 1999) dispersed throughout the parasite
genome (Chapter 3). The N, was determined to be 5987 in Tanzania and

N, =4642 in Mpumalanga. These estimates are comparable to KwaZulu Natal and
to other southeast African populations (Anderson et al. 2000a) and larger than
estimated for southeast Asia. The selection coefficient of 0.048, directly measured
from frequency changes in KwaZulu Natal (Figure 4-1) was used and is the only

direct measurement available for Africa at present.

In southeast Asia the initial frequency of the favoured allele will reflect the
underlying mutation rate of dhfr, whereas in southeast Africa it is a reflection of the
amount of gene flow between populations. Using the model, we estimated the
number of migrants (m) required for best fit to the actual data was 1000 in Tanzania
and 200 in Mpumalanga, 50- and 10-fold larger than the estimate based on an Fsr in
the region. These may be overestimates because, unlike KwaZulu Natal, the selective
sweep in populations of Tanzania and Mpumalanga are not yet likely to be at
equilibrium. Alternatively the selection coefficient used in our simulation may be
underestimated. In the case of Tanzania, an increase in the selection coefficient to
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approximately 0.2 is equivalent to increase of m from 20 to 1000. However, it is
unlikely that the coverage of pyrimethamine usage in Tanzania was higher than in
KwaZulu Natal, Mpumalanga or on the Thailand-Myanmar border, since in Tanzania
the first-line treatment at the time of sampling was chloroquine, the EIR is high
resulting in acquired malaria immunity and more asymptomatic infections (Snow et

al. 1997; Kleinschmidt and Sharp 2001).

In attempting to identify key parameters that explain the dimensions of the selective
sweeps in the different sites using the model it becomes clear that it is not possible to
distinguish a clear effect of recombination. However, over and above selection and
recombination is an unquantifiable but important influence, namely the homogenizing
effect of gene flow across the entire southeast African region. Drug treatment use in
the various nation states has historically varied widely and local frequencies of
resistance alleles will reflect this. The number of migrant triple mutant alleles
entering a country will be determined by movement of people from neighbouring

states and the frequency of that allele in the region or country they come from.

Although we have quantified recombination rates, the strength of pyrimethamine
selection and its duration cannot be inferred from national treatment policy histories.
In Tanzania, SP was the recommended second-line treatment at the time of sampling
and had been for 18 years. In addition it is available through private suppliers and
used in self treatment (Goodman et al. 2004). In northern Tanzania the frequency of
the triple mutant allele can be as high as 84% (Pearce et al. 2003) reflecting a higher
local level of use.and a history of resistance (Ronn et al. 1996; Trigg et al. 1997).
Gene flow between northern and southern Tanzania is likely to be high (Clyde 1967).
A possible explanation for the larger than expected dimensions of the selective sweep
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is that its initial frequency in the population was generated by high levels of gene
flow from northern Tanzania, effectively reducing the population size and thus

opportunities for out-crossing.

The parameters used to fit the line of equilibrium to the selective sweep on the triple
mutant chromosomes in Mpumalanga are feasibly close to those of the actual
equilibrium values. The estimate of s equivalent to the m of 200 is only slightly
higher at 0.06 than the measured s in KwaZulu Natal (0.048). The drug selection
history in Mpumalanga is shorter than in KwaZulu Natal as SP only became first line

anti-malarial in 1997, nine years after its implementation in KwaZulu Natal.

f Asymmetric pattern of diversity around dhfr

A major characteristic of the selective sweeps around the triple mutant dhfr allele in
KwaZulu Natal, Tanzania, Mpumalanga and southeast Asia is a pronounced
asymmetry, and interestingly in every case the region of reduced gene diversity
extends further on the upstream side of dhfr. There are a number of competing
explanations for this phenomenon, and the most obvious is that rates of
recombination differ on either side of the gene. Considerable variation in the
distribution of crossover events, differing greatly from their genome average can
reflect recombination hotspots or cold spots as well as other genome features such as
proximity to centromeres and telomeres. (Barnes et al. 1995; Lichten and Goldman
1995). However the dhfr gene is in the centre of chromosome 4 and the distribution
of meiotic crossover events on P. falciparum chromosomes has been shown to be

relatively uniform in the progeny of a laboratory cross (Su et al. 1999).
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Alternatively, the asymmetry may be due to stochastic nature of recombination events
during short phases of intense selection. In a model of the pattern of genetic variation
along a recombining chromosome, Kim and Stephan (Kim and Stephan 2002)
showed that in a population where the time to fixation was short, such as when
effective population size (N¢) was small, the selective sweep would be asymmetrical
around the selected site. The short lineage of the rapidly expanding selected allele
decreases the amount of time for recombination events to occur and the pattern is
more of stochastic noise. In southeast Asia, pyrimethamine resistance swept to
fixation in only six years (White 1992). In Africa the triple mutant is yet to reach
fixation, so it is likely that the lineage is long and therefore the asymmetry can not be
easily explained. Intense selection pressure can result in rapid epidemic expansions
of resistant parasites in local populations in Africa and as such this would facilitate
the formation of the asymmetry. The caveat to this hypothesis is that it assumes that
the asymmetry is random, and therefore by chance it has fallen to same side of dhfr in

East Africa as it has in southeast Asia.

Recent analysis of the genetic cross between parasite lines Hb3 and Dd2 has
identified a 48.6kb region of chromosome 4 as in complete linkage with the folate
salvage phenotype, thought to abrogate the killing effect of the sulphadoxine
component of SP (Wang et al. 2004a). On this fragment were 7 open reading frames
including dhfr. If there were a resistance enhancing or a resistance compensating
adaptation in the region upstream of the dhfr triple mutant allele, such as one
favourable for folate salvage then there would be reason to expect consistent
asymmetry in the 'same direction. However the changes we observed over time do
not support this as the area of lowest diversity became more condensed and mapped
onto the dhfi- gene itself. We observed a gradient in the depth of the selective sweep,
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which becomes is progressively deeper as you get nearer to the gene. We observed
no further dips in the levels of diversity along the chromosome that would indicate a

putative second site under selection.
A\ Concluding remarks

In African populations there was a consistently narrower selective sweep than found
on the Thailand — Myanmar border and this was expected because effective
recombination rates are in general much higher in Africa due to the higher
transmission intensity. We observed that over time in KwaZulu Natal the selective

sweep reduced in size towards equilibrium between selection and recombination.

When we compared the three African populations of KwaZulu Natal, Mpumalanga
and Tanzania we did not observe a clear relationship between the width of the area of
reduced diversity and transmission intensity/effective recombination rates. The key
factors appear to be the strength of selection, length of time over which drug selection
has acted and the starting frequency of resistance mutants. Although the extent of
gene flow is high between populations in this region, resistance levels are
heterogeneous because of selection imposed in neighbouring countries implementing
different treatment policies. Importantly, the founder events in Asia were determined
by mutation rates whereas in Africa, these were dictated by resistance levels in
neighbouring states and the contribution of diffusion of resistance alleles in

determining starting frequencies has been significant.

The size of the observed selective sweep in Tanzania is contrary to expectation given
the population genetic parameters of the region, but may be explained by large

149



Reduced Variation Around Drug Resistant dhfr Alleles in African Plasmodium falciparum.

numbers of migrants into that population. Our data underlines the importance of gene

flow in the spread of resistance between African countries.
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Chapter 5 Characteristics of a Selective Sweep Flanking the Double Mutant dhfr

Allele in Two Southeast African Plasmodium falcinarum Populations.

I Abstract

The dhfr double mutant allele has previously been shown not to confer the ability to
survive the initial concentrations of pyrimethamine in the host plasma and was
apparently displaced by the triple mutant allele in KwaZulu Natal under SP selection.
Yet lineages possessing the double mutant allele are widespread throughout the
southeast African region. To examine the effects of selection on this allele we looked
for evidence of selective sweeps. Here we describe the genetic diversity at thirteen
microsatellite loci covering an approximately 120kb region flanking the
pyrimethamine resistant difir CS9R+S108N double mutant allele. By comparing
diversity present on sensitive chromosome 4 with double mutant chromosomes,we
identified a region of significantly reduced diversity. Samples from Mpumalanga
province of South Africa and in southern Tanzania were compared. In each case the
region of reduced gene diversity was smaller than that previously described on triple
mutant chromosomes sampled in the same populations. However, it was not as small
as predicted by a deterministic model given a directly observed selection coefficient
and quantified degree of gene flow. We find evidence of recombination between
double and triple mutant chromosomes that had obscured the size of the original
selective sweep on the double mutant chromosome. We discuss the implications of
this with reference to the size and stability of the selective sweep on double mutant

chromosomes.
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I Introduction

The two dhfr double mutant alleles common to southeast Africa are comprised of
amino acid substitutions at codons C59R+S108N, or N51I+S108N (Pearce et al.
2003; Roper et al. 2003). Descriptions of flanking sequence polymorphism on South
African and Tanzanian double mutant chromosomes within 5.5kb of dhfr, identified
that these alleles had arisen infrequently; once in the case of the 59/108 allele and
twice in the case of the 51/108 allele (Roper et al. 2003). All double mutant lineages
had separate ancestries from the triple mutant N51I+C59R+S108N allele (Roper et al.
2003). As the two alleles identified in KwaZulu Natal have separate origins, the
identification of hitch hiking alleles would become complicated if the two 51/108
double mutant chromosomes had recombined, and thus we have chosen to describe
the selective sweep on double mutant chromosomes carrying the single ancestry

C59R+S108N dhfr allele.

The double mutant dhft allele confers both a selective advantage in the presence of
drug and a fitness cost in the absence of drug selection (Watkins et al.1997 ; Fohl and
Roos 2003). It has been shown in vitro that the double mutant allele confers the
ability to survive plasma concentrations of pyrimethamine inhibitory to sensitive
parasites, but not the higher full treatment dose concentrations that the triple mutant
allele can survive (Watkins et al. 1997). There is for the double mutant allele
effectively a window of survival beginning 7 to 15 days after initial dosing until at
least 52 days subsequently, in which the concentrations of SP in the plasma select for
double mutant and higher forms of pyrimethamine resistance but are inhibitory to the
sensitive parasites. Arguably selection for the double mutant allele can only occur if

a new infection occurs or if the parasite emerges from the liver stage within the
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selective window. The chances of new infection by a parasite carrying the dhfr

double mutant allele within this 7-52 day window are increased in populations where

the intensity of transmission is high.

It is likely that the double mutant allele has existed in the region for longer than the
triple mutant allele. In KwaZulu Natal we determined the frequency change of the
dhfr alleles between 1995 and 1999, whilst SP selection was operating (Roper et al.
2003). We found that whilst the frequency of the triple mutant allele was increasing
(22% to 38%), the frequency of the double mutant allele decreased (30%-15%). Itis
clear from the ancestry of the two resistance allele lineages that the frequency
changes observed are not due to transitional steps of double mutant to triple mutant in
the evolution of resistance as observed in southeast Asia (Nair et al. 2003), but reflect

the fitness differential between the two.

We have looked for evidence of a selective sweep around the double mutant allele in
the form of regions of reduced diversity on the 59/108 double mutant chromosomes
through comparison to diversity on ancestral chromosomes. These regions of
reduced diversity around the double mutant allele are likely to be more transient due
to its’ longer time in the population and weaker SP selection operating on it around
double mutant than triple mutant alleles and thus we compare resistant chromosomes
sampled from the same population. As with the work on the triple mutant allele
populations (see chapter 4), we address the effect of transmission intensity in the
breakdown of the selective sweep by sampling double mutant chromosomes from
Tanzania, where thé entomological inoculation rate is high, and Mpumalanga where it

is low (See Table 5-1).
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Populations.
Population History of SP* usage Frequency of the EIR?
and (first line unless double mutant dhfr  (Infectious bites per
sample date stated otherwise) allele (59/108) annum)
Mpumalanga 4o, d 14% 78 4t
2001 - present day 0 <0.1
Tanzania 2001 - present day
2001 (after 18 years second 10.5%° 584}
line)

Table 5-1: " (Roper et al. 2003); s Sulphadoxine-Pyrimethamine; ¥ clinical samples; ?

unpublished;' personal communication K. Barnes; * (Charlwood et al. 1998)

III Methods and Materials
a Study samples:

The study sites used in this investigation are regions of southern Tanzanian and the
north eastern province of South Africa, Mpumalanga. The Tanzanian samples were
collected in 2001 during household surveys of the three districts of Kilombero,
Ulanga and Rufiji,par t of the Interdisciplinary Monitoring Project for Antimalarial
Combination Therapy in Tanzania (IMPACT-TZ) artesunate combination therapy
trial. The samples from Mpumalanga were collected in 2001 from symptomatic
malaria patients prior to treatment, as a component of the Southeast African
Combination Antimalarial Therapy (SEACAT) evaluation. Table 5-1 summarises the
drug use and epidemiological context of the populations sampled. Sensitive
chromosomes were sampled in KwaZulu Natal in South Africa where the frequency
of multiple infections is low. A full description of these samples can be found in the
methods of Chapter 4. The typing of the point mutations present in dhfi- and dhps

were performed as described in chapter 2.
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b PCR amplification and analysis of microsatellite sequences:

The microsatellites primer sequences can be found in Appendix 3. The PCRs were

performed as described in Chapter 4.

c Statistics and Software

Gene diversity values were calculated as He = [n/ (n-l)][l-Zpiz] where n is the

number of samples and p; is the frequency of the ith allele. The variance of the gene
diversity was calculated using Nei and Roychoudhury’s formula (Nei and

Roychoudhury 1974):

Var =~ = D(E 2} = (T P11+ 22 =)

The software PowerMarker (Liu and Muse 2004) was used to calculate population
differentiation theta values. We measured the significance in differences between
gene diversity between pairs of chromosomal populations by permutation (Nash et al.
2005). The ratio of gene diversities between a pair of populations was calculated at
each locus in the observed data sets and in 10000 simulated datasets where the alleles
at each locus were reshuffled amongst all parasites. To obtain the level of
significance we counted the number of occasions that the simulated ratio of
diversities exceeded that for the observed data. The statistical package R (The R

Core Development Team 2005) was used to generate the permutations.
Wiehe (Wiehe 1998) developed a model to describe the pattern of reduced variation

in microsatellites flanking a selected site. The model is described in full in Chapter 4.

The selection coefficient ‘s’ directly observed from the frequency changes in
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Tanzania was calculated using P,=P, x €™ where P, = frequency at n generations, P,

= frequency at start, and n= number of generations (Hartl and Clark 1997).

Clustering of individuals into ‘k’ populations was carried out using the software
Structure (Pritchard, Stephens, and Donnelly 2000; Falush, Stephens, and Pritchard
2003). Burnin (minimising the effects of the starting parameter configuration) and
run lengths were 10° and 10° Markov chain Monte Carlo (MCMQ) iterations

respectively. All other parameters were as default for the software.

v Results and Interpretation

Previous work (Chapter 4 and Pearce et al. MBE in press) has shown reduced
diversity around the triple mutant allele that had, at its greatest width, reduced
diversity from 60kb upstream to 10kb downstream. Accordingly, a narrow subset of
microsatellites was used in this study of double mutant chromosomes. These were
70, 60, 40, 30, 20 and 10kb upstream and 10, 20, 30, 40 and 50kb downstream of
codon 108 of dhfr. In addition, two microsatellites located at 5.3kb and 4.4kb o
upstream used in a previous study were included (Roper et al. 2003). Levels of "
diversity at each microsatellite locus were compared with that in the sample of

sensitive chromosomes from KwaZulu Natal described in Chapter 4, which we used

as representative of the region. The high gene diversity and low population

differentiation described between southeast African populations in Chapter 3

indicates that there is no reasonable expectation that patterns of high gene diversity

observed on sensitive chromosomes identified in KwaZulu Natal would differ on non

selected chromosome 4 populations in either of the other populations.
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a Patterns of reduced gene diversity on double mutant chromosomes

At the time of sampling the frequencies of the double mutant alleles in the field were

14% in Mpumalanga and 10.5% in Tanzania. To examine the effect of selection we

compared the Mpumalanga (n = 27) and Tanzanian (n = 21) double mutant

chromosomes with the baseline of diversity on the sensitive chromosomes. We

plotted gene diversity with 95% confidence intervals for each microsatellite against

distance from codon 108 of dhfr (Figure 5-1). Significantly reduced gene diversity

existed around the selected site covering 30kb (U20 to D10) in Mpumalanga and

50kb (U40 to D10) in Tanzania. The direction and extent of change in gene diversity

at loci with significant differences between ancestral and double mutant '
chromosomes are given in Figure 5-2 and were determined as the proportion of
permutated diversity ratios that exceeded the observe diversity ratio for a given locus.
This process identified a core region of U40 to D20 in Mpumalanga and U40 to D20
in Tanzania as being significantly different, but in both cases locus D20 had
considerably lower diversity in the sensitive chromosome population. As in Chapter
4 the core region of the selective sweep is defined as the range of markers between , !
which there was an unbroken significant reduction in gene diversity. Both of the

selective sweeps are asymmetrical with greater diversity on the downstream side of

dhfir. Interestingly the same asymmetry was observed in the selective sweep

described around the dhfr triple mutant chromosome.
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Figure 5-1: The gene diversity at each locus for populations of a) the double mutant
dhfr chromosomes sampled from Mpumalanga, South Africa (solid line) and b)
double mutant dafr chromosomes sampled from Tanzania (solid line). On both plots
diversity at loci flanking sensitive dhf alleles sampled from KwaZulu Natal,
represented by the ciashed line. Distances shown are actual physical distances from
codon 108 of dhfi in bp. 95% CI were calculated from the unbiased variance of gene

diversity as given by Nei and Roychoudbury (1974).
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Sensitive | Double Tanz J 028 035 055 0.22

Figure 5-2: The significance and direction of differences in gene diversity between ancestral and double

mutant chromosomes at each locus from each population. Light grey = p<0.05; dark grey = p<0.001;

black = p<0.0001.
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The upstream markers U5.3 and U4.4 are the microsatellite loci closest to the selected
site. Alleles of 199bp and 186bp at these loci respectively are the same as previously
reported for KwaZulu Natal and northern Tanzania (Roper et al. 2003), confirmation

that the monophyletic dhfr double mutant has spread widely.

b The selective sweep present on the double mutant chromosomes is smaller

than that on triple mutant chromosomes

Comparisons were made of the size of the selective sweeps on double mutant and
triple mutant chromosomes sampled from the same population (Figure 5-3). In
Mpumalanga the region of reduced diversity on the triple mutant chromosome
extended from marker U60 upstream to D10 downstream. The double mutant
chromosome population has significantly higher gene diversity at each locus within
this range, with the exception of loci U4.4 and D10. In Tanzania, the triple mutant
selective sweep extended from U40 to D10; however only at U20-U4.4 was the
diversity significantly lower than that on the double mutant chromosome; there was
no significant difference at the remaining sites (U40-U30). Across the two double
mutant chromosomes there were only two loci at which there was a significant ¥
difference in the depth of the selective sweep namely U4.4 and U60, reflecting a

lower gene diversity on the Tanzanian double mutant chromosomes.

c The archetypal selective sweeps in Tanzania and South Africa

As the two derived chromosomal lineages coexist in Tanzania and Mpumalanga, it is
likely that recombination has occurred between them. Recombination between the
double mutant chromosomes and an expanding lineage of triple mutant chromosomes

could cause an apparent extension in the size of the selective sweep on the double
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mutant chromosomes. Conversely, recombination with sensitive chromosomes will
reduce the extent of chromosome covered by the selective sweep. To investigate the
extent of triple and double mutant recombination, we determined the ‘archetype’
triple mutant and double mutant chromosomes for each population. These were
inferred by selecting the allele with the highest frequency at each locus for resistance
allele in the two populations. Archetypal alleles are shown in Figure 5-4 for the

regions of the chromosome where diversity is significantly reduced.

Inspection of figure 5-4 shows clear differentiation at close loci U4.4 and U5.3 but
further out on the double mutant chromosomes there were alleles common to both the
double mutant and triple mutant lineages, namely loci U10, D10 and D20. Locus
U10 on the sensitive chromosomes had a distribution of alleles more typical for a site
where diversity is high suggesting that at this locus recombination had occurred
between the two resistant chromosomes. At locus D20 convergence is explained by
the fact that it is also most common on the sensitive chromosome. At locus D10 the
shared allele had moderately high frequency among the sensitive chromosomes. The
pattern of allele sharing between the triple and double mutant chromosomes at D10
and D20 can be explained by the lack of variability in the ancestral state. These loci

are not informative in determining how much recombination has occurred.
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Figure 5-3: The significance and direction of differences in gene diversity between double mutant
and triple mutant chromosomes from Mpumalanga and Tanzania at each locus. Light grey =

p<0.05; dark grey = p<0.001; black = p<0.0001.
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Figure 5-4: The archetypal haplotypes of flanking sequence loci for sites within the region of reduced

diversity defined on the triple mutant chromosome. See text for method of definition of archetype

alleles
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Excluding the loci described above, it was observed that there was a notable
frequency of contaminating archetype triple mutant alleles at a number of loci on the
double mutant chromosome sampled in both Mpumalanga and Tanzania. In
Mpumalanga the loci on the double mutant chromosomes with the triple mutant
archetypal hitchhikers were U60 (31%), U40 (32%), U20 (19%), U5.3 (5%) and U4.4
(13%). In Tanzania archetype triple mutant alleles were found at loci U60 (15%),
U40 (45%), U20 (5%), U5.3 (10%) and U4.4 (35%). In neither double mutant

chromosome population was the archetypal triple mutant allele found at locus U30.

The contamination of loci on the double mutant chromosomes by archetypal triple
mutant alleles obscures the extent of reduced gene diversity occurring purely due to
selection on the double mutant allele. To estimate the extent to which recombination
with triple mutants had reduced diversity around the double mutant, we recalculated
the gene diversity at each site using only the frequency in the data set of the archetype
double mutant alleles, ignoring the frequency of the triple mutant chromosome
associated alleles and of the rare alleles (which contribute least to the calculation). In
Mpumalanga, the recalculation of gene diversity increased the range of loci where
gene diversity was significantly lower than on the sensitive chromosomes to U30 —
D10 as compared to U20 — D10 when all alleles present were used in the calculation.
In Tanzania this recalculation decreased the number of loci with significantly lower
diversity than on ancestral chromosomes to U30 — D10 (excluding U4.4), smaller

than the region of U40 — D10 described when all alleles were included in the

calculation.
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d Recombination and epidemics in Mpumalanga

In Mpumalanga we found evidence of an epidemic expansion of a recombinant
double mutant chromosome. In the process of defining the archetypal double mutant
chromosomal haplotype in Mpumalanga, at each of the loci U30 and U20 were two
alleles that could be defined as double mutant archetypal hitchhiking alleles (Figure
5-4). The uniquely Mpumalangan haplotype 165/ 211 on the double mutant
chromosome is found in the population at a frequency of 29.6%. The U30/U20
haplotype of alleles 151/203 is common to both study populations of double mutant
chromosomes, specifically found at a frequency of 33.3% in Mpumalanga. When
testing for the presence of the 165/211 haplotype within the Mpumalangan triple
mutant chromosome population it was not found. However,the 165 a llele at U30
was found at 5% frequency, whereas the common 151 allele at U30 was found at a
frequency of 15%. The U20 alleles 211 or 203 were found in much lower
frequencies although 151/203 was found as a complete haplotype in the

Mpumalangan triple mutant chromosome population on two occasions.

From the core haplotype of U30 and U20 alleles it was possible to extend the
haplotype in the 165/211 type double mutant chromosome to loci U40 and U60
constructing the haplotype 232/220/165/211, which had a frequency of 14.8% in the
population. On double mutant chromosomes that had the common east African

151/203 haplotype there was no associations with specific alleles further upstream

past U40.

The presence of two double mutant subpopulations is consistent with the rapid

epidemic expansions of parasite lineages which we have described in Chapter 3. It

165



Characteristics of a Selective Sweep Flanking the Double Mutant dhf+ Allele in Two Southeast African Plasmodium falciparum
Populations.

appears that the novel double mutant lineages derive from epidemic expansion of a

recombinant double mutant chromosome at loci U60 through to U20.
e ‘Structure’ analysis — allocation of populations

We tested the robustness of the definition of archetypes by running the dataset
through a probabilistic clustering algorithm implemented by the software Structure
(Pritchard, Stephens, and Donnelly 2000; Falush, Stephens, and Pritchard 2003). The
algorithm infers whether the current population is structured due to an ancestral
admixture event between an user defined ‘k’ number of ancestral populations using a
Markov chain Monte Carlo (MCMC) scheme to allocate individuals to one of the ‘k’
number of clusters on the basis of similarities in the allele distribution at a
combination of loci, generating a likelihood value for the allocations. It also
estimates the proportion, Q, of membership of each individual to a cluster, essentially
estimating the proportion of an individuals’ genome inherited from an ancestral
population. For example, if k=2 was assumed and the proportion of an individuals’
genome coming from ancestral population 1 was Q = 0.5 (='%), it will have equal
proportions of its’ genome from both assumed k populations; such a result repeated
over an entire dataset would infer that there was only one population rather than the
two tested for. For each individual,t he admixture proportion ‘q’ is independently
modelled from a symmetrical Dirichlet distribution with hyper-variable a. If a is high
the distribution is random, where as if a is below 1, the distribution approximates a
negative binomial distribution and it models each individual as having originated

mostly from a single population, with each population being equally likely.
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The algorithm performs the clustering individual by individual and ignores all
information regarding the sampled populations. Thus we used Structure to determine
whether the individuals comprising the datasets of ancestral, double mutant and triple
mutant chromosomes would be clustered into populations matching those defined by

the allele present at the selected site, dhfr.

The algorithm can implement three models to test for subpopulations and determine
the population ancestry of individuals, namely the ‘no admixture’, ‘admixture’ and
‘linkage between sites’ models (Pritchard, Stephens, and Donnelly 2000; Falush,
Stephens, and Pritchard 2003). The latter model was the most applicable to the
dataset of linked markers, whereas the other models assume linkage equilibrium
between the markers. The ‘linkage between sites’ model infers the ancestral
admixture event by estimation of the population origin of chromosomal chunks of
linked markers passed between admixing individuals during meiotic crossover
(Falush, Stephens, and Pritchard 2003). The chromosomal chunks are defined by

correlations of allele frequencies between markers in individuals within a cluster.

In addition to producing a value for the proportion of occasions that an individual was
grouped into one specific cluster, the linkage between sites also produces a locus by
locus estimate of the proportion q. From this it is possible to identify chunks of
chromosome that have remained in linkage during the assumed admixture event and

identify the ancestral population they may have originated in.

Structure was run on the dataset of 103 and 90 individuals from the ancestral, double
mutant and triple mutant chromosomes from Mpumalanga and Tanzania respectively,

using loci U70dd to D50 and dhfr itself. We included the allele at the selected site,
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dhfr, as we found that its inclusion did not bias the clustering. Using the linkage
model, we found that whilst the k=3 assumption was the most likely; the model was
unable to cluster individuals into a specific population, deviating only slightly from
proportions close to 1/k. This may be because over all loci in the dataset there were
insufficient differences between the populations to distinguish them. Furthermore,
the Dirichlet hyper parameter a was above 1, indicating that each individual had
allele copies originating from all populations in equal proportions (Pritchard,

Stephens, and Donnelly 2000).

The locus by locus analysis of k=3 populations is shown in Figure 5-5. In both
Mpumalanga and Tanzania large chunks of chromosome were identified as belonging
to the same cluster. In all cases loci closest to dhfr were most confidently placed in
one specific cluster. Clusters broadly matched the subdivision of populations into
subpopulations defined by the allele at dhfi- as expected. Within the two derived
populations the chunks of chromosome identified by the algorithm as having come
from the same ancestral population extended across a similar number of markers as

when the region of the chromosome was described by reduced diversity.
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169



Characteristics of a Selective Sweep Flanking the Double Mutant difr Allele in Two Southeast African Plasmodium falciparum
Populations.

proportion of an individual coming from either the sensitive population (red), the

double mutant population (yellow) or triple mutant chromosome population (blue)
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Outside the central core of loci where almost all individuals were confidently placed
in one specific cluster, the proportion q of an individuals genome finding ancestry in
only one of the k=3 clusters decreased with increased distance from dhfr, such that at
the loci furthest from the selected site were clustered in all three k clusters with near
equal proportions. This was particularly pronounced in Tanzania. In Mpumalanga, a
number of double mutant and triple mutant individual chromosomes remained in one
cluster for the entire extent of the region genotyped. This reflected the number of
chromosomes within the dataset that were the relatives, but not direct siblings, of

recent epidemically expanded lineages.

By calculating the proportion of individuals that had greater than q = 0.9 proportion
of ancestry in one of the k populations at each locus, we determined the dimensions
of the region of reduced diversity using a lower threshold of 20% as the minimum
number of individuals exceeding this value for q. It was observed that on both the
Mpumalangan and Tanzanian double mutant chromosomes this process described a
region from marker U30 to the gene dhfr, agreeing the description of the selective
sweeps dimensions as determined by calculation of the gene diversity in the absence

of triple associated and rare alleles.

f A modelled description of the selection cocfficient and amount of gene flow

required to generate observed patterns of gene diversity

Wiehe (1998) developed a model later modified by Nair et al. (2003) that describes
the pattern of diversity at microsatellite loci on chromosome flanking a selected site
when there is equilibrium between the recombination, selection and mutation rates

acting on the chromosome, when the selected allele is at fixation. Using this model
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we can determine the strength of selection required to generate a line of best fit to the

observed gene diversity on the chromosome.

The model has been described in full in chapter 4. The values for recombination rate
(r=5.88x1 0'4) and microsatellite mutation rate (pu = 1.59x1 0“4), in addition to
population size (N, = 4624 Mpumalanga; 5987 Tanzania) and inbreeding factor (F =
0.7 Mpumalanga; 0.4 Tanzania) were as used in that prior section. A selection
coefficient was calculated from the frequency change between 2000 and 2001 of the
double mutant allele in Tanzania (s=0.025) based on the change from 9.8% to 10.5%,
and weaker than the selection coefficient s=0.056, based on the change in triple
mutant allele frequency (33% to 39%) (Malisa et al unpublished data) over the same
period. In South Africa from 1995 to 1999 the selection coefficients for the double

and triple mutant were -0.076 and 0.048 respectively (Roper et al. 2003).

g Selection versus gene flow

We input the values calculated for the parameters detailed above, and used the model
to estimate the upper number of migrants (m) required to generate the gene diversity
seen on the double mutant chromosomes. In Mpumalanga this was m ~ 50 and in

Tanzania it was m = 500 (Figure 5-6).

The m values predicted for the double mutant chromosomes of m ~ 50 and m = 500

- are four times lower than the m = 200 and m =2000 estimated by the model for the
triple mutant populations of Mpumalanga and Tanzania respectively. In chapter 3 we
described the patterns of gene flow between Tanzania, Mpumalanga and

Mozambique, concluding that the sites were panmictic.
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Figure 5-6: Prediction of a line of best fit by a deterministic model of hitchhiking on
the chromosome. The grey solid line is the plot of the actual data in a) Mpumalanga
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intervals around the actual data. The solid black line is the model predictions for

each population using the parameters defined in the text (cont’d over)
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and s= 0.025 and m=50 (Mpumalanga) or m=500 (Tanzania). The asterisks above
the chart indicate when the modelled data using these parameters falls within the 95%

CI of the actual data.
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The numbers of migrants per generation in any single direction assuming symmetrical
migration calculated from Wrights’ fixation index were in the range of 16 to 28,

considerably lower than the values of m predicted by the model.

If the initial starting frequency was fixed at the measured level of gene flow, the
predicted sweep would be very much smaller. The high initial starting frequencies of
the resistance allele in the population are required because the measured selection

coefficient is too weak to counter the effects of recombination.

It is probable that selection coefficients were higher in the recent past. The KwaZulu
Natal study shows the C59R+S108N frequency dropping, displaced by the triple
mutant allele (Roper et al. 2003). By fixing the starting frequency of the double
mutant allele to that when selection began, the selection coefficient required to
generate the best fit line to the observed selective sweep on the double mutant
chromosome can be estimated. In Mpumalanga s was only moderately higher than
the estimated selection coefficient from the frequency changes of the Tanzanian
double mutant allele when we assumed that the starting frequency was 20 migrants.
However, using this assumption in Tanzania, the selection coefficient would have

needed to be double its actual value to generate the same goodness of fit to the

observed data.

\Y Discussion

We have described the presence of a selective sweep on the C59R+S108N double
mutant chromosome sampled from populations in South Africa and Tanzania. The

selective sweeps in both populations cover a significantly smaller region of the
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chromosome than the selective sweep present on the triple mutant chromosome,
which is consistent with their weaker resistance predicted by estimates based on
measured selection coefficients for this allele in South Africa and Tanzania. In fact
the extent of the sweep was considerably larger than predicted by the deterministic
Wiehe model (Wiehe 1998). Gene flow may be an important factor in maintaining
the size of the selective sweep in the population when selection was absent or very
low. Also recombination with triple mutant chromosomes was identified as a factor
important in maintaining the width of the selective sweep present on the

chromosomes sampled from both populations.

The double mutant allele is a peculiarity. The very presence of a detectable selective
sweep is surprising when one considers the factors affecting the survival of the allele
in a population. The treatment dose of SP is lethal to dhfi double mutant alleles.
There is an approximately 45 day window between 7 and 52 days post treatment with
SP when a double mutant allele has fitness advantage over the sensitive allele
(Watkins et al. 1997). Selection for the double mutant allele can only occur when
chance re-infection or emergence from the liver occurs during this window. The
probability of a double mutant parasite infecting a host during this selective window

will depend on the intensity of transmission in the region and the frequency of the

double mutant which regionally is only 10-15% (Chapter 3).

Furthermore, in the absence of drug, resistance mutation at difi may actually have a
fitness cost. The C59R+S108N double mutant allele was shown to have a
reproductive impairment relative to the drug sensitive allele (Fohl and Roos 2003).
This was identified through transfection work in Toxoplasma gondii where the P.

falciparum double mutant and sensitive alleles of dhfr replaced the native gene and
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the rates of growth were compared in vitro and in vivo in absence of pyrimethamine.
It was found that in vivo the double mutant allele conferred a 1.8% fitness cost on the
numbers of parasites produced per generation (Fohl and Roos 2003). In the absence
of selection, this fitness cost is unlikely to be sufficient to remove the double mutant
allele from the parasite population in short time; a decline in the population frequency

of the double mutant allele from 20% to 10% would take approximately 13 years and

over 4 times that to drop below 1%.

The fitness of the double mutant allele relative to the triple mutant allele in the
absence of drug is not known. It has been suggested that the triple mutant has a

greater fitness defect as the alterations in the active site of dhfr are greater (Warhurst

2002), however, this is not resolved empirically.

a Selection conditions at the emergence of the double mutant allele

One explanation for the selective sweep around the double mutant in 2001 is that the
selection conditions at the onset of emergence of this allele may have been different.
In the 1950s pyrimethamine monotherapy was used widely (Peters 1970) and these
alleles may date from then. If that is the case, then it becomes an open question what
the effect of present day use of pyrimethamine has on the form of drug selection to
the selective sweep. There is evidence for present day selection for the double mutant
allele, such as the survival of the selective sweep in areas such as Tanzania where the

high rate of effective recombination would otherwise be expected to rapidly break up

the selective sweep.
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b The fitness cost of the double mutant and assortative mating

It can be argued that the selective sweep present around the double mutant allele is
maintained by assortative mating brought about by selective killing of sensitive
parasites by drug or poor competitive fitness in mixed infections (Taylor, Walliker,
and Read 1997; Taylor and Read 1998). If, in the absence of drug the double mutant
allele has a fitness cost relative to the sensitive allele then during co-infections the
double mutant parasites will be out competed. The result of this scenario would be
that the proportion of mutants outcrossing with the sensitive chromosome would be
reduced. Such inbreeding can reduce the effects of recombination on the selective
sweep around the double mutant allele. In the presence of drug the same would

occur, except that the relative fitness of the two alleles is reversed.

c Recombination, asymmetry and epidemics

We observed that the selective sweeps present on the double mutant chromosomes
were asymmetric. The same asymmetry was observed on triple mutant chromosomes
and we concluded this was due to a stochastic pattern of recombination breakpoints
(Kim and Stephan 2002), that had by chance occurred more often on the downstream
arm of the chromosome. However, the convergence of these observations might
suggest recombination hotspots downstream of dhf, but the occurrence of two

invariant loci downstream of dif# at the edge of the double mutant sweep has clouded

the description.

In Mpumalanga we identified an indirect method for maintenance of the selective

sweep on the double mutant chromosome without recourse to positive selection.
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During epidemic expansions the rapid increase in the frequency of hitchhiking alleles
maintains associations with the selected site and outcrossing becomes rare.

Recombination between siblings within a lineage has no effect on diversity and the

size of the selective sweep is maintained.

VI Concluding Remarks

If the double mutant allele can only increase in frequency and maintain a selective
sweep by chance, it is not clear why the selective sweep on the double mutant
chromosome present in a population like Tanzania has not disappeared completely.
Are the chance infections of hosts with sufficiently low drug plasma concentrations
sufficient to maintain its’ frequency in the population and the sweep around it? Or
are there low levels of drug usage in the population from poor drug quality and sub

therapeutic dosing? We address these questions in chapter 7.
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Chapter 6 Reduced Variation Around Drug Resistant dhps Alleles in African

Plasmodium falcinarum

J{ Abstract

Using 25 microsatellites covering an approximately 675kb region of chromosome 8
we have described the patterns of diversity of sequence flanking the drug sensitive
and drug resistant double mutant alleles at dhps, the locus encoding dihydropteroate
synthetase. This folate biosynthesis pathway enzyme is the target of the
sulphonamide component of the antimalarial sulphadoxine-pyrimethamine (SP). A
key difference to mutations at dhfi is that emergence of dhps resistance alleles has
been considerably more recent. In KwaZulu Natal, a province of South Africa, the
double mutant resistance allele was absent in 1995 but by 1999 it had reached a
frequency of 15%. On double mutant chromosomes sampled from this population we
observed an approximately 275kb region of significantly reduced diversity that
extended from 125kb upstream to 150kb downstream; a region considerably larger
than that described on pyrimethamine resistant dhfr triple mutant chromosomes from
the same population and time point. We then described the patterns of diversity on
resistant and sensitive chromosomes in neighbouring province Mpumalanga in 2001
and found that that the region of reduced gene diversity had narrowed to 80kb in
width extending from 50kb upstream to 30kb downstream. We argue that the
difference reflects the instability of selective sweeps around recently emerged

resistance alleles under strong directional selection and their movement towards

equilibrium over time.
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II Introduction

Resistance to the sulphonamide component of sulphadoxine pyrimethamine (SP) is
associated in vitro with a series of substitutions within the active site of the target
enzyme of the folate biosynthesis pathway, dihydropteroate synthase (DHPS)
(Brooks et al. 1994; Triglia and Cowman 1994). This has been demonstrated through
laboratory based in vitro sensitivity tests and transfection experiments (Triglia et al.

1997; Wang et al. 1997b; Triglia et al. 1998)

In the enzyme DHPS 14 substitutions at five codon sites have been characterised
world wide of which six have so far been recorded in Africa in a variety of haplotypic
conformations (Figure 6-1) (Wang et al. 1997a; Wang et al. 1997b; Eberl et al. 2001).
In southeast Africa the most prevalent of the resistance alleles is that comprised of

substitutions A437G and K540E.

The role of these in conferring resistance to sulphadoxine in vivo has been inferred
from studies showing the over-representation of mutations in recrudescent infections
after treatment (Khan et al. 1997; Basco, Tahar, and Ringwald 1998; Curtis,
Duraisingh, and Warhurst 1998; Jelinek et al. 1999b; Basco et al. 2000; Nzila et al.

2000a). This important dhps allele is referred to here as the double mutant allele.

Despite the above evidence, the role of mutations at dhps in clinical SP treatment
failure has been argued to be minimal (Watkins et al 1997) in comparison to dafr. It
was argued that the ability of P. falciparum to use exogenous folate in media or in
host plasma effectively bypasses the need for functional dhps in the folate

biosynthesis pathway. However, it has recently been shown through transfection
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studies that parasites require dhps activity to remain viable (Wang et al. 2004b). This

indicates that the action of sulphadoxine in disabling dhps is lethal and consequently

the mutations confer resistance.
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Figure 6-1: The amino acid substitutions at dhps reported in Africa. The allele name
is taken from the amino acid present at each codon, with letters in bold identifying the

locus at which the mutation occurred. Data taken from: (Wang et al. 1997a; Wang et

al. 1997b; Eberl et al. 2001)

There is growing evidence that dhps mutations are predictive of treatment failure.
(Omar, Adagu, and Warhurst 2001; Kublin et al. 2002). A recent study in Uganda
found that the substitution K540E at dhps was the strongest predictor of treatment
failure (Dorsey et al. 2004), where as others have found that the presence of three
mutations (N51I+C59R+S108N) at dhfi together with (A436G+K540E) at dhps were

associated with treatment failure (Kublin et al. 2002).

Further evidence that dips has a role in SP resistance is the observation that there is a
population expansion of the dhps double mutant. In KwaZulu Natal the double

mutant allele increased in frequency from 0% to 15% over four years whilst SP
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treatment failures were the subject of a rapid increase. Analysis of closely linked
microsatellite markers (with 8kb) has shown that one particular lineage of this double
mutant alleles has spread over a region of at least 4000km spanning Tanzania and
South Africa (Roper et al. 2003). As with dhfr, the spread of resistance alleles by

gene flow is a more pertinent concern in southeast Africa, than de novo mutation.

The earliest reports of the dips double mutant allele in Africa have come out of the
east of the continent. Malawi was the first country to adopt SP as first line
antimalarial in 1993. Samples taken in 1995-1996 were shown to have the point
mutations comprising the double mutant allele, namely A437G and K540E, at a
frequency of approximately 60% and 70% respectively (Plowe et al. 1997). While in
Tanzania samples from Magoda village in the Tanga region collected in 1995 and
1996 were found to have high frequencies of both the A437G and K540E
substitutions (Jelinek et al. 1998). In west Africa the dhps double mutant is rare. Ina
recent study in Ghana, the double mutant allele (A437G+K540E) was only found at a
frequency of 2.6%, whereas the A437G alone was 93.4% and the dhfr triple mutant
was found at a frequency of 60% (Marks et al. 2005). The authors had not typed
codons 436, 581, 613. Two populations sampled in southern Mauritania were more
extensively screened and the K540E allele was entirely absent, yet there were
mutations at other loci in particular S436A S436F A437G and A613S, but it is not

possible to identify in what haplotypic conformations these mutations were found.

To address the issue of selection on mutant dhps we have examined the extent of the
region of reduced gene diversity around double mutant alleles during first line use of
SP sampled from two South African populations, KwaZulu Natal in 1999 and

Mpumalanga in 2001 (Table 6-1).
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111 Methods and Materials:

a Study Samples:

Samples from KwaZulu Natal were taken at two time points (1995 and 1999),
collected from malaria patients presenting to a healthcare facility, either Mozvold
Hospital or its’ satellite clinic at Ndumu. Samples were also taken in Mpumalanga,
from symptomatic malaria patients prior to treatment, as a component of the
Southeast African Combination Antimalarial Therapy (SEACAT) evaluation. Table

6-1 summarises the drug use and epidemiological context of the populations sampled.

. )
Population History :f SP Frequency of the EIR?
and usage double mutant dips  (Infectious bites per
sample date ~ (Orstlineunless 0 0 437/540) annum)
stated otherwise)
KwaZulu Natal 0% - 15%" +
1995-1999 1988 — 2000 (0% - 47%)"S <0.8
Mpumalanga 1997 - present 10% '8 . <0.14t
2001 day (2%-22%)* )

Table 6-1: " (Roper et al. 2003); > Sulphadoxine-Pyrimethamine; * clinical samples; *
unpublished;" personal communication K. Barnes; ‘Range of allele frequencies
among the three sampling sites; evidently the majority of samples were taken from

Steenbok

P. falciparum malaria at both sites is historically endemic, but features
characteristics of epidemic malaria (Kleinschmidt and Sharp 2001).

The typing of the point mutations present in dhfr and dhps were performed as

described in chapter 2.
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b PCR amplification and analysis of microsatellite sequences:

The microsatellites primer sequences can be found in Appendix 6. The PCRs were

performed as described in Chapter 4.

c Statistics and Software

Gene diversity values were calculated as He = [0/ (n-1)][1- ) _p;’] where n is the
number of samples and p; is the frequency of the ith allele in the sample set (Nei
1987). The variance of the gene diversity was calculated using Nei and

Roychoudhury’s formula (Nei and Roychoudhury 1974):

Var =—2 (=13 pi =3 p1)*1+ 302 - (3 p2))

n(n—1)
The software PowerMarker (Liu and Muse 2004) was used to calculate population
differentiation theta values. The use of the software ‘bottleneck’ (Cornuet and
Luikart 1996) is described in Chapter 4. We measured the significance in
differences between gene diversity between pairs of chromosomal populations by
permutation (Nash et al. 2005). The ratio of gene diversities between a pair of
populations was calculated at each locus in the observed data sets and in 10000
simulated datasets where the alleles at each locus were reshuffled amongst all
parasites. To obtain the level of significance we counted the number of occasions
that the simulated ratio of diversities exceeded that for the observed data. The

statistical package R (The R Core Development Team 2005) was used to generate the

permutations.

The distance measure 1-ps (Bowcock et al. 1994) was calculated using the software
Microsat (Minch et al. 1997), bootstrapping the dataset 100 times. Neighbour joining
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trees were calculated using the PHYLIP v3.6 (Felsenstein 2004) package “neighbor”.

Consensus trees were constructed using “consense” (Felsenstein 2004) and visualised

using the software TreeView (Page 1996).

The Wiehe model used in this chapter is as described in chapter 4. N, was calculated

for these populations from the gene diversity of neutral markers on sensitive dhps

chromosomes.
v Results and Interpretation

a Gene diversity levels on sensitive chromosome populations from two time

points sampled from KwaZulu Natal

To describe the extent of reduced gene diversity on chromosome 8 in parasites
carrying the dhps double mutant allele, it was first necessary to describe the pattern of
diversity along chromosomal sequence flanking the sensitive allele. Samples of
sensitive chromosomes were taken from two time points, namely in 1995 when the
double mutant resistance allele was not detected at all, and in 1999 where it was
found at a frequency of 15% (Roper et al. 2003). Over this time, the frequency of the

sensitive allele decreased apparently displaced by the double mutant allele.

Forty microsatellite markers spanning a 963kb region of chromosome 8 were
identified from the 3D7 genome sequencing project (Gardner et al. 2002). Of the
forty loci, ten loci Were’discarded as null alleles. We compared gene diversity on
sensitive chromosomes sampled from KwaZulu Natal in both 1995 and 1999 to test
that there was no change over time or that the emergence of the double mutant

chromosome had no effect on diversity of the sensitive chromosomes. The gene
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diversity at each locus on the sensitive chromosomes from 1995 (n=24) and 1999
(n=20) was calculated. These values are summarised in Table 6-2. Diversity at the
majority of the microsatellite loci was high (0.423 — 0.945 in 1995; 0.511 - 0.961 in
1999), however in both years three loci were found to be monomorphic (D30, D40
and D450) and a further two loci had notably low diversity (U40.2 and D20).
Comparison of 95% confidence intervals between the two time points showed that
there were few significant differences in diversity at a loci apart from U40.2

(p=0.014) and U10 (p=0.025) where diversity was higher in 1995.

As the 1995 sample of sensitive chromosomes was taken prior to the emergence of
the double mutant resistance allele we can exclude the possibility that gene diversity
at this time point was affected by recombination with resistant chromosomes. Loci
that were monomorphic or had low gene diversity (<0.200) were excluded from

analyses,as they were uninformative.

To determine whether there was a significant excess or deficiency in the observed
gene diversity at each locus when compared to the expected distributions simulated
under stepwise (SMM) or infinite allele (IAM) mutation models for the observed
number of alleles, a Wilcoxons’ rank test implemented by the software ‘bottleneck’
(Cornuet and Luikart 1996) was used. As no specific mutation model has been fitted
to the microsatellite loci used here, the IAM and SMM represent the lower and upper
limits of expected gene diversity respectively. The sensitive chromosomes sampled
from KwaZulu Natal in 1995 had a significant excess of gene diversity under IAM (p
= 0.0063) but not under SMM. Locus U40 had a significant excess of gene diversity
relative to the expected generated under both SMM and IAM (H,ps = 0.944 vs. SMM

Hexp =0.916 p=0.009; IAM Hey, =0.897 p=0.001).
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KZN 1995 KZN 1999
Marker  Distance | n= Gene diversity 95% CI_| n=_Gene Diversity 95% CI | P value
U125 -124300 | 24 0.772 0.076 20 0.853 0.077 0.153
U100 -100502 | 23 0.929 0.054 19 0.906 0.074 0.625
Us8o -77874 24 0.562 0.081 20 0.574 0.102 0.854
uU7s -74856 21 0.871 0.07 19 0.901 0.073 0.574
uU60 -59750 19 0912 0.07 19 0.889 0.074 0.656
uUso0 -50542 22 0.801 0.076 20 0.842 0.08 0.468
US50.2 -49173 16 0.917 0.083 20 0.911 0.066 0.909
U40 -40411 22 0.944 0.052 19 0.942 0.063 0.958
U40.2 -37676 24 0.359 0.087 20 0.195 0.089 0.014
U30 -30534 22 0.797 0.076 20 0.711 0.096 0.173
U30.2 -26958 24 0.754 0.073 20 0.726 0.092 0.647
U20 -19600 23 0.858 0.066 18 0.895 0.078 0.472
U20.2 -18014 23 0.423 0.091 20 0.558 0.106 0.064
uUl10 -10749 12 0.723 0.152 20 0.511 0.102 0.025
D10 10721 22 0.892 0.064 20 0.9 0.069 0.864
D20 18810 24 0.083 0.052 19 0.105 0.072 0.624
D20.2 21592 10 0.911 0.146 19 0912 0.07 0.987
D30.2 29011 9 0944 0.151 19 0.889 0.074 0.473
D30 31957 1  Monomorphic n/a 20 0.195 0.089 -
D40 39849 10 0.2 0.167 1  Monomorphic n/a -
D50.2 50736 10 0.644 0.2 19 0.76 0.097 0.259
D60 61522 15 0.81 0.11 19 0.766 0.091 0.552
D70 71248 8 0.857 0.202 14 0.879 0.106 0.837
D75 73587 21 0.719 0.089 16 0.65 0.125 0.371
D100 100542 | 23 0.866 0.065 20 0.932 0.061 0.158
D125 126314 | 23 0.925 0.054 19 0.871 0.078 0.264
D150 147878 | 23 0.945 0.05 18 0.961 0.062 0.690
D350 352476 |21 0.871 0.069 16 0.783 0.106 0.165
D450 451061 |24 0.083 0.052 1 Monomorphic n/a -
D550 530114 |17 0.721 0.115 17 0.809 0.101 0.267
Average - 19 0.727 - 18 0.744 -

Table 6-2: The observed gene diversity at microsatellite loci flanking the

sulphadoxine sensitive dhps allele (Grey shaded boxes indicate where p<0.05)
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Fourteen loci were identified as having a deficiency in observed gene diversity (Hobs
), but only two were significantly different from expected diversity (Hexp) under
SMM, namely locus U125 (Hops = 0.772 vs. Heyp =0.876 p=0.001) and locus D550

(Hobs = 0. 721 vs. Hexp =0.850 p=0.0110) and none under JAM.

The sample taken in 1999 had a significant excess of gene diversity under IAM
(p=0.0044) but under SMM there was a mildly significant deficiency (p= 0.0263).
Seventeen of the 25 loci tested had lower gene diversity under the SMM than the
observed, but only in two was the difference significant, namely U50 (H obs. = 0.842
vs. H exp. =0.870 p=0.0320) and U100 (H obs. =0.906 vs. H exp. 0.953 p=

0.0040). No single locus had a significant excess of observed gene diversity.

The ‘bottleneck’ analysis indicated that the sensitive chromosomes from both time
points had not undergone any population event that would cause a reduction in gene
diversity and equally none that would cause an excess of gene diversity such as a
bottleneck where the number of alleles is reduced faster than the gene diversity, such

that the observed gene diversity is higher than the expected from the observed allele

number,

b Population differentiation of sensitive chromosomes between 1995 and 1999

populations in KwaZulu Natal

Having determined that there was no significant difference in diversity levels between
the two time points, the allele distributions at each locus for the two populations of
sensitive chromosomes were compared using Wrights’ fixation index (Fsr), with a
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view to merging them (Table 6-3). Significant differences were identified at two loci
(U50 and D550) due to the presence of private alleles. However, the overall Fst
between the two populations was low (Fst = 0.0089). In subsequent descriptions, the
diversity at each locus on the sensitive chromosome is described from the merged
dataset. The sensitive chromosomes are a baseline against which to compare the
effect of selection on resistant alleles and maybe regarded as the ancestral state of

chromosome 8.

The microsatellites were classified according to repeat type and compared with
previous estimates of gene diversity calculated for different microsatellite repeat
types in P. falciparum (Anderson et al. 2000b) (Table 6-4). They follow a similar
trend where the simpler repeats have the highest levels of diversity and overall

diversity was slightly higher at these markers than those published previously.

The gene diversity at each locus for the merged ancestral dataset is plotted against
distance from the midpoint of dhps in Figure 6-2. The pattern across the ancestral
chromosome was of high diversity with occasional dips to more moderate diversity
values. These dips in diversity were not restricted to any one microsatellite repeat
type, or to any single region on the sensitive chromosomes. Loci D350 and D550 are
excluded from the figure for the convenience of scale. The diversity at these loci was

comparable to elsewhere on the chromosome shown in table 6-2.
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Locus Fsr p-Value
U125 -0.002 0.434
U100 -0.013 0.700
uU8so -0.009 0.404
u7s -0.004 0.297
U60 0.009 | 0.234
U550 0.078 | Lo
U50.2 0.002 0.181
U40 0.004 0.319
U30 0.066 0.167
U30.2 -0.033 0.696
U20 0.000 0.269
U20.2 -0.021 0.468
U10 0.023 0.133
D10 -0.003 0.607

D20.2 -0.033 0.841
D30.2 -0.005 0.286
D50.2 -0.024 0.650

D60 0.052 | 0.848
D70 0.064 | 0.095
D75 20.047 | 0977
D100 0.001 | 0446
D125 0032 | 0.093
D150 20.012 | 0.752
D350 0.024 | 0654
D550 0,181 |[EEOTREE

Overall | 0.0089

Table 6-3: Population differentiation values and significance for comparisons at each

microsatellite locus between dhps sensitive chromosomes sampled from KwaZulu

Natal in 1995 and 1999
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c Diversity of sequence flanking the double mutant allele

A sample of thirteen double mutant chromosomes from KwaZulu Natal in 1999 was
typed at the 25 informative microsatellite loci. The gene diversity at each locus is
compared using 95% confidence intervals with diversity on sensitive chromosomes
(Figure 6-3). Loci D350 and D550 were excluded from the figure, but mutant and
sensitive chromosomes did not differ significantly. The major trend is for lower
diversity at all loci on the resistant chromosomes. The core region of statistically
significantly lower gene diversity covers 125kb of the double mutant chromosomes

extending from U50 upstream to D75 downstream. Within this region two loci were

completely invariant.

. Expected Gene Diversity 95% CI
Repeat Type ~ Gene Diversity  95% CI (from Anderson et al 2000)

di- 0.818 (n=16) 0.041 0.781 (n=12) 0.050
tri- 0.773 (n=5) 0.043 0.688 (n=12) 0.044
Other 0.883 (n=1) 0.034 0.636 (n=12) 0.169

Table 6-4: Gene diversity by repeat type in the merged KwaZulu Natal sensitive

chromosome population
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Figure 6-2: Gene diversity at microsatellite loci at increasing distances upstream and
downstream from the midpoint of dhps on drug sensitive/ancestral chromosomes

sampled from KwaZulu Natal. 95% confidence limits calculated from variance in

gene diversity
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Gene diversity
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Figure 6-3: Gene diversity at microsatellite loci at increasing distances upstream and
downstream from the midpoint of dhps on drug sensitive chromosomes (dashed line)
and dhps double mutant chromosomes (solid line) sampled from KwaZulu Natal.

95% confidence limits calculated from variance in gene diversity.
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The gene diversity at each locus on the double mutant and sensitive chromosomes
was tested for significant difference using the method described in chapter 4. The
extent and direction of the difference is given in Figure 6-4. With the exception of
the loci U80,D50.2 and D70 the gene diversity on the double mutant chromosome
was significantly lower at all loci from U125 to D150, within which there was a
central core of U75 to D30.2 of consecutive markers where diversity was
significantly lower than on the sensitive chromosomes. However, diversity does not
return gradually with increasing distance from the selected site, rather a substantial

jump in gene diversity occurs only a relatively short distance from dhps.

Contrasting this selective sweep with that around the dhfi- triple mutant allele in the
same population in 1999 there are two notable differences; firstly, the selective sweep
on the dhps double mutant chromosomes is considerably larger with the statistically
significant drop in diversity covering approximately 275kb as compared to
approximately 50kb on the dhf# triple mutant chromosome. The larger size of the
dhps double mutant chromosome selective sweep is because of the shorter history of
this allele in the population. The frequency of the dhfr triple mutant allele in 1995

was 22% while the dhps double mutant was absent.

Secondly, there is not such pronounced asymmetry to the selective sweep present on
the dhps double mutant chromosome,althoug h there are more significant differences
upstream than downstream as was found with dhfr. We explained the asymmetry of
the dhfr triple mutant sweep as a reflection of the stochastic pattern of recombination
over time. The direction of asymmetry is the same in both cases and in the absence

of a better explanation we assume this is due to chance.
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D10 | D20.2 | D30.2 | D50.2 | D60 | D70 | D75 | D100 | D125 | D150 | D350 | D550

dhps|

028 [031 0.38 0.27]0.10 |0.16 |0.13 | 0.11

961

Pop 1 Pop2 |U125 U100 | U8B0 | U75 | U60 | USO | U50.2 U40lU30 U30.2 | U20 | U20.2 | U10
KZN SAKAA | KZN SGEAA 0.11 0.17 | 0.15 | 0.20 0.37 0.26 | 0.48

Figure 6-4: The direction and extent of significant differences in gene diversity between sensitive and double mutant

chromosomes sampled from KwaZulu Natal. Shading indicates the following levels of significance Light grey = p<0.05; dark

grey = p<0.001; black = p<0.0001
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d Deterministic modelling of the selective sweep on KwaZulu Natal double

mutant chromosomes

To examine differences in the contribution of various factors that influence sweep
dimensions, we used the Wiehe model (Wiehe 1998), modified by Nair et al. (2003)
to generate the expected dimension of a selective sweep, using the parameters defined

in the methods section.

Using the Wiehe model it is possible to estimate either the selection coefficient acting
on the selected site or the initial frequency of the allele in the population, through
describing a line of best fit to the observed data. In the case of the KwaZulu Natal
population, a selection coefficient for the dhps double mutant has been estimated
from direct observation of the change in allele frequencies between 1995 and 1999
where the frequency in the samples taken from cross-sectional surveys rose from 0%
to 15% (Roper et al. 2003). Roper et al (2003) calculated an upper estimate of the
initial frequency of the dhps double mutant of 0.03 based on binomial statistical

probability. Based on this a conservative estimate of the selection coefficient,‘s’ was

calculated as 0.13 assuming 3 parasite generations per annum.

The initial starting frequency (e = m/N¢) of the double mutant allele in the KwaZulu
Natal parasite population is unknown. We can infer that it was introduced by
migration rather than de novo mutation since there are reports of the dhps double
mutant at other sites in southeast Africa which precede its first appearance in
KwaZulu Natal (Plowe et al. 1997; Jelinek et al. 1998). The number of migrants
moving into KwaZulu Natal can be estimated from an Fsr calculated from 8§ unlinked

microsatellites (Chapter 3). The number of migrants between Tanzania and South
197



A Population Genetic Analysis of Antifolate Resistance in Plasmodium falciparum in southeast Africa.

Africa per generation in one direction is approximately (m=) 20. This is comparable

to an estimate of the number of migrants between the east African populations of

Zimbabwe and Uganda (Anderson et al. 2000a).

Using s = 0.13 and m = 20 we find that the shape and size of the modelled selective
sweep follows closely the line of the observed data (Figure 6-5). However, even if
these parameters were varied, it was not possible to generate a theoretical sweep that
had achieved fixation at the two sites closest to the selected site and a return to

diversity to the more distant sites at the same rate as that in the observed dataset.

e The extent of the chromosome covered by the selective sweep may be

obscured by inbreeding

It could be argued that the large size of the region of reduced diversity on the resistant
chromosomes was because we had sampled related individuals in a resistant malaria
epidemic. Such a scenario would artificially lower diversity among all resistant
chromosomes. The presence of “siblings” in the data set is a risk of sampling within
populations of low transmission intensity where epidemic expansions of parasite
lineages are not uncommon. We tested the entire KwaZulu Natal resistant and
sensitive chromosome dataset for the presence of siblings. Neighbour joining trees
were constructed using the distance measure 1- Ps where Ps is a measure of similarity
between two isolates calculated as ‘the proportion of alleles shared summed over
loci/2 x number of loci compared’ (Bowcock et al. 1994). As the majority of the loci
on the resistant chromosomes share alleles the, differentiation between samples was

effectively only tested on a minimum of 5 loci i.e. those which were not
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Diversity

Figure 6-5: Deterministic prediction of the size and shape of the selective sweep
around the dhps double mutant allele at equilibrium between recombination, mutation
and selection. The parameters used are given in the text, however: selection
coefficient s = 0.13, m=20. The grey line represents the observed diversity with the
dashed grey lines representing the 95% CI. The black line represents the model
predication. Asterisks above indicate loci at which the modelled line fell within the

95%CI
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significantly different from the diversity on the sensitive chromosomes. The dataset
was bootstrapped 100 times in Microsat (Minch et al. 1997) and a consensus

neighbour joining tree drawn using the PHYLIP packages Neighbor and Consense

(Felsenstein 2004) (Fig 6-6).

The majority of the pooled sensitive and resistant dataset were unrelated and equally
dissimilar. Four lineages of near identical chromosomes were identified, three
consisting of two isolates and one of 6 isolates. Only one lineage contained sensitive
alleles. When the lineage of six isolates were examined at dhfr and microsatellites
on chromosome 4, only three matched indicating that these three are siblings; the
remaining three carried different alleles. The other two resistant lineages which

consisted of pairs of isolates were found to be unrelated at chromosome four.

f A selective sweep present on double mutant chromosomes sampled in

Mpumalanga in 2001

A key observation of the selective sweep on the triple mutant chromosome observed
in KwaZulu Natal was the reduction in size from 70kb in width to 50kb between 1995
and 1999. By describing the region of reduced diversity on a second South African
population at a later time point we hoped to examine whether the same thing had
happened. KwaZulu Natal stopped using SP in 2000 so we used a sample from
Mpumalanga which is a neighbouring province in South Africa. It is likely that there
is considerable gene flow between KwaZulu Natal and Mpumalanga (Chapter 3).

Use of SP began in only 1997. In 2001 the frequency of the dhips double mutant

allele in Mpumalanga was 10% ranging between 2 and 22% in the populations
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Figure 6-6: ‘Neighbour joining’ tree of relatedness using the measure of 1-Ps of

sensitive and double mutant chromosomes sampled in KwaZulu Natal. Bootstrap

values are given on the nodes of the expanding lineages
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sampled. This frequency was broadly equivalent to 15% in KZN in 1999 (Roper et

al. 2003).

g Gene diversity across the Mpumalangan sensitive chromosomes is high

The effective recombination rates for both populations are similarly low, which is
important in considering the rate of breakdown of the selective sweep although the
entomological inoculation rate, a measure of transmission intensity is lowest in
Mpumalanga (Table 6-1). Low transmission intensity reduces gene diversity in a
parasite. A sample of 24 sensitive chromosomes were typed at 19 microsatellites
covering 250kb of sequence flanking the selected site; the same four loci, namely
U40.2, D20, D30, and D40 were monomorphic or had very low diversity on the
sensitive chromosomes, as observed in the KwaZulu Natal population. The diversity
at each locus on the sensitive chromosome was plotted against distance from the
midpoint of dhps in Figure 6-7. We found that the low transmission intensity in

Mpumalanga had not affected the levels of diversity on the chromosome.

With the exception of the U10 and D20.2 there were high levels of diversity across
the entire region of the chromosome. The observed gene diversity was tested for
either a significant excess or deficiency using Wilcoxons’ rank test through
comparison with expected diversity generated under IAM or SMM mutation models
(Cornuet and Luikart 1996). It was found that under IAM there was a significant

excess of gene diversity but under SMM there was neither a significant deficiency nor

excess of gene diversity.
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Gene Diversity
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Figure 6-7: Gene diversity at microsatellite loci at increasing distances upstream and
downstream from the midpoint of d/ips on drug sensitive chromosomes sampled from

Mpumalanga. 95% confidence limits calculated from variance in gene diversity

203



A Population Genetic Analysis of Antifolate Resistance in Plasmodium falciparum in southeast Africa.

h The selective sweep present on double mutant chromosome in Mpumalanga is

smaller than that in KwaZulu Natal

Gene diversity at each of the 19 loci in a sample of 24 double mutant resistant
chromosomes was plotted against distance from the midpoint of dhps in Figure 6-8.
The selective sweep present on the double mutant chromosomes sampled from
Mpumalanga was smaller than that in KwaZulu Natal. Comparing 95% confidence
intervals between sensitive and resistant chromosomes it was determined that the core
of the selective sweep covered approximately 80kb from loci U50.2 to D30.2. Whilst
this is smaller than the 275kb dhps in KwaZulu Natal, it was larger than the 70kb
selective sweep present on chromosome 4 in Mpumalanga in 2001 and KwaZulu
Natal in 1999. It is asymmetrical with diversity having returned quicker on the
downstream side. Paired comparison of the sensitive and resistant chromosomes in

Mpumalanga are summarised in Figure 6-9.

Curiously, the deepest part of the region of reduced diversity is not centred on the
selected site, but upstream of the gene itself. The overall shape of the sweep is also
asymmetrical extending much further upstream. This was also the case when we had
observed asymmetry in the selective sweep present on the dhfr triple mutant
chromosome. In the case of the difi- we concluded that the stochastic pattern of
recombination breakpoints was the cause (Kim and Stephan 2002) and this may well
be the case for dhps too. However with dhfr the deepest part of the selective sweep
was most proximal to dhﬁ,wher eas with dhps the deepest part of the selective sweep

is upstream of dhps. This suggests a second site linked to dhps is also subject to

selection.
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Gene Diversity
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Figure 6-8: Gene diversity at microsatellite loci at increasing distances upstream and
downstream from the midpoint of dhps on drug sensitive/ancestral chromosomes
(dashed line) and dhps double mutant chromosomes (solid line) sampled from

Mpumalanga. 95% confidence limits calculated from variance in gene diversity
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Figure 6-9: The direction and extent of significant differences in gene diversity between ancestral and double
mutant chromosomes sampled from KwaZulu Natal and Mpumalanga. Shading indicates the following levels

of significance Light grey = p<0.05; dark grey = p<0.001; black = p<0.0001.
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i Comparing the double mutant lineages of Mpumalanga and KwaZulu Natal

Before committing to any further comparison of the selective sweeps present on
double mutant chromosomes from KwaZulu Natal and Mpumalanga it was first
necessary to address the question of shared ancestry. Archetypal resistant
chromosomes were constructed using all loci where significantly reduced diversity
was found. The allele with the highest frequency at every locus was considered the
most likely archetype (Figure 6-10). Comparing KwaZulu Natal and Mpumalanga
allelic archetypes it is clear that they are identical within the U50-D10 region; only
U40, D20.2 and D30.2 were different. As the KwaZulu Natal sample was taken at an
earlier time point, we considered that the alleles at the three loci are the original
hitchhikers associated with the mutation event at dhps and that the variants are
Mpumalanga specific. At a few loci there were two alleles that could be classified as
archetypal alleles and these were not solely restricted to the outer portions of the
selective sweep (U60, D125) but were also found at loci proximal to the selected site
(U20). It is likely that these differences are products of recombination between other
allelic chromosomes that have subsequently increased in frequency. In chapter 3 of
this thesis we showed that epidemic like expansions of lineages had occurred in
Mpumalanga and it is reasonable to assﬁme that the differences between the

archetypal double mutant chromosomes from both populations were formed in this

way.
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Figure 6-10: The archetypal haplotypes of flanking sequence loci for sites within the region of reduced diversity

defined on the dhps double mutant chromosome. See text for method of definition of archetype alleles.
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J Deterministic identification of the cause of the difference in size of the region

of reduced diversity between the two populations

The Wiehe (Wiehe 1998) model of a selective sweep at equilibrium between
recombination, selection and mutation was used to determine the differences in
selection and required migration between the selective sweep present in the two
populations. Unlike in KwaZulu Natal, no directly observed selection coefficient for
the double mutant allele was available. We input parameters identical to those used
for KwaZulu Natal; inbreeding coefficient (F=0.7) based on the number single
genotypes present at dhps and effective population size (Ne =5100), and altered
selection coefficient to find the line of best fit to the observed data. Assuming an
initial frequency of the allele in the population of 20, the same as used in KwaZulu
Natal, it was determined that the line of best fit occurs when s=0.08 (Figure 6-11).
This is a reduction in the magnitude of the selection coefficient from that directly
observed in KwaZulu Natal where s = 0.13. When s = 0.13, the number of migrants
establishing the initial starting frequency of the double mutant allele was one, much

less than the m=20 used for KwaZulu Natal.

209



A Population Genetic Analysis of Antifolate Resistance in Plasmodium falciparum in southeast Africa.

Gene Diversity

Figure 6-11: Deterministic prediction of the size and shape of the selective sweep
around the dhps double mutant allele at equilibrium between recombination, mutation
and selection. The parameters used are given in the text however: selection
coefficient s = 0.08, m=20. The grey line represents the observed diversity with the
dashed grey lines representing the 95% CI. The black line represents the model
predication. Asterisks above indicate loci at which the modelled line fell within the

95%ClI
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\Y Discussion

In this thesis we have described selective sweeps around the key dhfi- resistance
allele, the triple mutant, and now around the dhps double mutant allele. Selection
operating on these two loci must be equivalent at any given point in time as the two
drugs which target these enzymes are co-administered. Therefore, it is interesting to
compare the selective sweep around the dhps double mutant allele with that around
the dhfr triple mutant allele. We have described the selective sweeps around both the
dhfr and dhps alleles in two populations, KwaZulu Natal and Mpumalanga. By
comparing sweeps around dhfr and dhps within a population, the effective
recombination rate and selection pressures are effectively standardised, as are the

other factors contributing to the dimensions of selective sweeps.

The selective sweep present on resistant chromosomes from KwaZulu Natal in 1999
extended from approximately 125kb upstream to 150kb downstream with a central
core of 125kb of unbroken significantly low gene diversity. This 275kb region far
exceeded the 50kb region of reduced gene diversity present on dhft triple mutant
chromosomes also sampled in KwaZulu Natal in 1999 (Chapter 4). In Mpumalanga
in 2001,a smaller se lective sweep was found around the resistant dhps allele. In this
case the region of significantly reduced diversity covered a 80kb region similar, but
slightly larger than the 70kb around dhft triple mutant alleles sampled

contemporaneously.
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a Why is the selective sweep around the dhps double mutant wider than that

around dhfr: Time?

The difference in the size of the selective sweeps around the two genes is notable, but
consistent with our observation that selective sweeps reduce in size over time. The
appearance of the resistant dips allele was much more recent than dhfr. In 1995 the
dhfr triple mutant allele had a frequency of 22%, whilst the dhps double mutant allele
was absent. The longer that an allele has existed in a population the greater the length
of time that recombination will have had to act to reduce the size of a selective sweep,
and as neither of the alleles discussed have reached fixation in the population, there

are still opportunities for recombination, with sensitive chromosomes.

b Why is the selective sweep around the dhps double mutant wider than that

around dhfr: Migration and starting frequencies?

One of the most striking observations of the work describing the selective sweeps
present on the resistant dhfi- chromosomes was the role of migration in determining
the size and shape of the region of reduced gene diversity (Chapter 4). Using a
deterministic model of a selective sweep (Wiehe 1998; Nair et al. 2003), we found
that rather than an initial starting frequency of 1/N. in the population, the model
predicted that multiple migrants carrying the resistance allele were involved in

establishment of the allele in these populations.

Using constant parameters for mutation and recombination in addition to a directly
observed selection coefficient, we observed in KwaZulu Natal that an estimation of

an initial frequency of the dhff triple mutant allele in the population generated by 20
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migrants generated a good fit to the observed data. Neutral markers indicate
extensive gene flow between sites in the southeast Africa region (Chapter 3), so this
value seems reasonable. Applying the selection coefficient observed in KwaZulu
Natal to Mpumalanga the model indicated that 200 migrant triple mutant
chromosomes founded the initial starting frequency. Since SP use began in
Mpumalanga nine years later than in KwaZulu Natal, the regional frequencies of the
dhf triple mutant allele were very probably a lot higher. Chapter 3 showed that the
frequency of the resistance alleles in Mozambique in 2001 was high. This country
had very little SP use so the high frequencies suggests passive diffusion gene flow
into the population. Of course the selection coefficient directly observed in KwaZulu
Natal may be an underestimate of that in Mpumalanga but both populations have a
similar malaria epidemiology and treatment policy and treatment seeking behaviour

are similar in the two provinces.

In the case of the dhfi- resistance allele, the shape of the selective sweep that we
observed is a product of migration and a low selection coefficient. How migration
performs this role will be discussed in the following chapter, however, to briefly
summarise, it is evident that the moderately high starting frequencies of an allele in a
new population places the allele in the new population at frequency closer to fixation
than a low starting frequency. If the allele had an initial frequency in the population
equivalent to 1/N. the directly observed selection coefficient would take longer to
reach the current allele frequency in the population and thus greater opportunity for

recombination reducing the size of the selective sweep.

Using the selection coefficient estimated from the dhps double mutant allele

frequency change, we found that in KwaZulu Natal the initial starting frequency will
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have required 20 migrants into the population carrying the double mutant allele. This
estimate of 20 is, however, an upper boundary as the selection coefficient calculated
and used in the model makes the assumption that the double mutant allele appeared in
1995 (and therefore that 12 generations have passed), whereas in reality it was
undetected at this time point and may have appeared subsequently. If so, the
selection coefficient would have been higher. Applying the same selection
coefficient to Mpumalanga identified that the initial starting frequency of the allele in

the population was approximately 1/N.

Thus we have observed that the initial starting frequencies of the dhps double mutant
allele in KwaZulu Natal and Mpumalanga were lower than those estimated for the
dhfr triple mutant allele, and this was most pronounced in Mpumalanga. What
underlies this difference in initial starting frequencies? In Chapters 2 and 3 we
described heterogeneity in the dhfr and dhps allele frequencies between populations
across southeast Africa and in all these populations the frequencies of the dhps
resistance alleles were lower than that of the dhff resistance alleles, which given the
recent emergence of dhps in the population is unsurprising. We would expect that
this difference in the resistance allele frequencies between loci would extend to the
proportions of the total number of migrants occurring through natural levels of gene
flow that carry either of these resistance alleles. The high starting frequencies
estimated for the triple mutant alleles in Mpumalanga reflects the high frequencies of
the allele in neighbouring populations when use of SP selection began in the South
African province, whereas the lower estimate of migrants with the dhps double

mutant allele reflects its lower frequency in neighbouring populations.
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c Why is the selective sweep around the dhps double mutant wider than that

around dhfr: Selection coefficients?

The final major difference between the resistant dhps and dhfr alleles is the size of the
selection coefficient operating on them. Roper et al estimated the selection
coefficients for both the dhfr triple mutant and the dips double mutant alleles from
frequency changes in KwaZulu Natal between 1995 and 1999 (Roper et al. 2003).
The magnitude of the selection coefficient for the dhps allele, estimated over 12
generations, was notable for being almost three times larger than that estimated over
the time period at dhfir (0.13 vs. 0.048). As we have stated earlier the selection
pressure applied by SP use is simultaneously applied on both loci so at first sight the

difference in selection coefficients is curious.

However, we know that the dhps allele arrived into the population when the resistant
dhfr allele was already established. The combination of the dhfr triple mutant and the
dhps double mutant together is predictive of survival of treatment doses of SP (Omar,
Adagu, and Warhurst 2001; Kublin et al. 2002; Dorsey et al. 2004), whereas dhfr

alone is not (Alifrangis et al. 2003).

Clearly the two locus resistant genotype has higher fitness than other genotypes as
evidenced by observation in chapters 2 and 3 that there is strong linkage
disequilibrium between the dhfi triple mutant and the dhps double mutant (Omar,
Adagu, and Warhurst 200,1; Pearce et al. 2003). It can be postulated that the
measurable association of the dhff triple mutant and the dhps double mutant in the
field and post treatment is what is observed in the high selection coefficient. To test

this hypothesis would require a second population where a resistant dhps allele had
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appeared in the population first. Such populations can be found in west Africa, where
alleles at dhps other than the A437G+K540E double mutant can be found in high
frequencies (Eberl et al. 2001; Marks et al. 2005) although the association of the west
African dhps alleles with sulphadoxine resistance is not as clear cut as the east

African double mutant described here.

d Effects on the dhps selective sweep of the presence of the dhfr triple mutant

allele

In addition to speculating whether the observed association between the dhfr and
dhps resistant alleles has had an effect on the selection coefficient of the dhps double
mutant allele, it is interesting to speculate what effect the association of the two
alleles would have on the selective sweep around the dhps double mutant allele over

time.

The dhfr triple mutant can survive treatment with SP, but addition of the dhps double
mutant allele increases the survival of the parasite. However, as the frequency of the
dhfr triple mutant allele increases in the population, it would have the effect of
reducing the fitness differential between the dhps double mutant and dhps sensitive
allele, as arguably both dhps alleles would survive SP treatment if present in a
parasite with the dhfr triple mutant. The reduction in fitness differential would
increase the time to fixation for the dhps double mutant allele, increasing the time that

recombination would have to reduce the selective sweep flanking the allele.

We observed in Mpumalanga that the selective sweeps present on the dhfr and dhps

resistant chromosomes were 70kb and 80kb respectively. The dhps double mutant
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allele was at a lower frequency in the population than the dhf triple mutant allele
(10% vs. 52%) and thus more prone to outcrossing decaying the selective sweep.
Yet it had existed in the population for a shorter period of time and thus less time for

recombination to occur.

It is interesting to speculate whether the rate in reduction of the size of the selective
sweep on the dhps resistant chromosomes would be quicker than observed on the dhfr
triple mutant chromosomes despite both being subject to the same underlying
effective recombination rate. It may be expected that both selective sweeps would
reach a unity when there is equilibrium in the population genetic parameters. Yet, the
effect of a reduced fitness differential would lead to the selective sweep on the dhps
resistant chromosome being smaller at fixation than that present on the dhfr resistant

chromosomes.

However a more probable explanation for the similarity in size between the selective
sweeps observed in Mpumalanga around the dhfr triple mutant allele and dhps double
mutant allele, despite the difference in age of the alleles, is the instability of large
selective sweeps over smaller ones. The larger a region of reduced diversity is the
greater the length of sequence within which stochastic recombination breakpoints can
occur. In Mpumalanga these would occur rarely and larger sequences have a greater
probability of crossover. It would be interesting to describe the sweep on resistant
chromosomes sampled in Mpumalanga at a later time point to observe the rate of

decay of the sweep from this starting point similar sized sweeps.
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VI Concluding remarks

Watkins et al have argued in the past that sulphadoxine plays no role in the killing
effect of SP and that the variety of point mutations at dhps is argument against its role
in resistance (Watkins et al. 1997; Watkins et al. 1999). This is disputed by a number
of lines of evidence such as the proven role of dhps through allelic replacement and
gene knock out transfection studies (Triglia et al. 1997; Triglia et al. 1998; Wang et
al. 2004b) and the predictive association of dhps mutations with treatment failure

(Omar, Adagu, and Warhurst 2001; Kublin et al. 2002; Dorsey et al. 2004).

We have shown the presence of a large selective sweep around the dhps double
mutant allele in two South African populations. In conjunction with the fact that
these resistant alleles increased in frequency under SP drug pressure, the presence of
a selective sweep is clear indication that the dhps double mutant allele is under
positive directional selection. The role of this double mutant allele and the

importantance of sulphadoxine resistance to parasite survival is very clear.
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Chapter 7 Metadiscussion

This final section of this thesis is divided into two parts. The first part will bring
together the conclusions of the five chapters of experimental work. The second part

discusses the conclusions in the wider context.
1 Part 1:

a Local and regional heterogeneity in haplotype frequencies and the

relationship with selection pressure

We began by developing a novel technique for the high throughput detection of the
point mutations associated with sulphadoxine/pyrimethamine (SP) resistance at the
loci encoding the drug targeted enzymes dihydrofolate reductase, dhfr, and
dihydropteroate synthetase dhps (Pearce et al. 2003). Based on the sequence specific
oligonucleotide probing dot blot (S SOP-dot blot) hybridisation method (Conway et
al. 1999), we developed an approach that enables the determination of “allelic
haplotypes” of the different SNPs coding for amino acid substitutions. Each allelic
haplotype confers known differences in drug tolerance, as determined by in vitro
studies, for example the triple mutant allele comprised of substitutions
N51I+C59R+S108N is 1600 times less sensitive to pyrimethamine than the sensitive
allele (Wu, Kirkman, and Wellems 1996). Using the SSOP-dot blot approach we
described the frequenciesvof the different SP resistance alleles present in field samples
collected as dried bloodspots from infected patients in three sites 150 miles apart in
northern Tanzania. We found that there were a small number of alleles (5 at dhfr and

3 at dhps — see figure 7-1) and these were common to each population.
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Figure 7-1: Scheme of dhfi- and dhps alleles found within in this study. Shaded

blocks indicate the site at which the constituent SNPs of each haplotype arise. Names

of the alleles are composed of the amino acids present at each of the sites, in

consecutive order of the codon number, described as having a role if SP resistance.
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The dhfr triple N51I+C59R+S108N mutant and the dhps double A437G+K540E
mutant were the most highly resistant alleles identified. The frequencies of these
were high and differed significantly between the three sites strongly suggesting

regional heterogeneity in the strength of selection.

The high frequencies of the resistance alleles in northern Tanzania suggested a history
of drug selection operating on the population. To gain a broader picture of the region
we used the SSOP-dot blot approach to determine the frequency of dhfr and dhps
alleles in samples from three populations with widely different selection histories. In
Tanzania in 2000, SP had been used as second line antimalarial treatment after
chloroquine for 18 years. In Mozambique in 2001, there was officially no use of SP
in malaria treatment and in Mpumalanga, South Africa in 2001, SP had been firstline
antimalarial since 1997. Given that the histories of drug treatment policy were
different, we expected heterogeneity in the frequencies of resistance alleles between
the populations. In all three populations the same five alleles at dhfr and three at dhps
described in the earlier northern Tanzania study were observed. As expected we
found significant differences in the population frequencies of each allele, but
surprisingly Mozambican populations had the highest frequencies of the highly
resistant alleles. It was clear that past national policy was not a good indicator of the
resistance status of the parasite populations. We speculated that selection had
occurred through unofficial use; there is anecdotal evidence of Mozambicans crossing

the border seeking treatment in nearby border clinics in South Africa, where SP is

used for treatment of their infections.
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b The shared ancestry of resistance alleles sampled across a wide region

suggests significant gene flow

Microsatellite loci in the immediate flanking region of the dhfr and dhps genes have
been used to infer the ancestry of these point mutation haplotypes (Roper et al. 2003).
Comparison of South African and northern Tanzanian samples showed that alleles
comprised of multiple mutants were monophyletic in origin and had dispersed
throughout the southeast African region. The exception was the dhfi double mutant
N51I-S108N allele, for which two ancestral lineages were identified; a common

widely dispersed lineage and a rare independent lineage in South Africa.

To quantify the extent of regional gene flow we examined allele frequencies at 8
unlinked neutral microsatellite loci in Tanzania, Mozambique and South Africa.
Nesting tests of population differentiation by scales of distance we found high
amounts of gene flow both between local populations and across the region, despite
the regional and local differences in the frequencies of resistance alleles. The
evidence of strongly homogenising gene flow across a region, but strong
differentiation between populations in the frequencies of resistance alleles is evidence
of the heterogeneity in selection intensity across the region. The observation of a
high level of gene flow explains the common ancestry of the resistance alleles region
wide and is consistent with early reports of highly mobile pyrimethamine resistance
(Clyde 1967). Pyrimethamine resistance was selected by intense prophylactic use of
pyrimethamine in the Muheza district of Tanzania in the 1950s. Diffusion of
resistance up to 100miles from the original focus was described. Such a pattern of
diffusion outwards from the initial site of intense selection to populations where

selection was absent as observed in the 1950s and the low population differentiation
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between sites described here, is strongly suggestive of a diffusion of resistance genes
through a parasite population that is continuous over a great geographical distance in

southeast Africa.
c Transcontinental gene flow

As a source of gene flow, the movement of people particularly across large distances
through aviation has also contributed to the spread of SP resistance. Through
comparison of the flanking markers around triple mutant dhfr alleles sampled from
southeast Africa and numerous dhfr resistance alleles from southeast Africa, we
identified the southeast African triple mutant allele as a transcontinental migrant from
Asia (Roper et al. 2004). This reinforces the view that de novo development of SP
resistance mutants in southeast Africa has occurred rarely. The lineages of the double
mutant C59R+S108N and the two N511+S108N alleles present in southeast Africa are

highly likely to be “home grown” as their flanking haplotypes were different.
d Selective sweeps around the dhfr triple mutant allele in Africa

dhfr is found on chromosome four; dhps is found on chromosome 8. By comparing
diversity at microsatellites the length of chromosomes carrying sensitive and

resistance alleles at both these loci, we showed a loss of diversity specifically around

mutant alleles at both loci.

We compared selective sweeps around the dhfr triple mutant allele on chromosomes
sampled from Tanzania, and the KwaZulu Natal and Mpumalanga provinces of South

Africa. The inner part of the sweep shared identity with the selective sweep present
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on southeast Asian dhfr resistance chromosomes confirming previous data (Roper et
al. 2004). The width of the selective sweep in African populations was reduced
relative to that described in Asian populations (Nair et al. 2003). The sweep was
widest in KwaZulu Natal in 1995 where the region of significantly reduced gene
diversity covered a smaller region of 70kb, smaller than that recorded in southeast
Asia (>100kb) (Nair et al. 2003). This difference in size is even more striking when
one considers that at the time of sampling in southeast Asia, SP selection pressure had

been absent for at least ten years (Nosten et al. 2000).

e Interaction between recombination and selection and the additional role of

gene flow

Between the three southeast African populations we observed significant differences
in the sizes of the selective sweeps around the triple mutant allele. The key factors in
explaining these differences were the intensity of drug selection operating in the
region and the effective recombination rate, which varies according to transmission
intensity (Paul et al. 1995; Dye and Williams 1997). Recombination acts to limit the
distance from the favourable allele that hitchhiking flanking alleles persist, whereas
selection by increasing the frequencies of both favoured alleles and hitchhikers acts to
cement these associations into the population by fixation (Smith and Haigh 1974;
Kaplan, Hudson, and Langley 1989). The opposing effects of these parameters mean

that neither recombination nor selection can be treated independently.

We observed that the effect of recombination over time was to narrow considerably
the selective sweep around the dfi- triple mutant allele. In KwaZulu Natal the region

of reduced gene diversity was narrowed from 70kb in 1995 to a region of 50kb in
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1999, despite ongoing selection through the use of SP as first line treatment.
Sampling from the same population standardises the effective recombination rate
between the two time points, and highlighted how selection for the triple mutant
allele in the population was insufficient to counter the high recombination rate.
Recombination reduces the size of a selective sweep when derived chromosomes
recombine with ancestral chromosomes. This occurs when drug coverage in the
population is not absolute. In African populations absolute drug coverage is rare as a
significant proportion of infections are asymptomatic, disease recognition is poor
(von Seidlein et al. 2002) or other forms of treatment are used; Knowledge-Attitude-
Practice studies show that in the marketplace a number of alternatives to SP including
non antimalarials are widely available and are used in malaria treatment (Djimde et

al. 1998).

Description of selective sweeps present on triple mutant chromosomes sampled from
Tanzania and Mpumalanga, suggested that there is a limit to the variability in the size
of selective sweeps despite differences in selection histories and transmission
intensities. This may imply stability to the selective sweep even when resistance
alleles are not at fixation. The region of reduced gene diversity on the triple mutant
chromosomes sampled from Tanzania was expected to be very small as the
population has a high effective recombination rate and selection in the population was
at the time of sampling was by second line only. However, it was 50kb wide, the
same as that found in KwaZulu Natal in 1999 after 11 years as firstline. This
suggested that another factor was involved that compensated for the weak selection
pressure and maintained the region of reduced diversity in the face of the high
effective recombination rate. This factor was gene flow as determined by its

incorporation into a deterministic model (Wiehe 1998; Nair et al. 2003) within the
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parameter of the initial starting frequency of the selected allele. Using estimates of
selection based on measured frequency change and recombination rate adjusted for
intrapopulation inbreeding rates, we showed that the initial starting frequency was a
key variable reinforcing the importance of gene flow in the evolution of SP resistance

in this region.

The deterministic model used (Wiehe 1998; Nair et al. 2003) predicts a selective
sweep at equilibrium between the parameters of selection, mutation and
recombination. If this is not the case then the initial frequency required to
compensate for the low selection coefficient may be an over estimate. However it is
doubtful that the values for the initial frequency in the population would ever have
been equal to !/ne,bec ause we know that de novo mutations giving rise to the
resistance alleles occurred in Asia (Roper et al. 2004) and subsequently starting
frequencies will always have been determined by gene flow. It makes sense that the

selective sweep often requires an initial starting frequency greater than Ve

f The selective sweep present on C59R+S0I8N dhfr double mutant

chromosomes

Having described the selective sweep around the most highly pyrimethamine resistant
allele in the region, we carried out the same analysis of selective sweeps around the
dhfir C59R+S108N double mutant allele in two populations, South Africa and
southern Tanzania. The observation that the level of resistance to SP conferred by
this allele is insufficient to survive treatment doses of pyrimethamine in the hosts’
plasma and selection for this allele over the sensitive allele is reliant on infection ofa

host, or emergence from the liver stages into the bloodstream within a specific
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window of sub therapeutic drug levels that occurs 7-15 days after treatment (Watkins
et al. 1997), led to the expectation that the size of the selective sweep on the double
mutant chromosomes would be smaller than on the triple mutant chromosome. We
used the deterministic model (Wiehe 1998; Nair et al. 2003) to determine the size
based on a directly observed selection coefficient from Tanzania and found that the
real sweep was much larger than predicted. It is probable that this allele was present
in the southeast African parasite population prior to the triple mutant allele and
perhaps dates from the earliest reports of Pyr resistance in the 1950°s (Figure 7-2)
(Peters 1970). If that is the case the recombination rates and the irregularity of
selection would reduced the extent of the region of reduced gene diversity. Thus it
was surprising to find that in the two study populations a substantial selective sweep

was still detectable.

g Comparing the selective sweeps around the dhfy double mutant and triple

mutant alleles

In Tanzania the width of the selective sweeps present on the double mutant (U30-
D10) and triple mutant chromosomes (U40-D10) sampled from the same time point
were similar. In Mpumalanga we found that the difference was more pronounced,
with a wider selective sweep around triple mutant alleles (U60-D10) than double

mutant alleles (U30-D10) probably reflecting the greater relative fitness of the former

over the latter.

227



Figure 7-2: The emergence of pyrimethamine resistance

between 1952 - 1963 adapted from (Peters 1970)
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The differences in size of sweep around the triple mutant allele between Mpumalanga
and Tanzania probably reflects the fact that SP was first line there, while in Tanzania

it was second line at the time.

The similarity in size of the selective sweeps present on the double mutant
chromosomes from Mpumalanga and Tanzania is curious. The sweeps have
converged on a stable size despite heterogeneity in selection and recombination rates.
This is particularly curious as the selected allele and hitchhiking alleles were not at
fixation in the population and thus are vulnerable to break up by recombination.
Once more high initial starting frequencies could explain the similarity in the size of

the selective sweep despite differences in population genetic parameters.

h Co selection of the dhfr triple mutant and the dhps double mutant

The two locus combination of the dhfi triple mutant and the dhps double mutant is
statistically associated with treatment failure (Omar, Adagu, and Warhurst 2001;
Kublin et al. 2002). We observed linkage disequilibrium between these two alleles in
P. falciparum populations Hai and South Pares (Chapter 2; (Pearce et al. 2003).
Interestingly the dhfi- double mutant alleles were not in linkage disequilibrium with

dhps double mutant but were with sensitive dhps alleles.

The linkage disequilibrium between the dhfr triple mutant and dhps double mutant

alleles is indicative of the co selection by the drug components of SP. It shows that

combined the two alleles confer greater fitness than each separately supporting the

view that they both have a role in the survival of SP treatment in the field.
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The appearance of the dhfr triple mutant allele preceded emergence of the dhps
double mutant allele. In KwaZulu Natal in 1995 the dhps double mutant allele was
absent from the population, and by 1999 it had achieved a frequency of 15%, an
estimated selection coefficient of 0.13, assuming 3 generations per annum (Roper et
al. 2003). This was greater than the selection coefficient estimated for the dhfr triple
mutant over the same time period. It is worth considering that the larger selection
coefficient for the dhps allele is a reflection of this advantage of the temporary
association. Any advantage conferred on the dhfr triple mutant allele through
association with the dhps double mutant allele is not clear from its selection
coefficient estimated over the same period as the dips allele was absent at the earlier

time point.

One of the original questions we were to attempt to address in this thesis when first
designing the study, was whether we could use the width of a selective sweep present
on a selected chromosome as a proxy for the strength of selection occurring in that
population. Clearly for such a measure to be made the effective recombination rate
between the two populations would need to be standardised, hence use of a
longitudinal dataset from KwaZulu Natal. However, it soon became apparent with
the observation of the important role of gene flow in the formation of the selective
sweeps, that it would be impossible to distinguish between selection occurring in the

study site and selection occurring in neighbouring populations.

Therefore we propose that a better proxy for the intensity of selection occurring in the
population would be the linkage disequilibrium between the two locus dhfr/dhps
combination of the dhfi triple mutant and dhps double mutant as we would expect

that if there was no selection these two alleles would be rapidly uncoupled.
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i The selective sweep present on the dhps double mutant chromosomes

In KwaZulu Natal in 1999, it was notable how much larger the selective sweep
around dhps was than around the dhfi triple mutant allele population in 1999 (>275kb
vs. 50kb). In neighbouring province of Mpumalanga where the effective
recombination rate and selection coverage is similar the selective sweep on double

mutant chromosomes sampled in 2001 was narrowed to 80kb and dhfi was 70kb.

The reduction in size of the selective sweep is due to disequilibrium between
recombination and selection pressure. Deterministic modelling (Wiehe 1998; Nair et
al. 2003) of the predicted size of the selective sweep at equilibrium between known
effective recombination and microsatellite mutation rates and directly observed
selection coefficients, found that as with sweeps described on chromosome 4, there
was a requirement of an initial frequency of the allele in the population greater than
!/xe. The value for the number of migrants estimated by the model was 20, but as the
selection coefficient used was the minimum estimate this number of migrants could
be lower. In Mpumalanga the initial starting frequency of the allele was closer to Y Ne-
As the frequency of the double mutant allele in the region is low the low initial
starting frequencies of the allele predicted by the model are unsurprising, particularly
as selection was operating at the time, whereas arguably dhfr resistance alleles

accumulated passively in some populations prior to selection.

The de novo origin of the dhps SGEAA double mutant allele is unknown, however
it’s probably of African origin, being found in high frequencies throughout east

Africa, but very low prevalence in southeast Asia and South America, where the
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SGKGA and the SGEGA resistance alleles are the common types. Thus, the initial
frequency of the allele in perhaps Tanzania or Malawi will have reflected the de novo
mutation event (‘/ne). Since then gene flow has clearly played the important role in

establishing the mutation in the KwaZulu Natal and Mpumalanga populations.

J Features common to the three selective sweeps described

None of the three resistance alleles,dhfr triple, dhft double or dhps double have
achieved fixation in the populations studied. The rate that the frequency of the allele
increases has implications for the size of the sweep size because it determines the
opportunities for outcrossing. In African populations the expectation is that selective
sweeps present around the drug selected alleles will always tend towards a smaller
size reflecting the high rate of recombination and the weaker selection. It might also
be expected that selective sweeps in African parasite populations will be less

permanent than in malaria populations elsewhere.

One recurring observation was the asymmetrical nature of the regions of reduced
gene diversity around all three alleles. In each case, diversity was consistently
returned more quickly on the downstream side of the selected site. This was
particularly pronounced on the dhfr triple mutant chromosomes. On the dhfr double
mutant chromosomes the asymmetry identified could be secondary, occurring
through recombination with the expanding population of triple mutant chromosomes.
On the dhps double mutant chromosomes the asymmetry was clear, with the deepest
part of the region of reduced gene diversity being maintained on the upstream side

consistently over two time points.
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In the absence of a better explanation we argue that the stochasticity of recombination
breakpoints was to blame (Kim and Stephan 2002), with more recombination events
occurring on the downstream side of the selected site. Other causes of the asymmetry
could be recombination hot/cold spots or an additional site such as a compensatory
mutation under selection (discussed below), but we observed that in the case of the
dhfi triple mutant chromosome where the asymmetry is most pronounced, over time

the deepest part of the selective sweep condenses onto dhfr.

Curiously, the same asymmetry was found in the southeast Asian selective sweep
around dhfr. The triple mutant allele was introduced from Asia to Africa (Roper et al.
2003). The common asymmetry to sweeps in the two continents supports the view
that the introduction involved multiple migrants. If a single migrant had entered the
population, the asymmetry would happen by chance to be on the same side of dhfr as
in southeast Africa. By contrast if a larger number of migrants entered the African
parasite population, and undergone a rapid expansion, the same asymmetry as

southeast Asian chromosomes would be transferred.

II Part 2:
a Why do dhfr and dhps multiple mutants emerge so rarely?

Prior to recent discoveries, the predominant hypothesis explaining the evolution of

resistance to SP suggested that resistance conferring mutations had occurred de novo

frequently (reviewed in (Hastings 2004)). The argument for multiple de novo origins

is a numerical one. The mutation rate of dhfr, for example, is sufficiently high
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(2.5x10° mutations/dhfr/generation) that at least one mutation would arise at dhfr per

patent infection (10'°-10'2 parasites).

One explanation for the difference between empirical evidence and theoretical
prediction is that the probability of survival of a new mutation in the population is
low (Hastings 2004). If a beneficial allele arises during the course of a drug treated
infection, for it to survive in the population it must be transmitted to other hosts.
Only a small proportion of blood stage parasites develop into gametocytes (<1%)
(Taylor and Read 1997; Anderson and Roper 2005), and it is possible that the new
mutation can be lost. Furthermore, the transmission of the de novo mutant is
dependant on the parasites survival against the hosts’ immune defence. Plasmodium
falciparum can perform antigenic switching, conferred by expressing different var
genes and thus avoid immune destruction. (Gatton, Martin, and Cheng 2004) showed
that parasite lineages that had only recently switched the var gene being expressed
survived and went on to be transmitted. So while mutations may occur frequently,
they would need to coincide with var gene switching to evade host immunity and be
ingested in a mosquito blood meal. It is perhaps then not surprising that the majority
of high level drug resistance has occurred in places where the majority of individuals

are semi immune or non-immune.

It is argued that high transmission intensities would greatly assist in the establishment
of the allele in the population (Mackinnon 1997), as in low transmission regions there
is a lower chance of transmission to other hosts. However, high transmission
increases the challenges to the hosts’ immune systems, speeding up the development

of clinical immunity in the host (Snow et al. 1997).
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A second explanation for low rate of emergence of de novo mutations observed is
that additional adaptations are required to alleviate or compensate for a fitness cost of
the resistance mutation itself. There is strong evidence of fitness costs associated
with dhfi mutations as identified in growth rate transfection experiments comparing
dhfr sensitive and double mutant alleles in the presence and absence of
pyrimethamine selection (Fohl and Roos 2003). In the case of chloroquine resistance
the observed drop in the frequency of the Pfcrt chloroquine resistance allele in
Malawi dropped after SP replaced chloroquine as first line antimalarial suggesting
that fitness costs of resistance Pfcrt alleles still remain (Kublin et al. 2003).

However, in bacteria compensatory adaptations to alleviate the cost of the antibiotic

resistance have been shown to exist (Schrag, Perrot, and Levin 1997).
b Evidence for compensating adaptations

A compensatory mutation is one which alleviates the fitness cost of the mutations
occurring at the drug targeted site. This may occur through a variety of mechanisms
such as intragenic mutations in RNA or protein molecules, intergenic mutations
altering the interaction between cofactors, bypass mechanisms or emergence of a new

function and, finally, increased expression of the mutated protein (Maisnier-Patin and

Andersson 2004).

Of the first of these compensatory mechanisms, there has been no descriptions of
intragenic mutations other than those already described as associated with SP
resistance, although substitutions at codons 51 and 59 could be argued to be

compensatory as they enhance the substrate binding of enzymes with substitutions at

codon 108 (Warhurst 2002).
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In terms of compensatory overproduction of the mutated protein, it is interesting to
note that DHFR binds its own mRNA as post transcriptional control of protein
production (Goldberg 2002; Zhang and Rathod 2002). The mRNA is bound within
the joining region between DHFR and thymidylate synthase, preventing production of
excess protein. If a mutation blocking mRNA binding occurred in the joining region,
over expression of dhfi could have the effect of swamping out the drug through
producing excess target. I undertook a brief project sequencing the joining region of
a small number of pyrimethamine sensitive and resistant parasites sampled from the
field, but did not identify any polymorphism. Subsequently, it has been shown that
there is no evidence for over expression of dhfr in resistant parasites (Wang et al.

2004a).

There is potential for compensatory adaptations in form of folate salvage, bypassing
the function of dhps. The human host is incapable of de novo synthesis of folate, and
all its folate is derived from the diet. P. falciparum carties out folate synthesis but is
also capable of scavenging folate from the host, although the concentration of folate
in the blood of the host is particularly low in populations suffering from malnutrition
(Wang et al. 1997b; Wang et al. 1999; Wang et al. 2004a). Resistance substitutions
in dhfr and dhps interfere with the normal interactions with the substrate molecule
and the production of folate and in this situation the ability to scavenge folate is
advantageous to the parasite. If exogenous folate is limited (such as in the case of
malnutrition of host) the ability to synthesise folate from precursor molecules would
be more efficient. Therefore it is interesting to speculate whether P. falciparum has

evolved a compensating mechanism for actively accumulating folate.
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Recent work describing the activity of the drug Probenecid on P.falciparum, suggests
that the parasite may indeed have such a mechanism. Probenecid, is an inhibitor of
drug efflux mechanisms and folate salvage, and has been shown in vitro to
chemosensitise drug resistant P. falciparum to SP (Nzila et al. 2003). It is possible
that probenecid inhibits the uptake of exogenous folate into the parasite, either
through blocking parasite specific folate carrier proteins, similar to its action in
blocking folate transporters in mammalian cells, or through blocking the
accumulation of PABA, an essential precursor of the folate biosynthesis
pathway(Nzila et al. 2003). Field studies testing the efficacy of SP in combination
with probenecid in Nigerian children found that the addition of probenecid increased
the treatment efficacy of SP (Sowunmi et al. 2004). As yet a target of probenecid

activity remains unidentified.

The asymmetry of the selective sweeps present around the dhfr mutant and dhps
mutant alleles could indicate the presence of compensatory adaptations. At the latter
time point in the description of the selective sweep on the dhps double mutant
chromosome (Mpumalanga 2001), the deepest part of the selective sweep seemed not
to be on dhps but slightly upstream of it. Diversity had returned quicker on the
downstream side. Bioinformatic analysis of the region within the deepest part of the
selective sweep identified a function unknown open reading frame (PF08_0093),
which had some homology to a mitochondrial folate carrier proteins in other systems.
However, the homology was only between conserved mitochondrial signalling motifs

rather than to specific functional motifs and so this protein may not actually have a

folate specific function.
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Similarly the selective sweep around the dhfr triple mutant allele was asymmetrical
favouring reduced diversity on the upstream side of the gene. Interestingly, (Wang et
al. 2004a) mapped the ability to salvage folate and escape the lethal effects of
sulphadoxine damaged dhps,to a 48kb re gion of chromosome 4 containing 7 open
reading frames (ORFs) including dhf. If there were a compensatory mutation within
this 48kb region, we would expect to see reduced diversity around it and the
asymmetry could be evidence of this. The position of dhfi- in this 48kb region is with
the majority of sequence downstream of the gene, and the asymmetry points to the
shorter upstream arm of the region, where three additional ORFs are located, of
which two are function unknown and the closest to difi- has homology to an RNA
binding protein. However, in KwaZulu Natal the selective sweep reduced in size to
be more condensed on dhfr suggesting that stochasticity of recombination was the
more likely a cause of asymmetry than one of the three ORFs identified on the

upstream portion of the 48kb region.
c The emergence of dhfr double mutant alleles

The establishment of the ‘home-grown’ dhfr double mutant alleles and there
widespread distribution in the southeast African population is a curiosity, mainly
because of their inability to survive treatment concentrations of SP (Watkins et al.
1997). We found supporting evidence in the lack of LD between the dhfi- and dhps
double mutaﬁt alleles, suggesting that combination conferred insufficient fitness to
maintain the association of the alleles through drug selected assortative mating. The
dhfi- double mutant allele has at most a 45 day window within treated people during
which they enjoy a positive selective advantage over sensitive alleles (Watkins et al.

1997). Only chance infection post treatment would favour the dhfr double mutant
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allele over the sensitive allele. In KwaZulu Natal the triple mutant displaced the

double mutant allele over the 4 year period (Roper et al. 2003).

Our analysis of the selective sweep around the C59R+S108N double mutant allele
clearly demonstrates the action of selection. Yet it is hard to see what advantage they
have in the face of SP use. Intense use of SP treatment will increase the number of
hosts in the population with the 45 day selective window, but equally the expansion
in numbers of resistant parasites will be limited by chance infection of hosts with

lethal SP concentrations.

It is possible that the double mutant allele became established in a population where
pyrimethamine rather than SP selection was operating. The earliest reports of
pyrimethamine resistance in Africa came from regions where pyrimethamine alone
was used prophylactically in community wide treatment programmes in the 19565 -
1960s summarised by (Peters 1970) (Figure 7-2). Itis possible that the double mutant
alleles date from this era. If the C59R+S108N double mutant allele has existed since
the 1950s this would have implications for the expected size of the selective sweep
around the double mutant allele described in Chapter 5, because we would expect that
120 generations of recombination would remove the selective sweep, particularly as

the allele has never achieved fixation.

d The emergence of the dhfr triple mutant

The dhfr triple mutant allele in southeast Africa has been shown to have shared
ancestry with the clade of dhfr resistance alleles found in Southeast Asia. Itis

tempting to speculate that the triple mutant allele was introduced into African
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populations at the same time as the Pfcrt resistance allele, also of Asian origin
(Wootton et al. 2002). Certainly pyrimethamine resistance was well established in
Thailand in the 1980s (White 1992), which is when chloroquine resistance first
appeared in Africa (Payne 1989). It can be speculated that the triple mutant allele
‘hitch-hiked’ with chloroquine resistant Pfcrt for sufficient generations to increase the
frequency of the dhfr triple mutant allele even in the absence of pyrimethamine
selection (Roper et al. 2004). However, recombination would rapidly uncouple the
association unless selection for the dhfi triple mutant resistance allele was occurring
concomitantly with chloroquine use. This might have occurred once chloroquine
treatment failures were treated with SP. SP became second line antimalarial in the

majority of southeast African countries after 1982 (Mutabingwa et al. 2001).

It is probable that the dAfi- triple mutant allele entered continental Africa through
southeast Africa, as it is here that the earliest reports of high numbers of SP treatment
failures were made (Ronn et al. 1996; Trigg et al. 1997; Wang et al. 1997a). It is not
known how the southeast Asian triple mutant allele made its’ way into southeast
Africa; it can be speculated that having expanded out of southeast Asia into the
Indian subcontinent and migration between southeast India and Africa had introduced
the resistance allele into southeast African parasite populations. Alternatively it may
have come directly from Thailand. In either case the amount of gene flow into Africa

would be restricted by the proportion of travellers infected.

A recently published model (Santiago and Caballero 2005) describes the effects on
genetic hitchhiking when a favourable mutation arises in only one population but
enters the other through migration. The major prediction of the model is that the

more restricted the gene flow between the two subpopulations, the narrower the
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region of reduced gene diversity around the favourable allele in the second
population. Where migration is low this causes an increase in diversity within the
selective sweep and only at loci very close to the selected site does gene diversity
remain at levels in the population of origin. It is likely that the source of higher
diversity is recombination between the migrant sweep and the local population. As
population differentiation approaches panmixia the very high number of migrants into
the second population maintains the reduced diversity around selected alleles. Only
at panmixia does the diversity flanking the beneficial allele in each ‘population’

become equivalent.

What does this model tell us about the effects of gene flow in the populations
described in this thesis? In the first scenario, the dhff triple mutant allele came
directly from southeast Asia. Using unlinked microsatellites, a Fst value of ~0.1 was
estimated for comparisons between Southeast Asian and African parasite populations
(Anderson et al. 2000a). This gives an estimate of 2.25 effective migrants per
generation, or assuming symmetrical migration, 5-7 migrants per year, given 4-6
generations per year (Anderson and Roper 2005). Using the model described above
to predict the effects on the selective sweep of migration between southeast Asia and
southeast Africa, we find that there was likely to be an approximately 8% increase in
diversity levels along the chromosome. Figure 7-3 shows the modelled diversity at
increasing distance from dhfr along the chromosome in “Asia” where the favourable

allele arose, then in “Africa” into which the allele migrated.

Note that even with these low rates of migration the width of the selective sweep is
predicted to be only marginally narrowed. The level of diversity on the selected

chromosomes in the “African” population returns to the pre selective sweep levels of
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diversity approximately 10kb closer to the selected site than in the population of
origin. This indicates that there is no theoretical basis to expect loss in the
dimensions of the selective sweep due to migration to southeast Africa from southeast
Asia. It is more likely that the difference in the size of the selective sweeps measured
in southeast Asia and in Africa are due to events that have occurred within the
African populations. Regrettably we do not have descriptions of the size of the
selective sweep around the triple mutant allele in Africa immediately after its
introduction from Southeast Asia and therefore can not directly verify the prediction

from the model.

In the second scenario, namely that the triple mutant allele entered continental Africa
via the Indian subcontinent, introduced into east Africa by numerous migrants
travelling to and from Indian ex pat communities or as a result of flourishing trade
links. As such the effect on the size of the selective sweep around the triple mutant
allele in Africa would be even less than that resulting from migration from southeast

Asia to Africa.
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Figure 7-3: The predicted variation as a proportion of variation prior to hitchhiking
on selected chromosomes present in subdivided populations. The parameters used in
the model were as used by (Nair et al. 2003) in the (Wiehe 1998) deterministic model
prediction of the shape of the selective sweep present in southeast Asia; population
size N=10000, selection coefficient s=0.1, recombination rate r=0.000588
M/kb/generation Fst = 0.1; Diamonds “Asia” where the favourable allele first arose,

and Squares “Africa” to which the allele migrated. See text and (Santiago and

Caballero 2005)
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111 Generalisable conclusions about the selective sweeps around SP

resistance alleles in southeast Africa

a Movement of SP resistance alleles with in southeast Africa

A recurring theme in this thesis is the role of gene flow in the evolution of SP
resistance in African populations. Firstly, microsatellite analysis of three parasite
populations in Mozambique, South Africa and Tanzania found that there was little
population differentiation between them, and thus heterogeneities in resistance allele
frequencies were due to differences in the intensity of selection in these populations.
Secondly gene flow was identified as passively disseminating and establishing the
resistance alleles in populations throughout the region. We observed that the starting
frequencies of an allele in the population as predicted by the model broadly reflected
it frequency in neighbouring populations and the history of selection in the
population. Passive accumulation of pyrimethamine resistance alleles in the absence
of drug selection explaining the higher starting frequencies compared to the initial

starting frequencies of the later emerging dhps double mutant allele.

The role of gene flow in the evolution of SP resistance has clear implications for the
policy approach to maintaining the useful treatment lifetime (UTL) of antimalarial
drugs as it is evident that unilateral national approaches to the use of antimalarials are
detrimental. Whilst not making the drug unusable, large scale gene flow ensures that
resistance alleles are present throughout the region when selection occurs, limiting
the usefulness of the drug for neighbouring states. If the next generation of
antimalarial treatments are to be protected it is key that the importation of parasites

into Africa is limited to prevent migration of resistance alleles and secondly
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multilateral antimalarial treatment policies need to be adopted to maximise the UTL

of the drug in a region.

The gene flow between the southeast African populations described in this thesis is
sufficiently high that the model of (Santiago and Caballero 2005) would predict no
effect on the diversity levels of a selective sweep as it moved from one population to
another. The numbers of migrants are sufficiently high that associations between
hitchhiker and selected site are maintained. This is particularly pertinent considering
our observation of the similarity in the sizes of the selective sweeps across southeast
Africa despite very different effective recombination rates and selection histories.

For example, a 50kb region of reduced gene diversity was described on the dhfr triple
mutant chromosomes sampled from both Tanzania, where the effective
recombination rates is high and KwaZulu Natal in 1999 where it is low. The
similarity in the dimensions of the selective sweeps in the two populations despite
different recombination and selection parameters, was deterministically modelled
(Wiehe 1998; Nair et al. 2003) as due to the 100 times greater initial starting
frequency of the allele in Tanzania. These high initial frequencies of the allele in
Tanzania in the absence of selection slow the breakdown of associations between
selected site and hitchhiker in the absence of selection by increasing the proportion of

‘recombining’ resistant chromosomes where there is minimal effect on diversity in

the selective sweep.
b Detection of drug selected loci in African Populations

If there is an additional locus involved in SP resistance, describing patterns of

diversity in the genome would be a reasonéble method of detection (Anderson 2004),

245



Metadiscussion

although in the light of the findings in this thesis, African populations are a double
edged sword. Whilst we identified selective sweeps around known sites under
selection, they were smaller in the African populations described here than in
populations in southeast Asia. Thus identifying unknown sites after an unknown
period of selection in African populations would require a greater coverage of
markers than on chromosomes sampled from southeast Asian populations. We would
expect that to identify a novel resistance allele in African populations by description
of patterns of diversity in the genome of parasites with a resistance phenotype, one
would need a high coverage of genetic markers spaced approximately 10kb apart
(which would have captured the 40kb sweep around the dhfr double mutant allele). If
the resistance phenotype was only recently observed approximately 25-30kb apart

would be sufficient (and would capture the dhps double mutant sweep).

The high recombination rate and weaker level of selection maybe a disadvantage of
using African populations, but it also provides the advantage of condensing the region
of reduced gene diversity to a smaller region of the chromosome than in other
populations, for example South American populations where the entire genome can
be in linkage disequilibrium (Cortese et al. 2002). Thus if additional novel mutations

are involved they maybe more easily identified in Africa than in other populations.

Another advantage of using African populations is that resistance alleles and their
phenotypes are more easily distinguished because their origin in the population is
limited, either to a single de novo mutation event or a migration event. This is true

for both SP resistance and chloroquine resistance and arguably will hold for future

resistance to novel antimalarials. In other global locations, whilst also occurring

rarely, there can be more variation in the number of resistance alleles that arise, that
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whilst composed of different substitutions would all have a resistance phenotype. For
example in southeast Asia the description of the selective sweep on the resistant dhps
chromosomes is hampered by the presence of at least three origins of dhps resistance
alleles, each with separate flanking haplotypes that show evidence of having

recombined (Anderson and Roper 2005).

v Final Remarks: Future work and the future of antimalarials

This thesis is not a comprehensive description of the evolution of SP resistance in
southeast Africa and there are a number of avenues that could be explored with

reward:

1.1 n West Africa, the frequency of SP resistance alleles are much Jower than
found in east Africa (Wang et al. 1997a; Eberl et al. 2001; Marks et al. 2005)
C. Roper personal communication), as SP selection histories in west African
countries are for the majority shorter than those in east Africa. Whereas at
dhfr the substitutions found in west Africa are the same as in east Africa, at
dhps the double mutant allele common to southeast Africa is very rare, and
other substitutions are more common (Wang et al. 1997a; Eberl et al. 2001;
Marks et al. 2005) C. Roper personal communication). Having now
described the selective sweeps around the common southeast African SP
resistance alleles, it is essential to do the same around the common west
African alleles, particularly so at dhps. A mapping study identifying the
distribution of the dhfr triple mutant allele across continental Africa,

describing both allele frequencies and flanking haplotypes is currently in
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progress (Pota and Roper). This work has yet to be extended to the alleles

present at dhps.

2.Ha ving made one longitudinal description of the selective sweep on dhfr triple
mutant chromosomes in southeast Africa, it would be of interest to do an
equivalent study in an additional population, particularly one where effective
recombination rates are high. This would address the question of the apparent
stability in size of the selective sweeps around drug-selected alleles regardless
of recombination or selection history. In southern Tanzania the samples used
in this thesis were taken prior to the national policy switch to SP in 2001.
Samples taken at two further time points would address two questions. Firstly
is there any effect on the region of diversity around the resistance alleles in
this population when selection is eventually applied? Given that transmission
intensity in this population is high and drug use generally lower, it is doubtful
that the application of selection would result in an epidemic expansion of
resistant parasites that would increase the size of the selective sweep. A
second time point a few years after selection in the population had begun,
when presumably there will have been an increase in the frequencies of the
resistance allele, could be used to address the question of the interaction
between recombination and selection as presumably the rate of breakdown of
the sweep will have been greater prior to selection occurring, unless gene flow

from neighbouring populations had sufficiently stabilised size of the selective

sweep.

3.To attempt t o address the role of gene flow in the size of the selective sweep

on resistant chromosomes, it would be of interest to describe the region of
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reduce diversity on chromosomes taken from specific geographical areas, with
sufficient power that comparisons could be made between them. If we were
able to longitudinally sample populations where selection was ongoing and
neighbouring populations where selection was absent, between which a
known amount of gene flow was occurring, we would comparatively test the
theoretical role of gene flow in the size and shape of the selective sweeps in
the populations where selection was absent. As with Clyde’s observation of
pyrimethamine resistance 100 miles from the initial foci of selection, would
we observe that the selective sweep around an allele narrowed more in
populations of greatest distance from the population where selection was
initially applied? Clearly southeast African populations where SP resistance
alleles and use of SP is widespread, would not be the most applicable such an

investigation.

4.Asa related point to that made above, finer resolution of the parasite
population structure could be made if more microsatellites or other markers
such as SNPs were used, which are less likely to overestimate population
differentiation. Whilst there is unlikely to be much deviation from the
conclusion of low population subdivision, it may illuminate more minor
differences. With sufficient coverage it maybe possible to detect the
introgression of non African drug resistant parasites into African populations
shedding light on the route of spread. Clearly to do this on SP resistance
would require good historical data. Furthermore, as gene flow is likely to be
occurring in all directions all the time, homogeny across the region in neutral

allele frequencies could make this difficult to determine.
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Locus CNCS SAKAA CNCS AAKAA CNCS SGEAA CICN SAKAA CNRN SAKAA CNRN AAKAA CNRN SGEAA CIRN SAKAA CIRN AAKAA CIRN SGEAA Other <5%_ N=
MatolaRio 0.09 0.00 0.00 0.00 0.16 0.00 0.02 0.42 0.04 0.20 0.07 45
Beluluane 0.06 0.00 0.00 0.00 0.09 0.00 0.03 0.46 0.03 0.34 0.00 35
BelaVista 0.13 0.00 0.03 0.00 0.10 0.00 0.07 0.50 0.00 0.17 0.00 30
Catatuane 0.19 0.03 0.00 0.08 0.17 0.03 0.03 0.31 0.00 0.11 0.06 36
Salamanga 0.09 0.00 0.06 0.06 0.25 0.06 0.09 0.28 0.00 0.09 0.00 32
Steenbok 0.18 0.00 0.00 0.00 0.10 0.00 0.02 0.40 0.03 0.25 0.02 60
Komatipoort 0.20 0.00 0.00 0.00 0.15 0.00 0.00 0.50 0.00 0.10 0.05 40
Mangweni 0.29 0.05 0.02 0.05 0.14 0.00 0.00 0.34 0.02 0.05 0.05 59
Morogoro 023 0.13 0.02 0.06 0.10 0.04 0.03 0.20 0.08 0.01 0.08 98
Rufigi 0.26 0.06 0.02 0.10 0.08 0.03 0.01 0.27 0.04 0.04 0.05 285
Kilo/Ulanga 0.36 0.10 0.04 0.06 0.05 0.01 0.02 0.18 0.08 0.05 0.06 190
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ARAIlL Komatipoort Mangweni Steenbok E. Mozambique W.Mozambique Ulanga Morogoro Rufigi
29 22.07 1.92
39 2.22 6.38 1.23 36.96
42 2.22 2.13 1.96 414 0.64
50 17.78 8.51 34.04
55 2.22 8.51 2.17
57 0.64
60 222 2.13 247 217 1.96 2.76 7.69

63 2.22 9.88 2.13 435 10.78 2.76 8.33
66 8.89 12.77 14.81 10.64 13.04 35.29 2690 28.21
69 20.00 3191 19.75 12.77 435 17.65 17.24  30.13
72 1111 8.51 16.05 12.77 8.70 12.75 7.59 7.05
75 11.11 14.89 16.05 8.51 17.39 9.80 7.59 449
78 11.11 10.64 3.70 426 435 3.92 4.83 7.05
81 6.67 1.23 2.13 435 490 2.07 1.92
84 4.94 4.26 2.17 0.69 1.28
87 0.98 1.38 0.64
93 1.23
105 2.22 2.13 8.64
n=45 n=47 n=81 n=47 n=46 n=102 n=145 n=156
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G377 Komatipoort Mangweni Steenbok E. Mozambique W. Mozambique Ulanga Morogoro Rufigi

90 1.38
93 4.17 10.42 3.45 9.09 11.36 6.14 347 2.07
97 20.83 25.00 25.29 18.18 9.09 21.05 16.67  19.31
100 62.50 54.17 50.57 61.36 63.64 64.04 7222 65.52
103 12.50 8.33 16.09 9.09 6.82 7.02 4.86 7.59
106 2.08 4.60 221 227 1.75 2.78 345
109 4.55 0.69
112 227

n=48 n=48 n=387 n=44 n=44 n=114 n=144 n=145
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PolyA Komatipoort Mangweni Steenbok E.Mozambique W.Mozambique Ulanga Morogoro Rufigi

124 0.88
130 4.55
133 2.38 2.78 0.88 3.15
136 6.82 7.14 2.86 5.56 0.73
139 2.27 5.95 11.43 5.56 1.77 0.73 2.36
143 4.65 3.57 5.56 5.31 7.30 2.36
146 4.65 2.38 2.86 2.78 8.85 2.92 5.51
150 11.63 2.38 8.33 11.50 10.95 7.09
153 18.60 18.18 17.86 17.14 13.89 20.35 16.79  27.56
156 11.63 15.91 9.52 22.86 5.56 14.16 16.79 8.66
160 6.98 15.91 9.52 14.29 2.78 5.31 10.95 9.45
163 4.65 4.55 3.57 2.86 442 438 8.66
166 11.63 455 9.52 8.57 11.11 9.73 8.03 945
169 4.65 227 3.57 5.71 2.78 3.54 438 3.94
172 6.98 227 9.52 833 5.31 3.65 2.36
175 6.98 4,55 9.52 5.71 13.89 442 5.84 3.15
178 4.65 11.36 3.57 8.33 1.77 3.65 2.36
181 2217 0.88 0.73 236
184 2.33 4.55 2.86 2.78 0.73 1.57
187 0.88 0.73
193 2.86 0.73
n=43 n=44 n=84 n=35 n=36 n=113  n=137 n=127
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PfPk2 Komatipoort Mangweni Steenbok E. Mozambique W.Mozambique Ulanga Morogoro Rufigi

140 0.62
144 1.03 1.86
157 2.13 2.33 1.03 0.62
160 14.89 4.26 7.78 4.65 9.30 6.19 2.82 4.97
163 27.66 19.15 22.22 32.56 30.23 23.71 3099  28.57
166 8.51 12.77 8.89 13.95 11.63 7.22 7.04 745
169 8.51 14.89 18.89 16.28 9.30 8.25 1268 1242
172 4.26 2.13 5.56 9.30 4.65 18.56 13.38 1553
175 4.26 10.64 8.89 4.65 11.63 11.34 9.86 6.21
178 4.26 2.13 11.11 2.33 2.33 3.52 3.11
181 10.64 6.38 333 2.33 5.15 4.23 5.59
184 6.38 4.26 1.11 4.65 2.33 1.03 2.11 1.86
187 2.13 6.38 7.78 2.33 2.33 3.09 7.04 4.97
190 4.26 10.64 4.65 6.98 8.25 2.11 4.35
193 4.26 2.13 4.44 6.98 4.12 2.11

196 2.13 2.33 2.11 1.86
210 1.03

n=47 n=47 n=90 n=43 n=43 n=97 n=142 _n=161
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TA109 Komatipoort Mangweni Steenbok E.Mozambique W.Mozambique Ulanga Morogoro Rufigi

152 1.10 0.81 1.35
155 0.67
158 2.08 1.10 2.68 0.68
161 27.08 25.00 18.68 14.89 14.58 30.08 25.50  27.03
164 25.00 20.83 23.08 29.79 25.00 13.01 19.46  28.38
167 426 2.01 2.03
170 2.08 440 0.81 0.67
173 10.42 12.50 20.88 10.64 6.25 11.38 12.75 9.46
176 2292 10.42 14.29 17.02 2292 17.07 30.20 18.92
179 4.17 1.10 2.13 2.08 2.44 0.67 2.03
182 2.08 2.08 3.30 2.13 417
185 2.08 2.20 7.32 1.34 2.03
188 4.17 1.10 2.13 2.08 1.63 2.01 1.35
191 1.10 0.81 0.67 0.68
194 0.81
197 6.25 12.50 549 14.89 22.92 13.82 1.34 4.73
200 2.13 1.35
203 2.08 2.08
209 2.08 2.08 2.20
n=48 n=48 n=91 n=47 n=48 n=123 n=149 n=148
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TA42 Komatipoort Mangweni Steenbok E. Mozambique W.Mozambique Ulanga Morogoro Rufigi
180 2.94
183 2.94
186 7391 78.05 59.77 73.81 61.76 69.23 77.87  83.65
189 10.87 9.76 21.84 7.14 11.76 4,81 738 3.77
192 0.96
198 238
201 2.17 4.88 4.76 8.82 12.50 5.74 5.66
204 0.96
215 2.17 1.15 0.82
236 2.94
239 2.44
243 10.87 4.88 17.24 11.90 8.82 8.65 6.56 5.66
246 0.96 0.82 1.26
249 1.92 0.82

n=46 n=41 n=87 n=42 n=34 n=104 n=122 n=159
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TA87 Komatipoort Mangweni Steenbok E. Mozambique W.Mozambique Ulanga Morogoro Rufigi
73 2.17 227 2.42

80 2.22 2.08

84 1.22
87 222 8.33 5.56 217 2227 0.81 1.96 0.61
90 222 2.08 217 1.61 0.65 2.44
93 444 417 8.89 435 2.27 3.23 0.65 3.66
96 15.56 18.75 12.22 26.09 31.82 20.16 1569 24.39
99 20.00 20.83 20.00 435 18.18 13.71 2092 15.24
102 22.22 18.75 20.00 15.22 9.09 16.13 21.57 15.24
105 13.33 10.42 10.00 13.04 1591 15.32 1438  20.73
108 13.33 6.25 16.67 17.39 6.82 12.90 13.73 9.15
111 222 2.08 3.33 4.35 4.55 5.65 5.23 1.83
114 6.25 2.22 242 2.61 1.83
117 1.11 8.70 4.55 4.03 2.61 3.66
120 222 0.81

123 0.81

131 2.27

n=45 n=48 n=90 n=46 n=44 n=124 _n=153 n=164
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TA102 Komatipoort Mangweni Steenbok E. Mozambique W.Mozambique Ulanga Morogoro

Rufigi

111 222 0.69
114 0.77
117 222 8.70 14.29 6.67 9.76 3.45 3.47 3.08
120 15.56 17.39 10.71 13.33 17.07 18.10 18.75 18.46
123 1.1 10.87 13.10 6.67 9.76 15.52 19.44 9.23
126 15.56 17.39 22.62 10.00 14.63 22.41 14.58  17.69
129 3333 21.74 19.05 40.00 31.71 2672 2847  27.69
132 6.67 8.70 14.29 10.00 4.88 2.59 7.64 11.54
135 6.67 435 4.76 6.67 6.03 5.56 8.46
138 444 6.52 1.19 6.67 9.76 2.59 1.39 0.77
141 222 435 2.44 0.86 231
144 1.72

n=45 n=46 n=384 n=30 n=41 n=116 n=144 1n=130
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Primer Name Sequence Repeat Unit Name Distance from codon 108 of dhfr Size Range
dhfr350kbU3F CACATACTATGATCTACCC AAT U350 -349402 288-303
dhfr350kbUF-lab CAGAAGATGTGCAACAAG
dhfr350kbUR CTTCGCAATTGAGTTGGT
dhfr250kbU3F GAGCAAATCCGTATGATCG AAT U250 -249083 261-287
dhfr250kbUF-lab ATGGACGCATTTAACCCGA
dhfr250kbUR TCATAGGAGCGACTAGGTT
dhfr150kbU3F ATGCATACCTGTGAAGAA AAAAT U150 -143768 162-210
dhfr150kbUF-lab TGCCCTTTTAATCAGAAC
dhfr150kbUR CTACAGTTTTGTGAGTTAT
dhfr125kbU3F TAAATTTCCTTCACATAGGCC AT U125 -125163 158-198
dhfr125kbUF-lab CGTTGCAAATATACCATCTTG
dhfr125kbUR GGATGAATCCAAGTAACCAAT
dhfr100kbU3F AACTTGTATCACACACCCAA AT U100 -100618 309-338
dbfr100kbUF-lab CCTGAGCATAAGATTGCAAAG
dhfr100kbUR AACTGAATCAGAAGTCATATTGG
dhfro0kbUF GTAATAGCAAATTAGAGGTGtt AT U90 -89100 n/a
dhfr90kbU3R GAACACCAGATGGCCCTC
dhfr90kbUR-lab CAAATGGTATGAACGTGATTC
dhfr80kbUF AAGAGGTTGCACAAGATC AT U8o -80048 258-277
dhfr80kbU3R CATATCGTATGTATGCCAC
dhfr80kbUR-lab GAGATGCTCTTACAATCG
dhfr75kbU3F CGAGGTGAATTATGGGAA AT u7s -76185 247-273
dhfr75kbUF-lab CATACGGCAAAATGAGATa
dhfr75kbUR TATGTGCGAACGGTAAAA
dhfr70DDkbUR ACCTTTAAATACGACTAGCG AT U70DD -70352 480-521
dhfr70DDkbU3F GGCTGTTGTCGCTACTCG
dhfr70DDKbUF-lab GTATGATCACCTAAATCGAC
dhfr70kbUF TACACACATATGTGCACATATAA AAAG u70 -69219 301-395
dhfr70kbU3R CCTTATTCTTATGTCCCGCG
dhfr70kbUR-lab CTTACGTTCTTACTTTCTTACG
dhfr60kbUF CGGTCTATATAGGAAATTTATC AT U60 -60113 193-242
dhfr60kbU3R CGGTTCTGTGTAAACCCATG
dhfr60kbUR-1ab CCCCAGCCTTAGACATATGC
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Primer Name Sequence Repeat Unit Name Distance from codon 108 of dhfr Size Range
dhfrS0kbU3F CTTCCTTTGTATATCATATC AT Us0 -51037 212-219
dhfr50kbUF-lab TGATATTCTTATATGTTCATC
dhfr50kbUR GAACATTTCATATAGTTACAT
dhfrii40kbU3F GTTGCCTTGGCGTATAAG AT U40 -39464 200-242
dhfrii40kbUF-lab aaGCAACATATGCAAGTTAAt
dhfrii40kbUR TTTATCAAAGGGACACTCC
dhfr30kbU3F GTGACAGTGAACAGGTAATA AT U30 -29895 133-173
dhfr30kbUF-lab GAACGTACATAGGTTTATAC
dhfr30kbUR CTTCATAATTGTCGCACGTA
dhfr20kbU3F GCTTCATATCTTATATCATT AT U20 -20182 197-222
dhfr20kbUF-lab CAAATTAACACTTCATAATC
dhfr20kbUR tTTCTAAAATGCTTATCCc
dhfriilOkbU3F CAGAAGGGTTATAATAAGAT ATTT Ul10 -7415 245-265
dhfriil 0kbUF-lab CGACATACATACATTTATCA
dhfriil 0kbUR TACAAATGAAGGTCGATTTT
dhfr
dhfr10kbD3F AGTAAAGAAA