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Abstract 
In evolutionary terms, malaria parasites are successful. They have infected 

human and other hosts since pre-history, and their populations are robust in the 

face of massive control programmes. Even in endemic areas, where host immune 

systems are continually challenged by the parasite, they cause significant morbidity 

and mortality. Why is it that malaria parasites still cause such problems? A 

popular answer to this question is that these parasites adapt rapidly to the prevailing 

environment imposed by their host and vector. This implies that genetic variation 

in the parasite is the key to their success. An alternative explanation is that 

persistence and variability in disease are consequences of the complex 

epidemiological interplay between an inefficient host immune response, host 

genetic variation, parasite reproductive capacity and vector density. This 

alternative assumes that parasite genetic variation is relatively unimportant. In this 

thesis, these alternatives are evaluated by examining various aspects of the 

evolutionary forces, consequences and constraints which govern the parasite 

population. 

Two empirical studies on parasite virulence using the laboratory model of 

the rodent malaria parasite, Plasmodium chabaudi, in inbred mice, were 

conducted. In the first, the average virulence (as measured by anaemia and weight 

loss in the host), and transmissibility (measured by gametocyte density and 

infection rates in mosquitoes) in eight parasite clones obtained from the wild were 

measured over four replicate experiments. Large amounts of genetic (between-

clone) variation in virulence and transmissibility were observed. Virulence was 

strongly correlated, both phenotypically and genetically, to population growth rate 

(parasitaemia) and less strongly correlated to transmissibility. These results 

provide support for the basic tenet of most evolutionary models of parasite 

virulence, namely, that virulence is a by-product of the parasite's need to replicate 

fast in order to be transmitted. In the second study, between-host selection for high 

and low virulence was performed within two parasite clones. Over eleven 

generations, all the selection lines increased in virulence and transmissibility. 

Thus, despite artificial between-host selection, parasite variation within clones 

vi 



coupled with inadvertent within-host selection allowed the parasite to adapt to a 

novel host. Together, these studies show that virulence is strongly determined by 

parasite genetics. 

A large data set on disease severity from a 3-year longitudinal field study in 

Sri Lanka was analysed for the effects of host genetic variability, age, immune 

experience, parasite species (P. falciparum vs. P. vivax), bednet use, sex and other 

host or environmental factors. After accounting for all other known effects, 20% 

of the remaining variation in disease severity could be accounted for by repeatable 

differences between individual hosts, and typically less than 5% was attributable to 

host genetics. On the other hand, there was a moderate amount of genetic variation 

between hosts in the number of times they became clinically ill during the fixed 

study period. Increases in sickness with age were partly attributable to longer 

times between infections, but there was no correlation between severity of 

symptoms and the number of previous infections in the lifetime. People sleeping 

under bednets rapidly lost clinical immunity and so suffered stronger symptoms 

when they did become infected. In general, the results highlighted the importance 

of short-term acquired immunity in causing large between-host variation in 

virulence. This is consistent with the view that parasite variability is responsible 

for inefficient clinical immunity to malarial disease, although this could not be 

examined directly and alternative explanations are possible. 

Two theoretical models incorporating parasite population structure into 

population genetics were used to predict the probability and rate of evolution of 

multi-locus drug resistance. These studies show that, in addition to the recognised 

need to minimise drug pressure, reducing transmission rate both in the whole 

population and from individual drug-treated hosts will, in the large majority of 

cases, help retard the emergence and spread of multiple drug resistance. This 

exercise illustrated that population structure, through a combination of sexual 

recombination and structured selection pressure, can have a profound effect on the 

rate of parasite evolution. 

All of these studies suggest that parasite genetic variation plays a key role in 

the evolution of the malaria host-parasite association. 
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Chapter 1 

Introduction 

1.1 Introduction 
In host-parasite relationships, both parties engage in the process of finding a 

way to co-exist. This does not always work amicably: by definition, parasites are 

those symbionts which go so far as to harm their hosts. Parasites are not benign 

mutualists because this is not in their own interest. On the other side, hosts harm 

their parasites: this is also for their own sake, and is not without cost. The settling 

of the matter depends on the armament of genes on each side. Both organisms 

genetically adapt to maximise their own fitness under the prevailing selective forces 

imposed by parasite on host, and host on parasite. This is the modern paradigm for 

parasite evolution (Dawkins and Krebs, 1979; Bremermann, 1980; May and 

Anderson, 1983). The work described in this thesis addresses the question of 

whether this paradigm fits one of the most successful parasites of man - malaria. 

The emphasis is on genetic adaptation within the parasite rather than the host. 

It is known that malaria parasites (Plasmodium spp.) are extraordinarily 

variable at the genetic and molecular level (Kemp et al., 1990). From this, it is 

tempting to assume that genetic variability is the key to the parasite's success 

because it would, in theory, enable the population to adapt rapidly under selection 

pressure from host immune systems or from changing environmental conditions. 

Variability in malaria parasites has been used to explain why it takes many 

exposures for people to develop effective immunity, and why people vary so much 

in the expression of disease symptoms, which range from mild to very severe (Day 

and Marsh, 1991; Mendis et al., 1991; Day et al., 1992; Marsh, 1992; Gupta et 

al., 1994a,b, Gupta and Day, 1994a). Three lines of evidence, reviewed later, 

support the view that parasite variation could be responsible for these observations. 

A second hypothesis is that parasite genetic variability is irrelevant to the host's 

immune response because immunity is against conserved molecules of the parasite, 

and that immunity takes a long time to build up because the parasite is weakly 
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immunogenic. Under this hypothesis, variation in disease severity can be attributed 

to variation between hosts in exposure to the parasite due to ecological factors, and 

hence variation in levels of clinical immunity. A third hypothesis is that the ability 

to reinfect and cause disease in semi-immune hosts is largely due to host variability 

(Marsh, 1992). Such variability could arise from genetic differences in the host's 

ability to mount an immune response (Hill et al., 1991; Luzzi et al., 1991; Hill et 

at., 1992, 1994) or to limit the growth rate of the parasite (Pasvol et al., 1977, 

1978), or non-genetic differences in factors such as nutrition and behaviour 

(Marsh, 1992). Under these latter hypotheses, parasite variation is assumed to be 

unimportant to persistence and virulence of the disease and therefore not a threat to 

control programmes which impose selection on the parasite population. A final 

view is that both host and parasite variability are important in determining the 

dynamics and variability in malaria epidemiology. These host and parasite factors 

may or may not interact strongly. While the above hypotheses are not mutually 

exclusive, it is helpful to delineate the roles of parasite and host genetic variation 

and environmental variation in understanding the variability in malarial disease 

observed in the field. 

As will be become evident from the review below, the argument that 

variation is the key to the malaria parasite's success, even though plausible, is 

somewhat insufficient because the evidence is either indirect or retrospective. An 

alternative approach, and one which has recently become popular in infectious 

disease research, is that offered by evolutionary theory: it is believed that an 

understanding of how parasites evolve to become virulent may lead to better 

strategies for disease control (Ewald, 1980, 1983, 1994; Read et al., in press). By 

paying closer attention to the processes of evolution governing the malaria parasite 

population - namely, the sources of new variation, the manner and intensity of 

natural selection, and the constraints on achieving evolutionary change - it may be 

possible to determine whether parasite variation is important in controlling 

malaria. 

If direct empirical evidence showed that parasite variation was a key factor 

in maintaining its current success, the benefits would be both practical and 
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fundamental. First, malaria control strategies might focus on this variability by 

using diverse drugs and vaccine components. Alternatively, the parasite's 

mechanisms for generating heritable diversity might themselves be targeted. 

Theoretical studies show that variability in parasite fitness traits can have important 

consequences to the control of the disease using transmission-reduction measures 

(Gupta et al., 1994a,b,c), or vaccines (McLean, 1995; Gupta et al., 1997). 

Second, by establishing that the malaria parasite is undergoing a continual process 

of adaptation to the host, some much-needed empirical support would be provided 

to underpin the large and expanding body of theory on evolution and co-evolution 

of parasites in general (reviewed by Bull, 1994; Read, 1994; Frank, 1996). No 

doubt the classic status and economic importance of the malaria parasite would 

strengthen the apparent value of such evidence. 

Before proceeding to the work in this thesis, the foundation for the 

hypothesis that parasite variation is important in malaria is discussed in the 

following way. After establishing that the malaria parasite is 'successful', the 

following questions are addressed. First, "Does the malaria parasite possess the 

general requirements for rapid adaptation?". Second, "What is the evidence that it 

does adapt in the short-term?". Third, "What are the constraints on its rate of 

evolution?". Particular emphasis is given to the role of natural selection because, 

of the two requirements for rapid adaptation - renewable variation and selection - 

this is the component about which least is known. 

1.2 Review of malaria's adaptability 
In this review, malaria parasites are treated generally. Most of the data are 

derived from the major species of man, (P. falciparum and P. vivax), rodents (P. 

chabaudi and P. berghei) and monkeys (P. knowlesi and P. cynomolgi) but specific 

details are not given because the argument is general. More detailed reviews are 

given at the beginning of each chapter. 

1.2.1 Malaria parasites are successful 
Plasmodium species are very successful parasites: they have been associated 

with human populations since pre-history (Bruce-Chwatt, 1965), and over 120 
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species infect a wide range of other vertebrate hosts, including reptiles and birds 

(Bruce-Chwatt, 1985). They seem to have co-evolved with their hosts for a very 

long time. Many species are virulent, i.e. they cause significant damage to their 

hosts, particularly the major species of man, P. falciparum and P. vivax, which 

together are responsible for high mortality and morbidity rates, thus creating a 

major world health problem. Massive efforts have been made to eradicate or 

control the disease through vector control programmes, use of drugs, and by 

limiting exposure, but the parasite has managed to persist in many cases where the 

campaigns have either not been intense enough or have lapsed (Bruce-Chwatt, 

1985). Taken together, the long history, ubiquity, virulence and persistence of 

malaria earns Plasmodium the status of being a successful parasite. 

1.2.2 General requirements for adaptation 
The two keys to rapid adaptation are the ability to generate new or retain 

genetic diversity and to respond to selection. Malaria parasites possess all of the 

major mechanisms for generating genetic variation. These occur in both the major 

stages of the life cycle - asexual and sexual - which is depicted in Figure 1.1. The 

opportunities for generation of diversity and for selection at each stage of the life 

cycle are now described. 

Figure I.I. Life cycle of the malaria parasite showing the asexual stages in the 

host and sexual stages in the mosquito vector. 
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1.2.2.1 Adaptation during the asexual phase 

Upon entry into the mammalian host as a haploid single or few sporozoites, 

the parasite undergoes rapid proliferation by mitotic replication. This occurs first 

in the liver, expanding from one to around 10,000-40,000 parasites in one cycle, 

and then in subsequent cycles in the red blood cells where in every cycle, each 

parasite produces 6-14 new parasites (reviewed by Cox, 1988). Such rapid 

population expansion allows large opportunity for the production of new mutations, 

which if advantageous, and if they occur early enough in the infection, have time to 

increase in frequency within the host. The rate of mutations in malaria parasites is 

unknown, however, and the genetic diversity generated by mutation during this 

expansion phase may range from zero to very large. 

This rapid population growth is then curtailed by host immune responses 

which provides opportunity for selection. Though intracellular, the parasites 

present surface antigens on the infected cell, some of which are recognised by the 

immune system (reviewed by Brown et al., 1986, Anders and Brown, 1990; 

Holder, 1993). If the parasite is not completely cleared by the host, the parasite 

population can continue to cycle in size for weeks or months. A further feature of 

malaria parasites is that they possess the ability to switch phenotypically the surface 

antigens on the infected erythrocyte thus creating phenotypic variation from a 

genetically uniform population (Cox, 1962; Brown and Brown, 1965; Brown et al., 

1968; McLean et al., 1982, 1986; Handunetti et al., 1987; Hommel et al., 1983, 

Gilks et al., 1990; Biggs et al., 1991; Roberts et al., 1992). This mechanism is 

believed to be a means by which the parasite can prolong the infection by 

presenting novel antigens which are not then recognised by the immune system 

(Brown and Brown, 1965; reviewed by Brown et al., 1986). However, more 

empirical and theoretical work on within-host population dynamics is required to 

establish how important antigenic variation is to within-host persistence as there are 

also plausible alternative models based on red blood cell dynamics or non-specific 

immunity for explaining the persistence of infections (Hellriegel, 1992; Yap and 

Stevenson, 1994; Gravenor et al., 1995; Hetzel and Anderson, 1996; McKenzie 

and Bossert, 1997). 
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Thus, during the asexual part of the cycle, the generation of genetic and 

phenotypic diversity is potentially large and the intensity of within-host selection 

may be strong, thereby potentially providing some basis for rapid adaptation. 

However, apart from evidence of many phenotypic variants arising within one 

infection (Brannan et at., 1994), there are no data to indicate how important the 

contribution of within-host genetic diversity is to adaptation. 

1.2.2.2 Adaptation during the sexual phase 
After the initial period of asexual replication (which varies between 

species), the parasite starts to produce sexual forms (gametocytes) which derive. 

from a small proportion (<2%) of the asexual forms (Figure 1.1). These sexual 

forms are either male (microgametocytes) or female (macrogametocytes) and do 

not replicate themselves. Relative to the asexual population, their numbers are few 

and so their relative potential for mutation is low. On the other hand, any new 

mutations will have an initially higher frequency and therefore can become 

established more easily. Gametocytes, and the gametes they subsequently release 

in the mosquito midgut, seem to be the target of some immunity (reviewed by 

Carter et al., 1990; Carter, 1994; Sinden et al., 1996). If a mosquito bites, 

mixtures of parasitised cells are ingested with the blood meal into the midgut. The 

gametocytes are released from their cells where they differentiate into gametes and 

then undergo fertilisation. The ensuing meiosis appears to be conventional in that 

chromosomal pairing occurs, followed by formation of synaptonemal complexes 

(Sinden and Hartley, 1985). At these junctions, genetic recombination occurs 

which results in the creation of genetically mixed daughter chromosomes if the 

male and female gametes derive from genetically different parasites, i.e. if the 

parasite outcrosses (Walliker et al., 1973, 1975; Walliker et at., 1987; Ranford-

Cartwright et al., 1993; Babiker et al., 1994). This generates genetic diversity 

which is advantageous to short-term selection and adaptation in changing 

environments (Maynard-Smith, 1978). At the same time, deleterious mutations are 

purged more efficiently and advantageous mutations are more likely to survive 

(reviewed in Michod and Levin, 1988) by transferring them to new genetic 

backgrounds, thus also furthering genetic adaptation. Within the genome, 



recombination seems to occur freely on all chromosomes (Canton et al., in press). 

At the population level, the frequency of outcrossing is estimated to be on average 

about 60-70% in endemic areas of high transmission such as Tanzania and Senegal 

(Hill and Babiker, 1995; Hill et al., 1995; Ntoumi et al., 1995; Babiker et al., 

1997; Joshi et al., 1997), but 0-10% in low transmission areas such as New Guinea 

(Paul et al., 1995). These are probably underestimates because of the inability to 

detect all genotypes circulating in a host from point samples (Farnert et al., 1997), 

and because of limited numbers of alleles at the locus for which samples were 

genotyped. 

If the gametes derive from the same parasite, i.e. the parasite inbreeds, 

recombination does not result in new variants. Nevertheless, in both the 

outcrossing and inbreeding cases, the process of chromosomal pairing and 

replication may allow crucial repair of DNA errors, which have accumulated 

during the asexual growth phase. However, the wide variation in chromosomal 

size maintained in nature (Corcoran et al., 1986), and the observation that meiosis 

involving different sized chromosomes is successfully resolved to produce viable 

gametes (reviewed by Walliker, 1989) may indicate that the malaria genome is 

quite unconstrained by the need for DNA repair, at least at the gross level. 

To add to the diversity created through sexual recombination, there is some 

evidence that new variants of the phenotypic switching antigens are also generated 

during mosquito transmission (Brannan et al., 1993) although this has not been 

found in other studies (McLean et al., 1987). 

Following meiosis, the zygote migrates to the surface of the midgut in the 

form of an ookinete (not shown in Figure 1.1) where it develops into an oocyst. 

High attrition rates between the formation of the zygote and oocyst occur (Vaughan 

et al., 1992) thus providing further opportunity for selection. Genetic variation 

among mosquitoes for oocyst number and survival has been demonstrated 

(Severson et al., 1995; Gorman et al., 1997) and some degree of parasite-mosquito 

specificity has been found (Warren and Collins, 1981) indicating that the genotype 

of the vector partly governs parasite fitness. Inside the oocyst, massive replication 

over a period of 10-14 days eventually produces around 2000 sporozoites per 
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oocyst thus providing another opportunity for mutation. The majority of these 

sporozoites migrate to the salivary glands where upon feeding on a host, around 1-

1000 sporozoites are injected (Rosenberg et al., 1990; Ponnudurai et al., 1991). 

Probably only a few of these survive to form liver schizonts (Wéry, 1968). 

Thus in the sexual part of the cycle, genetic variation can be generated 

through recombination at meiosis, and mutation during sporozoite production. 

Selection can occur through vector immunity or through host immunity carried 

over from the host (transmission-blocking immunity). Perhaps importantly, large 

stochastic processes leading to population bottlenecks also operate during this phase 

of the life cycle. 

In summary, the parasite has incorporated into its life cycle the three major 

mechanisms for generating genetic diversity - sexual recombination, mutation in 

large populations, and, at the phenotypic level, antigenic variation. Combined with 

the mobility of the vector, which allows ready transfer of new genetic combinations 

to the wider population, these should, in principle, provide an inexhaustible supply 

of variation from which the parasite can adapt. 

Kemp et al. (1990) reviewed the data on genetic and molecular variability in 

malaria parasite populations, drawing together information on protein and enzyme 

polymorphisms, variation in antigens, sequence variation and drug resistant 

mutants. The conclusion was that the amount of variation was vast, whether at the 

within-parasite level, the within-population level, or across-population level. This 

observation is entirely consistent with the many mechanisms for generating 

diversity built into the parasite's life cycle described above. In addition, there are 

many reports of parasite variation in phenotypic traits such as virulence, replication 

rate and transmissibility (James et al., 1932; Covell and Nicol, 1951; Schmidt, 

1978; Ponnudurai et al., 1982; Graves et al., 1984; Wellems et al., 1987; Marsh, 

1992), although most of these relate to differences between isolated populations 

which may not reflect within-population diversity, or the data were obtained in 

vitro. Variation in fitness traits has not been systematically studied, however, and 

so it remains to be seen whether the variation at the molecular level translates to 

variation in parasite fitness and hence adaptability. This is discussed in the next 



section. 

1.2.3 Evidence for adaptation 
The fact that extensive molecular genetic variation exists in the malaria 

parasite population does not necessarily reflect immune or other selection for 

diversity. In a review of the relationship between immune protection and antigenic 

diversity, Brown (1991) made the following caution: 

'It is not going too far to say that not infrequently the host-parasite 
relationship is assumed to conform to the convenient interpretation of the 
molecular data, rather than molecular data interpreted in relation to the 
inconvenient facts of natural host-parasite relationships'. 

Nevertheless, there are three lines of evidence which have been argued to 

indicate that the genetic variation observed at loci coding for antigens is maintained 

by positive selection for diversity. The antigens in question are those on the 

asexual stages of the parasites which are the main targets of antibody-mediated 

immunity. Attention has focused on these as potential vaccine components 

(reviewed by Engers and Godal, 1998). 

First, some of these antigens have shown indirect evidence of selection for 

diversity on the basis of high ratios of nonsynonymous to synonymous mutations 

(Hughes, 1991; Hughes and Hughes, 1995) (but see Arnot, 1991) and by analysis 

of relative heterozygosity (Conway, 1997). It is unclear to over what scale of 

evolutionary time this diversity has been maintained, i.e. whether it is maintained 

within populations by strong immune selection in the majority of hosts in the short 

term, or whether it has accumulated over a long period of evolutionary time due to 

mutation, migration and perhaps weak selection (Hughes and Hughes, 1995 cf. 

Rich et al., 1998). 

Second, most of these antigens have elicited significant antibody responses 

indicating that they may be targets of the immune system. This evidence is based 

on in vitro assays of immune cell stimulation and inhibition of growth and invasion 

of red blood cells, and in vivo tests of protection from disease or reinfection 

following vaccination. None of these have proved to be fully protective and the 

effects on parasite fitness (i.e. transmission) of such immune selection have not 



been measured in the in vivo studies on epitope-specific immunity (Riley et al., 

1992, 1993; Collins et al., 1994; Al-Yaman et al., 1994, 1995). Nevertheless, 

there have been a few examples where in vivo immune selection has given rise to a 

deletion or sequence mutation in the selected antigen thus allowing it to escape the 

immune system (David et al., 1985; Klotz et al., 1987; Hudson et al., 1988; Wood 

et al., 1989). The fate of such mutants under selection in new hosts or during 

mosquito transmission is not known. In general then, the effect of specific 

immunity on parasite fitness, especially at the population level, is not well 

understood. The complexity introduced by the many other immune effector 

mechanisms which interact with specific antibody killing also makes its 

contribution difficult to determine (Mendis et al., 1991; Brown, 1991). There is a 

also a small amount of variability in sexual stage antigens but the significance of 

this variability in selection against parasite transmission is not clear (Carter, 1994). 

Third, much laboratory data show that immunity to malaria parasites is 

somewhat strain-specific (Jarra and Brown, 1985). This means that when a host is 

infected with one strain, it is difficult to re-infect it with the same strain, whereas it 

can be relatively easily infected with a genetically distinct strain. Thus it is 

believed that immune selection acts against one or more polymorphic antigens or 

other component which is specific to each strain. The phenomenon of strain-

specific immunity has been used to explain why immunity to malaria is slow to 

acquire, only reaching protective levels after many repeated exposures when most 

or all of the strain-specific components has been experienced (Brown, 1991; 

Marsh, 1992; Gupta et al., 1994a,b). If true, this strongly supports the contention 

that parasite variation is a major factor driving the epidemiology of the disease, and 

is under continuous selection pressure. Evidence has been sought in longitudinal 

data for changes in antigen frequencies that would reflect such selection (Forsyth et 

al., 1988; Conway et al., 1992; Babiker et al., 1995). However, the stochastic 

nature of transmission and sampling variation in field data make a selectionist 

argument difficult to support (Conway, 1997). The argument in favour of dynamic 

parasite adaptation through strain variability would greatly benefit from direct field 
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evidence of frequency-dependent selection of parasites bearing different antigenic 

types (Dye and Targett, 1994). 

Apart from antigens, there are few published examples of other genes or 

phenotypes under selection either in the laboratory or in the field. And yet, the 

two traits of most concern to us- virulence and transmissibility - are, in theory, the 

ones most likely to adapt under selection pressure because they relate to parasite 

fitness. While it could be argued that virulence is largely a function of host 

immune status, and therefore covered by the argument that antigens are the targets 

of selection, there are also likely to be other factors controlling virulence. 

Transmissibility has been largely ignored, particularly the amount of parasite-

derived genetic variation and the selective forces which govern its evolution. Its 

relationship with virulence, which is essential to understanding how it evolves, has 

only recently received proper attention at the phenotypic level (Taylor et al., in 

press), but studies at the genetic level have not been conducted. Quantitative 

studies of the phenotypic expression of virulence and transmission may provide 

additional information on virulence and maintenance of parasite diversity to 

complement the molecular studies. 

1.2.4 Constraints on adaptation 
Although malaria parasites are apparently well equipped to generate genetic 

diversity and probably undergo selection, there are some potential constraints on 

their realised rate of evolution. Some of these are discussed here. 

First, there is a large degree of stochasticity and bottlenecking involved in 

the life cycle of the parasite. Only a minute fraction of the parasites in the host are 

sampled by the vector, and then further narrowing of the gene pool occurs after 

zygote formation with typically less than three oocysts being formed per mosquito 

(Graves et al., 1988; Tchuinkam et al., 1993). The effects of variability in 

sampling and small population sizes on slowing the rate of evolution is well known 

in population genetics, and is potentially important in malaria parasite evolution. 

Second, the malaria parasite population is strongly structured because of the 

limited number of parasite haplotypes per host. This restricts the amount of genetic 

mixing that can occur. It also influences the pattern of selection on the parasite 
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population. Spatial structuring (clustering) of malaria parasites is probably typical 

in the field (e.g. Gamage-Mendis et al., 1991) causing further limits on gene flow 

through the population. The effect of population structure on parasite evolution has 

not been well studied, but it is recognised that such structuring has important 

implications to the rate of adaptation (e.g. Frank, 1986). 

Third, there may be conflicts between the evolutionary optima of within-

host selection compared with between-host selection. For example, theory predicts 

that within hosts, if parasites with different haplotypes compete, the level of 

virulence which evolves is higher than is optimal if only one parasite haplotype is 

present within the host (Levin and Pimentel, 1981; Bremermann and Pickering, 

1983; Frank, 1992; Antia et al., 1994). Recent studies by Taylor et al. (1997a,b, 

in press) have explored some aspects of within-host versus between-host fitness in 

malaria parasites. These studies showed that, at the phenotypic level, within-host 

competition clearly enhances between-host fitness, and so it seems that parasite-

parasite interactions are more complex than theory assumes. This has not been 

studied empirically at the genetic level. 

Fourth, as for all organisms, the fitness of malaria parasites is probably 

constrained by some costs. The most obvious example is that of a trade-off 

between virulence and transmission. If virulence is a function of within-host 

replication rate, and if high replication rate leads to higher transmission, then 

virulence should be increased by selection on parasite fitness. However, if 

virulence is too high such that hosts die, then transmission is nil. This theme is the 

basis for the evolutionary prediction that virulence evolves toward some optimum 

value which depends on the nature of the relationship between virulence and 

transmission (Bremerinann, 1980; Levin and Pimentel, 1981; Anderson and May, 

1982; Ewald, 1983; May and Anderson, 1983). A further example of a trade-off 

in the malaria life cycle is that between asexual and sexual reproduction: since 

gametocytes are derived from asexual parasites and do not replicate, then asexual 

production, and perhaps length of the infection, are compromised by increase in 

transmission. Whether these hypothesised trade-offs exist in malaria remains to be 

determined. 

12 



Fifth, the versatility of the immune system in recognising and remembering 

a vast array of parasite antigens makes the host a very difficult target for the 

parasite. While parasites usually have the advantage over hosts of having much 

shorter generations and therefore faster rates of adaptation, it is also true that the 

vertebrate immune system is capable of very rapid somatic evolution. This means 

that parasites are constantly confronted with host heterogeneity which, in effect, 

confounds the parasite's evolutionary progress (Lively and Apanius, 1995; Gupta 

and Hill, 1995). 

In summary, there is a variety of evidence which supports the argument that 

genetic variability in the malaria parasite is crucial to its survival in the face of host 

immune systems which themselves have the ability to adapt rapidly to the parasite 

population via somatic mutation. The key question is whether this variation is the 

Achilles heel of the parasite: if we select the parasite using vaccines and 

transmission-reducing measures, will it quickly adapt to the new environment? 

Alternatively, the control measures may achieve their desired goal without inducing 

such genetic changes in the parasite population. The answer to this question cannot 

be found without a better understanding of the selective forces operating on the 

parasite population. 

This thesis examines various aspects of the evolutionary forces determining 

malaria parasite adaptation. The first two chapters focus on genetic variation in 

virulence and transmissibility and the relationship between the two. The next 

chapter presents an analysis of disease severity data from a longitudinal field study 

in Sri Lanka, with  on the contribution of host factors to variation in 

virulence. In the final two chapters, theoretical models are used to evaluate the 

effects of population structure and other factors on the rate of evolution of parasites 

under selection by the host. A trait under simple genetic control in parasites - that 

of drug resistance - was used for these latter studies. 
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Chapter 2 

Parasite genetics: relationships between 

virulence and transmission 

2.1 Summary 

The major hypothesis of why microparasites are virulent is that high within-

host replication rates are necessary for successful transmission (parasite fitness), 

and that virulence (damage to the host) is a consequence of this rapid replication. 

The assumptions underlying this hypothesis were tested in the rodent malaria 

parasite, P. chabaudi, by examining the genetic relationships between various 

virulence and transmission traits. This was done by evaluating eight wild-caught 

clones for both traits and finding the correlations between the clonal averages for 

these traits. It was found that there was a large amount of between-clone variation 

in parasitaemia, loss of liveweight in the host, anaemia, gametocyte production and 

infectivity to mosquitoes, and these clone differences were maintained over four 

experimental replicates. Anaemia and liveweight loss, assumed to be indicators of 

virulence, were strongly phenotypically and genetically correlated to maximum 

parasitaemia: this supports the assumption that rapid replication rate causes more 

virulence. Gametocytaemia and infectivity to mosquitoes were also positively 

phenotypically and genetically correlated to parasitaemia (not always significantly), 

which supports the assumption that rapid replication leads to higher transmission. 

Thus the two prerequisites for the hypothesis of why parasites are virulent were 

justified in this experimental system for malaria parasites. 

2.2 Introduction 

Studies on virulence of the malaria parasite are of considerable interest 

because of the many human deaths that this disease causes. While there are 

undoubtedly host factors controlling the level of severity of the disease (reviewed 
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by Marsh, 1992; White and Ho, 1992), there is also evidence of variation between 

parasites in the probability that they kill their host (James et al., 1932; Covell and 

Nicol, 1951; Schmidt, 1978; Cox, 1988; Marsh, 1992). This is a puzzle: parasites 

which kill their host would seem to be unfit because in doing so they limit their 

opportunities for transmission (reproductive output). It is therefore somewhat 

surprising that malaria parasites, which have evolved in association with humans 

since pre-historic times (Bruce-Chwatt, 1965), still cause large morbidity and 

mortality rates in their hosts, defined here as 'virulence' This question has been 

generalised by evolutionary biologists: why are parasites virulent, rather than 

benign mutualists? Many answers to this question (most of them related) have been 

proposed (reviewed by Bull, 1994; Levin and Bull, 1994; Read, 1994; Ebert and 

Herre, 1996; Frank, 1996). The large majority of these answers are theoretical, 

and the assumptions and outcomes have rarely been put to empirical test. This 

study describes an experimental examination of the most favoured of these 

hypotheses using a laboratory model system for malaria parasites. Before 

describing these experiments, the models predicting how virulence evolves in 

parasites in general are reviewed, followed by an outline of how these models 

relate to malaria parasites. 

2.3 Review of the literature 

2.3.1 General models for the evolution of virulence 

The favourite hypothesis of how virulence evolves is that natural selection 

acts on the parasite to optimise the level of its expressed virulence at some 

evolutionary stable, often intermediate, value (Bremermann, 1980; Levin and 

Pimentel, 1981; Anderson and May, 1982; Bremermann and Pickering, 1983; 

Ewald, 1983; May and Anderson, 1983). This is because, on the one hand, the 

parasite must replicate fast in the host in order to produce enough transmission 

stages to ensure its survival to the next generation, i.e. to maximise its reproductive 

fitness. A critical assumption here is that virulence, or damage to the host, is an 

inevitable side effect of the parasite's use of host resources for this rapid 

15 



replication. On the other hand, if the parasite extracts too many host resources, or 

does too much damage to host tissues in the process, then the host will die. In this 

case, the parasite will no longer transmit, and has reduced its reproductive fitness. 

Thus, if selection maximises parasite reproductive success in host-parasite systems, 

the number of new hosts infected, or the transmission rate of the parasite, should 

be optimised by natural selection. This hypothesis, termed the adaptive trade-off 

hypothesis, is thus based on parasite genetics, and while dependent on the host's 

expression of virulence, does not invoke host adaptation. 

One of the predictions of the adaptive trade-off model is that the level at 

which virulence optimises depends on the form of the genetic trade-off between 

transmission and virulence. Most experimental tests of this model have related to 

an extension of this prediction, namely that parasites which are transmitted 

horizontally evolve to become more virulent than parasites which are transmitted 

vertically. This is because the latter rely on maintaining high reproductive fitness 

in their hosts so that more parasites are transmitted. This has been supported in 

several invertebrate host-parasite systems, including phage which parasitise bacteria 

(Bull et al., 1991), nematodes which parasitise fig wasps (Herre, 1993) and mites 

or lice which infest rock doves (Clayton and Tompkins, 1994), although counter 

examples are easily found (Hurst et al., 1994; Mangin et al., 1995). Another 

version of this idea for higher order hosts had previously been proposed by Ewald 

(1980) who argued that human diseases which are transmitted easily and directly 

(e.g. by physical contact) are less virulent than diseases in which transmission is 

more risky for the parasite, or which rely on host immobility, as for many vector-

borne diseases. Across-species comparisons generally support this view (Ewald, 

1983, 1994), though not without some controversy (Read et al., in press). 

However, beyond these correlational data between virulence and mode of 

transmission/population structure, there are few data within species to support the 

argument that individual parasites face a genetic trade-off between virulence and 

replication. Lipsitch and Moxon (1997) have recently reviewed the literature, 

mostly on viruses, in which there are a limited number of examples of either 

simultaneous increases in virulence and transmission in passage experiments, 
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phenotypically higher virulence in faster replicating viruses, or phenotypic 

correlations between virus density and the likelihood of transmission. Of the non-

virus examples given (trypanosomes, Diffley et al., 1987, Pseudomonas bacteria, 

Rahme et al., 1995; and a rodent malaria, Dearsly et al., 1990), only the first 

should be interpreted as indicating a genetic relationship between these traits. They 

also cite examples where these relationships do not exist, attributing them to a 

decoupling of pathogenesis and transmission either when parasites down-regulate 

the host immune response, or when the site of pathology is separate from the 

transmission cycle. Such examples fit into one of the alternatives to the trade-off 

hypothesis (see below). Further examples in bacteria are given by Anderson and 

May (1982) who cited Greenwood et al.'s (1936) data showing that positive 

between-clone relationships between virulence and infectivity exist in two bacteria, 

mouse plague (Pasteurella muris) and mouse typhoid (Salmonella lyphirnurium). 

Ebert (1994a) and Ebert and Mangin (in press) showed a positive correlation 

between spore load and host mortality in microsporidia infecting Daphnia Magnus. 

However, these few non-virus examples are matched by as many examples (from 

snail-schistosome, and plant-fungal associations) which show zero correlations 

between these traits within species (Ebert, 1994b). Thus, in general, the evidence 

for genetic relationships between virulence and transmission in micro-organisms is 

weak and has been generally derived post hoc. Given the reliance of all these 

models on an intrinsic biological link between parasite replication rate, virulence 

and transmission, it is surprising that so few experiments have directly tested this 

assumption (Ebert and Herre, 1996; Lipsitch and Moxon, 1997; Read et al., in 

press), especially as parasite genetics is a central part of understanding many 

important human diseases (Ewald, 1994; Thompson and Lymbery, 1996). 

Nevertheless, there is one compelling example in the myxoma virus of rabbits 

which has possibly motivated many more theoretical studies on the evolution of 

virulence. This virus, which causes mild infections in its natural host, the South 

American rabbit (Sylvilagus spp.), was released into a population of European 

rabbits in Australia. Within a decade its effect on host mortality had decreased 

from 99% to less than 30% (Fenner and Ratcliffe, 1965), though in subsequent 
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decades host mortality did not decline further (Fenner and Myers, 1978). Field 

studies (Fenner et al., 1957) and laboratory studies (Fenner et al., 1956) were able 

to show that this was partly due to lower transmission rates in more virulent 

strains, thus selecting the parasite towards more moderate levels of virulence. The 

rabbit host also showed a genetic increase in resistance during this period (Marshall 

and Fenner, 1957), i.e. selection was on both host and parasite. Similarly, in Bull 

et al's (1991) experiment, the host bacteria became more resistant to their parasitic 

phage during selection for virulence. 

A discussion of the trade-off hypothesis would not be complete without 

mention of its rivals. Until less than two decades ago, it was generally argued that 

parasites evolve to become benign (Burnet and White, 1972; Alexander, 1981). 

Parallel with this is the idea that a minority of parasites are aberrations or 

mutations which cause virulence but which in the long-term do not survive because 

they kill their hosts or have lost the capacity to transmit (Levin and Bull, 1994). 

Alternatively, the parasite might in rare cases find itself in the inappropriate host 

tissue in which it causes unusual levels of damage (Levin and Svanborg Eden, 

1990), i.e. virulence is an inappropriate expression of disease caused by a parasite 

which has lost its way. Finally, some parasite species are able to cause down-

regulation of the immune response in order to survive and transmit: in these cases, 

virulence is negatively related to transmission success. Thus there are several 

alternatives to the trade-off hypothesis for which there are also clear examples in 

nature (reviewed by Lipsitch and Moxon, 1997). 

Finally, an extension to the trade-off hypothesis predicts that higher levels of 

virulence than are optimal for individual parasites may evolve due to within-host 

competition between parasites with different genotypes (Levin and Pimentel, 1981; 

Bremermann and Pickering, 1983; Frank, 1992; Nowak and May, 1994; May and 

Nowak, 1995). This is because highly virulent parasites, even though they may 

have a disadvantage in killing their host when in single infections, also have the 

advantage of being able to outcompete less virulent parasites when together in the 

same host, thereby gaining a relative transmission advantage. Importantly, these 

models also predict that as the level of within-host or between-host competition 
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decreases, the range of virulence and transmission levels being maintained in the 

population also increases (Gupta et al., 1994a,b,c. Nowak and May, 1994; May 

and Nowak, 1995). Thus this extension, if true, helps explain why parasites are 

often virulent, and why parasites are so variable in their levels of virulence. 

2.3.2 Evolution of virulence applied to malaria 

The adaptive trade-off hypothesis, which is the one tested in this study, is now 

discussed in relation to malaria. The overall premise of this hypothesis is that there 

is a genetic link between virulence and transmission in the parasite. The 

mechanisms for why this relationship exists are based on the following 

assumptions. However, even if these were not met, establishment of a genetic link 

would still support the adaptive trade-off model. 

Assumption 1. Higher replication rate leads to higher transmission to new hosts in 

the absence of host death. This first assumption is applicable to malaria because 

transmission stage forms are scarce (reviewed by Taylor and Read, 1997), and only 

a tiny fraction of all parasites are taken up in a blood meal by the mosquito vector. 

Therefore in simple terms, it might be expected that higher replication rates or 

numbers of asexual forms will give rise to more transmission stages (which are 

derived from asexual forms in the previous replication cycle), and therefore higher 

levels of transmission. In malaria, higher fitness resulting from higher 

transmission could include both greater success in transmitting for a single bite by a 

vector, or in greater numbers of transmission events in the parasite's infection 

period, and therefore may be a function of both intensity and persistence of 

gametocyte production. However, both theory (Hellriegel, 1992; Gravenor et al., 

1995; Koella and Antia, 1995; Hetzel and Anderson, 1996) and data (Taylor et al, 

1997a, b) show that this proposed relationship between replication rate and 

transmission is much more complex than stated above and therefore difficult to 

detect. Asexual parasite numbers are highly dynamic and transient during the 

infection, and in consequence, gametocyte output is also very transient. Moreover, 

environmental factors within the host (usually reflecting parasite stress) also 
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influence gametocyte output (Carter and Miller, 1979; Carter and Graves, 1988; 

Alano and Carter, 1990; Sinden et al., 1996; Buckling et al., 1997) but these are 

not yet well understood, especially in relation to the asexual dynamics. Further 

empirical and theoretical analysis of the relationship between these traits in malaria 

parasites is required before this assumption can be justified. 

Assumption 2. Higher replication rate leads to higher virulence. Malaria parasites 

destroy their host cells at the end of every replication cycle. This causes severe 

anaemia, the release of parasite debris and toxins, fever, dramatic immune 

response, and consequent host morbidity (reviewed by White and Ho, 1992; Marsh 

and Snow, 1997). In general, higher levels of parasitaemia lead to more host 

sickness, although this relationship is often difficult to observe in the field 

(Greenwood et al., 1991). This relationship is blurred by the many indirect effects 

of the parasite which depend on host-controlled responses. The most studied host 

response is the release of tumour necrosis factor (TNF) from activated 

macrophages (Clark et al., 1981, Grau et al., 1988, Bate et al., 1989), the level of 

which has been shown to be related to the severity of the disease (Grau et al., 

1989; Kwiatkowski et al., 1990; reviewed by Carter et al., 1997). Similarly, 

severe anaemia is induced not only by red blood cell destruction but by an decrease 

in the rate of production of these cells, and there are many other host responses 

which contribute to the level of illness expressed (reviewed by Marsh, 1992; White 

and Ho, 1992; Marsh and Snow, 1997). Furthermore, these host immune 

responses tend to raise the level of parasite density required to generate clinical 

symptoms in later infections which further confuses the relationship between 

parasite density and illness. Direct effects of the parasite are caused by release of 

parasite 'toxins' upon schizont rupture, some of them stimulants of TNF production 

(Kwiatkowski et al., 1989; Bate et al., 1992), and these seem to play an important 

part in the regulation of parasite density (Kwiatkowski, 1995). Indeed, it is the 

subject of continuing debate as to whether treatment of malaria should take an anti-

disease or an anti-parasite approach because the relationship between parasite 

numbers and disease expression is very unclear. However, the mechanisms behind 
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the expression of virulence are not important here: the aim is to simply establish 

whether there is a relationship between parasite replication rates and the level of 

virulence which they cause when the factors which could mask such a relationship 

in the field are removed. 

Assumption 3. High virulence leads to host death or lower parasite transmission. 

High virulence could curb transmission either by limiting the opportunities for 

transmission by killing the host (at which point mosquitoes give up biting) or by 

reducing the host's infectiousness to mosquitoes. The fact that high virulence kills 

hosts through high morbidity is true for many malaria species, including the major 

human species P. falciparum (McGregor et al., 1956; Molineaux and Gramiccia, 

1980), several of the lizard malarias, including those with very ancient associations 

with their host (Schall, 1996), and for some rodent malaria species (Carter and 

Diggs, 1977). For the species used in this study, P. chabaudi, it is not known 

what proportion of its natural host population (the thicket rat, Thamnomys rutilans) 

die from their infections: in the wild, most hosts are found to be infected, and they 

harbour parasites at sub-clinical levels for a lifetime (Landau and Chabaud, 1965; 

Carter and Diggs, 1977). This has been taken to suggest that this species is not 

very virulent in its natural host (Landau and Chabaud, 1994), although a significant 

rate of mortality or morbidity could easily have been missed because such 

populations have not been thoroughly surveyed, and such field observations on 

virulence in wild-caught hosts are unreliable indicators of natural levels of 

virulence (Read, 1994). Infections in laboratory mice result in high levels of 

mortality which vary widely for different mouse strains (Stevenson et al., 1982) 

demonstrating that P. chabaudi has the capacity for high virulence. Thus it seems 

reasonable to assume that the level of virulence relates to the probability of host 

death (Brewster et al., 1990). Even if this probability is on average low in some 

host species, variation in host susceptibility and parasite virulence is expected to 

cause some mortality. 

In the absence of significant host death, transmission could still be reduced by 

excessive levels of virulence. There is some evidence to support this: in P. berghei 
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it seems that inhibitory factors released at the time of crisis in the infection 

temporarily reduces infectivity of the gametocytes to mosquitoes (reviewed by 

Sinden et al., 1996). In P. vivax, there seems to be a temporary loss of infectivity 

to mosquitoes during the paroxysm periods which characterise the peak of the 

asexual infection (Karunaweera et al., 1992; reviewed by Carter et al., 1997). 

Similar studies have not been done in P. falciparuin and P. chabaudi in which the 

bulk of gametocyte production occurs well after the peak of asexual parasitaemia. 

Thus it is not known whether immunity stimulated by asexual parasites contributes 

to a trade-off between high virulence and transmission. 

Assumption 4. 	The relationships between replication rate, virulence and 

transmission have a genetic basis in the parasite. Should the above assumptions 

hold, this final assumption must also be true in order for the adaptive trade-off 

hypothesis to be explained by natural selection and evolution. In malaria, between-

strain variation in virulence or parasitaemia has been inferred for P. falciparum in 

vitro and in vivo (James et al., 1932; Covell and Nicol, 1951; Wellems et al., 

1987; Marsh, 1992; Allan et al., 1993), but not conclusively demonstrated in the 

field. In rodent species, variation in virulence and replication rate both between 

(Carter and Diggs, 1978; Cox, 1988) and within species (Alger et al., 1971; 

Walliker et al., 1976; Knowles and Walliker, 1980; Carlton et al., in press) have 

been observed. Apart from the latter study, which examined genetic variation in 

parasitaemia in the progeny of a cross between two clones differing in replication 

rate, all of these studies on within-species variation can probably be attributed to 

mutations arising during serial passage in the laboratory (Walliker, 1981) and 

therefore cannot be used to infer levels of variation in the natural population. 

Similarly, evidence for genetic variability in transmission has been found in the 

artificial laboratory environment (in in vitro cultures of P. falciparum by 

Ponnudurai (1982), Graves et al., (1984), and between two P. chabaudi clones in 

laboratory mice (Taylor et at., 1997a,b), but, as for virulence, conclusive evidence 

of genetic variation in the field is not available. Quantitative studies on the genetic 

relationships among these traits have not been conducted. Nevertheless, there is 

22 



one molecule which appears to link replication rate with virulence and 

transmission, at least in P.falciparum - the erythrocytic membrane protein (denoted 

PfEMP1) (Leech et al., 1984, Howard et al., 1988, Magowan et at., 1988). This 

protein binds the infected parasite cell to the host's endothelium thus allowing the 

parasite to sequester in the vasculature and organs in order to avoid clearance by 

the spleen. This may allow the parasite to achieve higher parasitaemias through 

reduced parasite clearance rates. It also expresses antigens which are able to 

switch in form during the infection thus allowing evasion of the immune system 

and hence persistence and higher transmission success. In addition, field studies 

have shown a relationship between parasite sequestering and cerebral malaria, the 

most virulent expression of the disease (MacPherson et al., 1985). Thus there is 

good reason to believe that this molecule affects virulence through its role in 

cytoadherence, and affects persistence through its role in antigenic variation. Its 

effects on parasite growth rate are unclear (Gilks et al. 1990). Yet it remains to be 

demonstrated in a quantitative way whether growth rate, virulence and transmission 

are genetically linked. This is best done in the laboratory environment, where 

controlled experiments can expose any genetic variation and covariation in these 

traits. Even if such variation is small in the natural environment due to optimising 

selection, this does not invalidate the adaptive trade-off hypothesis. 

Existence of standing variation in nature for these traits is predicted by most 

of the models for the evolution of virulence, the amount increasing as the level of 

between-parasite competition is reduced. In human malaria mixed infections are 

very common suggesting that competition between parasite genotypes is quite low 

(Day et al., 1992; Babiker et al., 1994; Ntoumi et al., 1995; Paul et al., 1995). 

Controlled studies of competition in mixed infections in rodent malaria show that 

parasites do seem to interact during their asexual growth phase, but that the 

competition is not severe enough for the most virulent parasite to exclude the other 

parasite from growing or transmitting (Taylor et al., 1997a,b, in press). It has also 

been argued that in natural situations competition between parasites is weak 

because strain-specific immunity allows antigenically distinct genotypes to co-infect 

hosts and transmit more or less independently, consistent with epidemiological data 
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(Gupta et al., 1994a,b,c). Strain-specific immunity has been demonstrated in P. 

falciparum and P. vivax in controlled experiments on human patients (James et al., 

1932), and also in mice infected with P. chabaudi (Jarra and Brown, 1985). 

Regardless of whether these forces act to maintain variation in virulence, the high 

frequency and opportunity for genetic exchange among malaria parasites (reviewed 

by Walliker, 1989) and the generally high level of variability in neutral and 

antigenic loci (reviewed by Kemp et al, 1990) indicate that genetic variability for 

phenotypic traits such as virulence and transmission is likely to be maintained if 

there are many genes involved (as is likely), and if selection has a stabilising 

nature, as in the trade-off hypothesis. 

The alternative hypotheses (not examined in the present study) for why 

parasites are virulent may also be relevant to malaria. Both the 'aberrant mutation' 

hypothesis and the 'inappropriate expression in a novel tissue environment' could 

be applied to the highly virulent malaria P. falciparum. This species causes 

'cerebral malaria' in a small minority of cases, although in such cases, host 

mortality rates are high (Brewster et al., 1990). The symptoms of this disease are 

manifest in the brain where the parasites sequester in the capillaries and cause 

damage to the microvascular tissues (reviewed by White and Ho, 1992). Such 

damage may be an unfortunate side effect of the parasite's strategy for avoiding 

elimination by the spleen by sequestering throughout the vasculature, i.e. 

lodgement of parasites in the brain tissue may be an inappropriate expression of an 

otherwise adaptive mechanism. Alternatively, recurrent mutations which 

occasionally reach a significant frequency in a few hosts may explain such 

disastrous pathology (Roberts et al., 1993). Whether 'normal' or not, it seems that 

parasite molecules, including those involved with cytoadherence, tumour necrosis 

factor (TNF) induction and rosetting capability (Clark et al., 1989; Carlson et al., 

1990; Ho et al., 1991; Allan et al., 1993; Rowe et al., 1995), are significant 

factors contributing to the incidence of cerebral malaria. 
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2.4 Aims of the present experiment 

The experiment reported in this study was aimed at testing the assumptions of 

the adaptive trade-off hypothesis with a view to validating one of the major models 

for the evolution of virulence. The overall aim was to determine whether there is a 

genetic trade-off between virulence and transmission within a natural population of 

P. chabaudi parasites. To test this, eight parasite clones were repeatedly measured 

for virulence and transmission characteristics in a laboratory environment. The 

regression of the mean virulence for each clone on the mean transmission of each 

clone measured the genetic (across-clone) relationship between these traits. More 

specific objectives relating to the underlying assumptions of the model were to: 

Determine whether virulence and transmission traits are genetically determined 

in a wild-caught population of P. chabaudi parasites. 

Determine whether replication rate and virulence are positively related. 

Determine whether high replication rate leads to higher transmission. 

Determine whether these relationships hold at the genetic level. 

2.5 Materials and Methods 

2.5.1 Source of parasite clones 

Clones of P. chabaudi were obtained from isolates which had been collected 

from their natural host (Thamnomys rutilans) from the Central African Republic in 

1969 and 1970 and stored in liquid nitrogen since then. The method of cloning 

from isolates by dilution (Beale et al., 1978) entailed injecting 14 to 30 mice with 

an inoculum expected to contain an average of one parasite. An average of 9% of 

the injected mice became infected: assuming that the number of parasites per mouse 

which established an infection was distributed as a Poisson variable, it is highly 

probable that each clone derived from one parasite. The possibility of multiple 

parasites founding a clone can only be ruled out by extensive genotyping. Some of 

these isolates comprised more than one species of parasite, the predominant one 
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being P. chabaudi, with occasional P. yoelii and P. vinckei species. Therefore, 

after cloning, the species of each clone was confirmed as P. chabaudi by 

morphology (D. Walliker, R. Carter, pers. comm.). Only one clone from each 

isolate, which themselves had previously been shown to be genetically distinct 

using electrophoretic enzymes (Carter, 1978), was allowed in the experimental 

panel of clones to minimise the chances that the clones were genetically identical. 

2.5.2 Maintenance and genotypes of mice and mosquitoes 

Mice were housed at a temperature of 21(±1)'C and fed on SDS rat and 

mduse maintenance diet with 0.05% para-aminobenzoic acid (PABA) added to their 

drinking water to assist with parasite growth. - 

The mice used during the cloning phase were a mixture of inbred and first 

generation crosses between inbred lines, i.e. mouse genotype was not kept uniform 

at this stage. However, there was no confounding of mouse genotype with clone. 

During the experimental phase, the mice used were female inbred C57BL/6J (B&K 

Universal, England), aged between five and eight weeks at the beginning of the 

infection with a maximum range in age of one week within each experimental 

group. 

2.5.3 Passage of clones in mice 

• During the cloning phase it was necessary to passage the clones serially, i.e. 

from one mouse to another. This involved taking 5-10M1  of blood from the tail of 

an infected mouse (usually before the peak of the infection) into 0. lml of citrate 

saline (0.85% NaCl, 1.5% tn-sodium citrate) and injecting it into the peritoneal 

cavity of a naive mouse. The number of passages per clone was kept to a 

minimum to avoid somatic mutations accumulating in the parasites which may 

render the parasites unable to transmit (Wéry, 1968), and to minimise the amount 

of selection that may occur in this artificial laboratory system. One of the clones 

(ER) was not obtained directly from the isolates in the natural host but instead was 

derived from a clone which had been stored in the laboratory of C. Harriers in 

Belgium between 1969 and 1983 and was then transmitted through mosquitoes in 

this laboratory. Table 2.1 summarises the laboratory history of the clones, 
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including the number of asexual passages between isolation from the wild and use 

in these experiments. 

Table 2.1. Laboratory history of the clones used in these experiments 

Clone 	Isolate 	Species found in original 	Replicates in 	No. passages until 

isolate 	 which included 	Replicates 1,2,3,4' 

AD 2AD1 P. chabaudi + P. yoelii 1-4 6,9,7,8 

AJ AJ P. chabaudi 1-4 6,9,7,8 

AQ 2AQ P. chabaudi + P. yoelii 1-4 7,9,9,10 

AS 2AS Unrecorded 34 -,-8,9 

AT 4AT P. chabaudi 14 7,9,9, 10 

BC 113C P. chabaudi + P. yoelii 1-4 6,9 9 7,8 

CW 2CW Unrecorded' 1-4 6,9,6,7 

ER' 56L Unrecorded 3-4 5,6 

From natural host to experiments, including pre-cloning. 
Not recorded, but parasites derived from this isolate have been P. chabaudi or P. yoelii 
ER was maintained by C. Hamers in Belgium from 1969 to 1983. Thereafter, it was cloned in 
Edinburgh, maintained for 18 serial passages, transmitted through Anopheles stephensi and then 
underwent 9 passages before being used in this experiment. 

During the experimental phase, when accurate inoculum size was required, 

blood from the donor mouse was diluted in medium suitable for parasite 

maintenance (50% heat-inactivated calf serum, 50% Ringer solution (27mM KC1, 

27mM Cad 2 , 0.15M NaCl), with 20 units of heparin/ml mouse blood) to the 

appropriate concentration for the inoculum size. The required volume of blood 

was calculated from the blood cell density and parasitaemia in donor mice 

calculated immediately before experimental inoculations. All injections were into 

the peritoneal cavity in a 0. lml volume. 

2.5.4 Mosquito maintenance and feeding on mice 

Mosquitoes of the species Anopheles stephensi were maintained in cages in 

rooms with fluctuations in temperature between 24 and 28 °C and relative humidity 

between 65 and 85%. Adults were fed on glucose at a concentration of 10% with 

0.05% PABA. To assess the degree of transmissibility to mosquitoes from 
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individual mice, 40-80 female mosquitoes aged between four and eight days were 

allowed to take a blood meal for 20 to 30 minutes on each mouse. During the 

feed, mice were anaesthetised with a 2:1 mixture of the drugs Rompun (Bayer Ltd, 

UK) and Vetalar (Parke-Davis Veterinary, UK) and immobilised by taping them to 

small cork boards. After the feed, mosquitoes which remained partially fed or 

unfed were discarded. Mosquitoes which fed on the same mouse were maintained 

in individual pots at 25°C in an incubator for 8-9 days with glucose/PABA 

supplied. The survivors were then killed with chloroform, their midguts dissected 

in phosphate buffered saline (PBS, pH 7.4) using a dissecting microscope with 40-

fold magnification, and the number of oocysts per gut were counted. Records were 

not kept on the number of mosquitoes which died between the day of feeding and 

the day of dissection. 

2.5.5 Experimental design 

Four replicates of infections were performed. In Replicates 1 and 2, six 

clones and an uninfected control were used, and in Replicates 1 to 4, an additional 

two clones and no control were used. Four mice per clone were used in Replicates 

1 and 2, and two per clone in Replicates 3 and 4 giving a total of ten mice per 

clone. The size of inocula were 106,  io, io and io in Replicates 1 to 4, 

respectively. Parasites for inoculating mice in Replicates 1 and 3 were obtained 

from frozen stocks which had been serially passaged once or twice. Parasites for 

inoculating mice in Replicates 2 and 4 were obtained on after serial passage 1-3 

times from single mice in Replicates 1 and 3, respectively. For each replicate, 

clone-groups were inoculated in random order. 

At two or three day intervals until the infections had almost expired, 

measurements of asexual parasitaemia, liveweight loss, anaemia, gametocytaemia 

and infectivity to mosquitoes were made on each mouse. The methods of 

measurement are given in more detail later. The sampling regime is shown in 

Table 2.2. Emphasis was on measurement of virulence in Replicates 1 and 2, and 

measurement of transmission in Replicates 3 and 4. All measurements were taken 

between 9.00 a.m. and 1.00 p.m., except for infectivity to mosquitoes where feeds 
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were conducted between 7.00 p.m. and 8.00 p.m.. The order in which the clone-

groups were measured was randomised each day. 

2.5.6 Measures of virulence 

As a measure of parasite replication rate, the proportion of red blood cells 

(rbc) infected by asexual parasites - parasitaemia - was measured during the 

infection. This was done by staining thin blood smears on glass slides with a 10% 

Giemsa solution for 30-40 minutes and then counting the number of infected and 

uninfected cells. On average, approximately 500 cells were counted and these 

were obtained from 2 to 3 separate fields of vision on the microscope using a 

magnification factor of 800. 

Loss of body weight of the mouse during the critical phase of infection was 

considered to be a likely indicator of the damage to host fitness caused by the 

parasite, i.e. an indicator of virulence. Therefore, mice were weighed to an 

accuracy of 0.01g at two to four-day intervals at the beginning and end of 

infection, and daily during the peak of the asexual infection. 

Anaemia - another measure of virulence - was assessed by measuring red 

blood cell density every two to four days. To do this, 2jx1 of blood from the tail of 

the mouse was taken by capillary action into micropipettes, diluted by a factor of 

50,000 or 100,000 in Isoton solution and then counted for red blood cells in a 

0.5ml sample by flow cytometry (Coulter Electronics). Readings were then 

converted to red blood cells per ml (rbc/ml) of mouse blood using a standardisation 

curve. 

2.5.7 Measures of transmission 

The density of pre-transmission stages of the parasites (gametocytes) was 

obtained by counting the number of red blood cells containing mature gametocytes 

(distinguishable from asexual parasites by their morphology and especially pigment 

as detected by polarised light) in the same thin blood smears used for counting 

asexual parasites. Between 30 to 100 fields were scanned for each measurement, 

and the average number of cells per field estimated from the counts of asexual 

parasites. 

29 



Infectivity to mosquitoes was assessed by dissecting typically 15-25 mosquitoes 

from each pot, i.e. from each mouse-feed. Feeds took place on Days 12 to 15 to 

obtain a measure of total infectivity in the lifetime of an infection. In Replicates 1 

and 2, each mouse was subjected to mosquito feeding only once (two mice per 

clone on Days 12 and 13 in Replicate 1 and Days 14 and 15 in Replicate 2), and in 

Replicates 3 and 4, each mouse was used twice (one mouse per clone per day on 

Days 12, 13, 14 or 15). 

Table 2.2. Days on which measurements were taken in each replicate of the 

experiment 

Weight Blood cell 
density 

Asexual 
parasites 

Gametocytes Infectivity to 
 mosquitoes 

Replicate 1 2 3 4 1 	2 3 4 1 	2 3 	4 1 	2 3 4 1 	2 	3 4 

Inoculum 

No. mice 
per clone 

No. clones 

106  

4 

6 

iO4  

4 

6 

105  

2 

8 

105  

2 

8 

Day  
0 * * * 	* 

1 * 

2 * * 

3 * 

4 * 

5 * * * 

6 * * * 

7 * * * * * * * * * 	* 

8 * * 

9 * * * * * 	* * * * 	* * 	* * 	* * 

10 * * * 

11 * * * * * * * * * 	* * * * 

12 * * * * * * * 	* * * * * 	* * 

13 * * * * * * * 	* * * * 	* * 

14 * * * * * * 	* * 	* * 	* * * * 	* * 

15 * * * * * * * * * * * 	* * 

16 * * * * * * 	* * * * 

17 * * * 	* * * 

18 * * * 	* * 	* * * 	* 

19 * 	* * * 

20  
21 * 

22 * 

23 * * 
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2.5.8 Statistical analysis 

2.5.8.1 Trait definitions 

The traits analysed fell into two categories - virulence traits (parasitaemia, 

liveweight, anaemia) and transmission traits (gametocytaemia, infectivity to 

mosquitoes). (Note that parasitaemia is not a measure of virulence per se but for 

convenience is included among the 'virulence traits' for the remainder of the 

discussion). Within each category, there were two types of traits - the maximum 

value (or minimum for weight and red blood cell density) of the trait during the 

infection, and the day on which these maxima/minima occurred, i.e. the timing of 

the infection pattern. Thus the data analysed comprised only one measurement per 

mouse for each trait and so the analysis did not involve repeated measures. 

Because some traits were measured two or more days apart it was probable that in 

some mice the peak value was not observed: this would cause some inaccuracy in 

measuring both the levels and timing of the peaks. 

Before statistical analysis, the data were transformed to bring the distributions 

close to normal so that the statistical assumptions of the analyses could be justified. 

This was not done for liveweight, nor for infectivity to mosquitoes which was 

analysed taking into account the binomial error structure of the data. It was 

necessary to apply two transformations to maximum gametocytaemia because the 

first transformation (arcsine square-root) failed to normalise the data. Trait 

definitions, abbreviations and their transformations are given in Table 2.3. 

2.5.8.2 Experimental replicate and clone effects 

A linear model with factors for experimental replicate, clone and number of 

passages of the clone since isolation from the natural host (Table 2.1) was fitted to 

the data using least-squares techniques using PROC GLM of the statistical package 

SAS (SAS, 1990). For analyses of minimum liveweight and minimum blood cell 

density, a covariate for the average of two liveweights or two blood densities 

measured early in the infection (Day 0-6) was also fitted to adjust for the mouse's 

initial values of these variables. Significance levels for each effect were found 
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Table 2.3 Definitions, transformations and summary statistics of traits used in the 

statistical analysis 

Variable (y) 	Definition and units of 	Transformation of 	No. of 'Mean Standard 
measurement 	 variable y 	 records 	deviation 

Virulence 
Maximum 
parasitaemia (%) 

Day of max. 
parasitaemia 

Minimum 
liveweight (g) 

Day of minimum 
weight 

Minimum 
blood density 
(10 x rbc/ml) 
Day of mm. the 
density 

Parasitaemia at max. 
gametocytaemia (%) 

Transmission 
Maximum 
gametocytaemia 
(no./l000rbc) 
Day of maximum 
gametocytaemia 

Maximum proportion of Arcsine4yI100) 	73 
cells infected with asexual 
parasites (no. per 100 rbc) 
Day of above 	 None 

Minimum liveweight 	None 	 79 
reached by mouse around 
the peak of infection (g) 
Day of above 	 None 

Minimum rbc density 	Log, 0(y)-9 	79 
around peak of infection 
i.e. maximum anaemia 
Day of above 
	

None 

Parasitaemia on the day of Log, 0(y) 	 71 
maximum gametocytaemia 

Maximum proportion of Log, 0  (ArcsineI(yI10)) 71 
cells infected with 
gametocytes 
Day of above 	 None 

	

21.2 	10.9 

	

9.8 	2.0 

	

18.0 	2.2 

	

10.8 	2.4 

	

1.54 	1.11 

	

11.0 	2.2 

	

3.8 	6.4 

	

0.62 	0.82 

	

13.5 	2.1 

Total Proportion of cells infected Log, 0(y) 	 62 	1.63 	2.32 
gametocytaemia with gametocytes, summed 

over the whole period of 
infection (no.11000 rbc) 

Total no. Absolute no. of 	Log,0(y) 	 60 	5.62 	7.29 
gametocytes gametocytes produced 
(xl06Iml) during the whole infection 

(calculated from 
gametocytaemia and blood 
density) 

Infectivity (%) Proportion of mosquitoes 	Logit 	 30 	17.1 	23.4 
infected, adjusted for day 
of feed and then averaged 
for each mouse. 

1. From untransformed data over all replicates and clones, excluding control mice 
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by F-tests: least-squares means of clone and replicate effects were also computed. 

A clone x replicate interaction was not fitted for these traits because two of the 

eight clones were not measured in Replicates 1 and 2. 

Infectivity to mosquitoes was analysed by fitting a model with factors for 

experimental replicate, clone, day of feed (Day 12, 13, 14 or 15), number of 

previous passages of the clone and all two-way interactions (where significant) to 

data which comprised the number of mosquitoes infected as a proportion of the 

number of mosquitoes infected for each mouse on each day. This was done using 

the PROC GENMOD procedure (SAS, 1990) which accounts for the binomial 

error structure of the data by transforming it to the logit scale. Clone was then 

dropped out of the model and the residuals from this analysis (on the logit scale) 

were then averaged for each mouse (to obtain a single data point per mouse, as for 

other traits): these means on the transformed scale were used for the remaining 

analyses of between-clone variation. 

2.5.8.3 Repeatabilities and correlations 

For each trait, estimates of the total phenotypic variance (up 2), between-clone 

variance (a 2) and within-clone variance (°E2)  were estimated by maximum 

likelihood using the PROC MIXED procedure of SAS (SAS, 1990) by fitting the 

same models described above, except that clone was fitted as a random effect rather 

than as a fixed effect. For infectivity data, the residuals on the logit scale were 

analysed. The proportion of the total variance attributable to between-clone 

variance measures the repeatability (t) of the trait. Here, repeatability reflects the 

correlation between repeated measures of a clone both within an experimental 

replicate and across experimental replicates established by asexual passage, i.e. 

with no sexual recombination. 

Estimates of phenotypic correlations (r e ), genetic correlations (re)  and residual 

(within-clone) correlations (r E) among the traits were also obtained by performing 

bivariate analysis of variance fining replicate as a fixed effect and clone as a 

random effect using PROC GLM and the MANOVA and RANDOM options of 
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SAS (SAS, 1990). As a check, approximate estimates of genetic correlations were 

also obtained by computing correlations between the clone least-squares means. 

Phenotypic correlations were tested for being significantly different from zero 

using Pearson's (1938) distribution of the correlation coefficient in small samples. 

Approximate standard errors of t were obtained using the formula given in 

Falconer and Mackay (1996), viz.; 

_02  
n(n—l)(N-1) 

where n is the number of mice per clone and N is the number of clones. 

Approximate standard errors for genetic correlations were obtained using the 

formula of Robertson (1959), viz: 

1 - r Fr 
  

where X and Y denote the two traits in question. Using these standard errors, 

approximate confidence intervals using the t-test were constructed to determine 

whether estimates of t and r were significantly different from zero. Likelihood 

ratio tests were also performed to test whether t estimates were different from zero. 

This required computing the likelihood of the data given the estimate and the 

likelihood of the data given that t was zero. The natural logarithm of this 

likelihood ratio is assumed to be distributed as half a chi-squared variable with one 

degree of freedom under the assumption of large sample size. Sample size was 

small in this study and so these should be treated as minimum confidence limits. 

The variance component estimation programme of Meyer (1991) was used for this 

purpose. 
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2.6 Results 
Across all experiments, 88 mice were measured for their infection patterns 

of which 8 were uninfected controls. One mouse in the BC clone group failed to 

develop an infection and so its data were excluded from the analysis. Ten of the 

infected mice died during the course of the experiment, although all of these deaths 

occurred under anaesthetic during the mosquito feeds late in the infection and 

therefore were not directly due to excessive virulence. An analysis of variance 

showed that the mice which died under anaesthetic had significantly higher 

(P <0.05) parasitaemias on the day before death (days 12-19), but not significantly 

higher weight loss, anaemia or parasitaemia earlier in the infection. This indicates 

that uncontrolled parasitaemia correlates with the probability of host death. 

A total of 1213 mosquitoes were dissected from a total of 59 feeds on 31 

different mice giving an average of 20.1 mosquitoes per feed. No mosquitoes 

became infected in Replicates 1 and 2. This was probably due to the omission of 

PABA from the glucose preparation on which mosquitoes were fed. 

To illustrate the typical infection patterns and variation between mice, the data 

on parasitaemia, weight, red blood cell density and gametocytaemia during the 

infection are shown in Figure 2.1 for four mice infected with the AJ clone in 

Replicate 2. Distributions of the data before and after transformation are shown in 

Figure 2.2. Means and standard deviations of the traits over all experimental 

replicates and clones are shown in Table 2.2. Typically, maximum parasitaemias 

of 21 % were reached on Days 8-10, followed by rapid weight loss and anaemia the 

next two days, after which a peak of gametocytes was reached between Days 12 

and 16. When gametocytes reached a peak, asexual parasitaemias were around 

4%. 
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Figure 2.1. Infection patterns for individual mice infected with clone AJ in 
Replicate 2. 
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2.6.1 Effects of experimental replicate and inoculum size 

There was no significant effect (P>0.05) of the number of previous passages 

of the clone on any of the traits and so this factor was dropped from the model for 

the remaining analyses. 

Figure 2.3 shows liveweights, parasitaemia and gametocytaemia over the 

course of the infection averaged for each replicate. From these it can be seen that a 

10-fold reduction in the size of the inoculum resulted in a 1-2 day delay in the 

course of the infection. It appears from this figure that peak parasitaemias 

occurred on days 7, 9 and 11 for inocula of 106,  io and io respectively, followed 

by minimum weights one day later, peak anaemia (minimum blood cell density) 

two days later, and peak gametocytaemia on Days 12, 13 and 14. However, these 

estimates of timing effects are biased by day of sampling which differed between 

replicates, and are inaccurate because most measurements were taken two days 

apart. Least-squares estimates of replicate effects (Table 2.4) bear this out because 

they show that the replicates were not consistent in the average delay between peak 

parasitaemia and peak gametocytaemia. Even though comparisons between 

inoculum size were not contemporaneous, the analysis of replicate effects does 

show a clear and significant delay in the infection as inoculum size is reduced 

(Table 2.4) suggesting that higher establishment rates of the parasite led to more 

rapid onset of symptoms. 

The other main result from the comparison between replicates is that there 

were no significant differences in weight loss, anaemia or total number of 

gametocytes, but there were significant differences between replicates in the level 

of parasitaemia and gametocytaemia. These differences did not rank consistently 

with inoculum size and therefore may be an artefact of the incomplete sampling 

regime (i.e. peaks may have been missed) or some other unexplained condition 

affecting parasite growth, e.g. the concentration of PABA supplied in the water. 

In summary, the replicate comparisons suggested that larger inocula led to 

earlier infections but this did not lead to higher virulence or transmission. 
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Table 2.4 Effects of initial inoculum size (replicate least-squares means') on 

virulence and transmissibility traits 

Replicate 	 Signif. 	's. e. 

Inoculum size 106  10' 10' 104  

(parasites per mouse) 

Replicate no. 1 3 4 2 

Virulence 

Max. parasitaemia 

- value (%) 22.0 20.1 15.0 19.5 n. s. 1.8 

-day 7.7 10.1 10.4 11.2 '"" 0.4 

Mm. weight 

- value (g) 18.1 18.1 18.4 17.5 n. s. 0.4 

-day 8.7 11.1 10.8 12.7 *** 0.5 

Mm. blood density 

- value (rbc x 109Iml) 1.37 1.02 1.67 1.14 n. s. 0.3 

-day 9.2 11.4 10.9 13.1 *** 0.5 

Parasitaemia at max. 

gametocytaemia 0.8 2.6 2.1 0.4 * 0.4 

Transmission 

Max. gametocytaemia 

- value(no./1000 ftc) 0.33 0.70 0.29 0.19 ** 0.3 

-day 12.2 13.1 13.2 14.9 '' 0.4 

Total gametocytaemia 

- value (no.11000 rbc) 0.83 1.26 0.51 0.44 * 0.8 

Total no. gametocytes 

- value (no. x 106/ml) 3.78 4.60 1.78 2.14 n.s. 1.7 

Infectivity 

- value(%) - - 19.9 16.0 n.s. 7.0 

Estimates have been back-transformed to the original scale. 
Standard errors of the replicate means, back-transformed. 

41 



2.6.2 Clone effects on virulence and transmission traits 

Significant differences between clones were found for all traits relating to 

levels of parasite virulence and transmission except for infectivity (Table 2.5). For 

example, some clones (CW and AS) were very avirulent having 8% peak 

parasitaemia, causing no liveweight loss, and transmitting to 1-3% of mosquitoes, 

and some clones were very virulent (AT, BC and ER) reaching greater than 24% 

parasitaemia, causing 15% liveweight loss and transmitting to 12-28% of 

mosquitoes. Clones of medium virulence were also found (AD, Al and AQ). 

Except for infectivity, repeatabilities for these traits were moderate (between 30 

and 45%, Table 2.6) thus indicating that these were stable and repeatable 

characteristics of the clones when measured across different experimental replicates 

and mice. There was no variation in the level of asexual parasitaemia at the time 

of peak gametocytaemia: the mean for this trait was low (4%), however, and so 

any between-clone differences would have been difficult to detect. The 

repeatability for infectivity was low (t=0.09) because three of the clones with low 

infectivity in Replicate 3 had the highest infectivity in Replicate 4 thus causing a 

significant clone by replicate interaction (P<0.01) due to a change in ranking of 

the clones across the replicates (Table 2.5): this generated a between-replicate 

correlation (repeatability) of —0.35. However, within Replicates 3 and 4, the 

repeatability of the clones were 0.65 and 0.88, respectively. 

In contrast to the genetic variation in peak values reached during the infection, 

there was no between-clone variation in the timing of the infection (Tables 2.5 and 

2.6) suggesting that timing is more related to stochastic events such as number of 

parasites in the initial inoculum which become established rather than to the 

intrinsic rate of growth of the parasite. Alternatively, the inaccuracy of measuring 

timing traits may be responsible for the large amount of within-clone variation 

relative to between-clone variation. Repeatabilities for timing traits were all less 

than 9% (Table 2.6). Correlations with other traits were therefore not estimated. 
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Table 2.5 Effects (least-squares means') of clone on virulence and 

transmissibility traits 

Trait 

AD AJ AQ AS 

Clone 

AT 	BC CW ER 	Control 

2s.e. 3Signif 

Virulence 

Max. parasitaemia 

- value (%) 19.3 19.2 23.3 8.4 27.5 27.6 8.6 24.0 	- 5.2 	** 

- day 10.4 9.4 9.7 10.2 8.8 9.8 10.2 9.5 	- 0.8 	n.s. 

Mm. weight 

- value (g) 18.2 17.8 18.6 19.5 16.9 16.9 19.4 16.8 	20.1 0.7 	*** 

- day 10.9 10.9 11.0 10.3 10.0 10.9 10.8 11.3 	- 1.1 	n.s. 

Mm. blood density 

- value (rbc x 1091m1) 1.68 0.98 1.19 2.79 0.77 1.03 2.07 0.78 	10.53 0.58 *** 

-day 11.7 10.8 10.8 11.5 10.0 11.1 11.3 12.0 	- 0.9 	n.s. 

Parasitaemia at max. 

gametocytaemia 1.6 1.0 2.2 0.5 0.9 1.6 0.6 2.9 	- n.s. 

Transmission 

Max. gametocytaemia 

- value(no./1000 rbc) 0.40 0.14 1.17 0.23 0.29 0.26 0.18 0.81 	- 0.46 *** 

- day 13.5 14.4 13.2 13.8 14.7 13.1 13.2 13.9 0.9 	n.s. 

Total gametocytaemia 

- value (no./1000rbc) 0.58 0.22 3.37 0.44 0.64 0.40 0.36 3.01 	- 1.30 *** 

Total no. gametocytes 

-value (no./lO6 the) 2.31 0.84 9.52 1.85 3.21 1.94 1.48 13.96- 2.24 

Infectivity 

- value (%) 	Overall 22.2 12.6 29.2 5.4 18.0 18.4 7.5 24.6 	- 13.4 n.s. 

Rep. 3 18.6 24.8 58.7 13.6 36.0 15.1 10.2 4.1 

Rep. 4 25.7 1.1 12.3 0.0 6.4 55.2 2.6 39.6 

Estimates have been back-transformed to the original scale 
Average standard errors of clone means, back-transformed 
Controls excluded from data for these significance tests. 
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Table 2.6. Estimates of repeatability and variance components for virulence and 

transmissibility traits 

Trait 'Variance component 

CC 	 0E 	 (Yp 

t 2s.e. oft 3-2InLR 

Virulence 

Max. parasitaemia 0.009 0.011 0.020 .45 .16 11.3*** 

Day of max. parasitaemia 0.118 1.891 2.008 .06 .09 0.8 

Min. weight 1.001 1.297 2.298 .44 .16 9.6** 

Day of mm. weight 0.000 3.288 3.288 .00 .08 0.0 

Mm. blood density 0.0278 0.0634 0.0915 .30 .15 5.2* 

Day of mm. blood density 0.010 2.464 2.564 .04 .07 0.2 

Parasitaemia at maximum .000 0.686 0.686 .00 .07 0.0 

gametocytaemia 

Transmission 

Max. gametocytaemia 0.00075 0.00156 0.00023 .32 .15 59* 

Day of max. gametocytaemia 0.284 2.980 3.264 .09 .08 0.2 

Total gametocytaemia 0.149 0.240 0.389 .38 .16 8.1** 

Total no. gametocytes 0.126 0.228 0.354 .36 .16 6.2* 

Infectivity 0.389 3.833 4.221 .09 .16 1.5 

I. Estimates are on the transformed scale. c r1 , between-clone variance; a 2 , phenotypic varianc 
CE 2 , residual variance; t, ratio of between-clone variance to phenotypic variance. 
Approximate standard errors oft. 
Twice the log likelihood ratio for testing the null hypothesis that t=0. Significance tests are 
based on the chi-squared distribution with one degree of freedom 

2.6.2.1 Phenotypic and genetic relationships among traits 

Phenotypic, genetic and residual correlations among traits are shown in Table 

2.7 and some key relationships are illustrated in Figures 2.4 and 2.5. In these 

figures, data are on the untransformed scale to illustrate the actual levels of 

variation and covariation observed. 

There was a strong relationship between peak parasitaemia early in the 

infection and the two virulence measures, weight loss and anaemia (Table 2.7, 



Figure 2.4a). 	This confirms the first of the assumptions of the trade-off 

hypothesis, namely that virulence is a consequence of fast early parasite replication 

rate. These relationships held at both the genetic and non-genetic levels (i.e. across 

clones, and within mice of the same clone). Correlations among transmission traits 

were also strong, especially at the genetic level, thus validating the use of pre-

transmission forms (gametocytes) in the host as indicators of actual transmission to 

the vector (Table 2.7, Figure 2.4b). This was despite a low repeatability of 

infectivity across replicates. Parasitaemia at the time of peak gametocytaemia was 

strongly genetically correlated to transmission traits indicating that persistence of 

the infection was a key factor in transmission output from the infection. 

Correlations between early parasitaemia and transmission traits were positive, 

especially at the genetic level, thus supporting the second of the assumptions of the 

trade-off model which is that higher replication rates are linked to higher levels of 

transmission. These correlations were significant only for lifetime transmission to 

mosquitoes (P<.05): the lack of significance for the positive correlations between 

peak parasitaemia and gametocyte production was probably due to a lack of 

statistical power, although it should be remembered that the significance tests are 

very approximate. Correlations between gametocyte production and the traits 

reflecting virulence - weight loss and anaemia - were low indicating that 

gametocyte production is not directly influenced by the amount of damage incurred 

to the host. Instead, the asexual parasitaemia at the time of peak gametocyte 

production was moderately related to gametocyte output suggesting that 

transmission success depends on the persistence of the infection after the crisis 

period. The high genetic correlations underlying this relationship are somewhat 

unreliable because the amount of between-clone variance in this trait was very low 

(Table 2.6). 

In summary, the phenotypic and genetic correlations suggest that parasites with 

a genetic ability to replicate faster in the asexual phase are genetically more able to 

transmit at higher levels, but cause higher levels of virulence as a consequence. 
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Table 2.7. Phenotypic, genetic and residual correlations among virulence and 

transmissibility traits 

Trait 'Phenotypic correlations 

Trait no. 	1 2 	3 	4 5 6 7 8 

Virulence 
Max. parasitaemia 	1 	1 .71*** 	.60*** 	.17 .18 .21 .22 44* 

Min. weight 	 2 1 	.72*** -.28* -.11 -.06 -.12 -.18 

Min. blood density 	3 1 	-.19 -.10 -.06 -.02 .23 

Parasitaemia at max. gain. 	4 1 .36** .28* .20 .32 

Transmission 
Max. gametocytaemia 5 1 • 95*** .89*** .63*** 

Total gametocytaemia 6 1 • 94*** • 74** 

Total no. Gametocytes 7 1 

Infectivity 8 1 
Residual correlations 

1 2 	3 	4 	5 6 7 8 

Virulence 
Max. parasitaemia 1 	1 -.53 	-.40 	.00 	.00 .00 .08 .17 

Min. weight 2 1 	.61 	-.29 	-.16 -.16 -.18 .20 

Min. blood density 3 1 	-.17 	-.09 -.08 -.06 .60 

Parasitaemia at max. gam. 4 1 	.30 .09 .20 .15 

Transmission 
Max. gametocytaemia 	5 	 1 	.93 	.86 	.46 

Total gametocytaemia 	6 	 1 	.90 	.58 

Total no. Gametocytes 	7 	 1 	.59 

Infectivity 	 8 	 1 
Genetic correlations 2(s.e.) 

1 	2 	3 	4 	5 	6 	7 	8 

Virulence 
Max. parasitaemia 1 	1 .91*** 	.88*** .69 .45 .38 .38 .78** 

(.04) 	(.06) (.48) (.24) (.24) (.24) (.28) 

Mi. weight 2 1 	.90*** -.40 -.03 .06 -.03 .70* 

(.07) (.53) (.30) (.28) (.29) (.37) 

Mm. blood density 3 1 -.32 -.12 -.02 .02 -.40 
(.96) (.36) (.33) (.34) (.74) 

Parasitaemia at max. gam. 4 1 .79 .75 .72 .53 
(.40) (.46) (.52) (1.55) 

Transmission 
Max. gametocytaemia 5 1 • 97*** • 93*** .83** 

(.05) (.05) (.27) 

Total gametocytaemia 6 1 .98*** .86** 
(.01) (.26) 

Total no. Gametocytes 7 1 
(.17) 

Infectivity 8 1 

Significance tests for phenotypic correlations being different from zero are based on Pearson's 
statistic for correlations in small samples. 
Standard errors of genetic correlations are calculated from Robertson's (1959) approximation. 
Approximate significance levels for testing that correlations are different from zero are based 
on a two-tailed t-test. 
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2.7 Discussion 

This study has shown that P. chabaudi parasites show substantial levels of 

genetic variation in virulence and transmission traits in the laboratory mouse and 

that the relationships between these two traits seem to be integrally linked by 

genetic factors within the parasite. These observations support one arm of the 

trade-off hypothesis which is that virulence evolves to higher levels because of the 

parasite's need to grow fast in order to reproduce more. The two fundamental 

assumptions in this hypothesis - that virulence is a by-product of rapid asexual 

replication, and that faster replication results in higher transmission - were 

explicitly tested and found to be supported by the data. This is an important 

finding as it validates the trade-off hypothesis for one of the most important 

microparasites of man, and other relevant data are extremely scarce for parasites of 

vertebrate hosts. The implications for malaria are that selection pressure imposed 

on parasite replication rate (e.g. through use of asexual stage vaccines) is expected 

to produce a correlated increase in virulence to the point which optimises parasite 

fitness. The effectiveness of such artificial selection in the field situation, where 

natural selection through acquired immunity in the host and by vectors (either 

directly by the mosquito itself, or indirectly by the density of the mosquito 

population), will already be operating, is difficult to ascertain, and such predictions 

from the laboratory must be treated with caution. Nevertheless, during the era of 

malaria therapy for neurosyphilitics, during which natural transfer of parasites by 

mosquito feeding and inoculation was regularly used, it was observed that the 

Madagascar strain increased in virulence with a concomitant increase in gametocyte 

production (James et al., 1936). James et al. (1932) also concluded that virulence 

of a strain was directly related to its asexual parasite growth rate. The findings of 

the present study are concordant with these early observations from a semi-natural 

environment, obtained from much accumulated experience with a diverse range of 

parasite strains. 

The other arm of the hypothesis - that parasites also need to limit this growth 

to avoid killing the host and hence its opportunities for reproduction - was not able 
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to be tested properly because there was low host mortality in these experiments. 

However, the few host deaths that did occur appeared to be associated with higher 

parasitaemias, and so it is expected that if higher levels of virulence had been 

reached, as occurs in other strains of laboratory mice (Stevenson et al., 1982), 

there would have been more host mortality. The phenomenon of cerebral malaria 

may be an example of this: if parasitaemia is too high, or if there is excessive 

cytoadherence of the parasite to achieve maintenance of asexual parasite 

populations, the result can be blockage of capillaries in the brain which produces 

this lethal form of the disease. 

The question arises as to why higher replication rates lead to higher 

transmission. It is known that gametocytes are the products of a small proportion 

(<1%) of schizonts grown from asexual parasites. Gametocytes do not replicate 

and take about two days to mature, thus their numbers should relate directly to the 

ability of the asexual population to grow. In this study, and in others (Taylor, 

1997b, in press), the analysis failed to find a clear positive relationship between 

asexual parasite numbers at the peak of infection and gametocyte numbers after 

crisis. Given that there is a huge decrease in numbers of asexual parasites during 

crisis, and that the majority of gametocytes are formed when asexual parasitaemias 

are still low, the lack of a significant relationship between these traits is perhaps 

expected. However, the number of asexual parasites at the time of peak 

gametocytaemia was more strongly related to gametocyte numbers, and so it is 

suggested that transmission does depend on the maintenance of asexual parasite 

populations, especially later in the infection. This ability to maintain population 

numbers (of either asexuals or gametocytes) may have a number of components 

which can be broadly divided into those which relate to either birth or death rate of 

parasites. In the birth rate category, factors which could contribute to more rapid 

replication are higher numbers of merozoites per schizont (for which there is 

considerable genetic variation between species (Cox, 1988)), higher conversion 

rates of asexual parasites into gametocytes, or more successful invasion rates of 

merozoites into uninfected cells (e.g. could it be that rosetting, which is the 

surrounding of an infected cell by many uninfected cells and a determinant of 
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virulence (Carlson et al., 1990; Rowe et al., 1995), is a mechanism for increasing 

the success of merozoite invasion?). Death rates may be determined by the ability 

to cytoadhere and sequester and therefore avoid killing by the spleen, by efficacy of 

immune evasion through switching surface antigens, or by immune killing through 

non-specific mechanisms. While many details are known about some of these 

processes, the relative role of each in sustaining parasite populations within the host 

are undefined. Empirical studies of specific aspects of within-host parasite 

population dynamics are required to establish whether, for example, the degree of 

sequestration, or the ability to phenotypically switch antigens, are crucial 

determinants of parasite survival, as is commonly thought. In particular, such 

experiments should monitor the infections for a longer period than was done in this 

study to determine the impact of these factors on total transmission during the 

parasite's lifetime. 

Alternatively, there may be a less functional link between asexual parasite 

numbers and transmission than discussed above. For example, conversion rates 

may be so plastic that gametocyte numbers are not able to be predicted by asexual 

numbers. In this case, for there to be a genetic link between parasitaemia and 

transmission, there would have to be a third extrinsic factor which influenced both 

traits. One such possibility is that immune killing may be effective against both 

asexual parasites and gametocytes: this appears to be realistic since PfEMP1 is 

expressed on the surface of cells containing gametocytes as well as those infected 

by asexual parasites (Hayward, 1997). Another possibility is that host-derived 

factors induced against asexual parasites cause a decrease in infectivity to 

mosquitoes with no reduction in parasite numbers. This appears to be true for P. 

berghei and P. vivax where temporary decreases in infectivity to mosquitoes are 

observed during crisis (reviewed by Sinden et al., 1996; Carter et al., 1997). 

The variation between clones has so far been interpreted to be genetic in 

origin. However, the possibility must also be considered that some environmental 

factor caused a correlation between mice infected with the same clone and therefore 

a higher relative amount of between-clone variation to within-clone variation. Two 

potential sources of covariance are envisaged here. One is due to injecting mice 

- - - 
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with the same clone from just one syringe, i.e. mice were not infected 

independently within each experimental replicate. They were also housed in the 

same box which may have caused a correlation due to a common environment. 

However, the fact that the clones were repeatable over experimental replicates as 

well as within replicates suggests that this was not an important influence. The 

second potential source of covariation is the transfer of some unidentified factor 

(e.g. in the parasite's cytoplasm, or another pathogen in the blood) during serial 

passage. If such an agent had been acquired before the experiment (e.g. during the 

cloning process), it may have generated clone differences which were then 

maintained during the course of the experiment. It is difficult to rule out such a 

possibility. If it was true, then the phenotypic correlations would be valid, but the 

genetic correlations would not be due to parasite genetics, but instead due to 

common environmental influences generated by the concomitant organism. 

The parasite clones used in these experiments were expected to consist of 

one genotype only. However, the possibility that there was more than one 

genotype in the cloned line of parasites could not be ruled out. If, in fact, mixtures 

of genotypes were present in some of the clones, the genetic correlations might be 

biased as upwards it is known that mixed genotype infections cause an increase in 

virulence (Taylor et al., 1998) and in transmission (Taylor et al., 1997a,b), at least 

for two particular clones (ER and CR). Furthermore, if the complexity of the 

clonal populations had increased during the passages following cloning, with a 

concomitant effect on growth rate, virulence and transmission, the correlations may 

have been biased. 

This study considered only one stage in the transmission cycle. There are 

many factors that determine whether a parasite is successful in its reproductive 

efforts. For example, the probability of transmission may be enhanced by higher 

numbers of oocysts and sporozoites in the mosquito, or by higher establishment 

rates in the liver and in the bloodstream upon rupture of the liver schizonts. The 

latter is one way in which early parasite replication rate may be genetically linked 

to transmission in the broadest sense. 
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One further observation in this study deserves mention here. Minimum red 

blood cell density (inversely related to anaemia) was negatively related to 

infectivity to mosquitoes at the genetic level (not significantly, r G =-.40), consistent 

with the adaptive trade-off hypothesis and all other observed correlations between 

virulence and transmission. However, at the non-genetic level (within-clones), red 

blood cell density was positively related to infectivity (rE =  .60), and this was the 

only example of a clear conflict between genetic and non-genetic correlations. One 

hypothesis is that mosquitoes which do not get an adequate supply of nutrients from 

an anaemic host are not able to sustain an oocyst infection (reviewed by Hurd et 

al., 1995) thus potentially creating a negative non-genetic relationship between 

anaemia and infectivity to mosquitoes as observed here. Alternatively, the 

successful pairing of male and female gametes to produce oocysts may depend on 

having a high density of gametocytes in the blood meal. This latter hypothesis was 

examined by adjusting for gametocyte density by including it as a covariate in the 

model. It was found that even though the genetic correlation between anaemia and 

infectivity strengthened to r 0 =-.75, but the phenotypic and residual correlations 

were unchanged (r = .17, r = .60). Thus these results do not support the 

hypothesis that infectivity is decreased by anaemia through an effect on gametocyte 

density, and are otherwise difficult to interpret. A further complicating factor in 

this relationship is that high virulence in the mammalian host could well be 

associated with high virulence in the mosquito host through excessive oocyst 

burdens. However, as the amount of mortality among mosquitoes was not 

recorded, it was not possible to evaluate this latter hypothesis. 

The host, vector and environment were all foreign to the parasite in this 

study. Therefore it is perhaps expected that such large genetic variation was 

expressed in this artificial system. It is not known whether such variation exists in 

the natural environment of P. chabaudi, nor in other Plasmodium species, although 

theoretical models generally predict that it should. It is also possible that such 

variation was generated in the laboratory during the necessary passages prior to 

cloning. Such variation may have arisen through mutation and/or selection from 

the hosts. The possibility of non-genetic properties being acquired during repeated 
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passages, such as a new phenotypic antigenic type arising and becoming established 

within a cloned line, cannot be ruled out. However, it is difficult to see how an 

antigenic type in one clone would confer a growth advantage over another clone 

when grown in naive hosts. On the other hand, an increase in the degree of 

antigenic variation being expressed may have conferred an advantage to some 

clones. The high level of stability, or repeatability, of the traits over replicate 

experiments, and the lack of significance of the effect of the number of previous 

passages, suggest that non-genetic or genetic properties acquired during asexual 

passage were not important during the short series of asexual passages during these 

experiments. Nonetheless, even if such variation is not observed in the field, the 

demonstration in this study of intrinsic genetic ties between parasite growth and 

reproductive success supports the view that parasite virulence is driven towards a 

level which involves a compromise between the parasite and its host. 
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Chapter 3 

Parasite genetics: a selection experiment for 

virulence in Plasmodium chabaudi 

3.1 Summary 
Within-clone selection for high or low virulence, as defined by the amount of 

weight lost by the mice which they infected, was performed for eleven generations 

in each of two clones (BC and CW) of P. chabaudi parasites. Parasites were 

transmitted by blood passage and did not undergo fertilisation and meiosis. It was 

found that, despite selection in both directions, all lines steadily increased in 

virulence over the generations. Associated with selection were increases in asexual 

parasitaemias and levels of anaemia: these potentially negative effects were 

rewarded by higher numbers of gametocytes. However, host mortality rates did 

not increase with selection. Strikingly, the clone which had very low virulence at 

the beginning of the experiment (clone CW) increased in virulence much more 

rapidly than the clone which was already virulent (clone BC). The results suggest 

that these parasites, when allowed to evolve in hosts and conditions which are 

different from those they encounter in their natural environment, are able to adapt 

rapidly to these new conditions. The opportunities for mutation and selection to 

occur within the vast asexual populations of parasites within individual hosts is 

suggested to be an important mechanism used by the malaria parasite to survive and 

persist in the face of strong acquired immunity by the host. The possible 

involvement of mechanisms relating to antigenic variation and cytoadherence in 

adapting to a new host are also discussed. 
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3.2 Introduction 

In the previous chapter it was demonstrated that there was large genetic 

variation in virulence, replication rate and transmissibility among clones 

(genetically uniform lines) from a natural population of rodent malaria parasites 

when examined in a laboratory setting. This variation, which is probably due to 

many genes and gene combinations, was measured at the between-clone level. 

Between-clone variation is the substrate for the processes of selection and 

recombination to bring about genetic changes in these traits to suit the prevailing 

transmission and host environment. There is, however, another potential source of 

genetic variation on which within-clone, within-host selection can act - that of 

within-clone variation. Given the ample opportunity for mutations to arise from 

among the vast number of asexual parasites produced within the one infection, and 

the very expansive growth of parasite populations within a single host, some 

within-clone variation may also be expected. The amount will depend on the 

mutation rate and the selective advantage or disadvantage of the mutation, 

especially early on in the infection when the population is relatively small. 

Furthermore, within-clone 'genetic' variation can arise from the programmed 

switching of antigenic types on the surface of the red cell membrane (reviewed by 

Borst et al., 1995). Even though in the previous experiment the between-clone 

variation swamped the within-clone variation, selection within clones may still 

contribute much to the rate of parasite evolution. 

There is much evidence that within-clone selection is responsible for genetic 

changes in parasites maintained in artificial laboratory environments. Increases in 

virulence with continual asexual or mixed asexual and sexual passages (i.e. 

including mosquito transmission) of various species of malaria parasites have often 

been reported (Bishop, 1954; Galli et al., 1967; Hartley, 1969, Sergent and Pancet, 

1959, all cited by Alger et al., 1971; Contacos et al., 1962, Chin et al., 1968; 

Yoeli et al., 1975; Dearsly et al., 1990). Many of these changes have been rapid 

and have been associated with a distinct change in preference for the younger blood 

cell types (reticulocytes) instead of the normally preferred mature erythrocytes 

(Alger et al., 1971, Yoeli et al., 1975). Mutations with large effect, followed by 
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inadvertent selection for faster growing parasites, have been assumed to be the 

cause of such rapid changes. Walliker et al., (1976) demonstrated that this was 

likely to be the case for the virulent clone of Yoeli et al. (1975) because when 

crossed with a clone of low virulence, the progeny clearly segregated for high and 

low virulence. However, the segregation ratio was not 50:50 as expected from 

Mendelian inheritance: this may have been due to the difficulty of detecting 

avirulent clones. When this same virulent clone was further crossed with an 

another independently derived clone of intermediate virulence, 10% of the progeny 

were avirulent (Walliker, 1981) suggesting that the high and intermediate parent 

clones may have been carrying different mutations at separate loci. Walliker et al. 

(1976) also showed that the virulence phenotype was stable through mosquito 

transmission. 

Decreases in virulence have also been shown to occur during maintenance 

of malaria parasites in laboratory animals (Carrescia and Arcolea, 1957, in Alger et 

al., 1971; Alger et al., 1971; Knowles and Walliker, 1980). However, while 

Knowles and Walliker (1980) found that mosquito passage restored virulence to 

these clones, Alger et al. (1971) repeatedly observed losses of virulence during 

mosquito passage. Similarly, maintenance of P. falciparum parasites in in vitro 

culture often results in loss of cytoadherence properties and the ability to form 

gametocytes: this has been found to be due to a deletion of a small region on 

chromosome 9 (Kemp et al., 1992; Day et al., 1993). As cytoadherence has been 

linked to virulence through its association with the most virulent form of the 

disease, cerebral malaria, in the field (MacPherson et al., 1985) this observation 

implies that virulence - at least that caused by cytoadherence - is reduced when the 

selection pressure for transmissibility is eliminated. In vivo studies have yet to 

confirm whether this observation holds up under natural conditions. 

Thus, after ruling out the effects of diet, host genetics and contamination 

with other clones or other organisms (as most authors have done), the genetic 

behaviour of virulence and avirulence in laboratory strains of malaria parasites, and 

its relationship to transmissibility are unclear from these few investigations. 

Moreover, it appears that none of these studies made independent repeated tests of 

57 



the virulence of these clones, or performed contemporaneous comparisons, or 

analysed the data in a quantitative way. Thus a combination of anomalies and lack 

of appropriate testing render the available information difficult to interpret. 

In the study presented here, artificial selection for high and low virulence 

was applied within P. chabaudi clones which were maintained by asexual passage 

in laboratory mice. The objectives were to determine whether there was enough 

within-clone genetic variation in virulence on which selection could successfully 

operate (without the constraints on transmission or fitness which would normally 

operate in a natural environment), to see whether the selection response was rapid 

or gradual, to determine the correlated responses to transmission, and to determine 

whether the genetic changes in virulence were asymmetric, i.e. biased towards 

higher or lower virulence when adapting to a novel host species. 

3.3 Materials and Methods 

3.3.1 Experimental design 

Two clones were chosen from the panel of clones used in the experiment 

described in Chapter 2: one had high virulence (clone BC) and one had low 

virulence (clone CW). Within each clone, selection for high and low virulence was 

performed over eleven generations of asexual passage to give a total of four 

selection lines. These are denoted BC-A, BC-V, CW-A and CW-V where A 

(avirulent) and V (virulent) denote low and high virulence, respectively. The 

selection criterion for virulence was post-infection weight loss of the mouse. The 

selection procedure is described in the following. 

Each generation, for eleven generations, the following steps were taken: 

1. On the day of infection (Day 0), four mice per line (C57B1/6, female, 6-8 

weeks old, B & K Universal, U.K.) (eight per line in later generations, see 

Table 3.1) were injected with 5 x io parasites collected from each of two mice 

per line in the previous generation (see below) to give an initial inoculum of io 

parasites in total per mouse. In Generation 0, the initial inoculum was 106 

parasites. 
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Liveweights were measured on Days 0, 6, 10 and 11 on all mice. For each 

mouse, the difference between the average of weights on Day 0 and 6 and the 

average of weights on Days 10 and 11 was calculated to obtain a measure of 

weight loss. Thin blood smears were made on Day 10 or 11 for parasitaemia 

counts, and red blood cell densities were also measured on these days in all 

generations except Generation 10. 

On Day 12, blood was taken from two mice for inoculating the mice in the next 

generation (Step 1). In the high virulence lines, the two mice chosen as donors 

were those of their line group which had the highest weight loss. Similarly, in 

the low virulence lines, those with the least weight loss donated parasites to the 

next generation. Note that positive values of weight loss indicate high 

virulence. 

Thus the selection regime focused on between-host differences, although the 

sampling of just 105 parasites from each host may also have allowed selection on 

within-host parasite variation. Selection intensity (proportion of hosts which 

donated parasites) was approximately 50% in Generations 0 to 7 and 25% in 

Generations 8 to 11 when the lines were expanded from four to eight mice. Details 

of numbers of mice which were infected, survived and donated in each generation 

are given in Table 3.1. In Generation 4, no selection was applied because of lack 

of availability of mice. 

After eleven generations of selection, a separate experiment was conducted 

to compare the selected parasites from Generation 12 ( all four lines) with their 

ancestors from Generation 0. In order to avoid possible genetic or other changes 

caused by deep freezing, parasites from Generation 12 were frozen down as they 

had been for Generation 0. After three weeks, parasites from these frozen stocks 

were injected into one mouse per line, and then a week later into another mouse 

per line. When these latter mice had reached 5-10% parasitaemia, they were used 

to donate 10 parasites to each of five mice per line to begin the experiment. One 

week later, a second replicate was established using parasites donated from one 

mouse per line in the first replicate. Liveweights were recorded throughout the 

infection. Red blood cell densities were recorded on Days 9 and 11. Asexual 
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parasitaemias were counted on Days 7, 13 and 15 (or 14 in Replicate 2). On Days 

13 and 15 (or Day 14), gametocytaemia was also measured (as in Chapter 2). 

3.3.2 Statistical analysis 

A linear model was fitted to the data on weight loss, red blood cell density 

and parasitaemia from all the generations by analysis of variance using the SAS 

procedure GLM (SAS, 1990). Class effects in the model were day of measurement 

(Day 10 or 11), clone, selection line, and a two-way interaction for clone x 

selection line. Covariates included in the model were generation, two-way 

interactions for generation x clone and generation x line, and a three-way 

interaction for generation x clone x line. These covariates were intended to 

estimate the linear rate of change of the lines over the generations, and the class 

effects were to estimate the differences in intercepts. 

Selection differentials (the deviation of selected mice from the group 

average) for weight loss for all mice contributing parasites to the next generation 

were calculated as the individual mouse's weight loss minus the mean weight loss 

for all mice in the selection line contemporary group. Cumulative selection 

differentials were calculated over the generations. Because selection intensity was 

doubled in Generation 8, the data were split into two parts (Generations 0 to 7 and 

Generations 8 to 11) and analysed separately. The same model as above was fitted 

to these data to estimate the average selection differential in each line. Non-

significant terms (P>.05) were removed from the model. The average selection 

differential of those mice which died due to the infection was calculated and tested 

for a significant difference from the mean of all surviving mice. 

For the analysis of the contemporaneous comparison of the lines at 

Generations 0 and 12, a model was fitted with effects for replicate, clone and line 

nested within generation, and all two-way interactions among these terms. 
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Table 3.1 Selection intensities in high (V) and low virulence (A) selection lines in 

two clones of P. chabaudi over eleven generations. 

Generation Selection intensity (No. mice selected/No. mice infected) 
Clone BC Clone CW 

A V A V 
01 2/8 2/8 2/8 2/8 

1 2/4 2/4 2/4 2/4 
2 2/4 1/3 2/4 2/4 
3 2/4 2/4 2/4 2/4 
4 2/2 2/2 2/2 2/2 
5 2/4 2/4 1/3 2/4 
6 2/4 2/4 1/3 2/4 
7 2/4 2/4 2/4 2/4 
8 2/7 2/7 2/7 2/8 
9 2/8 2/8 2/8 2/8 
10 2/8 2/8 2/8 2/7 
11 2/8 2/7 2/8 2/7 

1. In Generation 0, two high and two low virulence mice were selected from the same pool of eight 
mice per clone. 

3.4 Results 

3.4.1 Mortality rates 

Eleven out of the 248 mice used in the selection experiment died during 

their infections, but two of these were due to cannibalism early in the infection and 

unrelated to virulence of the parasite. Of the remaining nine (3.6% of the total), 

eight had weights recorded on the day of death. The average of these eight was not 

significantly lower than the average of their contemporary group (P> .05) and so 

mortality had not greatly compromised the selection intensity, or caused bias to the 

estimated selection responses. 

3.4.2 Selection responses 

Changes in weight loss over the generations of selection for the four 

selection lines and the cumulative selection differentials are shown in Figure 3.1. 

The statistical analysis, summarised in Tables 3.2 for Generations 0 to 11 and in 
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Table 3.3 for the direct comparison of Generation 0 vs. Generation 12, showed that 

in all the lines there was an increase in weight loss over the generations, i.e. a 

significant generation effect. This increase was significantly higher (PC .01) in the 

clone which initially had low virulence (clone CW) than in the high virulence clone 

(BC), as indicated by the clone x generation interaction. Thus while the clones 

differed in virulence initially, they converged for virulence over time. All of these 

changes appeared to be gradual, i.e. there was no detectable rapid increase in 

virulence between consecutive generations. 

Selection within clones on high or low weight loss was not effective, i.e. 

there were no significant line effects. However, the tendency was towards lines 

selected for low virulence to have a higher rate of increase in virulence over the 

generations which is the opposite of what was expected. The absence of significant 

line differences was in contrast to the highly significant selection differentials 

obtained by high versus low selection in both clones (Figure 3. 1, Table 3.2). 

These averaged +0.4g and -0.4g per generation (or 2% of initial weight) in each 

of the clones for high and low weight loss, respectively, in Generations 0 to 7, and 

+1.4g  (8%) and -0.7g (4%) in Generations 8 to 11. These correspond to between-

line divergences of 0.8 and 2.4 standard deviation units for Generations to 0 to 7 

and Generations 8 to 11, respectively, which compare quite well to expected values 

of 1.3 and 2.3 for selection intensities of two in four and two in eight mice, 

respectively (Falconer and Mackay, 1996), after allowing for lower selection 

intensities than these in some generations. Thus while significant selection 

differentials between high and low virulence lines were achieved, these did not 

produce corresponding selection responses. This indicates that there was no 

significant amount of heritable variation within clones dictating between-host 

differences in weight loss. Instead, some unintentional selection produced steady 

increases in virulence over time in all lines. 
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Figure 3.1. Cumulative selection differentials and response to selection for high 

(V) and low (A) virulence, as measured by weight lost by Days 10 and 

11 post-infection, in P. chabaudi clones BC and CW. 
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Table 3.2. Estimates of responses to selection and selection differentials over 

eleven generations of selection for high (V) and low (A) virulence 

within clones BC and CW of P. chabaudi. 

Selection responses Selection differential (g) 
Weight Red blood Parasitaemia Gens. 0-7 Gens. 8-11 
loss (g) Cell density (%) 

(x109  rbc/ml) 
No. observations 247 204 205 56 32 
Mean 0.83 1.99 11.06 0.03 -0.34 

15 16 20 15 61 
21ntercepts 
'Significance 

Clone ** n. s. its. n. s. 
Line n. s. n. s. n. s. ** 

Clone xLine n. s. n. s. n. s. 
'Estimates 

BC-A 1.45 1.70 15.9 - - 
BC-V 1.48 0.95 10.3 - - 

CW-A 0.09 2.70 10.2 - - 
CW-V 0.30 2.59 7.8 - - 

Standard error 0.47 0.52 3.8 
Sloyes 

3Significance 
Generation n. s. 

Gen. x Clone ** n. s. n. S. n. s. 
Gen. x Line n. s. ** n. s. ** 

Gen. x Clone x Line n. s. * n. s. n. s. n. s. 
4Estimates 

BC-A 0.07 -0.06 2.8 0.20 0.71 
BC-V 0.02 0.19 1.6 -0.32 -1.53 

CW-A 0.18 -0.13 1.3 0.68 0.70 
CW-V 0.13 -0.11 1.5 -0.45 -1.24 

Standard error 0.06 0.07 0.6 0.41 0.44 
Proportion of variance explained by the model 
Intercepts and slopes of the regression line fitting trait on generation 
Significance levels based on F-tests in an analysis of variance 
Least-squares estimates and average standard error of the selection line means 



3.4.3 Correlated responses 
The observed increases in weight loss were accompanied by correlated 

increases in anaemia and parasitaemia (Figure 3.2 and Table 3.1). Red blood cell 

density on Day 10 of the infection decreased over the generations over all lines 

(giving a generation effect), and this effect was most marked in the low virulence 

clone, CW, (giving a clone x generation interaction), consistent with the results for 

weight loss. However, in the high virulence line of the virulent clone (BC-V), in 

the last few generations, anaemia became much less severe. This was not due to 

outlier observations from individual mice because low anaemia was observed in 

several mice in each generation. This decrease in virulence, as measured by 

anaemia, occurred despite quite strong selection for high weight loss in this line in 

these generations, and therefore is difficult to explain. It is responsible for the 

significance of the generation x clone x line interaction. Parasitaemia also 

increased over the generations in all lines, but there were no line or clone 

differences in this rate of increase. 

The experiment in which Generations 0 and 12 were compared 

contemporaneously confirmed that weight loss and anaemia had indeed increased 

over the 12 generations of asexual passage, and more so for CW than for BC (see 

the estimates of clone differences in Table 3.3). This is illustrated in Figure 3.3 

where it is seen that CW caused no weight loss in Generation 0, but by Generation 

12 was as virulent as BC. Parasitaemia early in the infection (Day 7) also 

increased during the experiment in both clones, and at a higher rate in the low 

virulence lines than the high virulence lines (see selection response estimates in 

Table 3.3). There was also an increase in the persistence of the infection over 

generations as evident by the higher parasitaemias and gametocytaemias after the 

peak of the infection (Table 3.3) 



Table 3.3. Estimates of responses to selection for high (V) and low (A) 

virulence within clones BC and CW by direct comparison of 

Generation 12 with Generation 0. 

Weight 'Red blood Parasitaemia 12Parasitaemia 12Gametocyt- 
loss (g) cell density Day 7 Days 13-15 aemia Days 13-15 

(x10 9  rbc/ml) (%) (%) (No./l000rbc) 
No. obs. 57 58 59 51 51 
Mean 1.20 1.35 13.9 0.95 0.48 
R2 (%) 50 40 40 82 60 
Estimates 
Clone means at Gen. 0 

BC 1.25 1.10 7.48 0.04 0.06 
CW -1.09 3.51 5.19 0.08 0.22 

'Clone differences 
Gen. 0 	BC-CW 2.34*** 2.41*** 2.30 -0.04 -0.16 
Gen. 12 BC-CW -0.23 0.23 -0.64 3.80** 

4Selection responses 
Gen. 12 BC-A 0.37 -0.23 14.76*** 1.77*** 0.25 

vs. Gen. 0 BC 
Gen. 12 	BC- V 0.51 0.61 5.47 2.96*** 0.14 

vs. Gen. 0 BC 
Gen. 12 CW-A 3.12*** 2.60*** 15.39*** 6.13*** 1.09*** 

vs. Gen. 0 CW 
Gen. 12 CW-V 2.92*** 2.39*** 10.72** 5.98*** 0.77*** 

vs. Gen. 0 CW 
5Groun standard error 0.54 1.38 3.94 1.69 0.13 

Data were log-transformed prior to analysis. Estimates have been back-transformed to the 
original scale but significance levels apply to transformed data. 
Averages are taken over Days 13 and 15 in Replicate 1, and Days 13 and 14 in Replicate 2. 
Differences between the clones at the beginning and end of the experiment. 
Selection line differences at Generation 12 cf. Generation 0. 
Average standard error for selection line within generation. 
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Figure 3.2. Correlated responses in anaemia and parasitaemia on Day 10 post 
infection to selection for high (V) and low (A) virulence in P. 
chabaudi clones BC and CW. 
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or low virulence in two clones (BC and CW) of P. chabaudi. Each 
line is the average of ten mice measured in two separate replicate 
experiments. 



3.5 Discussion 
Within-clone selection for virulence based on between-host variation was 

ineffective in this experiment. This was not due to a lack of selection pressure 

(reasonably high selection differentials were achieved), and therefore was either 

due to (a) lack of variation within a clone, (b) lack of stability upon transfer to a 

new host, or (c) to inadvertent and overriding selection for higher virulence in all 

lines resulting from the selection procedure. Lack of variation within a clone can 

be ruled out by the fact that the lines clearly changed genetically through time. The 

direct comparison of the selected lines with the original lines demonstrated that this 

was not due to a systematic change in the environment over time. This genetic 

change could only have arisen through selection (albeit in a different direction than 

intended) on variability either existing within the clone at the outset, or created 

during the course of the experiment. The lack of stability during serial passage 

explanation is in contrast to the wide variation and stability of virulence properties 

observed between clones in the previous experiment and therefore is unlikely to be 

true. The inadvertent selection explanation is likely to be true for the following 

reasons. The population of parasites which was transferred to new hosts each 

generation was only a sub-population of the total population in the host. If the 

parasite population evolved as the infection progressed as a result of negative 

selection by the immune system or positive selection for higher replication rates, 

the parasite population surviving on Day 12 would have been genetically different 

from the population causing the weight loss by Days 10 and 11. This would have 

caused selection for parasites able to survive best to Day 12 which is after the 

onslaught of the immune system when very high parasite mortality occurs. 

Certainly, an increased ability to persist through this crisis was evident by the 

higher parasitaemias and gametocytaemias in Generation 12 than in Generation 0. 

The intensity of such selection within hosts probably outweighed the artificial 

selection intensity between hosts, thus dominating the selection response. Thus 

selection within hosts seemed to be more potent than selection between hosts in this 



experiment. In the natural situation, when only a few parasites are transmitted to 

the next sexual generation, this may not be the case. Nevertheless, the experiment 

demonstrated that rapid within-host evolution can occur in these parasites, even if 

it is only short-term. 

This genetic change could only have arisen through selection on variability 

either existing within the clone at the outset, or created during the course of the 

experiment. Variation within the clone at the beginning of the experiment may 

have accumulated during the five passages between cloning and use in this 

experiment since the inocula at each passage were of the order of io to io 

parasites thus allowing maintenance of parasite variation. Two possible types of 

variants are envisaged. First, such variants could have been mutations that 

increased in frequency due to population expansion and selection within an 

infection. Possible mutations might be the deletion of a significant portion of the 

genome which would have allowed the parasite to replicate faster: this is unlikely 

because P. chabaudi has a synchronised 24-hour cycle of replication which would 

nullify any advantage in more rapid copying of the genome. Alternatively, 

mutations may have occurred which increased the number of merozoites per 

schizont, and hence population growth rate, or increased the ability of the parasite 

to adhere to host endothelial cells and thus avoid clearance by the spleen. As the 

latter involves a matching of host binding sites with parasite molecules, the 

observed adaptation to a new host genotype may well reflect an improvement of 

this mechanism. Theoretical studies on the potential rate of increase in frequency of 

favoured mutants within a host and across serial passages are required to establish 

whether mutation is an adequate source of variation to account for the observed 

rate of adaptation. Further experiments to explore whether host genotype at these 

receptor molecules correlates with parasite virulence should also be conducted. 

The second source of new variation from within a clone is that of 

phenotypically variable antigens. Such antigens, expressed on the surface of 

infected red blood cells, continually switch expression of their epitopes during the 

infection thereby confounding the immune response: such a mechanism is clearly 

adaptive. While it is difficult to see how the new antigens per se could have a 
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selective advantage in parasite-naive hosts, it is possible that the efficacy of this 

survival mechanism was enhanced during the experiment through selection for 

persistence to Day 12 by immune evasion, e.g. through increased switching rates. 

An alternative possibility is that the binding affinity of the parasite to the host's 

receptors improved with repeated passage because it is the same molecule 

responsible for expressing phenotypically variable antigens that allows the parasite 

to attach to host endothelial cells (Baruch et al., 1995; Smith et al., 1995; Su et al., 

1995). In other words, increased ability to cytoadhere and to express variable 

antigens are functionally linked through this molecule and so selection for 

persistence would be expected to induce an increase in cytoadherence ability. This 

ability in turn may have been the cause of higher virulence since cytoadherence 

helps the parasite avoid immune-mediated killing by the spleen and therefore 

probably allows higher parasitaemias to be reached. In addition, there may have 

been a direct effect of cytoadherence on virulence, as occurs in human malaria 

(MacPherson et al., 1985). 

An intriguing alternative explanation for the increase in virulence over 

generations is that the within-clone variation itself was responsible for higher 

virulence. For example, in HIV and hepatitis B viral infections, immune 

antagonism among diverse parasites within a host appears to allow the pathogen to 

beat the immune system and hence survive and continue to replicate (Klenerman et 

al., 1994; Bertoletti et al., 1994). This has also recently been proposed to occur in 

malaria based on evidence of immune cell antagonism in vitro and from patterns of 

co-transmission of antagonistic parasite genotypes in field data (Gilbert et al. 

1998). Moreover, this hypothesis is entirely consistent with the higher virulence 

observed in mixed-clone infections of P. chabaudi compared with single clone 

infections, a difference which was not simply accounted for by higher 

parasitaemias (Taylor et al. 1998). In this study, the data were not sufficient for 

testing this hypothesis by detecting increased variation in virulence or parasite 

growth rate over generations. One argument against this hypothesis as a general 

mechanism for increasing virulence is that the clones differed so markedly in their 

selection responses despite undergoing similar numbers of asexual passages prior to 
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and during the experiment. 	Nevertheless, empirical observations to date, 

accompanied by theoretical arguments for the success of this mechanism of within-

host evolution (Davenport, 1995; Burroughs and Rand, 1998) suggest that this may 

be a potentially important area of further investigation. Furthermore, such within-

host evolution is not necessarily in conflict with between-host evolution 

(Bonhoeffer and Nowak, 1994), and so it is believable that malaria parasites, which 

rely heavily on between-host fitness, employ such mechanisms. 

This unintentional increase in virulence with repeated passage through novel 

hosts has been observed in other organisms, e.g. the influenza virus maintained in 

chickens (Schumann, 1970), although sometimes viruses become less virulent 

('attenuated') when maintained in novel hosts (Kilbourne et al., 1994). Theory 

surrounding the 'Red Queen' hypothesis - the favoured explanation of why hosts 

and parasites maintain genetic variation in resistance and virulence - predicts that 

parasites which are normally confronted with host parasite genetic variation, and 

then allowed to adapt in genetically uniform hosts, should evolve to higher levels of 

virulence. This is because the parasite is no longer trying to simultaneously 

overcome the variety of host adaptations, but instead can focus its selection on 

overcoming a single host genotype (reviewed by Ebert and Hamilton, 1996). The 

results from this experiment are in full accord with this prediction of the Red 

Queen hypothesis. On the other hand, the results do not support another prediction 

and empirically well supported part of the hypothesis which is that parasites cause 

more harm to hosts to which they are adapted than to novel hosts (Ebert and 

Hamilton, 1996). While not directly compared in these studies, the level of 

virulence observed in laboratory mice seems to be far higher than in the natural 

host, Thainnomys rutilans (Landau and Chabaud, 1994), although there have been 

few direct comparisons to support this view. 

The fact that the mildly virulent clone (CW) markedly increased its virulence 

compared with the virulent clone (BC), which barely increased in virulence, is 

potentially very interesting. If it is assumed that the rapid change in CW was a 

result of selection on parasites varying in their ability to persist to Day 12, then it is 

expected that similar responses would be observed in clone BC, if such increases 
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did not result in major host death. However, death was not found to be a 

constraint in these experiments, and selection for a higher probability of death in 

two of the four lines was ineffective, suggesting that some other restraint was 

operating. One possible explanation is that anaemia constrains the parasite's 

population growth rate. Because parasites destroy up to 80% of the host's normal 

red blood cell population, they limit their own resources because there are not 

enough blood cells to invade. Theoretical and empirical studies have shown that 

the red blood cell population is a key limiting factor to the parasite's persistence 

(Hellriegel, 1992; Yap and Stevenson, 1994; Hetzel and Anderson, 1996; 

Gravenor et al., 1997). This hypothesis is strengthened by the result that the 

increase in parasitaemia over generations did not differ between the clones, even 

though virulence and anaemia did. The latter observation suggests that virulence is 

a product of the costs of host protection and not directly, but instead non-linearly 

related, to parasitaemia. The relationship between peak parasitaemia and the 

probability of host death (virulence) should be investigated further by infecting 

more susceptible mouse genotypes such as Al(Stevenson et al., 1982) than the 

C5713I/6 used here with the four selection lines to see whether differences between 

the lines in host mortality rate can be wholly accounted for by parasitaemia, or not. 

Whatever the mechanism for increased virulence, the very rapid rate of 

adaptation by the parasite to a novel host observed in this experiment confirms that 

malaria parasites have the ability to exploit the resources for genetic change, 

whether these be mutation or antigenic variation. The fact that this change is not 

purely and open-endedly exploitative (i.e. the parasite seems to be self-restrained, 

and indeed, in the BC-V line appeared to be following an alternative strategy of 

causing low anaemia), but is instead adaptive, supports the idea that the ability to 

adapt is as critical as the adaptation itself. In this context, the very rapid rate of 

asexual growth within the host, which stimulates the immune system to kill the 

parasite, may, after all be the key for parasite success. If such rapidly expanding 

populations are able to furnish the parasite population with mutations or variants 

which are able to survive the immune system and persist to produce gametocytes, 

then the parasite will have a higher fitness. This within-clone variation would 
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therefore seem to be a beneficial mechanism for parasite evolution, although the 

effect of severe bottlenecking of the population during transmission must be 

considered. The maintenance of broad variation in virulence and its positive effect 

on transmission described in the previous chapter is consistent with such a 

hypothesis. Further experiments to determine whether such rapid parasite changes 

are truly adaptive could be done by challenging high and low virulence clones with 

a more susceptible host: in this case, will the too virulent clones evolve to become 

less virulent? 
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Chapter 4 

Host genetic and environmental factors 

influencing virulence 

4.1 Summary 
Host factors contributing to the severity of malarial disease in a population 

living in an area of unstable malaria in Sri Lanka were determined from statistical 

and genetic analysis of sickness score data collected over a period of 38 months. 

The main findings of the study were that (1) 61der people were infected less often 

but experienced more severe symptoms than younger people, (2) people with recent 

infections were less sick than those free of infections for several months, but the 

number of infections over the patient's lifetime did not correlate with current levels 

of sickness, (3) people born in endemic areas were less sick than those which were 

not, (4) males were less sick than females, (5) Plasmodium vivax infections 

produced stronger symptoms than P. falciparum, (6) the use of bednets decreased 

the number of infections (especially of P. falciparum) but increased sickness scores 

once they became infected, (7) immunity to P. vivax may last longer or be stronger 

than to P. falciparum, (8) approximately 20% of the variation in sickness scores 

remaining after adjusting for these effects could be explained by repeatable 

differences between individuals, (9) heritabilities of sickness scores were low 

(generally less than 10%), but heritability of the number of clinical attacks acquired 

during the study period was moderate (36%) and for fever traits was 20%. 

Overall, these results highlight the strong influence of short-term immunity on the 

degree of sickness experienced by infected people, and the long-term (genetic and 

non-genetic) effects on the probability of developing a clinical infection. 

75 



4.2 Introduction 

Why does disease severity vary so widely between malaria cases? 

Symptoms range from being life-threatening to being non-existent for patients of 

similar age, sex, and number of circulating parasites. Given the slow rate of 

acquisition of immunity to malaria, and its relatively rapid loss in the absence of 

reinfections, between-host variation could be largely explained by different levels 

of prior experience of the parasite. However, even in children with very little 

immune experience, variation in disease severity is great. If the reasons for this 

were better understood, prevention of the high mortality rates due to the most 

severe forms of the disease might be achieved. However, there are few clues as to 

what factors predispose some humans to life-threatening manifestations of malaria 

infection. 

One of the longest known factors affecting malaria disease is host genetics. 

The existence of polymorphisms for many blood cell disorders (e.g. sickle cell 

anaemia, x—thalassaemia, 3—thalassaemia, glucose-6-phosphate-dehydrogenase, 

ovalocytosis, Duffy antigens reviewed by Weatherall, 1987) in human populations 

of malarious areas of the world strongly suggests that these otherwise deleterious 

mutations are maintained by a selective advantage in the presence of malaria 

(Haldane, 1949; Allison, 1954; Flint et al., 1986; Ruwende et al., 1995). Certain 

alleles of the Class 1 and Class 2 human leucocyte antigens (HLA) of the major 

histocompatibility complex (MHC) (Hill et al., 1991), and some polymorphic 

alleles of the tumour necrosis factor gene (TNF, located within the MHC gene 

complex) (McGuire et al., 1994) have also been found to associate with cerebral 

and severe anaemia providing further evidence of host genetic variation in 

susceptibility to this disease. However, even though a causal basis can be argued 

for each of these associations based on the function of these genes in relation to 

malarial infection (Pasvol et al., 1977, 1978; Friedman, 1979; Hill et al., 1991; 

Luzzi et al., 1991; Yuthavong and Wilairat, 1993; Genton et al., 1995; Clarebout 

et al., 1996; Hood et al., 1996; Senok et al., 1997), the mechanisms of protection 

by these genes remain largely unknown. Moreover, most of these genes have been 

found to associate with cerebral or severe malaria which are relatively rare forms 
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of the disease (Brewster et al., 1990) and therefore these genes probably explain 

very little of the remarkable variation in malarial disease (Greenwood et al., 1991). 

None of these associations, which are based on across-population 

disequilibrium between disease expression and certain alleles of highly polymorphic 

loci, have been confirmed using the more robust test of genetic linkage by within- 

family gene segregation studies. Because sub-divided populations vary in both 

their frequencies of alleles and their levels of disease across geographical space, 

'linkage' disequilibrium can easily be generated in the absence of genetic linkage, 

thus yielding spurious 'genetic' associations (Flint et al., 1993). For the blood cell 

disorders, the fact that consistent associations occur throughout the world virtually 

rules out such spurious results. The less studied associations, however, such as for 

the HLA and TNF alleles, have not been confirmed by obtaining consistent results 

across populations: the evidence would be strengthened by family-based linkage 

studies. The family-based method of genetic analysis has been used to detect a 

segregating gene with a strong effect on parasitaemia levels in large families in 

Cameroon exposed to P. falciparum (Abel et al., 1992). Using segregation 

analysis, which does not rely on genetic markers to follow the segregation pattern 

of inheritance within families, but rather relies on bimodality in the phenotypic 

distribution of the trait to expose the difference in effect of alternative alleles within 

a family, a recessive gene with major effect was inferred. This gene has not yet 

been confirmed by marker-based linkage analysis. In mice, several genes 

conferring resistance (as measured by mortality rates) to P. chabaudi have been 

located to their chromosomes using linkage analysis in crosses of mouse inbred 

lines (Stevenson et al., 1988), but so far do not seem to have been identified. Thus 

there is considerable scope for closer genetic analysis of host resistance to malaria. 

This requires the collection of reliable phenotypic data and suitable family material. 

A first approach to exploring genetic variation in host resistance to malaria 

is to quantify the proportion of phenotypic variance, which is genetic in nature. 

This can be done using a quantitative genetic approach to estimate the heritability 

of the trait based on some knowledge of genetic relationships between individuals 

in the population. It does not involve knowing the number or nature of genes 

77 



contributing to the variation, but quantifies their total contribution assuming many 

genes are involved. Such an approach does, however, benefit from a good 

understanding of the environmental influences on disease so that they can be 

separated out from the genetic effects. This, in itself, is a useful exercise in 

establishing the major factors contributing to the between-individual variation in 

disease. The benefit of taking the quantitative genetics approach is that the 

estimated heritability will establish an upper limit on the magnitude of putative 

major genes segregating in the population: if the heritability is found to be very 

low, it is unlikely that genes conferring a significant advantage on disease 

resistance will be detected by either population disequilibrium, segregation analysis 

or linkage analysis. 

One of the reasons why family-based genetic studies on malaria have not 

been done has been the lack of suitable data. While pedigree data may be easy to 

collect in human populations, infectious diseases like malaria have a sporadic 

nature, which makes phenotypic data difficult to obtain. Moreover, the strong 

influence of non-genetic factors such as immune experience, age, sex, socio-

demographic factors and chance are well recognised in malaria field studies and are 

likely to obscure any host genetic factors. Well-documented longitudinal studies in 

stable populations living in endemic areas are therefore required for this work. 

Such data are available in a population in Sri Lanka in which, malaria is of low 

endemicity but disease incidence is high. The study presented here attempts to 

quantify the contribution of genetic factors to variation between individuals in 

malarial disease severity in this population making use of the large number of 

explanatory factors also recorded. 

4.3 Materials and Methods 

In this study, a rural population of individuals was monitored for their 

levels of sickness upon becoming infected with P. vivax or P. falciparum. 

Information on host factors such as age, sex, previous history of malaria infections, 

species of parasite, pedigree, the use of bednets, etc., was simultaneously collected 

and the effects of these factors on levels of sickness were analysed. (The statistical 
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analysis was my only contribution to this study: the design and data collection were 

performed by the team at the University of Colombo and the Kataragama Field 

Centre). Two separate studies were conducted. In the first (Study 1), the 

population comprised 1910 individuals living in eight contiguous villages in a total 

of 480 houses and monitoring took place for 19 months. Pedigrees for all 

individuals in this population were ascertained by interview and used to investigate 

whether there was a genetic component to the observed between-individual 

variation in sickness. In the second study (Study 2), which was also conducted 

over 19 months, but started two months after the end of Study 1, the population of 

3964 lived in 944 houses in nine villages, four of which were also included in the 

first study. Pedigree information was not available for the majority of the 

individuals in the Study 2. However, in Study 2 bednets were used in half the 

villages with the objective of assessing whether this intervention had an impact on 

disease. Thus in Study 1, the emphasis of the analysis was on the contribution of 

genetics to disease severity, and in Study 2, on the influence of bednets. For the 

analysis of other host factors on disease severity (age, sex, etc.), the data from the 

two studies were combined. 

4.3.1 Study area 

The Kataragama area of south-east Sri Lanka (6 025'N, 81020'E) is situated 

in the dry lowland coastal plains and comprises an area of approximately 10km 2  of 

farmland. The incidence of P. vivax malaria is moderately seasonal, the bulk of 

transmission occurring in the monsoon season between October and January when 

most of the 1100-1300mm of annual rainfall occurs. Temperatures typically range 

from 25 to 35°C and relative humidity ranges from 60 to 85%. 

The area is considered to be one of 'unstable' but endemic malaria. The 

entomological inoculation rate, (EIR, the number of infectious bites per person per 

night) is of the order of 0.01 (Mendis et al., 1990) which compares with values of 

0.4-1 in areas of stable malaria in Africa (Molineaux and Gramiccia, 1980; Trape 

et al., 1994). Most people have about one clinical attack per year and generally 1-

2% of the population are infected with either P. vivax or P. falciparum at any 
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point in time (Mendis et al., 1990). Epidemics of P. falciparum malaria used to 

occur at 7-10 year intervals (Rajendram and Jayewickreme, 1951) but since 1986, 

P. falciparum has persisted (Gamage-Mendis, 1991). More than five anopheline 

species transmit malaria in this region, the predominant one being A. cu1icfacies 

(Mendis et al., 1990). 

The use of bednets was minimal during Study 1. In Study 2, 1437 

perrnethrin-impregnated bednets were supplied to 2071 individuals in 508 of the 

944 households. The allocation of bednets was according to three trial units. Each 

trial comprised a control village (or group of villages) and a bednet treatment 

village. Pairs of control vs. treatment villages were geographically adjacent to 

each other and matched as closely as possible for various demographic and 

topographic variables. Bednets were reimpregnated halfway through the study with 

a compliance rate of 99.6%. Over the study period the usage rate was estimated by 

survey to be 83% (Mendis, K.N., pers. comm.). Two of the bednet trial units in 

Study 2 included most of study area in Study 1: the third trial was conducted at a 

separate site 22km away. Maps of the study site are given in Figure 4. la and 4. lb 

and show the relative locations of the villages used in Study 1 and Study 2 together 

with significant topographical features such as forests, rice paddies and bodies of 

water. 

4.3.2 Data collection 

Incidence of malaria episodes was monitored by passive case detection. 

This meant that individuals showing symptoms would voluntarily present 

themselves at the research centre or occasionally at the local hospital in the study 

area (located bear the centre of the study area) at which they had been registered 

prior to commencement of the study. Upon being positively diagnosed as having 

malaria based on symptoms, supported by microscopic examination of thick blood 

films, a record of the variables described below was made. Patients were treated 

with curative doses of chloroquine and primaquine at this time. 
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Figure 4.1 	Map of study site in the Kataragama region of Sri Lanka showing villages in Study 1. Green hatched areas are scrub or 
forest. Green stripes are rice paddies. Blue areas are water. Red and black squares are houses. Red lines are roads. Blue lines are 

rivers. Continued overleaf. 
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Figure 4.1 continued. 	Map of study site in the Kataragama region of Sri 

Lanka showing villages in Study 2. T denotes that bednets were used in these 

villages, and C denotes Control villages. 
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Factors relating to the patient 

Sex 

Age 

Occupation 

Village 

House code 

Factors relating to previous infections 

Number of months since the last attack (obtained by interview). 

Number of previous attacks during lifetime (obtained by interview). 

Whether born in an endemic area or not (obtained by interview). 

Species of previous infections (obtained from previous records). 

Factors relating to the current infection 

Species of parasite (obtained by examination of thin blood films). 

Parasitaemia (obtained by counting approximately 500 fields of a thin blood film). 

Garnetocytaemia (as above). 

Number of days since the onset of symptoms. 

Number of hours since the last paroxysm. 

Body temperature ( °C) 

Degrees of the following symptoms (sickness scores), ranking from 0 (no 

symptoms) to 2 or 3 (maximum level of symptoms): 

Backache 

Arthralgia 

Myalgia 

Headache 

Nausea 

Vomiting 

Anorexia 

Cold 

Shivering 



Sweating 

Hypochondria! pain 

A total of these sickness scores was also calculated and weighted by the 

number of scores included in the sum. The identity of the interviewer at the clinic 

was also recorded to allow adjustment for any bias that interviewers might have in 

recording these scores. 

4.3.3 Statistical analysis 

4.3.3.1. 	Traits and transformations 

The data were first edited for outlier values. If the datum was obviously a 

typographical error, it was excluded from the analysis. If the value was extreme, 

but probably correct, it was set at a 'reasonable' upper limit. For example, when 

the number of previous attacks was recorded as being >40, it was set to 40. The 

maximum values for other traits were 96 for the number of months since the last 

attack, 48 hours for the time since the last paroxysm, 14 for the number of days 

since onset of symptoms, 420  C for body temperature, 2% for parasitaemia, and 

0.2% for gametocytaemia. These restrictions were imposed to avoid undue 

influence of extreme values on regression estimates. 

The variables under analysis were: 

the eleven sickness scores and their total 

temperature and parasitaemia at time of presentation 

number of infections within each of the 19 month study periods 

species of parasite 

the number of days since the onset of symptoms 

whether the patient was gametocytaemic or not. 

The analysis was divided into two parts - a fixed effects analysis to 

investigate systematic effects (such as age and sex) on these traits, and a random 

effects analysis to estimate variance components due to the additive genetic and the 

non-genetic contribution to the variation between people, i.e. the heritabi!ities and 

repeatabilities. The latter analysis was not done for the last two variables. 



All fixed effects analyses were performed using the SAS statistical analysis 

package (SAS, 1990). Each sickness score was treated as an ordered categorical 

trait and was therefore analysed using logistic regression (using PROC 

LOGISTIC). This method models the trait as having an underlying normal 

distribution which, as the value on the underlying scale is increased such that it 

exceeds a certain threshold, moves the observed value into the next class upwards, 

e.g. from a sickness score of 1 to 2. The thresholds of each class, and the 

magnitude of the effects on them are able to be estimated for each class by using a 

logit transformation of the data which essentially models the data as probabilities of 

being in particular classes on the observed scale. The estimates of the effects are 

expressed as odds ratios because they represent the relative probability of falling 

into a particular class. The analysis assumes that fixed effects equally affect all 

threshold levels, e.g. an increase in the threshold of 20% for males compared to 

females is expected to apply to both the 1 to 2 threshold and to the 2 to 3 threshold. 

Thus the estimate reflected an average odds ratio over all categories. Significance 

tests for each level of a class against a common 'reference' class were based on a 

chi-squared statistic with one degree of freedom. 

Total sickness score, temperature and number of days symptomatic were 

approximately normally distributed and were therefore analysed using standard 

regression techniques (PROC GLM). Parasitaemia was first transformed by taking 

the arcsine square root of the value multiplied by 10 and then analysed as a 

normally distributed variable. Species of parasite and whether gametocytaemic 

were analysed as binomial variables using PROC LOGISTIC. 

The fact that repeated records on the same individual were in the data was 

ignored for the purpose of the fixed effects analysis of the above traits. The 

number of infections per person within the study period, for which there were no 

repeated records, was analysed as a Poisson variable, taking into account the 

Poisson error structure (PROC GENMOD). The assumption that the distribution is 

Poisson is approximate because the data were conditional on there being at least 

one infection, i.e. zero classes were missing from these data. 



For the random effects analyses, categorical data were analysed under the 

assumption that the residuals were normally distributed, i.e. without prior 

transformation. In addition, the random effects analyses were also performed on 

the residuals on the transformed scale output from the fixed effects analyses. This 

was done because there are no computer packages available which fit mixed models 

(i.e. fixed and random effects) to ordered categorical data while simultaneously 

incorporating the additive genetic relationship matrix which allows separation of 

genetic from non-genetic variances (see below). 

4.3.3.2. 	Fixed effects analysis 

After preliminary exploration of the data, the class effects and covariates 

described below were chosen to be fitted in these models on the basis that each of 

them had a significant influence on one or more traits. All fixed effects (except 

those which were the dependent variable, e.g. number of days symptomatic) were 

retained in the model for all traits, even if not significant, so that results could be 

easily compared across traits. 

Class effects 

Sex 

Occupation 

Village/bednets 

Male (M) or Female (F) 

Inside (small businesses and government servants ), or 

Outside (farmers and paid labourers), or 

Other (includes no occupation) 

Study 1: 	Angunara (SA) 

Old Buttala Rd. (SB) 

Kohobadigana (SC) 

Karawile (SK) 

New Buttala Rd. (SN) 

Sella Kataragama (SS) 

Thanamalwila Rd. (ST) 

Akkarawissa (SW) 

Study 2: 	Trial 1 Control - Passarayaya (PP) 
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Trial 1 Bednets - SA,SC,ST 

Trial 2 Control - Nagahaveediya (NN) 

Trial 2 Bednets - SW 

Trial 3 Control - Walliammara (WW) 

Trial 3 Bednets - Gonaganara (GO). 

Interviewer: 

Current parasite species 

Previous parasite species 

Season of year 

Parasitaemia (%) 

Temperature (C) 

Gametocyte positive 

Study 1: coded as GUN, JAG, KAN, SUD, OTHER. 

Study 2: not recorded and so included in 'OTHER'. 

P. vivax or P. falciparum 

None, i.e. no previous attacks within this study period 

All P. vivax 

All P. falciparum 

Mixture of P. vivax and P. falciparum. 

October-January (Season 1) 

February-May (Season 2) 

June-September (Season 3) 

<0.1, 0.1-0.2, >0.2 

36-37.5, 37.5-39.0, >39.0 

Yes or No 

Continuous covariates 

Age and age  

Number of previous attacks (NA) and NA 2  

Months since last attack (LA) and LA' 

Hours since last paroxysm 

Number of days since onset of symptoms 

4.3.3.3. 	Random effects analysis 

For estimation of heritability and repeatability, the above fixed effects 

models were expanded to include two random effects - one for house and one for 

person. The person effects were partitioned into additive genetic versus non-

genetic components by simultaneously fitting pedigree information (see below) in 
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the mixed model equations. The model may be represented by the following 

equation: 

Y=Xb+Wh+Za+Zc+e 	 (4.1) 

where Y is the vector of observations on individual people, 

X is known incidence matrix for the fixed effects, 

Z and W are the known incidence matrices for the random effects of person 

and house, respectively, 

b is a vector of unknown fixed effects, 

h is a vector of unknown random house effects, 

a is a vector of unknown random additive genetic effects, 

c is a vector of unknown random permanent environmental effects (non-

genetic 'person' effects), 

e is a vector of unknown random residuals. 

The variances of the random effects are assumed as follows: 

var(Y) = a 2 1,, the total phenotypic variation after accounting for fixed effects 

var(h) = a 2 , the between-house variance 

var(a) = AC 2A, the additive genetic variance among related individuals (see 

below) 

var(c) = &, the variance due to non-genetic 'permanent environmental' 

person effects 

var(e)= &E , the residual variance, i.e. (a 2 1,-a 2 -c 2 -a 2 ). Covariances 

between h, c and a are assumed to be zero. 

Since individuals in this study are genetically related, the observed additive 

genetic variance (var(a)) among these people is less than would be observed in a 

population of unrelated people. The amount of shrinkage can be specified by the 

numerator relationship matrix, A, which is the matrix of coefficients of relationship 

(Wright, 1922) among all the individuals in Z, and is easily computed. For 

example, a coefficient for a parent-offspring pair is 0.5 and for two half-sibs is 

0.25. By incorporating A into Eq.4. I (see below), the observations in Y are, in 

effect, also regressed on degree of relationship, thus allowing separation of additive 

genetic from other non-genetic effects on the individual person (Henderson, 1973). 



To estimate the variance components, the following mixed model equation, which 

is a matrix version of Eq. 4. 1, was used to compute the likelihood of the data under 

the model (Smith and Graser, 1986). This likelihood was then maximised with 

respect to the variance components to obtain the best estimates using the DFREML 

programme of Meyer (1991): 

XX XW X'Z X'Z b X'Y 

W'X W'W WIZ WIZ h WY 

Z'X ZW ZZ+(c/c) = Z I Y 
(4.2) 

 

Z'X Z'W Z'Z a ZY 

From these, heritability was calculated as: 
=C12

ACT PaH) 

and the proportion due to permanent environment as 

 Cy 
2C/(Cy2p-CY2 H) 

= 

giving a repeatability of 

t = c +h 2 
  which is the proportion of variance attributable to 

individuals, both genetic and non-genetic. 

Standard errors of the estimates and the sampling correlations between them 

were approximated from the information matrix which essentially uses information 

about the shape of the likelihood surface around the maximum to determine the 

confidence limits around the parameter estimates. As there are no computer 

packages available which fit both logistic regression models to ordered categorical 

data and a genetic relationship matrix, the data were analysed under the assumption 

that the residuals were normally distributed. 

Since members of the same family usually lived in the same house, there 

was potential for confounding between genetic and house effects. Information for 

disentangling these two comes from the data structure: relatives living in different 

houses enable separation of these effects. An example of how house, genetic and 

non-genetic effects are disentangled is given in Figure 4.2. 



Figure 4.2. Illustration of how house effects are able to be separated from genetic 

effects. Large circles are houses. Within each house there is a 

nuclear family (males are squares, females are circles. Horizontal lines 

represent matings and vertical lines represent parent-offspring pairs). 

There may also be an unrelated individual (triangle). If people are 

related across houses, e.g. through the grandparents, then the house 

effect can be separated from the genetic effect by regressing out this 

relatedness. Also, if two people living in the same house have a 

different relationship with a third person (e.g. one is an offspring of 

this person, and the other is not), then there is some information to 

separate genetic effects from house effects. However, if only one of 

the family members has a record, and this person has no relatives with 

records, then house is completely confounded with person, and the 

two effects cannot be separated. 
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Two alternative models to the full model described above (Model 1) were 

fitted to determine whether heritability estimates were affected by the choice of 

model. Model 2 was Model 1 minus the random effect for house: this was done to 

see whether the estimates of additive genetic effects were traded off against house 

effects as it was known that pedigree and house were heavily confounded. Model 3 

was Model 1 minus the covariates for the number of previous attacks and months 

since last attack: this was done to determine whether these factors had removed 

some of the genetic variation between individuals. The goodness of fits of the 

alternative models were tested for statistical significance using log likelihood ratio 

tests, assumed to be distributed as half a chi-squared variable. 

Principal components analyses were also performed on groups of sickness 

scores using PROC PRINCOMP of SAS (SAS, 1990). This effectively 'collapses' 

correlated traits into one trait which can then be analysed further. The grouping of 

traits was as follows: shivering, sweating and cold (called 'fever traits'), vomiting, 

nausea and anorexia ('gastrointestinal traits'), and arthralgia, myalgia, backache 

and hypochondrial pain ('pains'). This analysis involved estimating the first 

principal component (the linear combination of traits which accounts for most of 

the variation in all of them ) of each group after first adjusting for the fixed effects. 

These principal components were then analysed to estimate heritabilities and 

repeatabilities as described above. 

4.4 Results and preliminary discussion 

Because of the interrelationships between the large number of traits analysed 

in this study and the factors which affect them, this section includes some 

explanation and interpretation as it proceeds. The Discussion section is then 

reserved for a general interpretation of the main findings of the study and their 

relevance to malaria pathology. 

4.4.1 Data distributions 

In Study 1, 39% of the population (742 people) became infected at least 

once during the 19 month period. In Study 2, 40% (764 people) of those not 
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sleeping under bednets, and 12% (239 people) of those sleeping under bednets 

became infected at least once during this second 19 month period. Across both 

studies, of those which had an attack, 54% only had one attack, 23% had two 

attacks and the remaining 23% had three or more attacks. Figure 4.3 shows 

distributions of the number of attacks per person during the study period (average 

of 1.9), the number of previous attacks before the study (average of 7.8) and the 

number of months since the previous attack at the commencement of the study 

(average of 9.4 months). The time for which the patient had been symptomatic by 

the time they presented at the clinic averaged 2.6 days, with 48% of the population 

reporting within two days. The high literacy rate in this population and ready 

availability of medical attention was probably responsible for this early reporting 

(Gamage-Mendis, 1991). 

The distribution of number of clinical attacks per month is shown in Figure 

4.4, together with monthly rainfall. Incidence of clinical attacks was moderately 

seasonal, the majority of them occurring late in the monsoonal season between 

October and January. Out of all infections, P. falciparum accounted for 44% of 

them which is far greater than the typical value in this area of <1 % before 1986 

(Gamage-Mendis, 1991) when P. falciparum prevalence increased markedly and 

has since persisted (Mendis et al., 1990). Studies on the infectious reservoir of 

these species have not revealed a clear explanation as to why this change has come 

about although part of the cause may be the development of low levels of 

chloroquine resistance in Sri Lanka (Ratnapala et at., 1984; Mendis et al., 1990) 

and an increase in vectorial capacity (Gamage-Mendis et al., 1991). 

Distributions of sickness scores and number of infections per person are 

shown in Figure 4.5, and of parasitaemia and temperatures in Figure 4.6. The 

average of the total of 11 symptoms scores was 10. 3, and thus clinical symptoms 

were quite strong, despite low parasitaemias. In general, then, malaria in this area 

is of low endemicity, and this maintains high levels of disease symptoms because 

low transmission intensity and tow inoculation rates (Mendis et al. ,1990) are 

presumably not high enough to maintain clinical immunity. 
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4.4.2 Fixed effects 
Before describing the systematic effects on disease severity, it may be 

helpful for interpretation of the results to delineate between several sets of 

contributing factors. The first set of factors relate to the current infection state: 

they include the immediate influences on sickness such as the stage of infection, the 

degree of parasitaemia, and the infecting parasite species. The second set of 

factors are the predisposing factors which influence how sick the person is likely to 

become given that the first set of factors are held constant. These include previous 

immune history (number of previous attacks, time since last attack, species of 

previous infections) and physiological state (age, sex). Finally, there is a third set 

of factors which, unlike the first and second factors, are extraneous to the host. 

However, they may (or may not) influence the level of the first and second sets of 

factors and thereby indirectly influence the degree of sickness. Such factors 

include season, occupation, village, bednet treatment, and interviewer. 

It is also useful to distinguish between clinical immunity (anti-disease or 

anti-toxic) and anti-infection immunity. People with high levels of anti-infection 

immunity would not be observed in this study because data were only collected on 

symptomatic people. However, the number of clinical attacks per person within 

the period of study may reflect a mixture of anti-infection and anti-disease 

immunity because repeated exposure can raise the level of anti-disease immunity to 

the point where people carry the parasite but do not express symptoms (Cox et al., 

1994). In relation to symptomology, it is also useful to bear in mind that some 

symptoms are thought to be indicators of the host controlling the infection, while 

others are thought to indicate that the host is unable to control the infection. For 

example, fever is thought to be a mechanism for controlling parasitaemia (reviewed 

by Kwiatkowski, 1995), and higher levels of hypochondrial pain may also reflect a 

greater rate of clearance of parasites by the spleen. On the other hand, symptoms 

such as nausea, vomiting and aches seem to play no obvious role in controlling the 

parasite infection. For this reason, the results for groups of related symptoms (i.e. 

aches and pains, gastrointestinal traits, fever traits) are •sometimes discussed 



separately because they may indicate different levels of clinical immunity in the 

host. 

Finally, the symptoms recorded in this study do not all appear 

simultaneously during the course of an infection and are transient in nature. 

Therefore time of reporting to the clinic must be allowed for in the interpretation of 

results. Pains and aches tend to occur early in the infection around the time when 

the infection becomes patent in the blood - the so-called prodromal period 

(Kitchen, 1949). Nausea and vomiting can also begin to occur at this time. These 

are then followed by a primary attack consisting of intense cold and shivering for 

up to an hour, then high fever and sweating for up to two hours, and then tiredness 

but normal temperatures for the remainder of the 48 hour period between attacks. 

Vomiting and intense headache often accompanies these paroxysms (Kitchen, 1949; 

Harinasuta and Bunnag, 1988). After the primary attack there may be secondary 

attacks caused by recrudescences of uncleared parasites for a period of up to two 

years (James et al., 1936). In P. vivax malaria, recurrences (distinct from 

recrudescences by the fact that they are caused by a new release of 'dormant' 

parasites from liver schizonts rather than increase in numbers of parasites causing 

the primary attack) typically occur about 6-8 weeks after the primary attack (James 

et al., 1936). Recrudescences are probably rare in this study because every 

reporting patient was treated with drugs and drug resistance is not very frequent in 

this area (Mendis et al., 1990), although the contribution of recurrences is not 

known. 

The results from the fixed effects analysis are summarised in Table 4.1 (for 

sickness and total scores) and Table 4.2 (for parasitaemia, temperature, species and 

number of attacks during the study period). These are described and discussed in 

more detail below. 

(i) 	Immediate effects - parasitaemia, temperature, stage of infection and 

parasite species 

Sickness scores were higher for people with higher levels of parasitaemia and 

elevated temperatures (Table 4.1). Sickness scores also increased as the number of 

days since becoming symptomatic increased (Table 4. 1), which itself was positively 

Ot 



correlated to parasitaemia (P>.05) and temperature (P<.05) (Table 4.2). Similarly, 

higher levels of parasitaemia were associated with higher temperatures (Table 4.2). 

These results are most probably a reflection of the increase in symptoms as the 

infection progresses from the incubation period through the prodromal period 

(when parasitaemia becomes patent) to the fully symptomatic stage when 

parasitaemias are maximal. 

Parasite species affected the degree of sickness where P. vivax infections 

caused more aches and fever symptoms than P. falciparurn, consistent with the 

more pronounced paroxysms associated with this species (Kitchen, 1949; Covell 

and Nicol, 1951). However, P. vivax tended to cause milder gastrointestinal 

symptoms, although this was significant for anorexia only (Table 4.1). These 

species differences in sickness scores were not able to be accounted for by a 

difference in the time between becoming symptomatic and reporting the illness 

(Table 4.2), nor by different levels of parasitaemia or temperature. 

Patients were more likely to be gametocyte positive when they were 

showing greater gastrointestinal and fever symptoms (but not aches) (Table 4.1) 

and if parasitaemias were high (Table 4.2). This probably reflects the fact that 

gametocytes are only produced later in the infection. P. vivax infections were eight 

times more likely to be gametocytaemic than P. falciparum infections. This is 

probably due to the shorter maturation period (two days) of gametocytes of P. 

vivax (Boyd and Kitchen, 1937; Coatney et al., 1971) compared with 8-10 days for 

P. falciparum (Smalley, 1976). There may also be a bias towards P. vivax 

gametocytes because of some confusion between the morphology of asexual 

parasites and gametocytes in this species (Gamage-Mendis, 1991). The number of 

gametocyte positive people declined as the hours since the last paroxysm increased, 

probably also reflecting production of gametocytes later in the infection when 

paroxysms have declined. 

(ii) 	Predisposing factors - sex and occupation 

Males consistently reported lower clinical illness than females for all traits 

except fever traits for which there was no sex difference (Table 4.1). This was 

despite having higher parasitaemias at presentation (Table 4.2) suggesting that 
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Table 4.1. Estimates' 2 ' 3  of fixed effects on sickness scores. See footnotes for details 
Effect 'No./class 'Total Backache Arthralgia Myalgia Headache Anorexia Nausea Vomiting Cold Shivering Sweating Hypo. 

Score Pain 
'No./trait 3519 3519 3085 3115 3119 3304 3457 3371 3469 3368 3452 3419 3127 
5Mean 0.86 1.42 1.31 1.89 1.04 0.43 0.29 1.26 0.79 0.68 0.41 
'Standard deviation 0.77 1.06 1.07 1.01 0.75 0.59 0.55 0.69 1.01 0.74 0.57 
6x 2 40  ***847 ***725 ***976 ***523 ***338 ***186 ***239 ***478 ***292 ***223 ***132 
7% concordant 74 70 73 67 65 63 67 68 63 63 62 

20 25 21 27 14 9 6 7 13 8 6 4 
Fixed effects 
Species 
P.falciparum 1539 0 1 1 1 1 1 1 1 1 1 1 1 
P. vivax 1980 *044 1.08 1.15 **123 **124 *084 1.12 0.95 1.05 ***135 1.09 1.02 
9Previous species 

None 1799 0 1 1 1 1 1 1 1 1 1 1 1 
F,FF->F 372 -0.27 1.01 0.93 0.82 1.04 0.93 1.02 0.95 0.79 0.81 0.90 **1,51 

V,VV->F 271 0.12 1.23 0.90 0.97 1.19 0.92 1.11 1.17 0.99 0.83 *0.65 1.22 
V,VV->V 496 0.12 1.17 1.15 1.11 1.03 0.91 0.83 0.84 1.12 0.99 0.95 0.99 
F,FF->V 157 -0.02 1.10 1.08 1.05 0.84 0.90 1.04 0.91 1.04 0.95 1.28 

Other 399 -0.09 1.20 1.23 0.99 1.03 1.16 1.06 1.00 *0.75 1.01 1.25 
V vs. F Vs 0.09 1.08 1.07 1.10 1.01 1.00 0.80 0.84 1.09 1.09 1.00 0.97 

Het, vs. Horn vs. 0.10 1.09 1.04 1.00 1.12 1.03 1.08 1.20 0.99 0.99 0.82 1.11 
'°Parasitaemia 

<0.1% 3061 0 1 1 I 1 1 I 1 1 1 1 
~!0.1%, <0.2% 241 *0.86 1.05 1.31 1.24 0.99 1.22 1.00 0.98 1.26 ***1.88 *1.33 1.26 

217 ***207 1.26 **211 ***195 **146 ***159 *946 **160 *1.39 2.33 **157  1.21 
Gametocytes 

Negative 3083 0 1 1 1 1 1 1 1 1 1 1 1 
Positive 436 0.47 0.91 0.94 0.96 1.07 *1.27 **139 *958 ***142 1.18 *1.27  0.93 

Temperature 
<37.5°C 1779 0 1 1 1 1 1 1 1 1 1 1 1 

37.5-39.0°C 1320 ***162 **955  ***170 ***158 ***204 ***166 **129 1.16 ***165 ***142 0.94 ***141 
>39.0°C 420 ***253 ***202 ***202 ***184 ***278 ***221 ***180 ***157 ***249 ***211 0.85 ***179 
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Table 4.1 continued 
Sex 

Female 1515 0 I 1 1 1 1 1 1 1 1 1 1 
Male 2004 ***093 ***065 0.87 *0.84 ***076 ***067 ***057 ***059 0.96 1.08 0.87 0.89 

Occupation 
Unknown 3017 0 1 1 1 1 1 1 1 1 1 1 1 

Inside 79 0.74 0.98 1.41 1.40 0.79 0.97 1.12 1.37 1.47 1.22 1.09 1.33 
Outside 423 *0.63 *1.36 1.14 1.17 0.78 1.01 1.01 0.90 1.26 1.18 1.17 1.12 

Born endemic area 
No 116 0 1 1 1 1 1 1 1 1 1 1 1 

Yes 3403 **1.28 0.79 0.86 *0.62 0.70 **055 0.87 1.02 1.02 ***052 0.81 0.76 
Season 

Oct. -Jan. 1700 0 1 1 1 1 1 1 1 1 1 1 1 
Feb-May 868 0.17 0.86 0.92 1.05 1.02 1.08 1.02 1.04 1.05 0.91 ***1.40 *1.26 
June-Sept. 951 0.10 0.91 **076 **0.79 1.07 *1.21 1.05 1.06 1.10 1.02 ***1.47  1.09 

"Village/bednets 
Study I 

SA 330 *1.08 0.99 1.15 **182 1.30 *1.71 1.02 0.66 ***333 1.25 1.49 0.75 
SB 106 0.33 0.74 0.85 1.28 1.51 1.08 0.84 0.59 **249 1.33 1.29 0.69 
SC 321 0.96 0.97 1.20 *1.62 1.21 **189 0.86 0.67 ***298 1.15 1.52 0.66 
5K 118 0.70 0.66 0.65 0.96 1.06 *1.94 1.14 0.53 ***297 1.60 1.51 0.60 
SN 42 0.86 0.67 0.63 0.98 1.81 *2.33 1.06 1.08 **275 1.91 1.34 *040 
SS 139 0.77 0.88 1.04 1.34 0.89 **222 1.00 0.89 **229 1.30 1.40 ***033 
ST 290 0.35 0.80 1.00 1.33 1.06 1.36 1.06 0.74 **213 0.86 1.53 *0.55 

SW 215 0.17 0.87 1.20 *181 0.84 1.44 0.73 *0.43 **233 0.94 1.42 *0.50 
Study 2 

Trial iControl 454 0 1 1 1 1 1 I 1 1 1 1 1 
Bednets 207 *053 0.89 1.14 1.05 1.17 1.01 *1.31 1.26 1.07 ***144 0.89 0.95 

Trial 2 Control 352 0 1 1 1 1 1 1 1 1 1 1 1 
Bednets 117 0.25 1.17 0.91 0.95 0.92 *075 **148 ***185 **074 **138 **072 1.02 

Trial 3 Control 684 0 1 1 1 1 1 1 1 1 1 1 1 
Bednets 144 ***205 ***245 ***244 ***215 **169 1.29 1.36 *1.58 0.96 0.99 1.01 1.36 

Cont 
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Effect 	 No./class 	Total Backache Arthralgia Myalgia Headache Anorexia Nausea Vomiting 	Cold Shivering Sweating Hypo. 
Score 	 Pain 

' 2Covariates 
Age (years) 	 3519 ***12.38 	***475 	***5.11 ***4.72 	***2.90 **..0.86 	0.10 	***.j,35 	0.28 	0.82 	0.05 	-0.05 
Age' (years) 	3519 ***, 10 ***0.05 ***..0,05 ***.0.04 	***.404  ***0.02 	0.00 	***0.02 	0.00 	-0.01 	0.00 	0.00 
Last attack (me) 	3519 ***479 	0.16 	0.63 	0.46 	**095 	*0.56 	0.14 	0.07 ***089 	0.44 	*0.52 	0.01 
Last attack 2  (mo2) 	3519 	-.35 	0.00 	0.00 	0.00 	*001 	0.00 	0.00 	0.00 **001 	0.00 	-0.01 	0.00 
No. attacks 	 3519 	2.90 	0.33 	0.36 	*1.25 	-0.90 	-0.58 	0.25 	-0.23 	-0.32 	0.17 **138 	-0.21 
No. attacks' 	 3519 	0.07 	0.00 	0.00 	-0.02 	0.03 	0.02 	-0.01 	-0.01 	0.00 	0.00 	*0.03  0.001 
Last paroxysm (hrs) 	3519 	*1.91 	0.22 	**..0.36 **0•53 	-0.05 	-0.11 	0.15 	0.19 	-0.11 	-0.02 ***0.68 	0.07 
Days symptomatic 	3519 ***35.38 	*1.54 	*2.88 ***3.56 	1.13 ***3.16 ***1.54 	**1.46 	0.93 	**303 ***333 ***2.64 

1 	Estimates for sickness scores are from logistic regression analyses of categorical ordered data. They are expressed as odds ratios, i.e. the probability that the 
observation in the particular class takes the highest possible value relative to the probability that the observation of a 'standard' class (shown with value '1' in 
the table) takes this maximum value. For example, an odds ratio of 2 for males versus females means that males have twice the probability of having the 
maximum sickness score as females. This ratio is assumed to apply to all classes except the minimum class. 

2 Total score was analysed by normal regression. Estimates are expressed as absolute deviations from the mean of the class shown with an estimate of zero. 
3 	Significance levels are for contrasts relative to the category with estimate '1' for sickness scores, '0' for total score. P<.001  (***), P<.01  (*1, P<.05  (*) 

4 Refers to maximum numbers used in the analysis because 560 records did not have number of previous attacks or months since last attack recorded. 
5 Raw means and standard deviations before adjustment for fixed effects. 
6 X24o  is twice the log ratio of the likelihood of the data under the fitted model to the likelihood with no effects fitted, assumed to be distributed as a chi-squared 

variable with 40 degrees of freedom. It describes the goodness of fit of the model to the data. 
7 % concordant is the proportion of observations which are the same as those predicted by the model based on the estimated probabilities of falling in each class. 
8 R2  is the proportion of the variance explained by the model when analysed using normal regression. It measures the goodness of fit of the model to the data. 
9 F,FF- > F means the current infection is P. falciparum and the previous one, two or more infections were also P. falciparum. Similar notation applies to the 

other classes. 'None' includes patients with no recorded previous infection during the study, and 'Other' includes patients with a history of both species in 
previous infections during the study. Pooled estimates and significance tests are shown for the effects of previous P. vivax infections vs. previous P. 
falciparum infections (V vs. F), and for previous infections of heterologous vs. homologous species to the current infecting species. 

10 <0.1% includes 4 zero observations. 
11 Estimates for Study 1 are expressed relative to the mean of Study 2. Estimates for the effects of using bednets in Study 2 are expressed relative to their 

appropriate controls. 
12 Estimates for covariates are expressed in absolute values instead of as odds ratios, as obtained from analyses using normal regression. All values have been 

multiplied by 100. 
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Table 4.2. 	Estimates of fixed effects for other traits. 	See footnotes for this 
table and Table 4.1 for explanation. 

Effect ' 1Parasitaemia 'Temperature 'No. of No. of days 4Species Gametocyte 
infections symptom. positive 

No./trait 3006 3336 1805 3517 3518 2959 
Mean 0.481 37.84 1.91 2.56 0.563 0.124 
Standard deviation 0.317 0.95 1.28 0.496 0.330 

***1383 ***525 ***620 
% concordant 70 83 
R2 (%) 15 23 12 17 
Fixed effects 
Species 

P. falciparum 0 0 - 0 - 1 
P. viva.x 0.010 -0.025 - -0.11 - ***741 

Previous species 
None 0 0 - 0 1 

F,FF->F 0.007 ***..O.19 - ***0.39 - 1.89 
V,VV->F 0.010 0.00 - ***0.53 - 0.73 
V,VV>V ***74 0.01 - **008 

- 1.12 
F,FF->V 0.049 0.00 - *45 

- 1.14 
Other 0.036 -0.06 - ***405 

- 0.93 

Vvs. F 0.028 *0.119 
- 0.00 - 0.61 

Het. vs. Horn. -0.019 0.073 - -0,13 - 0.62 
Parasitaemia 

<0.1% - 0 - 0 1 1 
~!0.1%, <0.2% - ***0 . 204 - -0.03 ***2.08 ***4.83 

- *0 . 124 - 0.15 ***179 ***361 
Gametocytes 

Negative 0 0 - 0 1 - 

Positive ***0 . 366 0.030 - ***045 ***752 - 

Temperature 
<37.5°C 0 - - 0 1 1 

37.5-39.0°C **0 . 038 - - ***027 0.97 1.00 
>39.0°C ***0 . 092 - - 0.11 1.06 1.32 

Sex 
Female 0 0 0 0 1 1 

Male *0.027 -0.029 1.02 0.02 *0.836 1.10 
Occupation 

Unknown 0 0 0,  0 1 1 
Inside **.0 109 -0.101 0.93 0.15 *1.83 0.98 

Outside *0059 ***0231 1.06 -0.21 0.75 0.99 
Born endemic area 

No 0 0 0 0 1 1 
Yes -0.005 *** -0 . 308 0.90 -0,24 *0.64 0.80 
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Table 4.2. continued 
Effect ' 2Parasitaemia 'Temperature 'No. of 

infections 
'No. days 

symptomatic 
'Species 'Gametocyte 

positive 
Season 

Oct. -Jan. 0 0 0 0 0 0 
Feb-May -0.017 0.025 - -0.03 ***1.61 1.32 

June-Sept. **.0.042 ***0.208 - 0.00 *1.24 1.22 
Village/bednets 

Study 1 
SA 0.063 0.541 1.00 ***082 0.93 *2.06 
58 0.052 0.692 1.10 *0.68 *2.09 2.10 
SC 0.040 0.603 1.18 ***077 1.40 *2.36 
SK 0.061 0.608 0.68 *0.64 **262 **348 
SN -0.02 0.588 0.71 *0.82 1.56 *3.89 
SS 0.101 0.721 0.90 ***091 *2.22 2.04 
ST 0.041 0.543 0.88 **057 1.50 2.03 

SW 0.003 0.621 0.93 ***060 ***319 2.04 
Study 2 

Trial i 	control 0 0 0 0 1 1 
Bednets 0.023 ***0.309 *0.89 0.12 1.20 **0.63 

Trial 	Control 0 0 0 0 1 1 
Bednets -0.025 *0.258 *0.88 *0.47 1.09 0.64 

Trial 	Control 0 0 0 0 1 1 
Bednets ***-0.161 *0.208 ***072 *0.38 ***204 1.67 

6Covariates 
Age (years) -0.116 -0.700 ***..3.92 **2.05 ***..0.87 -0.18 

Age' (years') 0.001 0.003 ***0.04 0.00 ***0.01 0.00 
Last attack (mo) 0.067 0.141 - -0.12 ***091 *..025 

Last attack' (mo 2) 0.000 0.001 - 0.00 ***-0.01 0.00 
No. attacks -0.295 0.801 ***801 **266 ***1.32 -0.21 

No. attacks' 0.004 -0.020 ***016  &005 *03 .00 
Last paroxysm (hrs) -0.055 ***3340 - ***2.32 **..0.23 **..0.18 

Days symptomatic -0.079 1.300 - - -0.40 ***094 

Analysed using normal regression. 
Estimates are on the transformed scale. 
Analysed assuming a Poisson distribution using a log link function. Estimates expressed as 
odds ratios. 
Analysed by logistic regression after recoding P. falciparum to zero and P. vivax to one. 
Estimates expressed as odds ratios. Higher values are interpreted as a tendency towards P. 
vivax. 
As for 4 but with gametocyte positive being coded as one and gametocyte negative coded as 
zero. 
Analysed using normal regression. Estimates have been multiplied by 100. 
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males had a higher level of clinical immunity than females. This may arise through 

being exposed more often due to their jobs predominantly as farm or forest 

workers. However, males did not have significantly more clinical attacks than 

females within the period of this study (Table 4.2). There was also no significant 

effect of occupation on sickness (Table 4.1) or number of infections (Table 4.2) 

after adjusting for sex, although outside workers did have higher levels of 

parasitaemia and lower temperatures than inside workers, consistent with the lower 

sickness and higher parasitaemias in males. Even though parasitaemia and 

occupation were included in the model for sickness scores, and therefore should 

have accounted for any such effects on males, it is possible that these factors did 

not account for all of the hypothesised higher immunity in males. Therefore, 

another analysis was performed on sickness scores in which occupation, 

parasitaemia and number of previous attacks was dropped from the model (data not 

shown). This did not alter the sex effect and so the lower sickness in males cannot 

be wholly explained by greater levels of immune experience given the available 

data. This does not rule out the possibility that males were exposed more often: 

they may have been so, but because of higher levels of immunity, did not 

experience symptoms, in which case they were not included in the data set. 

However, the higher numbers of observations in males compared with females does 

not support this. Thus in general, the data do not indicate that the sexes differ in 

their levels of sickness because of different frequencies of exposure. 

Another interesting difference between the sexes was that males had a 

higher proportion of P. falciparum infections than females which does suggest that 

the sexes had different patterns (but not necessarily frequency) of exposure, or 

immunity. This does not explain a higher level of immunity in males because, as 

discussed later, immunity to P. vivax appeared to be stronger or longer than for P. 

falciparum. There was no evidence for a sex by species interaction affecting any of 

the traits (data not shown). 

The question of whether the sex difference was due to a difference between 

males and females in the time of reporting to the clinic was also addressed by 

analysing the number of days symptomatic fitting all the usual fixed effects. Sex 
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and occupation effects were not significant, but people infected with P. falciparum 

infections took longer to report than people with P. vivax infections. However, 

this still does not explain why males were less sick than females because species 

and sex were both included in the model simultaneously. When species was 

dropped from the model, the sex effects on the number of days symptomatic 

remained non-significant. 

Finally, an alternative explanation for the sex difference might be that 

females perceived or genuinely experienced more severe symptoms for reasons 

which were not related to prior exposure and immunity. Given the physiological. 

endocrinological and behavioural differences between the sexes, this finding is not 

surprising: for such reasons sexes differ in host resistance to many parasite species 

(Roberts et al., 1996). For example, several studies in mice using P. chabaudi 

have shown that testosterone suppresses the ability to acquire immunity and resolve 

primary infections. However, once immunity has been acquired, there is no 

further effect of this hormone (Wunderlich et al., 1992; Benten et al., 1997; 

Mossmann et al., 1997). 

(iii) 	Predisposing factors - long-term immunity, short-term immunity and age 

People born in endemic areas were less sick for most traits than people who 

were not (Table 4.1) although they had the same number of attacks during the 

period of study. This effect was present even after accounting for the number of 

previous attacks and age, and therefore may reflect long-term immune memory. 

This is consistent with the observation from Madagascar, where malaria was 

eradicated but reappeared after 30 years, that people who had been exposed as 

children, but not since, developed less severe symptoms than people who had not 

(Deloron and Chougnet, 1992). It is also consistent with the hypothesis that the 

acquisition of strain-transcending immunity through repeated exposure is long-term 

(Brown, 1991) and acquired in a non-linear way, i.e. once it reaches some 

threshold level, it is almost complete (Gupta and Day, 1994a). Interestingly, 

people from endemic areas had a higher proportion of infections which were P. 

fatciparum infections than people not from endemic areas (Table 4.2). This will 

also be discussed later. There are many reasons to believe that such long-term 
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immunity is not responsible for these effects of endemic history, however. For 

example, people born in endemic areas may differ from immigrants in many 

aspects such has nutritional history, socio-economic status and genetics. These 

alternative explanations cannot be ruled out and so the existence of very long-term 

immunity is still unsure. 

The present study also illustrates that there is shorter-term immunity 

acquired through repeated exposure, as expressed by a combination of age effects, 

the number of previous attacks during the individual's lifetime, and the time since 

last attack, as discussed below. Total sickness score increased with age (P<.001, 

Table 4. 1), though there were differences between the individual sickness scores in 

the direction of these effects. Aches and pains increased with age, but 

gastrointestinal traits decreased with age, and fever was unaffected by age (Figure 

4.7). However, older people had fewer infections within the period of this study 

and reported later to the clinic than younger people (Table 4.2). Thus it seems that 

there was an increase in the threshold for clinical attacks (anti-disease immunity) 

with age. While higher numbers of previous attacks during the lifetime generally 

did not lead to less sickness (except for myalgia and shivering), longer durations 

between the current and previous infection did (Table 4.1). This was further 

examined by dropping age from the model: this did not reveal an effect of the 

number of previous attacks. (The correlation between age and number of previous 

attacks was 0.27). There are two possible explanations for these observations. 

Either the number of previous attacks was a very inaccurate measure of previous 

history of exposure, (as is likely given that this inforthation was obtained by 

interview only), thus leaving anti-disease immunity with a long-term component to 

explain these age differences. Or, anti-disease acquired immunity is short-lived 

and not responsible for age-related differences in disease severity: in this case, age-

related decreases in frequency of clinical attacks must then be explained by anti-

infection immunity with long-term protection acquired with age. The former 

hypothesis has been favoured by Cox et al. (1994) who argue that anti-disease 

immunity must be strain-specific and long-lasting to explain observed age patterns 

in incidence of febrile illness in children between 2 and 15 years old. 
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Similarly, Gupta et al. (1994a) argue that differences between curves of prevalence 

and disease as a function of age indicate an acquisition of strain-specific immunity 

which gives long-term protection against disease, rather than infection. The lack of 

prevalence data in this study preclude drawing such a conclusion here. In favour of 

the latter hypothesis - that anti-disease immunity is short-term - is the observation 

that the severity of illness increased with the amount of time since the previous 

clinical attack. 

An additional question is whether age effects on anti-disease or anti-

infection immunity reflect the acquired effects of repeated exposure, or of some 

other age-dependent mechanism, such as a reduced ability to mount an immune 

response in children (Baird et al., 1991). These effects could not be separated out 

in the present study because infection by patterns (as distinct from clinical attacks 

by age) were not directly observed, and concomitant data on immune response 

parameters (e.g. antibody titres) were not obtained. Further discussion of this issue 

has been published (Baird (1994), Gupta and Day (1994b), Roberts et al. (1994)). 

A further point in relation to age effects on anti-disease immunity is that 

older people experienced different symptoms than younger people: older people 

suffered more back, muscle and bone aches than children, whereas children tended 

to throw up! It is suggested that the age trends in symptom scores, as distinct from 

the frequency of symptomatic episodes, is a reflection of natural susceptibility of 

certain age-groups to particular symptoms (e.g. older people experience feel more 

aches, regardless of malaria), rather than of differential pathology. Wherever age 

effects were significant, the age-squared effect was almost always significant too, 

showing that the relationship between age and sickness was not linear. This was 

partly due to the propensity of old people (60-80 year-olds) to suffer more for all 

symptoms. This is illustrated in Figure 4.7 where age effects on the summed score 

for groups of related traits (aches, fever and gastrointestinal traits) are shown. 

However, when data from old people were dropped from the data set, the age-

squared effects did not change in their significance level, and the linear age effects 

simply became stronger (data not shown). Thus the nature of the age effects on 

disease severity appeared to be truly curvilinear over the entire age range. This is 

109 



Aches and pains 

FA 
@16 

I- 

@1 

C 
1 

Age-class 

Gastrointestinal traits 

4 
0 
I- 

0 

011 

Age-class 

Fever traits 

6 
@1 

03 
0, 
S 
I- 
@1 
>1 C 

0 

 

Age-class 

Figure 4.7. Age effects on aches (backache+ arthralgia + myalgia +headache), 
gastrointestinal traits (anorexia +vomiting +nausea) and fever traits 
(cold + shivering + sweating). Heights of bars are least-squares means 
for age class and curved lines are linear and quadratic regression 
lines. The same scale is used for each graph, though the means are 
different. 
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consistent with the notion that some physiological transition taking place as the 

person develops from a child to puberty to full maturity is responsible for age 

differences in sickness, i.e. that there is an age effect on sickness operating which 

is independent of previous exposure. 

The other issue regarding age effects is species of parasite. It was found 

that older people acquired relatively more P. falciparuin infections than younger 

people (Table 4.2). This may indicate that immunity acquired through repeated 

infections lasts longer for P. vivax infections than for P. falciparum infections, in 

agreement with many other data (reviewed by Taliaferro (1949)). To determine 

whether this might be the cause, an age by species interaction was added to the 

model for analysis of the number of infections during the period of study (anti-

infection immunity) and of sickness scores (anti-disease immunity). It was found 

that people tended to acquire immunity to P. vivax at an earlier age than they did 

for P. falciparuin, as shown in Figure 4.8, but this age by species interaction was 

not significant. Nor was there as significant age by species interaction on total 

sickness score, although individual symptoms showed some differential species 

effects. The increase in aches as age increased was consistently lower for P. 

falciparum than for P. vivax (P<.10 for backache, Pc .05 for arthralgia and 

myalgia). In contrast, though not statistically significant, the decline with age of all 

three gastrointestinal symptoms was slower for P. falciparuni than P. vivax. Fever 

traits showed smaller and inconsistent age by species interactions. If aches and 

pains, which tend to occur in the prodromal period, were positively associated with 

anti-infection immunity, and gastrointestinal traits were negatively associated with 

anti-infection immunity, as appeared to be the case with age effects, then this 

would help explain the lower number of P. viva.x infections in older people. 

However, as it is not understood why people develop aches and nausea in relation 

to immunity to malaria, this is somewhat speculative. In general, however, it can 

be said that the data do suggest that anti-infection immunity to P. vivax lasts longer 

and, in this region develops earlier, than to P. falciparum. 
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Figure 4.8. Mean number of clinical attacks per person occurring within a 19-
month period as a function of age. This is shown separately for P. 
vivax and P. falciparum infections. 
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An alternative explanation for the age difference in species acquired is that 

because P. falciparum was relatively rare before 1986 (Gamage-Mendis, 1991), 

older people may have been less exposed to this species in their lifetime than 

younger people. This may also explain why people from endemic areas had 

proportionally more P. falciparum infections than people from non-endemic areas 

(P< .05, Table 4.2). This explanation requires that anti-infection immunity is to 

some degree species-specific, as implied above and for which there is good 

evidence (Taliaferro, 1949). 

The relationship between previous exposure and species was further 

examined by fitting the effect of species previous to the current infection. It was 

found that having at least one previous infection (of any species) within the study 

period tended to reduce the level of total sickness, the temperature at presentation, 

and the time to reporting. However, parasitaemia levels increased which is 

probably because the higher levels of clinical immunity in these patients allowed 

them to reach higher parasitaemia levels before reporting ill. However, these 

effects were generally not significant. There was also no strong evidence of 

species-specific (homologous) immunity, or of non-reciprocal species-specific 

immunity as has been reported for many other pairs of species (reviewed by 

Maitland et al., 1997). This result is also in marked contrast with the result from a 

previous analysis of the data from Study 1 by Gunewardena et al. (1994) who 

found that successive infections of P. vivax conferred some clinical tolerance to P. 

falciparum infections but that P. falciparui'n infections did not confer tolerance to 

P. vivax. Possible reasons for this discrepancy are that Gunewardena analysed 

median sickness scores, and did not adjust for other effects (e.g. interviewer or 

village) which caused imbalances in the data. However, a simple analysis along the 

lines of Gunewardena's still did not show his result, and careful checking of the 

data did not reveal any reasons for this discrepancy between analyses. 

In summary, the analysis of species effects and interactions with age leads 

to the conclusion that species-specific immunity is not important in the short-term 

for protection against disease, but that in the long-term (or perhaps the short-term 

also) it affects the acquisition of anti-infection immunity. This is in accord with the 
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strong and lasting acquired species-specific immunity observed during the era of 

malaria therapy (reviewed by Taliaferro, 1949). It is proposed that though species-

specific, this is a reflection of the 'strain-transcending' type of immunity which 

takes some time to acquire, but is long-lived, and provides anti-infection immunity. 

This is contrasted with the short-lived immunity which protects against severe 

disease and may or not be strain-specific. 

(iv) 	Other effects - interviewer, season, village and bednets. 

In general, season did not affect the level of sickness despite the fact that 

most infections occurred in the monsoonal period (Figure 4.4). Exceptions to this 

were a lower degree of arthralgia and myalgia in the dry season of June to 

September, and a lower degree of sweating in the monsoonal months. P. 

falciparum infections were more prevalent during the monsoonal season than in 

other seasons (Table 4.2), also supporting the conclusion below that this species is 

less robust to unfavourable transmission conditions. 

Interviewer had a very strong effect on sickness scores (data not shown) 

probably reflecting differences in interpretation of the largely subjective assessment 

of disease severity. On the whole, interviewer 'GUN' was consistently higher in 

recording all traits. In Study 2, interviewer was not recorded and so this large 

source of variation could not be accounted for in half the data. 

In the absence of bednet use (Study 1), villages varied in the mean levels of 

sickness (Table 4. 1), but not in the number of infections per person acquired during 

the study period (Table 4.2). This may be partly due to the variation between 

villages in the type of species to which they were exposed (Table 4.2), although the 

inclusion of species in the model for analysis of sickness scores should have 

accounted for such an effect. 

The effect of bednets (Study 2) was to markedly decrease the number of 

infections per person, increase the proportion of infections which were P. vivax, 

and decrease the probability of the person being gametocyte positive. This was 

associated with an increase in total sickness score, and most individual scores, 

especially in Trial 3. Temperatures at presentation were also higher in the bednet 

groups, but effects on parasitaemia differed between the trials. Time to reporting 
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to the clinic also was higher in bednet villages, perhaps suggesting a longer 

incubation period resulting from smaller inoculum size (Kitchen, 1949). Thus in 

general the results are consistent with the hypothesis that people sleeping under 

bednets are infected less often, and as a result lose some anti-disease immunity so 

that the next time they are infected they show more severe symptoms. This is 

consistent with the previous results which show a strong short-term component to 

acquired anti-disease immunity. 

An interesting feature of the bednet study was that P. vivax infections 

became relatively more common when bednets were used. This is also consistent 

with the previous results relating species to anti-infection immunity. It may also 

reflect a shift in the epidemiological balance between length of infection (which is 

usually longer in P. vivax than P. falciparum) and other factors related to the 

inherent transmissibility of the parasite which could have caused a change in 

prevalence of the two species in the villages in which bednets were used. Spatial 

clustering of vector and parasite species within the villages could have occurred 

because bednet and control villages were physically separated. Even though these 

villages were closely situated and matched for as many factors as possible, the 

prevalence and species-specific immunity effects cannot be truly separated in this 

study. Indeed, the two may interact. For example, when a vector control 

programme was carried out in New Guinea where four species of malaria parasite 

were present, the species balance was altered (Metselaar, 1960). The higher 

persistence of P. vivax compared with other parasite species has been noted 

previously (Taliaferro, 1949). 

4.4.3 Heritabilities and repeatabilities 

The population from Study 1 lived in 480 houses out of which 293 had at least one 

person with at least one clinical attack. Only 54% of those people that had an 

attack also had their parents identified and therefore could be assigned to nuclear 

families, i.e. to mother-father couples with one or more children. In these families 

(which almost always lived in the same household) the average number of children 

per couple was 2.9, with an average of 1.6 of these having at least one attack. In 
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59% of such cases, only one child per couple had an attack. In 60 of the couples 

(24%), either the mother or father (or both) also had a clinical attack at some point 

during the study period thereby giving offspring-parent pairs of records. Thus 

information on a genetic component came from either pairs of full sibs from 41% 

of couples, or from offspring-parent pairs in 24% of couples, or a mixture of the 

two. Of the 240 couples, 36 (15%) had grandchildren with records, and 6 of these 

grandparents also had records. Children and grandchildren of these grandparents 

almost always lived in different houses. Thus in summary, the pedigree 

information consisted mainly of two-generation nuclear families living in the same 

house with about 30% of affected people also having affected full-sibs or parents 

living in the same house, and 15% having cousins, uncles, aunts or grandparents 

living in separate houses. For the remainder of people, house, genetic and non-

genetic effects could not be disentangled because there was only one affected 

person per house/family. Thus there was a large degree of confounding between 

genetic relationship and house. However, this was by no means complete and 

therefore, in theory at least, the genetic components should be able to be separated 

from house and non-genetic person effects. 

Table 4.3 shows the phenotypic variances (after adjusting for fixed effects), and 

the proportions of variance due to house, due to additive genetic effects 

(heritability) and due to individual non-genetic effects (permanent environmental) 

for sickness scores and other measures of the infection. Estimates are presented for 

the full model (Model 1), the model without house fitted (Model 2), and the model 

without covariates for number and time since previous infections (Model 3). 

Significance tests for fit of the alternative models based on log likelihood ratios are 

also shown. 

House explained between 0 and 7% of the phenotypic variance in all traits, and 

in most cases, this was less than 3% and not significantly different from zero. 

Heritabilities for sickness scores ranged between 0 and 21% with an average of 

7%. The highest values were for backache and shivering which were significantly 

different from zero. Combinations of traits using principal components showed 

higher heritabilities than individual traits, especially for combined fever traits 
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Table 4.3. Variance components for sickness scores and other parameters relating 
to disease severity 
Trait 	I &. 	 2Variance components (se.) 	 3LRT 

7Model 1 3 Il 2 3 1 2 3 11 vs 2 1 vs 3 
Total 17.47 0.02 0,02 0.09 0.11 0.09 0.07 0.10 0.2 24.0 

(0.03) (0.03) (0.06) (0.05) (0.06) (0.06) (0.06) 
Backache 0.485 0.00 0.00 0.16 0.17 0.16 0.02 0.02 0.03 0.0 30.3 

(0.07) (0.07) 
Arthralgia 0.952 0.02 0.01 0.04 0.06 0.05 0.15 0.14 0.14 0.1 27.8 

(0.03) (0.07) (0.05) (0.06) (0.06) 
Myalgia 0.860 0.01 0.00 0.04 0.05 0.05 0.14 0.14 0.14 0.0 30.6 

(0.03) (0.06) (0.05) (0.06) (0.06) 
Headache 0.786 0.000 0.00 0.03 0.00 0.01 0.22 0.21 0.23 0.9 29.7 

Anorexia 	0.484 0.02 	0.01 	0.05 0.08 	0.05 	0.11 0.10 	0.10 0.2 	34.5 
(0.03) 	(0.06) (0.05) (0.06) (0.06) (0.06) 	(0.06) 

Nausea 	0.360 0.04 	0.06 	0.10 0.16 	0.04 	0.06 0.03 	0.10 0.9 	31.4 
(0.02) 	(0.03) 	(0.07) (0.05) (0.07) (0.06) (0.05) 	(0.06) 

Vomiting 	0.281 0.07 	0.07 	0.000 0.11 	0.00 	0.07 0.03 	0.00 1.9 	34.2 
(0.06) 	(0.03) 	(0.07) (0.05) (0.04) (0.05) (0.05) 	(0.04) 

Cold 	0.411 0.02 	0.01 	0.07 0.08 	0.07 	0.04 0.04 	0.04 0.0 	27.1 
(0.02) 	(0.03) 	(0.07) (0.05) (0.07) (0.06) (0.06) 	(0.06) 

Shivering 	1.059 0.00 	0.00 	0.19 0.18 	0.19 	0.05 0.05 	0.04 0.0 	31.9 
(0.07) (0.07) 

Sweating 	0.503 0.01 	0.01 	0.01 0.02 	0.01 	0.04 0.03 	0.04 0.0 	34.1 
(0.03) 	(0.07) (0.04) 	(0.05) (0.05) 

Hypo. 	0.287 0.02 	0.02 	0.07 0.10 	0.06 	0.05 0.04 	0.06 0.3 	35.2 
Pain 	 (0.03) 	(0.03) 	(0.08) (0.07) (0.08) (0.08) (0.07) 	(0.07) 
PC-Aches 	1.907 0.02 	0.02 	0.06 0.08 	0.05 	0.14 0.14 	0.14 0.2 	32.2 

(0.03) 	(0.03) 	(0.07) (0.06) (0.07) (0.07) (0.07) 	(0.06) 
PC-Gastro 	0.634 0.05 	0.05 	0.11 0.18 	0.11 	0.06 0.03 	0.06 1.2 	34.2 

(0.04) 	(0.04) 	(0.09) (0.07) (0.08) (0.07) (0.07) 	(0.07) 
PC-Fever 	1.107 0.01 	0.01 	0.21 0.23 	0.21 	0.01 0.01 	0.01 0.1 	33.3 

(0.03) 	(0.03) 	(0.10) (0.11) (0.09) (0.08) (0.11) 	(0.09) 
P/mb 	0.086 0.000 	0.00 	0.01 0.000 0.01 	0.07 0.08 	0.08 0.1 	35.7 

(0.03) 	(0.04) 	(0.09) (0.07) (0.08) (0.09) (0.07) 	(0.08) 
Temp. 	0.871 0.01 	0.01 	0.00 0.01 	0.09 	0.04 0.04 	0.02 0.3 	27.9 

(0.03) (0.04) (0.04) 
No. of 	2.126 0.04 	0.04 	0.34 0.41 	0.29 	- - 	 - 0.4 	7.7 
infections 	(0.05) 	(0.05) 	(0.12) (0.09) (0.13) 
Species 	0.200 0.03 	0.03 	0.000 0.02 	0.00 	0.15 0.17 	0.14 0.8 	30.6 

(0.03) 	(0.03) 	(0.07) (0.05) (0.07) (0.07) (0.06) 	(0.07) 
Total phenotypic variance after accounting for fixed effects, but not house. 
Some standard errors were not estimable in which case they are left blank. 
LRT is th likelihood ratio test of Model 2 vs Model 1, or Model 3 vs Model 1. It is assumed 
to be distributed as x1/2. 	Significance tests based on this distribution with 1 and 4 degrees of 
freedom, respectively, were P>0.05 for all Model 1 vs. 2 comparisons, and P<0.001 for all 
Model 1 vs. 3 comparisons, except for no. of infections where P<0.05. 
Proportion of c 2, explained by house. 
Heritability, i.e. proportion of a 2 p  minus house variance explained by additive genetic effects 
Proportion of &, minus house variance explained by non-genetic person effects. 
Model 1 included all fixed effects, house, additive genetic and permanent environmental 
effects. Model 2 was as for Model 1 without house fitted. Model 3 was as for Model 1 but 
without covariates for number of previous attacks and time since last attack. 
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(h2  = 0.21). A further 0 to 22% (average of 7%) of variation in sickness scores was 

explained by non-genetic variation between individuals, this being greatest (and 

significant) for aches and pains. Estimates of genetic and permanent environmental 

effects tended to trade against each other with the estimated correlation between 

these estimates ranging from -0.51 to -0.81. Thus the repeatability of sickness 

scores, (i.e. the sum of heritability and permanent environmental effects) ranged 

from 4 to 25% with an average of 14%, and was typically 15-20%. These results 

show that there was considerable semi-permanent between-individual variation in 

disease symptoms, some of which was genetic. 

Heritabilities and repeatabilities of parasitaemia and temperature upon 

presentation were very low (<10%) probably reflecting the transient nature of 

these traits. In contrast to the clinical symptoms, the heritability of the number of 

attacks during the study period was moderate (36%) suggesting that there is 

considerable genetic variation in susceptibility to developing a clinical infection. 

This is an important result and should be analysed further for major genes 

segregating within families. Repeatability (but not heritability) of the species 

infecting an individual was higher than for other traits, perhaps reflecting a long-

term species-specific effect, as concluded from the fixed effects analysis of age by 

species interactions. 

When house was dropped from the model, there was usually an increase in the 

heritability of 1-2%, except for vomiting and nausea where the increase was 10% 

and 6% respectively. This increase in heritability was largely due to a transfer of 

house variance into genetic variance because these factors are largely confounded. 

The estimated correlation between estimates of house and additive genetic variances 

ranged between -0.75 and -0.86 confirming the high degree of interdependence 

between house and family relationships. The fit of the model was not significantly 

reduced by dropping house from the model because the phenotypic variance did not 

change. 

When previous immune history was not accounted for in the model, the 

phenotypic variance significantly increased because of the strong influences these 

covariates had on sickness, especially those relating to recent history. This 

ii 1:1 



generally did not alter the heritability estimates or permanent environment estimates 

(except for vomiting) and so the effects of recent immune history cannot be 

considered to be responsible for the remaining repeatable differences between 

individuals in their degree of sickness. Other effects, such as house construction 

type, nutrition, sleeping and clothing habits, and behavioural differences in 

reporting may contribute to this variation (El Samani et al., 1987; Gamage-Mendis 

et al., 1991). 

In summary, the analysis showed that individual people carried permanent 

differences in the degree of disease which they experienced which were not already 

explained by known immune history and other fixed characteristics such as sex and 

age. The proportion of variation explained by individuals was approximately the 

same amount explained by fixed effects (20-25%). A small proportion of the 

between-individual variation (<5%) may be attributable to between-house 

variation, a small proportion (<5%) seems to be genetic in nature and the 

remainder (15%) seems to be due to a mixture of long-term immunity acquired 

through repeated infection. In general then, a large amount of the total variation in 

sickness was not able to be explained. This is probably due to many factors, 

namely, the short-term nature of anti-disease immunity, transient nature of the 

disease symptoms, stochastic nature of infection rate, inaccuracy of the data 

obtained by interview, and perhaps genetic variability in virulence among the 

parasite population. In contrast, the ability to prevent clinical infections and to 

prevent reinfection with a species experienced many times previously (in this case 

P. vivax) seemed to have a more permanent basis in the individual host which could 

be genetic. 

4.5 General discussion 

This study identified some important factors influencing the degree of 

disease severity experienced by clinically ill people living in an area of low 

endemicity in Sri Lanka. Drawing together a number of different results from the 

analysis, the following three-tiered model is suggested to explain some (as little as 

25%) of the wide range in clinical and anti-infection immunity observed in this 
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population. First, there appears to be innate variation among people in the ability 

to acquire protective immunity (i.e. protection from clinical attacks), and also in 

the expression of parasite-controlling mechanisms through fever, but not in the 

severity of other clinical symptoms. This is consistent with other observations of 

host genetic components to protection against progression towards severe disease 

(Hill et al., 1991; Abel et al., 1992). Mechanisms for such protection are not 

understood but in general have been postulated to be a function of anti-parasite 

activity either by specific immune killing mechanisms (Hill et al., 1992; Luzzi et 

al., 1991) or by growth-inhibiting mechanisms independent of the immune system 

(Pasvol et al., 1977, 1978; Friedman, 1979; Abel et al., 1992), as opposed to 

reduced immune pathology (but see Carter et al., 1992; Dieye et al., 1997). The 

moderately high frequencies of haemoglobinopathies and other red blood cell 

disorders in the Indian sub-continent (Livingstone, 1967) may explain some of this 

variation in disease susceptibility. More detailed within-family studies, 

concentrating especially on sub-clinical infections, would confirm whether the 

moderate heritability for the frequency of clinical attacks is true. Linkage analysis 

with candidate genes may reveal which loci are involved. 

Second, there appears to be a long-term effect on the degree of clinical 

immunity (and perhaps protective immunity) which is acquired through repeated 

(but not necessarily chronic) exposure. This was evident by the reduction in 

sickness in people born in an endemic area and the slower rates of acquisition of 

infections in older people. This could be the outcome of two different mechanisms 

operating simultaneously - strain-transcending immunity which is acquired slowly 

and non-linearly and protects against infection, and strain-specific immunity which, 

because of the delay in experiencing all parasite genotypes, appears to be slow to 

acquire, linearly related to the number of previous infections and an important 

determinant of anti-disease immunity (Gupta and Day, 1994a). It has been 

proposed by Gupta and Day (1994a) that these types can be separated out by 

comparing age profiles of infection (clinical or sub-clinical) with age profiles of 

disease (clinical episodes). However, in the present study, this was not possible 

because parasite prevalence rates were not obtained by continuous active case 
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detection. Such long-term immunity is suggested to be cell-mediated, with its chief 

function being to limit the degree of pathogenesis caused by the parasite. This may 

be through fever (Kwiatkowski, 1989), through cytokine-assisted clearance by the 

spleen (Taverne et al., 1986), or by non-specific damage caused by cytokines 

(Clark et al., 1981; Bate et al., 1988; Clark et al., 1989; Grau et al., 1989). A 

role for TNF in mediating these effects has been shown for all of these pathologies. 

This long-term acquired immunity may have a genetic basis in the host since 

heritabilities of combined fever traits were 21%, and TNF-a alleles have been 

associated with disease severity in an endemic area (McGuire et al., 1994). 

Expression of this trait would depend on having previously experienced a clinical 

attack. 

Third, short-term immunity seems to be the chief cause of variation in 

disease severity, as evident by the strong effects of recent infections on reducing 

sickness, and the relatively low contribution of genetic effects and low repeatability 

of sickness scores within the 38 month period. It is suggested that this is mediated 

through specific mechanisms such as antibody lysis of infected cells (Marsh et al., 

1989) which are short-lived, and once waned, take time to regenerate in the event 

of a subsequent infection. The overriding importance of short-term immunity in 

reducing disease symptoms was clearly demonstrated by the adverse effects of 

bednets on levels of clinical immunity. 

The three proposed general components of immunity to malaria described 

above, as deduced from this analysis of field data, are in accord with the general 

picture of immunity to malaria built up over the years from both controlled 

laboratory experiments and observations from the field. The overall consensus 

(obtained from reviews of the subject by Taliaferro, 1949; Garnham, 1966; Cohen, 

1979; Molineaux and Gramiccia, 1980; Newbold, 1985; Mendis and Carter, 1995) 

is that (1) general immunity is slowly accumulated through repeated infections (2) 

specific immunity is short-lived, and (3) immunity has as much to do with tolerance 

to the infection than with parasite killing. The latter is an interesting and important 

concept for malaria. As discussed by Mitchell (1991) on the basis of ideas by 

Sprent (1962), host immunity can be seen to be a balance between two strategies: 
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either the host produces an exaggerated response which clears the parasite but 

damages itself (because of the cost of proliferation of immune cells and the 

triggering of cytokine release with toxic consequences); or, the host produces no 

response and is overwhelmed by high parasite numbers. Tolerance or resilience to 

the consequences of the infection lies between these two extremes, and in malaria 

seems to be the optimal strategy for the host. Given these alternatives, it is perhaps 

not surprising that such wide variation in disease severity is expressed in malaria. 

Moreover, the high degree of antigenic diversity in malaria parasites (Kemp et al., 

1990) and its ability to generate diversity within infections would select for an 

immune response which not only is able to target conserved epitopes of the 

parasite, but is also able to control new infections with different parasite genotypes 

instead of eliminating all new infections. 

An interesting feature of this study was the mixture of P. vivax and P. 
f'alciparum populations in the area. The interaction between these species and the 

consequences for epidemiology have been reviewed and discussed by Maitland et 

al. (1997). In this study, from various different standpoints, P. vivax appeared to 

be the dominant parasite. For example, it was the preferred species when levels of 

immunity were low, as in younger age-groups and in people sleeping under 

bednets. As a corollary, it appeared to generate longer or stronger clinical 

immunity than P. falciparum and this had long-term consequences for maintenance 

of clinical immunity. The importance of interactions between P. vivax and P. 

falciparuin for levels of mortality and morbidity of host populations was argued by 

Williams et al. (1996) for a population in Vanuatu. In their study, they found that 

carrying the mildly deleterious ct-thalassaemia mutant predisposed children towards 

acquiring a malarial infection, usually P. vivax. This predisposition was proposed 

to confer a lifetime fitness advantage by providing some protection from the much 

more lethal parasite P. falciparurn. This argument for maintenance of an otherwise 

deleterious gene through increased susceptibility to malaria would at first seem to 

be paradoxical. However, the results from the present study, in particular the 

maintenance of host genetic variation for the ability to prevent clinical episodes, 

may reflect a similar phenomenon in this Sri Lankan population. The importance 
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of maintaining clinical immunity to avoid high levels of morbidity was clearly 

illustrated when bednets were introduced into this population. 
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Chapter 5 

A theoretical model for predicting the rate 

of spread of drug resistance 

5.1 Summary 
Forces determining the rate of spread of drug resistance which has already 

become established in a population of malaria parasites were explored using a 

genetics-transmission model which takes account of the strong population structure of 

these parasites. It was shown that the rate of change of frequency of drug resistant 

mutants in the parasite population is primarily a function of the proportion of hosts 

treated with drugs and parasite transmission rates. With high transmission, selection 

by drugs is more effective than with low transmission because the resistant mutant 

passes on more copies of itself to the next generation. Recombination between 

resistance loci only mildly counteracts this force by breaking up resistance 

combinations. Thus reducing transmission rates, either at the overall population 

level, or from drug-treated individuals should be effective in curbing the spread of 

resistance. An exception to this is when the following conditions occur: two unlinked 

genes act jointly (not independently) to confer resistance, the prevailing transmission 

rate is already low, and drug use is minimal. Reductions in fitness of the mutant in 

the absence of drugs, (i.e. a fitness cost to resistance) and the degree of joint action of 

the mutants do not alter these conclusions. 

5.2 Introduction 

Drug resistance, especially multiple drug resistance, is disastrous for treatment 

and control of malaria. Resistance to almost all available drugs, most notably 

chioroquine, mefloquine and pyrimethamine, continues to spread throughout the 

tropical world, and the need for new drugs and a strategy to prevent further spread is 

urgent (Peters, 1987; Warhurst, 1989; Wernsdorfer, 1991; Schapira et al., 1993). In 

an influential study, Curtis and Otoo (1986) showed that the prevalence of drug use 

was the most important factor in determining the rate of spread of resistance, and that 

resistance to two drugs would spread more slowly than resistance to one drug. Thus 
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they were able to make strong recommendations on how to prolong the useful life of 

drugs. 

The model used to reach this conclusion was simple: it assumed that parasites 

randomly mate with each other, as they might, for instance, if the entire parasite 

population were to be found in a single large vat of blood just prior to mating. 

However, this is unrealistic because malaria parasite populations are strongly sub-

structured into hosts. This has the effect of severely restricting the pool of sexual 

partners during mating and therefore often forcing the parasite to self-mate (inbreed). 

Indeed, one of the major advances in the field of malaria in the last decade has been to 

describe just how much inbreeding does occur in natural parasite populations. It is 

now clear that each host typically carries between one and four genetically distinct 

parasite types at any one time, the number per host tending to be higher in high 

transmission areas (Carter and McGregor, 1973; Joshi et al., 1989; Conway and 

McBride, 1991; Babilcer et al., 1994; Hill and Babiker, 1995; Hill et al., 1995; Paul 

et al., 1995; Babiker et al., 1997; Joshi et al., 1997). So how does this new 

information on population structure influence our understanding of how drug 

resistance spreads? 

Several authors (Curtis and Otoo, 1986; Paul et al., 1995; Dye, 1991; Dye, 

1994; Dye and Williams, 1997; Hastings, 1997) have pointed out that in more 

outbred populations, such as occur in high transmission areas, there is greater 

effective recombination breakdown between the two or more loci encoding resistance. 

It has therefore been suggested that multiple drug resistance develops more slowly in 

such areas (Paul et al., 1995). Analytical examination of this hypothesis has indeed 

shown that outbreeding can slow the spread of multiple drug resistance, though only 

under a limited set of conditions, namely, when none of the resistance genes confer 

significant protection on their own, when the genes are rare and when selection 

pressure is low (Dye, 1994; Dye and Williams, 1994; Hastings, 1997). However, 

this issue of recombination has somewhat diverted attention from the main force 

driving frequency increases in resistance genes - that of drug selection itself - and so 

in this study it is also considered how transmission rate influences the effectiveness 

this selection. Using a deterministic simulation model to pitch the force of effective 
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selection against the force of effective recombination as determined by population 

structure, the rates of spread of drug resistance for a range of transmission rates, drug 

pressures and mechanisms of drug resistance are predicted. 

5.3 The basic model and assumptions 

The following paragraphs describe the model. First the basic transmission-

genetics cycle is described, followed by a description of the assumptions made about 

the transmission process, epidemiology, population structuring, and drug and natural 

selection. Finally, the equations describing the changes in frequencies of resistance 

genes each generation are given. Table 5.1 summarises the notation used. 

5.3.1 Transmission cycle and population structuring 

As shown in Figure 5.1, in each generation the parasite population flows 

through hosts (boxes) and mosquitoes (circles) undergoing a series of events which 

alter the genetic composition of the population. At Stage 1, the parasite is transmitted 

to new hosts as sporozoites. Each transmission event is represented by a small box 

within each host: in this diagram there are three independent inoculations to each host. 

Each inoculum may contain a mixture of genetically different parasites which have 

probably derived from a bite on just one infectious host. The couplets of letters each 

represent a parasite's two-locus haploid genotype (haplotype) which is distinct with 

respect to resistance or susceptibility to two drugs denoted a and /1. Haplotype AR is 
resistant to both drugs, Ab is resistant to only drug a, aB is resistant to only drug 8 

and ab is susceptible to both drugs. The resistance loci are assumed to be genetically 

linked with a recombination fraction of r. At Stage 2, frequencies of the haplotypes 

within the host are adjusted according to the fitness of the mutant parasites relative to 

their susceptible counterparts. At Stage 3, drugs are administered to some of the 

infected hosts. (In this diagram, two drugs are administered together, but the model 

allows for single drugs to be used). If the host is carrying a resistant parasite all the 

susceptible parasites are eliminated leaving only resistant parasites. At Stage 4, pairs 

of parasite gametes form diploid zygotes in the gut of the mosquito (left side of the 

circles) and then undergo meiosis to produce four haploid meiotic products per zygote 
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(right side). If the mosquito has bitten a treated carrier host, all the meiotic products 

are doubly resistant. If the donor host has not been drug treated, there is 

recombination breakdown of the doubly resistant haplotypes which reduces their 

frequency. At Stage 5, some of these meiotic products are transmitted (Stage 6) in 

the form of sporozoites to new hosts which become superinfected as in Stage 1. 
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Figure 5.1. Transmission cycle of malaria parasites showing the processes of 

selection and recombination contributing to gene frequency changes. 

See text for details. Circled numbers denote the stages represented by 

the mathematical model described in Figure 5.2. 
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Table 5. 1. Notation and typical values used in the model. 

Symbol Meaning Values used 

Transmission 

c Mean number of independent infections received by each host 1. 1, 3 

M Mean number of transmitted meiotic products per oocyst 1, 4 

Z Mean number of oocysts formed per mosquito 1 

M Mean number of genetically distinct haplotypes among gametocytes 1.1, 3 

S Proportion of parasites which self-fertilize 1/rn 

I Proportion of parasites which inbreed 1/c 

Genes and frequencies 

a, /3 Two drugs which kill malaria parasites 

A, B Mutant alleles encoding resistance to drugs a and /3 respectively 

a, Ii Wild-type alleles to A and B which are susceptible to drugs a and 6, respectively 

r Recombination fraction between the two loci 

P[p 	Pib PaR p0J 	Vector of population frequencies of two-locus haplotypes 

P =[PA pJ Vector of population frequencies in the one-locus case 
pT pU Vectors of haplotype frequencies within treated and untreated hosts 

I Sum of the elements in a vector of frequencies used for re-scaling 

.Ep 1  Sum of frequencies of carrier (resistant) haplotypes where i denotes a carrier type 

C Proportion of hosts which carry drug-resistant parasites ('carriers') 

D Population disequilibrium between the two loci 

d Disequilibrium as a proportion of the maximum disequilibrium 

Selection 

T 	 Proportion of the host population which are treated with drugs 0.05,0.1,0.2 

No. of transmissions from a treated host relative to an untreated host 1, 0.2,0.33 

WT 	 Vector of fitnesses of the haplotypes in the presence of drugs 

For the two-locus, two-drug (2-2) case W=[l  0001 

For the two-locus, one-drug (2-1)case WT = [ I w. WT 01 W=0.5 

For the one-locus, one-drug (1-I) case W=[1 01 

W, 	 Vector of relative fitnesses of the haplotypes in the absence of drugs 

For the two-locus cases WU=[wU2  w,, w, 11 w,=1, 0.9 

For the one-locus, one-drug case W'=[wU  1] 
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5.3.2 Assumptions and notation 

The mathematical model is based, on the following assumptions: 

Malaria is stable, i.e. the population of infected hosts and parasites remains large 

through time such that changes in total parasite population size do not affect the 

changes in frequency of the mutant genes. 

Each host receives c independent infections each of which may comprise up to Mz 

(M= 1.4) meiotic products or distinct haplotypes among the sporozoites inoculated 

into the host from a mosquito which has formed z zygotes (oocysts). These c 

infections give rise to in haplotypes which simultaneously have sexual forms of the 

parasite (gametocytes) in the blood and msMzc. 

If frequencies of the haplotypes in the blood are equal, the frequency of selfmg 

(mating between identical parasites) is S = 1/zn, the frequency of inbreeding (mating 

between parasites derived from the same mosquito, including selfmg) is 1= 11c, 

and the frequency of outbreeding is 14. 

In the presence of drugs, the vector of fitnesses of the haplotypes [AB Ab aB ab] is 

W-= [1 WT w 0]. This notation can represent two possible cases: either two 

different drugs are used which both kill parasites carrying the wild-type alleles and 

only parasites carrying both mutant alleles survive (the two-locus, two-drug case 

with WT - O, denoted the 2-2 case or 'the epistatic model'); or a single drug is used 

(i.e. a is the same as 13) and each of the mutant alleles confer partial resistance to 

this drug such that a proportion, wT, of the parasites carrying a single mutant allele 

survive after drug treatment (the two-locus case, one-drug case denoted the 2-1 

case or 'the additive model'). A third case, in which only one locus is involved 

and only one drug is used (denoted the 1-1 case), is also considered here. The 

one-locus vector of fitnesses for haplotypes A and a in the presence of the drug a is 

represented by the vector WT=  [1 0]. 

In the absence of drugs, the mutant allele confers a lower fitness on the parasite 

such that its fitness is reduced to a fraction, w,, (w u < 1) of the fitness of parasites 

carrying the wild-type allele. Fitness is assumed to act multiplicatively so that the 

vector of fitnesses without drugs is represented by W'= [w02  w 	w 	11 in the 

two-drug case. For the one-locus case W'=[w 1]. 
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A proportion of the host population, T, is treated with drugs and the drugs are fully 

effective in killing non-mutant parasites. 

The number of transmissions from a treated host relative to an untreated host is t, 

i.e. if t< 1 then drug treatment not only reduces asexual parasites but also reduces 

the infectiousness of the host to mosquitoes. If t> 1 then the drugs promote 

transmission. 

5.3.3 Rate of change in frequency of drug resistant mutants 

The equations in Figure 5.2 describe the change in frequency of the 

haplotypes from one generation to the next using the process described above and in 

Figure 5.1. It has been written in the most general form which is the 2-1 case, but 

the 1-1 and 2-2 cases can easily be recovered by substituting in r=0 and WT=O, 

respectively. The method requires keeping track of the haplotype frequencies in the 

parasite population which are stored in a vector P = [P4s Pat PAb PaB] which at some 

stages is split into two separate vectors for frequencies among treated and untreated 

hosts, pT  and P. These haplotype frequencies can also be represented by the 

frequencies of the individual alleles, p4 and p8 , and disequilibrium, D, which 

represents the deviation of haplotype frequencies from their expected frequencies if 

the population is randomly mating and not subjected to selection. For example, 

p,=p,p8 +D where p4  =PAB+PAb and p8  =P48 +PaB  Disequilibrium after meiosis is: 

D' =—r+ + S 1(1—r+ 	- 25(1 - 2r)] (Weir et al., 1972). — 

2[ 	2 N 	2 

In this study it is assumed that the two resistance loci are unlinked i.e. r=0.5 in 

which case disequilibrium changes can be calculated as D = 'AD (1 + S) if parasites self 

and D*= 'AD(I +1) if parasites inbreed. As the equation for the case of mixed selfmg, 

inbreeding and random mating has not yet been derived, the equation for purely 

selfing is used in the algorithm because it yields the maximum rate of recombination 

breakdown and therefore is the least conservative with respect to the recombination 

effect. In treated hosts, the within-host haplotype frequencies become uneven due to 

the drug and so selfing rate is not 1/rn as for treated hosts, but is increased by a factor 

of (1 +2w)/(1 +2wT)2  
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Figure 5.2. Cyclic algorithm for predicting the frequencies of drug resistant 

mutants under drug selection over generations. Asterisks indicate 

where values have been updated from the previous equation. 

Notation is defined in Table 5. 1. 
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5.4 Predictions from the model 

Predictions of the change in frequency of resistance over generations are 

shown in Figure 5.3 for when drug resistance is controlled by one or two loci and 

when one or two drugs are in use. The results for a set of conditions (T= .1, 1=1, 

w,,,=1, c=3, M=1 and r=.5) are shown in Figure 5.3a and the effects of changing 

any one of these parameters are shown in Figures 5.3b-f. The following sections 

discuss the results. 

5.4.1 General 

Frequency changes are very slow at low frequencies (not shown) thus giving 

a long lead-in time (hundreds of generations) before drug selection brings a new 

mutant to a detectable frequency (Anderson and May, 1991; Dye and Williams, 

1997). However, once the frequency reaches about 10%, the rate of increase is rapid 

and if drug pressure is uninterrupted can reach a frequency of 90% within 20 to 60 

generations (approximately 2 to 5 years in areas of high transmission, depending on 

the average generation interval which is expected to decrease as transmission 

increases). Thus strategies to prevent a drug resistance problem increasing further 

should be implemented as soon as possible after the problem is detected.. 

5.4.2 Genetic mechanism of resistance 

Two-locus mutants always increase at a slower rate than one-locus mutants 

because they are continuously broken down by recombination. Therefore it is better 

to use multiple drugs simultaneously rather than sequentially, as is well established 

(Curtis and Otoo, 1986; Dye, 1991; Dye, 1994). A further result is that when only 

one drug is used but is under the control of two loci, if single mutants confer partial 

resistance (i.e. when two-locus resistance is partly additive), resistance increases 

faster than if both mutant alleles are required for any degree of resistance (i.e. when 

two-locus resistance is epistatic). Dye and Williams (1997) have examined this in 

more detail, and note that the effect of recombination in retarding multi-locus 

resistance (see below) is eliminated when the genes act in an additive way. This is 
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relevant to chioroquine resistance where probably several genes are required to confer 

resistance to a single drug (Foote et al., 1990; Wellems et al., 1991; Su et al., 1997) 

but it is not clear whether these genes act in concert (epistatically), or independently 

and additively. Multiple mechanisms of resistance are expected to evolve more easily 

than joint (interdependent) mechanisms which strengthens the case for using two 

drugs simultaneously instead of one. 

5.4.3 Drug pressure (1) 

The most important influence on the rate of spread of resistance is the 

proportion of hosts treated. If 20% of the host population is treated with drugs 

(T= .2), it will take about half as long, or 5, 7 and 13 generations less in the 1-1, 2-1 

and 2-2 cases respectively for a mutant allele at a frequency of 10% to increase to 

50% than if T= .1 (Figure 5.3b vs Figure 5.3a). These differences are somewhat 

dependent on the starting frequency: the corresponding differences are 10, 11 and 64 

generations if the starting frequency is 0.1%. Nevertheless, with any significant level 

of drug pressure (e.g. T> .1) the rate of spread is very rapid in all cases. This result 

is well known but is emphasised here because it dominates all further considerations. 

In many circumstances, however, drug treatment is essential to prevent mortality in 

which case reducing drug pressure is not an option. 

5.4.4 Effect of drug on transmission (t) 

The second major influence on the rate of spread is the degree of transmission 

from treated hosts carrying resistant parasites (Figure 5.3c vs. Figure 5.3a). If the 

drug does not reduce transmission, the surviving resistant parasites, in effect, replace 

susceptible parasites by transmitting to the next generation and thus gain a selective 

advantage. This advantage is even greater in high transmission areas because the 

number of copies transmitted to the next generation is directly related to the average 

number of infections per host. When the drug does succeed in reducing transmission, 

however, the spread of resistance is dramatically curbed. This leads to the conclusion 

that the useful life of a drug would be significantly prolonged if drug-treated carrier 

hosts were prevented from transmitting. This might be achieved through using drugs 

which are effective against transmission stages, or through simultaneous use of other 
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control measures such as bednets. The adage that 'sub-curative use of drugs 

generates resistance' is particularly pertinent here because there is some evidence to 

suggest that chloroquine, the most widely used drug, when applied to resistant 

parasites or at sub-curative levels does not impair, and may sometimes promote 

transmission (Ramkaran and Peters, 1969; Wilkinson et al., 1976; Ichimori et at., 

1990; Handunetti et al., 1996; Robert et al., 1996; Buckling et al., 1997). If true, 

overcoming this problem would be of considerable practical benefit in reducing the 

rate of spread of resistance. 

5.4.5 Number of clones per host (m) 

Figure 5.3d shows that if there are few haplotypes per host (m=c= 1.1 vs. 

m=c=3 in Figure 5.3a), as occurs at low transmission intensities, the rate of increase 

in frequency of drug resistance mutants is slower than if there are more haplotypes 

per host. There are two reasons for this which both contribute to greater effective 

selection in high transmission areas. The first is that there is greater opportunity for 

selection: when hosts carry more haplotypes, the chances of the host carrying a drug 

resistant mutant (i.e. being a carrier) is higher than if each host carries only one 

haplotype which means that the mutant is exposed to the drug more often. This effect 

is only important when frequencies are not low, e.g. above 10%. The second effect 

is that there is a greater outcome of selection. As described above, if the drug does 

not impair transmission from a treated carrier host, the resistant mutant transmits 

more copies to the next generation when prevailing transmission rates are high 

compared with when they are low. This has the effect of amplifying the selective 

advantage of the resistance genes and thus accelerating the spread of drug resistance 

in high transmission areas (Hastings, 1997). The third and opposite effect of high 

transmission rates is that there is more effective recombination when there are more 

clones per host which retards the rate of spread of resistance when multiple genes are 

involved (Curtis and Otoo, 1986; Dye 1991; Dye, 1994; Dye and Williams, 1997; 

Hastings, 1997). This recombination effect is only appreciable when the number of 

clones per host is very low (c < 1.5) and at low levels of drug pressure (T< .2). In 

such cases, it would be detrimental to decrease the number of clones per host in the 
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general population because high levels of inbreeding helps maintain resistance gene 

combinations. Reducing transmission from individual drug-treated hosts is still 

beneficial, however: it is only the overall population transmission rate which is 

relevant to the recombination effect. The issue of recombination versus selection is 

discussed in more detail in a later section. 

5.4.6 Cost of resistance (w e) 

Figure 5 .3e shows that if, in the absence of drugs, the parasite pays a cost 

in fitness for harbouring resistance genes, this will retard the spread of resistance. 

In the case of two loci where the cost of each allele is 10% so that the relative 

fitness of the double mutant is 81 %, this is sufficient to counteract the force of drug 

selection in the two-drug cases and to limit the rate of spread in the one-drug case. 

If 10% of the host population are treated with drugs, reductions in fitness of greater 

than 10%, 6% and 25% for the 1-1, 2-1 and the 2-2 cases, respectively, are 

sufficient to prevent the further spread of drug resistance by causing a slow decline 

in the frequency of the mutants. However, for 20% drug treatment, the mutant 

would have to be 25%, 18% and 60% less fit to counteract drug selection. In other 

words, drug selection is far more potent than natural selection. There is no good 

evidence from the field that there is strong natural selection against any of the drug 

resistant mutants, and in the laboratory the stability of resistance and persistence of 

mutants is well established (Rosario, 1976; Rosario et al., 1978). Further 

information is required on the fitness costs of drug resistance in order to establish 

whether complete withdrawal of a drug from a region will result in a decline in the 

frequency of resistance and ultimately to renewed effectiveness, as seems to have 

occurred with some anticoccidial drugs used in poultry (Chapman, 1993). 

5.4.7 Number of meiotic products per inoculum (M) 

Figure 5.3f shows the effect of the number of distinct 2-locus meiotic 

products (M=4 cf M= 1 in Figure 5.3a) among the sporozoites which successfully 

infect a new host per transmission event. If many sporozoites successfully infect a 

new host such that the probability of getting all four meiotic products (from an 

outbred mating) is high, then the frequency of carriers, and hence the effective 
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selection pressure is increased. Thus decreasing the number of sporozoites per 

mosquito or their establishment in the liver through use of transmission-blocking or 

liver stage vaccines would help retard the spread of resistance. Even though this is 

a relatively unimportant effect, it is, nevertheless, a key parameter for more 

general population genetics models of malaria parasite gene flow. The lack of data 

on this question calls for further study. 

5.5 When does recombination beat selection? 
It has been postulated that in high transmission areas, the associated greater 

amounts of outcrossing will slow the spread of drug resistance compared with low 

transmission areas (Paul et al., 1995). This depends on whether the increase in 

effective recombination more than counteracts the concomitant increase in effective 

selection. In this section, the conditions under which recombination outweighs 

selection are described, i.e. when drug resistance spread is promoted by 

inbreeding. This is done by solving the equation which predicts the change in 

frequency from one generation to the next, viz: 

APAB =  PAll PAB 
flu 

_PAB(1-T)+TCt_u 	 (5.1) 
1— T + TO 

[1 D(l + S)+ PAPBXI - fl+TO 
- 2 	 —D—pApB 
- 	l — T+TC 

When this is positive, drug resistance will spread, i.e. when 

TO 	 1 
(5.2) 

The left side of Equation (5.2) represents the force of effective selection: this 

is strongest when drug pressure (7), transmission following drug treatment (t) and the 

frequency of carriers (C) is high, and when the frequency of the resistance alleles (p 4  

and p)  and disequilibrium (D) are low. The right hand side represents effective 

recombination: it is weakest (i.e. most easily overcome by drug selection) when 

selfing rate (S, inbreeding) is high which occurs in low transmission areas. The 

important point is that recombination is only relevant when there is some positive 

disequilibrium. Disequilibrium levels are maintained by a balance between the 
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positive force of selection for the double mutant by drugs and the negative force of 

recombination breakdown through outcrossing (Dye and Williams, 1997). Thus the 

trade-off between effective selection and effective recombination involves 

disequilibrium. Therefore, in order to predict whether drug resistance will spread, it 

is necessary to quantify the amount of disequilibrium generated through the selection 

process. In Figure 5.4a the disequilibrium levels generated as the mutant alleles 

increase in frequency from .01 to 1 under drug pressures of T= .05 and T= .1 for a 

low transmission (c= 1.1) and high transmission (c =3) environment are shown for the 

two-drug, two-locus case: these were calculated using the algorithm in Figure 5.2. 

The results are expressed in terms of normalised disequilibrium, d, which is 

disequilibrium as a proportion of its maximum value and is calculated as D =dp4  (1-

p8). It can be seen that higher amounts of disequilibrium are caused by higher drug 

pressures and fewer clones per host, but these are well below the maximum possible 

disequilibrium (d= 1). This leads to the conclusion that the recombination effect is 

only important when there are few clones per host: this is illustrated in Figure 5.4b 

where the change in frequency of the double mutant (p ), in the generation 

immediately after PAR  has reached a value of 0.1, is shown for drug pressures of 

T=.05 and T= .10. There is a sharp decline in the rate of change between c= 1.05 

and c =1.5 after which the rate of change increases with transmission rate. Figure 

5 .4b also shows that this recombination effect is more easily overcome when drug 

pressure becomes stronger, and virtually disappears when the drug reduces 

transmission (i.e. t decreases). 

In summary, this section has shown that the conditions under which 

decreasing the average number of clones per host promotes double drug resistance are 

approximately when c < 1. 5, when drug treatment rates are below 20%, and when the 

frequency of both mutants, each of which confer no significant protection on their 

own, are low. These conclusions concur with those of Dye and Williams (1997) even 

though the model used here was quite different. They are different from the 

conclusion of Hastings (1997) in which it was assumed that disequilibrium would 

always be maximal, a condition which over-emphasises the effect of recombination in 

retarding the spread of multi-locus drug resistance. 
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Figure 5.4. (a) Normalised disequilibrium as a function of mutant allele 

frequency in the two-locus case for two levels of drug pressure (T=0.05 and 

T=0.1) and two transmission levels (number of clones per host, c=1.1 or 3). (b) 

Change in frequency of the double mutant haplotype (AB) in the generation when 

the frequency of both resistance alleles has reached 0.1 for two levels of drug 

pressure (T=0.05 and T=0. 1) and when the drug reduces transmission rate from 

treated carrier hosts to 20% that of untreated hosts (t=0.2). 
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5.6 Discussion 

Building population structure into models to predict the rate of increase in 

drug resistance does not alter the two well-established principles regarding the 

spread of resistance, namely: (1) drug resistance will relentlessly increase to the 

point of drug treatment failure in the majority of the host population for as long as 

there is any significant drug use in areas of endemic malaria, and (2) the use of two 

drugs simultaneously will slow the rate of spread, especially when the frequency of 

the mutant alleles are both rare. A more novel conclusion from this study, 

however, and one which has been the issue of some debate (Dye and Williams, 

1997; Hastings, 1997; Mackinnon, 1997, Chapter 6), is that in the majority of 

cases, high transmission rates promote the spread of drug resistance rather than 

hinder it, as proposed by Paul et al. (1995). This is because selection is more 

effective in high transmission areas where resistance genes under drug selection are 

transmitted to the next generation in greater copy number than in low transmission 

areas. The higher effective selection in high transmission areas outweighs the 

corresponding higher rate of effective recombination which opposes the spread of 

resistance. This finding generates two new recommendations. The first is that 

transmission should be minimised from individuals who are treated with drugs. 

This would be especially effective in areas of high transmission intensity, though is 

helpful in all environments. In the short term, this could be achieved through use 

of bednets by treated patients, proper administration of drugs, (i.e. avoiding sub-

clinical doses), or in the longer term, developing drugs which are effective against 

transmission stages. The second recommendation is that if strategies for managing 

drug resistance are implemented, these should be accompanied by simultaneous 

efforts to reduce overall transmission rate in the population because the two 

strategies act synergistically. The exception to this is managing multi-locus 

resistance in areas where the average number of infections per host is very low 

(<1.5), drug pressure is also low, and the mutant genes are rare (Dye and 

Williams, 1997; Chapter 6, Hastings and Mackinnon, submitted). In this case, the 

force of recombination in breaking up resistance gene combinations is sufficient to 

oppose the force of drug selection thus causing a decrease in the rate of spread as 
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transmission is further reduced. Both of these recommendations are tall orders: 

malaria parasites seem to be particularly adept at increasing their transmission 

output when faced with difficult conditions in the host such as toxic drugs or 

immunity (Carter and Graves, 1988; Alano and Carter, 1990; Sinden et al., 1996; 

Buckling et al., 1997). This is why a better understanding of how the parasite 

adapts genetically and facultatively in response to host-imposed selection pressures 

is critical for devising better control strategies. As shown here, population 

structure can have a profound effect on whether the parasite succeeds in adapting to 

these control measures and so is an integral part of this understanding. 
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Chapter 6 

Survival probability of drug resistant mutants 

in malaria parasites 

6.1. Summary 

This study predicts the ultimate probability of survival of a newly arisen drug 

resistant mutant in a population of malaria parasites with a view to understanding what 

conditions favour the evolution of drug resistance. Using branching process theory 

and a population genetics transmission model, the probabilities of survival of one and 

two-locus new mutants are calculated as functions of the degree of drug pressure, the 

effect of the drug on transmission, the mean and variation in transmission rate, and 

the degree of natural selection against the mutant. It was found that probability of 

survival increases approximately linearly with drug pressure, the relative transmission 

output from drug-treated hosts, and mean transmission rate; it decreases with 

variability in transmission rate and with natural selection. A complex interplay 

between transmission rate, drug pressure and the effect of the drug on transmission 

leads to one exception to these general rules: when resistance is coded for by two loci, 

when drug pressure is low, when transmission rate is low and when the population 

has stabilised to a new equilibrium following the introduction of drugs, a decrease in 

transmission rate can favour the survival of a new mutant. This is because under 

these conditions recombination between the resistance genes has a sufficiently strong 

negative effect on the frequency of double resistance to counteract the positive effects 

of drug selection and higher relative transmission rate of mutants compared with non-

mutants. In all other circumstances, however, the results show that reducing 

transmission rate in the general population, especially in drug treated hosts, when 

combined with minimising drug usage, will have a significant impact on preventing 

new drug resistance mutations becoming established in parasite populations. 
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6.2. Introduction 

Malaria parasites have a remarkable ability to develop resistance to drugs. This 

has created an urgent problem because resistance to all of the available drugs has 

arisen at least once (Bjorkman and Phillips-Howard, 1990), and the development of 

new drugs has virtually stalled. Evidence from field and theoretical studies indicates 

that resistance continues to spread as long as there is any drug pressure, and that 

beyond a certain frequency, the rate of spread is very rapid (Curtis and Otoo, 1986; 

Dye 1991; Wernsdorfer 1991; Dye, 1994; Dye and Williams, 1997; Hastings, 1997; 

Mackinnon and Hastings, in press, Chapter 5). It therefore seems wise to try and 

prevent or delay the development of resistance in the first place. 

The spread of a new drug resistant mutant, or set of mutants, in a malaria 

parasite population depends on the relative forces of selection by drugs, natural 

selection (presumed to be unfavourable), recombination between resistance loci in the 

case of multi-locus resistance, and the probability that the mutant is transmitted. 

Theoretical models have been formulated around these factors to predict how rapidly 

the frequency of drug resistant mutants increases (Curtis and Otoo, 1986; Cross and 

Singer, 1990; Dye and Williams, 1997; Hastings, 1997; Mackinnon and Hastings, 

1998, Chapter 5). These models, deterministic in nature, have shown that the key 

factors leading to a more rapid rate of spread of drug resistance are high drug 

pressure and high transmission rate. An exception to this is when high levels of 

inbreeding prevail. In such cases, at low drug pressure, when the mutant is rare, and 

when resistance is coded by two loci which jointly confer resistance, with neither of 

the loci conferring significant resistance on its own, increasing transmission rate can 

slow the spread of drug resistance, and even decrease its frequency. The reason why 

this occurs is because resistance gene combinations are broken down more often when 

outbreeding is common, and this eroding force on frequencies is sometimes sufficient 

to counteract the opposite of force of drug selection. Under most conditions, however, 

the mutant is predicted to increase in frequency, and increase faster when any of these 

restrictions is relaxed. 

These previous studies address only one of the two main issues regarding the 

evolution of drug resistance, namely, for a mutant which is already established in the 
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population, how rapidly it increases (or decreases) in frequency. The other important 

issue is how easily resistance can develop in the first place. This depends primarily 

on the stochastic events surrounding the mutant's arrival in the population. In this 

study, a stochastic population genetics model is used to predict the probability that a 

newly arisen mutant survives the first few rounds of transmission until selection by 

drugs can bring it to a 'safe' frequency, i.e. beyond the risk of being lost to the 

population due to chance events during transmission. Thus it addresses the issue of 

how readily a drug resistance problem can arise from a new mutation event, or from 

the arrival of a new migrant parasite into a resistance-free population, and therefore 

has implications for limiting the evolution of drug resistance. 

6.3. The basic model and assumptions 

In the following section the assumptions made in the model about the 

epidemiology, transmission cycle, drug selection and relative fitness of mutants are 

given. These are the components required for the branching process theory 

subsequently used to predict survival probability of a new mutant. 

6.3.1. 	Distribution of number of transmissions per host 

Transmission of malaria is characterised by its variability due to a multitude of 

host, vector and parasite-related factors. Though transmission rate is usually 

described in terms of a single parameter, R0 , which is often thought of as a constant 

because it represents the average number of transmissions from one infected host to 

other hosts, it is recognized that there is variability around R0 , i.e. in the number of 

transmissions from individual hosts (Koella, 1991). It is this variability which makes 

new mutants vulnerable to loss during the first few rounds of transmission. If the 

average R. is one, then on average the total parasite population replaces itself each 

generation. However, individual parasites with distinct multi-locus haplotypes may 

not always replace themselves once because of sampling variation in the transmission 

process. Thus when considering the population genetics of parasites, it is necessary 

to account for the uneven redistribution of genes from one generation to the next. 
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In the model presented here the transmission rate is modelled by a variable, R, 

which is distributed as a negative binomial with a mean of R and variance of oi. 

The parameters of the negative binomial distribution, p, and k, are related to the mean 

and variance in the following way: 

= /q'] - 
	 (6.1) 

P 

2 - k(1 - p) 

2 
P 

The parameter k can be thought of as the aggregation or shape parameter: as k 

increases, the less 'clumped' are the data and when k = 00, the distribution is Poisson. 

The parameter p can be thought of as the zero probability parameter: the frequency of 

the zero class is given by /1 so that the mean increases as p decreases. When 

transmission rate has a mean of R,  the mean number of successful (non-zero) 

transmissions is RI(1— pk)  

The above applies to the number of transmissions in the absence of drugs. An 

additional parameter, t, is introduced to the model to allow for the fact that drug 

treated hosts may transmit parasites at different rates from treated hosts. To reflect 

this, the negative binomial distribution for the number of transmissions is now 

assumed to have a mean value of tR where t is the relative transmission from treated 

hosts compared to untreated hosts which carry the mutant, and may vary from zero 

upwards, but not conceivably beyond a value of t=10. For example, if drugs 

increase the transmission rate per host by a factor of five, then t=5. When t = 1  the 

drugs are assumed to have no effect on transmission. The variance is assumed to be 

reduced by a factor of e. 

6.3.2. 	Number of clones per host 

It is assumed that a host carries an average of c independent infections, each 

infection comprising one clone. It is also assumed that c is the number of haplotypes 

which simultaneously have sexual forms of the parasite (gametocytes) in the blood and 

therefore are potential mates during fertilization after the mosquito has taken a blood 
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meal. Here c is assumed to be constant even though these c infections come from a 

variable number of transmissions. In this study c is defined as being equal to R for 

simplicity. However, R could be considered to be an underestimate for c because it 

represents the number of non-zero transmissions. On the other hand, it may be an 

overestimate because it may be that not all infections are infectious simultaneously. 

The relationship between R and c has not yet been properly explored in the field or 

theoretically. Nevertheless, estimates for c from field studies are available based on 

the number of one or two-locus haplotypes in the blood (Carter and McGregor 1973; 

Conway et at., 1991; Babiker et al., 1994; Hill and Babiker, 1995; Hill et al., 1995; 

Ntoumi et al., 1995; Paul et al., 1995), or from studies on the amount of 

heterozygosity among oocysts formed in mosquitoes. In a high transmission area in 

Tanzania the estimated number of clones per host was 3.5 (Hill et al., 1995; Hill and 

Babiker, 1995) and in a low transmission area in New Guinea was 1.1 (Paul et al., 

1995). 

6.3.3. 	Drug resistance genes 

Now assume that the parasite has two loci at which there are two allelic forms 

- one the wild-type allele, and the other allele encoding resistance to a given drug 

which would otherwise kill all parasites not carrying the mutant allele. Denote these 

alleles as A and a for mutant and wild-type alleles, respectively, for the locus 

encoding resistance against drug a and similarly B and b for alleles for the locus 

encoding resistance against drug 3. Thus there are four relevant genotypes, AB, Ab, 

aB and ab. The vector of fitnesses, which determine the relative frequencies of 

haplotypes within the host, in the presence of both drugs is represented by a vector, 

W=[1 0 00], and in the absence of drugs by the vector W= [w2  w w 1]. These 

reduce to WT = [ 1 0] and W= [w 1] when only one drug is in use in which case the 

second locus is irrelevant. This latter case is called the 'one-locus' model. It is 

important to note that fitness is defined here as the relative number of gametocytes 

with the two-locus haplotype at the time of transmission, rather than the number of 

distinct clones in the host's blood. If a double mutation has arisen at the beginning of 
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an infection in a host which carries c independent infections, the relative frequencies 

of the two-locus haplotypes will be 

2 	[w2  0 0 2c-1 ] 	(6.2a) 
w +2c-1 

For example, if a host has one infection (c = 1) and a double mutation (AB) occurs 

which has equal fitness to the wild-type haplotype (at'), then its frequency in the host 

is ½. If the host is infected twice more (c=3) with non-mutant parasites, this 

frequency is reduced to j'.  If the recombinant meiotic products (Ab and aB) are also 

in the host, as may occur in subsequent generations if all four meiotic products are 

transmitted in the same inoculum, the relative frequencies in the host will be: 

2 	 [w2  w w 4c-3] 	 (6.2b) 
w +2w+4c-3 

6.3.4. 	Transmission cycle 

The basic model of transmission assumes that each host receives one or 

several independent infections from separate transmission events and that the 

parasites from these infections co-exist in the blood of the host. The relative 

frequencies of the haplotypes in these infections are adjusted during the course of 

the infection according to their relative natural fitnesses by multiplying with W 

and re-scaling. In a proportion of the host population, T, the frequencies are 

adjusted for drug selection by multiplying with W. and re-scaling, i.e. the 

frequencies of mutant parasites in treated hosts are set at unity, and non-mutant 

parasites at zero. The parasites then form gametocytes which are taken up by a 

mosquito in a blood meal and undergo self or cross-fertilization during the zygote 

stage. The frequencies of the diploid genotypes in the mosquito are assumed to 

reflect random mating among the gametocytes within the host from which the 

mosquito took the blood meal. These diploid genotypes then undergo 

recombination and frequencies among the haploid meiotic products are adjusted 

accordingly. The meiotic products, or a subset of them, are transmitted to a new 

host to initiate a new infection. 
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6.4. Survival probability of a new mutant 

6.4.1. 	General introduction to branching process theory 

The following section describes the branching process theory used to predict 

the ultimate survival probability of a single copy of a mutant. This theory enables 

prediction of the probability that a single replicating particle (in this case a mutant 

allele) which is subject to stochastic processes during its replicative cycle ultimately 

survives in the population, i.e. is still in the population after many generations. 

This probability can be predicted from the distribution of the number of offspring 

each particle produces each generation. The distribution of the number of offspring 

can be summarised by a single function called the probability generating function 

(pgf, denoted cD(s) where s is a dummy variable). For example, the pgf for a 

Poisson variable is represented by cD(s) = 	
Probability 

generating functions are useful because the value of s which solves the equation: 

cD(s)=s (6.3) 

gives the ultimate extinction probability, and hence the ultimate survival probability 

(denoted usp) is given by 1-s. If the mean of the distribution described by cD(s) is 

less than one, the solution to Eq. 6.3 is 1-s=0. Thus the particle will not survive if 

the mean number of offspring is less than one (because it does not on average 

replace itself). If the mean number of offspring is greater than one, the particle has 

a finite, but less than perfect probability of surviving, as given in Eq. 6.3. 

A further property of branching process theory is that if there are several 

distinct processes during the replication cycle, each with different pgfs, then the 

pgf used in Eq. 6.3 is the compounded distribution of the individual pgf's involved 

in the process. Note that Eq. 6.3 only holds if the distribution of the number of 

offspring is the same in all generations. If, however, environmental fluctuations 

cause a change in the pgf over time, it is necessary to compound over the different 

distributions from the generations to obtain the overall pgf. Note also that it is 

assumed that the population size is infinite or very large such that there is a zero 



probability that two identical mutants will meet and produce offspring together. A 

digestible review of branching process theory is given by Schaffer (1970). 

6.4.2. 	Application to malaria mutants 

In malaria, the replicative cycle ('generation') is a transmission from one host to 

the next which involves the transfer of parasites to mosquitoes, meiosis in the 

mosquito and then transfer to a new host. This process can be broken down into three 

stochastic processes each with their probability distributions. One distribution is for 

the number of transmissions from one infected host to a number of new hosts, 

assumed to have a negative binomial form. The second distribution is for segregation 

during meiosis, and the third is for survival to sexual maturity in the new host: these 

last two distributions both have a binomial distribution. The combination of these 

distributions will determine how many copies of a single mutant are left in the 

population after one transmission cycle. The parameters of these distributions depend 

on whether the host has been treated with drugs or not. The case of no drug 

treatment is given first, and the case of drug treatment is then derived from it. 

6.4.2.1. Probability generating functions for untreated hosts 

If the host is not treated with drugs, the pgf for the negative binomial 

distribution representing the number of transmissions to new hosts is given by 

p)s J 
1 k 

p 
I 

[l—U— 

The binomial pgf for meiosis is: 

(6.5) 

with mean p and variance p( l-p). Here the parameter p represents the probability 

that the mutant haplotype (A in the one-locus case and AR in the two-locus case), 

when undergoing meiosis with non-resistant haplotypes is represented among the 

transmitted meiotic products following a mating between a resistant and susceptible 

haplotype. This probability depends on the relative numbers of each haplotype among 

the c clones represented in the gametocytes of the mutant-carrying host as given by 

Eq. 6.2. 
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Table 6, 1 gives the equations for p for the first generation of the mutant when 

there are no recombinant haplotypes (A/u or aB) present, and for later generations 

where these recombinant haplotypes may or may not be co-transmitted with the AB 

haplotype. However, if only one meiotic product is transmitted per infection, then 

these sister haplotypes are extremely unlikely to co-exist within the one host. As it is 

not known how many haplotypes are on average transmitted per new infection, 

equations are given for when all four meiotic products are transmitted and when only 

one is transmitted (Table 6.1). 

Table 6.1. Values of the replacement rate p under different assumptions about co-
transmission of meiotic products. Values for the special cases of c= 1 
and w= 1 are shown to illustrate the effects of the assumptions. 

One meiotic product transmitted 

General 	w=1 	c=1 

All meiotic products transmitted 

General 	w=1 	c=1 

1 locus 

Generation 1 	CW 

w+2c—1 	 2 

Generation > 1 	cw 

w+c—1 

2 loci 

Generation 1 	cw[WI + .!( 2c in 
2 	 4 8c 

[wI + 2c- 1],  

Generation >1 cWI[WI +I)] 
2  (C 2 2c 

[WI +c— if 

W 	 2cw 1 	2w 

w+l 	w+2c-1 w+I 

1 	 2cw 1 	2w 

w+2c—1 w+l 

	

WI 1 	1 	2w2  
2cWI[WI+(2c-1)J -+- 

	

2 	 2 	4c 	141+1 
[WI +2c— ill 

	

4cWI[WI+2w+2c-1] I 	1 	4w 

	

[W + 2w+ 4c — 3F 2 	2c 	[w +112  

These equations show that in the one-locus case, when the mutant is equally as 

fit as the wild type, the probability that the mutant is among the meiotic products is 

one. (This is not true in the first generation when, if it has equal fitness to the wild-

type from which it arose, and assuming that it arose early in the infection, it will be at 

a frequency of 0.5 among the gametocytes, in which case its probability that it is 

transmitted when only one meiotic product survives is 0.5). In the two-locus case, 

this probability is p = I + I in the first generation and p = I + 	in later 
2 4c 	 2 2c 
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generations. This is greater than the ,34 expected from random mating (where 

c = co) because sometimes the parasites self-fertilise. Thus fewer clones per host 

leads to inbreeding and less recombination breakdown of resistance combinations and 

therefore higher probabilities of surviving meiosis. 

(iii) 	The binomial pgf for survival to sexual maturity is: 

(6.6) 

where 7ris the probability that the transmitted parasite successfully establishes itself in 

the new host and produces transmission forms. In the case where malaria is stable, in 

the absence of drug pressure, this probability is expected to be I / R ,  i.e. out of 1? 

transmissions to R different hosts, only one of these infections will survive to sexual 

maturity. This is equivalent to assuming that, in a stable population, a neutral allele 

has an average of one copy of itself in the next generation (transmission cycle), or an 

average number of offspring of one. 

The situation changes when drugs are used in the population in which case two 

alternative scenarios are envisaged. The first is that drugs have only been recently 

been introduced to the population when the new mutation occurs: the mutation may 

have arisen many times before but not survived because of the lack of drug pressure. 

In this case, if the host is not treated with drugs, the replacement rate is ,rR = 1 , i.e. 

as in the time before drugs were introduced. This scenario is termed the 'naive' (to 

drugs) or 'pre-stabilisation' case. The second scenario (the 'exposed' or 'post-

stabilisation' case) is that drugs have been in use for enough time for the reproductive 

rate of the parasites to have increased sufficiently to overcome the decrease in 

population size due to drug pressure. In this case, parasites in untreated hosts are 

expected to have a replacement rate of 11(1-7) (Hastings and Mackinnon, submitted) 

where T is the proportion of hosts treated with drugs. This is because in order to 

maintain stable malaria in the long-term, the parasites from untreated hosts must be 

replacing the niches left available by parasites eliminated from treated hosts. Without 

this replacement at a rate of 11(1-7), the population size continually decreases in the 

presence of drugs because every generation a proportion T are eliminated by drugs. 
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The pgf's for the three stochastic processes (Eqs. 6.4, 6.5 and 6.6) can now 

be compounded into a single pgf. The compounded pgf is denoted as 

cIB ,B ,NB = NB(B(cI ) B(s))) and can be shown to be distributed as negative binomial 

with a mean of irpR and a variance of 'rpR(l - rp + 2rper / R) (Kojima and Kelleher, 

1962). This means that the pgf of the compounded distribution for the untreated host 

is given by: 

I
P 
	 (6.7) 

T—  0 PO )SI 
where 

1= P -"pp + irp 

k* =k 

6.4.2.2. Probability generating function for treated hosts 

If a host is treated with drugs, the probability that the double mutant is among 

the meiotic products and survives is ,'p = 1, i.e. all transmitted mutants are AB 

haplotypes. The relative number of transmissions from a treated host compared with 

an untreated host may be altered by drugs by the factor t. Thus the pgf if the mutant 

arises in a drug treated host is negative binomial with mean tR, and variance is 

t 2o: 

* 	-ik 

p * 	 (6.8) 
[1—(1—p )sJ 

where 

p * = f 

k* k(1—p) 

(—p 
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The combined pgf over untreated and treated hosts is the sum of the pgf's for 

untreated and treated hosts weighted by the probabilities that the mutant finds itself in 

a treated or untreated host: 

cD(s) = (1— flcP'-' (s) + TcDT(s) 	 (6.9) 

To take into account the different probability of the mutant surviving meiosis 

in the first generation compared to subsequent generations, the above distribution with 

substitutions of p appropriate for the first generation is compounded with this 

distribution with p appropriate for subsequent generations (Table 6.1). 

Eq. 6.9 was used to evaluate numerically the survival probabilities as 

functions of drug treatment rate (7), drug effect on transmission (t), relative fitness 

(w), mean transmission rate (R) and variability in transmission rate (CR2) for the four 

cases of one or two loci in each of either naive or exposed populations. Parameters 

which were not variable in these analyses were fixed at the following standard values: 

T=0.2, t=1, w=1, 1? =3, cR2 =15. 

6.4.3. 	When does the mutant have a chance of surviving? 

In addition to computing the magnitude of survival probabilities, the threshold 

set of parameters which determine whether a mutant has a zero or non-zero chance of 

survival were found, thus establishing some useful targets for management of drug 

resistance. These thresholds are defined below as a function of drug pressure, 

transmission rate, and the effect of the drug on transmission for the two cases of a 

drug-naive and drug-exposed population. Natural selection is ignored for this 

exercise. 

Survival probability is non-zero when the mean of the distribution is greater 

than one. In a naive population the mean number of copies which the mutant 

transmits to the next generation is 

(1 — T)pff+Ttc 	 (6. 10a) 

and in the exposed population is 

Tic 
p2r+ 

(1—T) 
(6.lOb) 
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Substituting c for R and rp = 1 for the one-locus case and rp = -- + 	for the two- 
2 2c 

locus case, the conditions under which the mutant has a non-zero chance of surviving 

are: 

 One locus, naive population T >0, t>-- (6.11 a) 

 One locus, exposed population T >0, t>0 (6.11b) 

 Two loci, naive population 

c—i 
T> 	2 

1 1 
>t>-, 	cc2 (6.11c) 

2tc —1—c c(2—c) c 

c—i 
T> 

1 
cc2 , 

2tc 2 +l c(2—c) 

c—i 
T> 

2tc 2 —l—c 

1 
, 	t> - 

C 
, 	c>2 

 Two loci, exposed population 

T> 	
c—i 

, 	t>0, c>i (6.11d) 
2t 2  —1 + c 

In the first three cases, when the mean number of offspring is greater than one, as 

transmission rate increases, i.e. c increases, survival probability also increases. Thus 

increased transmission rate under these circumstances is always expected to promote 

drug resistance. However, in the two-locus, exposed population, there is a range of 

values for T and t for a given c for which the mutant has a non-zero survival 

probability which decreases as transmission rate increases, i.e. decreasing 

transmission promotes drug resistance. The conditions under which this occurs are 

when: 

c—i

2tc2—l—c' t>0, 
c<2 	(6.11e) 

2tc 2 -i-1  

Note that this window of values of T and t for which this occurs is restricted to 

cases when 1 <cc 2, and that this window becomes narrower as c approaches 2. 
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The critical values of T and t were plotted to delineate the areas of the 

parameter space in which survival probability is zero, increasing or decreasing with 

changes in transmission rate from a given value of c. 

6.5. Results 

Figure 6.1 shows how the survival probabilities change as each of the 

parameters of the model is varied. One-locus mutants (thin lines) had higher survival 

rates than two-locus mutants (thick lines) because recombination breakdown occurs in 

the latter. Exposed populations (solid lines) had higher survival rates than naive 

populations (broken lines) because of the relative increase (by a factor of 11(1-7)) in 

transmission rate once the population has stabilised to the point where parasites from 

untreated hosts compensate in their reproductive output for those killed in treated 

hosts. 

Drug treatment rate (I) had the strongest influence on survival probabilities 

illustrating that drug pressure is the primary force governing the evolution of drug 

resistance (Figure 6.1a). The effect of the drug on transmission (t) also had an 

influence: the higher the transmission from hosts carrying a mutant, the greater the 

number of copies of the mutant transmitted to the next generation (Figure 6.1b). 

Thus the fitness advantage of a mutant depends on not only its survival in the presence 

of the drug, but also on its transmission to the next host. Natural selection against the 

mutant reduced its survival rate (Figure 6.1c) and, if high enough, was sufficient to 

prevent the mutant from surviving because natural selection and drug selection act in 

opposite directions. Survival increased as mean transmission rate increased when 

T=0.2 (Figure 6. id). In some cases, at low transmission rates (cc 1.5) and lower 

drug treatment rates (around T=0. 1) survival probability decreases as c increases (see 

later). Increasing survival probabilities as transmission rate rises occur because 

mutants from treated hosts are transmitted in higher copy number to the next 

generation when transmission is high, and this effect is stronger than the 

recombination breakdown effect. The opposite can occur, however, when drug 

pressure is weak and recombination breakdown is infrequent: in such cases, 

recombination is a stronger force than drug pressure. 
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Higher variability of transmission reduced survival probability (Figure 6.1e) 

reflecting the greater degree of risk to mutants in not being transmitted, and hence 

lower survival, when transmission is unreliable. 

Figure 6.2 shows the values of drug treatment rate (1) and effect of the drug on 

transmission (t) which will allow a mutant to survive when c=1.5. In the one-locus 

case (Figures 6.2a,b), the mutant will survive whenever there is any drug pressure. 

In the naive population (Figure 6.2a), the additional qualification for this to be true is 

that the drug does not reduce transmission from treated hosts by a factor greater than 

the natural transmission rate, i.e. tc must be greater than one. Thus whenever drugs 

confer a total fitness advantage on the mutant, which is a combination of survival and 

transmission rate, it has a chance to survive. In the two-locus case (Figure 6.2c,d) 

this fitness advantage must be balanced against effective recombination, which, is also 

a function of transmission rate. In the naive population, whenever the outcome of this 

balance is positive, i.e. the mutant can survive, then it will continue to increase its 

chances as transmission rate increases. Thus, as transmission rates continue to 

increase, the relative advantage of higher copy number afforded by higher 

transmission rates becomes stronger than the concomitant recombination breakdown. 

An exception occurs in exposed populations (Figure 6.2d) at low levels of 

transmission (c<2): for a limited range of values of T and t, survival probability 

decreases as transmission rate increases. Thus in only one of the four cases examined 

here - that of two loci in an exposed population - increases in transmission rate lead 

to decreases in survival probability if transmission is already low and drug pressure is 

within a given range spanning approximately 20%. In all other cases, survival 

probability either remains zero or increases as transmission rate increases. 
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and two-locus mutants (bold lines) in naive (broken lines) or pre- 
exposed (solid lines) populations. (Continued overleaf). 
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6.6. Discussion 

This study demonstrates that the fate of a newly arisen drug resistant mutant 

is primarily determined by whether drugs are in use in the host population, and the 

rate of transmission of the parasite. The reason why these two factors jointly 

determine whether a mutant survives is because the mutants only have a selective 

advantage when they encounter the drug. This advantage is realised best if high 

transmission rates assist the mutant to transmit to the next generation. In this study 

there were two separate effects of transmission under consideration: one was the 

prevailing transmission rate which determines how many transmissions each 

infected host typically makes, whether treated or not, and the second was the effect 

of the drug on reducing or curbing transmission from treated hosts. Both of these 

are important (and different) targets for restricting the development of drug 

resistance, and thus provide two new possibilities for avoiding drug resistance 

which could be implemented alongside the current major goal for avoiding drug 

resistance which is to minimise drug usage, a goal which is not always practicable 

or ethical. These targets are to reduce overall transmission rate and to reduce 

transmission from treated hosts. As these effects act in a synergistic way they 

should be implemented jointly with minimisation of drug usage. These targets are 

also compatible with those recommended for slowing the spread of an already 

established mutant (Mackinnon and Hastings, 1998; Chapter 5). 

There is one caveat, however. In very low transmission areas and at low drug 

pressures, if resistance to two drugs is encoded by two or more loci, and drugs have 

been in use for some time such that the population has adjusted its equilibrium 

reproductive rate to accommodate the killing of parasites by drugs, mutant survival 

will be aided by attempts to cut transmission rate further (Figure 6.2d, Hastings and 

Mackinnon, submitted). This is because, under these conditions, the eroding force of 

recombination on doubly resistant gene combinations is approximately equal to the 

positive force of drug selection: reducing the negative force of recombination by 

decreasing transmission allows the positive force of drug selection to dominate. It is 

fortunate that reducing transmission rate is usually of low priority in low transmission 
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areas (unless the aim is to eradicate the disease). In such circumstances, the objective 

should be to reduce the transmission rate from individual treated hosts, but not in the 

overall population. At high levels of drug pressure these may not be compatible 

objectives. 

Predictions from this model are dependent on the assumptions. The effect of 

the assumption of whether the population is naive or exposed to drugs, and its effect 

at low transmission rates is just one example of this. Which of these (if any) is the 

most valid assumption is difficult to decide and likely to depend on the level of 

endemicity in the area. While it is clear that parasite populations in endemic areas 

eventually restabilise to a new equilibrium after control measures are introduced, it is 

not well understood how long this process takes, or how it occurs, or whether it 

incurs a reduction in the number of genotypes per host. Factors such as transmission 

pattern, vector density, host immunity and superinfection will all interact to determine 

this process. What matters is whether the time-frame for a new mutant to become 

'safe' is within the pre-stabilisation phase or largely in the post-stabilisation phase. It 

is not possible to answer this question here. 

Another assumption of the model was that drugs are taken randomly by the 

infected host population and that the frequency of treatment is independent of 

transmission rate. This allowed the conclusion to be reached that effective selection 

on the mutant is directly related to both drug pressure and transmission rate. 

However, if hosts only take drugs when they are sick and the frequency of being sick 

depends on transmission rates (e.g. due to the number of previous infections) then the 

effect of transmission rate in the field may be somewhat less than predicted here. 

It was also assumed that the mutant had reached a significant frequency among 

the gametocytes of the host in which it had arisen. This might occur if the mutant 

arose very early in the infection. Given that most mutations will occur when 

populations sizes are large, the chance of this event occurring is itself small. Thus the 

calculations in this study, because they are conditional on the mutation having already 

established within the first host, are gross overestimates of the actual probability that a 

mutant arises and survives across the host population. Nevertheless, the results are of 

a comparative nature and are not invalidated by this assumption. To estimate the 
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overall probability of a new mutant surviving, the survival probabilities predicted in 

this study would be multiplied by the probability of the mutant reaching high 

frequency among the gametocytes in the host in which it first arose. 

A key assumption made in this study is that malaria is stable, i.e. the net 

change in the average number of parasite infections per host does not change over the 

generations. Clearly this is unlikely to be true in malaria parasite populations which 

typically fluctuate in size due to seasonal factors. During expansion phases, most 

mutants, even neutral ones, will survive because the mean number of offspring is 

greater than one. During contraction phases, few will survive. Thus the fate of new 

mutations under selection very much depends on the prevailing population dynamics 

when the mutant arises. However, such fluctuations are only likely to affect the 

conclusions from this study in a quantitative, but not qualitative way because 

comparisons of the effects of drug pressure, transmission rate and natural selection 

were performed under the same conditions. 
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Chapter 7 

General discussion and future directions 

There are several interesting findings in this thesis which deserve further 

discussion and may stimulate new research goals. These are now discussed, 

simultaneously drawing on the findings of all the studies presented here. 

7.1 Relative importance of between- versus within-host selection in 

malaria 

One of the common themes in the theoretical literature on the evolution of 

virulence is the relative importance of within- and between-host selection (Bull, 

1994). Within-host evolution is driven by competition between genetically 

different parasites occupying the same host, the winner depending on its within-

host replication rate and survival relative to the loser. Between-host evolution is 

driven by natural selection for increased transmission which is presumed to be a 

function of replication rate. Thus direct selection is assumed to operate on 

different traits in the two cases. Importantly, virulence is an expected consequence 

of both. However, the optimum level of virulence is likely to differ for the two 

cases. This is because (a) direct selection intensities will differ, (b) correlated 

selection pressure on virulence will differ (Lande, 1982), and (c) the likelihood of 

host death constrains the virulence caused by between-host, but not within-host 

selection. As a result, within- and between-host selection are often thought of as 

competing processes which the parasite has to optimise. The relative importance of 

each process at the optimum will depend on the particular parasite system and trait 

in question. The results presented in this thesis suggest that both processes are 

important in determining the optimum virulence in malaria parasites. 

7.1.1 Between-host selection 

In Chapter 2, it was shown that (a) malaria parasite genotypes differed widely 

in their virulence and transmission potential and that these differences were stable; 
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and (b) replication rate was the link between these traits. The first of these 

observations, combined with similar observations in P. falciparum and P. vivax in 

parasite lines used to treat neurosyphilis in the 1930's (James et a!, 1932), suggests 

that between-clone selection on virulence has some genetic variation to work with. 

This is because, for between-host selection to be effective, parasite genotypes have 

to retain their advantage from one generation to the next. The second observation 

underpins the main hypothesis for the evolution of virulence by between-host 

selection - the adaptive trade-off hypothesis. Thus there are strong arguments that 

between-host selection could play an important role in malaria parasite evolution. 

One major objection to this claim might be that the observations were made 

in a laboratory mouse, mosquito and environment (none of them natural to the 

parasite) and therefore may not be relevant to the field situation. However, it is 

argued that because these parasite clones were recently isolated from the field, the 

biological basis for the relationship between virulence and transmission is likely to 

be unchanged, even though the expression of it may have been exaggerated by the 

artificial conditions. In this respect, the observations in these studies are likely to 

be more meaningful than from other studies where such relationships between 

virulence and transmission have been generated by selection in an artificial 

environment. Even the widely cited example of the myxoma virus suffers from 

such criticism (Bull, 1994). For example, in P. falciparurn, the ability to produce 

gametocytes and to cytoadhere was lost simultaneously in a line maintained in vitro 

in the laboratory: the loss was found to be due to a subtelomeric deletion on 

chromosome 9 (Day et al., 1993). In P. gallinaceum, lines selected for the ability 

to replicate asexually in the presence of drugs showed correlated increases in 

gametocyte numbers (Bishop, 1954). In contrast, in P. berghei, Dearsly et al. 

(1990) reported a loss of gametocyte production and increase in asexual 

parasitaemia over generations of lines maintained by serial passage, and cite other 

similar examples in P. vivax and P. berg/wi. All of these studies have been quoted 

in discussions of the relationship between virulence and transmission (Bull, 1994; 

Ewald, 1994; Gupta and Day, 1996; Lipsitch and Moxon, 1997), but may be 

misleading (Bull, 1994) because of the artificial environment in which these 
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relationships were generated. 

The high level of variability between clones deserves further comment 

because it is expected that if virulence and transmission were optimised in the wild, 

then genetic variation for these traits would have been exhausted. Two arguments 

and one observation are offered, viz: (a) the unnatural host environment exposed 

variation in the traits because expression of parasite genes is highly dependent on 

host physiology, and the interactions between them are new, (b) much parasite 

variation is maintained in the wild because of host variability, and (c) fitness traits 

measured at the quantitative phenotypic level always show some level of genetic 

variation (Mousseau and Ruff, 1987). 

7.1.2 Within-host selection 

The study in Chapter 3 showed that within-host evolution may also be 

significant in malaria parasites. Between-host selection for high versus low 

replication rate, as indirectly measured by virulence, was ineffective. Instead, 

unintentional selection for parasites present on Day 12 of the infection generated a 

permanent genetic change in two parasite lines. Thus it seems that within-host 

evolution, either through mutation or altered phenotypic expression of virulence 

factors, could significantly alter the level of virulence if selection conditions were 

appropriate. Theoretical studies could be done on the probability that new 

mutations survive and increase in frequency given the within-host population 

dynamics and method of transmission. Branching process methodology, 

incorporating the effects of fluctuating population size (Kimura and Ohta, 1974; 

Otto and Whitlock, 1997) could be employed for this exercise. 

It is not known, however, whether such evolution would be maintained when 

subjected to regular mosquito transmission during which mutations may be purged 

by DNA repair, by selection on variation created by sexual recombination, or by 

population bottlenecks. The ability to produce gametocytes (even in higher 

numbers), and the ability to infect mosquitoes in all four lines after twelve 

generations of selection suggests that this would not be a constraint in the short-

term, e.g. each transmission cycle. However, if mosquito transmission was to re- 
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set the expression of variant antigens, then there would be no long-term benefit of 

within-host evolution. 

A more important issue might be whether there is a conflict between within-

host and between-host evolution, as predicted by many theoretical models, and how 

selection resolves the obvious trade-offs between within-host replication (growth) 

and between-host transmission (reproduction), and increased host mortality. For 

example, selection may act to reduce the conflict between these processes. As 

there was no increase in host mortality in these experiments, and some indication 

that maximum virulence was constrained by an unidentified host mechanism, it 

would appear that there is not a strong trade-off between short and far-sighted 

evolution in this system. The idea that malaria parasites have evolved to minimise 

this trade-off is consistent with the phenotypic observations of Taylor et at 

(1997a,b, in press) showing that within-host competition increases both virulence 

and transmission, and the field observation that mixed genotype infections in hosts 

are very common. It also fits well with the phenomenon of antigenic variation 

which may allow parasites to maintain chronic parasitaemias and transmission 

without imposing much damage on the host. Mechanisms for managing the 

potentially fierce within-host competition during the rapid replication phase may be 

an alternation of sequestration patterns by competing genotypes (Farnbert et al., 

1997), or by maintenance of across-host population variation in surface antigens. 

Thus at present, it is possible only to conclude that malaria parasites apparently 

have evolutionary strategies which are both short- and far-sighted. In this respect, 

the virulence models predicting otherwise, which are based on simple relationships 

between transmission rate per contact, rate of contact, and rate of host death may 

not hold true because details of within-host dynamics are ignored (Bull, 1994). 

7.1.3 Malaria and the Red Queen 

While these studies have shown that malaria parasites have the ability to 

evolve, the question remains as to whether they succeed in doing so in the field. In 

Chapter 4 it was observed that parasites face much host variation. This variation 

seems to be derived largely from non-genetic factors relating to previous immune 
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exposure, sex, age and other unexplored attributes. Much effort has been given to 

determining whether host variation is maintained by parasites and vice versa 

(reviewed by Lively and Apanius, 1995). This is the Red Queen hypothesis, so 

named because it conjures up a picture of Alice and the Red Queen (parasite and 

host) running hard to keep up with each other, but not actually gaining ground. 

Data support the hypothesis that hosts maintain diversity in immune function genes 

in order to mount responses to genetically variable pathogens (Hurst and Peck, 

1996; Apanius, 1997). Specific examples of host variability for protection against 

malaria include the associations between the highly polymorphic human 

lymphocyte antigens (Hill et al., 1991; 1994). These associations appear to vary 

across populations suggesting that there are interactions between host variants and 

parasite variants, and such interactions may be one reason why the host genetic 

component was found to be generally low in the Sri Lankan study. On the parasite 

side, there appears to have been selection for diversity in the circumsporozoite 

protein and in other surface antigens (Hughes and Hughes, 1995; Conway, 1997). 

The Red Queen hypothesis also encompasses the rapid somatic evolution within the 

vertebrate host immune system which, with its ability to target specific parasite 

genotypes, may be a strong factor retarding between-host evolution of parasites, 

while promoting their within-host evolution. 

An alternative hypothesis to the Red Queen is that between-host variation is 

large for environmental reasons (e.g. ecological factors relating to vector density, 

stochasticity in the transmission process, variation in nutritional status of hosts) or 

for genetic reasons, but that the parasite has no selective impact on the host's 

variation. Thus this hypothesis differs from the Red Queen hypothesis in that it 

involves parasite evolution only, as compared with co-evolution of both parasite 

and host. In malaria, given the stochasticity in the transmission system, it is 

feasible that environmental or host genetic noise ruins the efficacy of optimising 

selection in the parasite, i.e. limits its rate of evolution. 

What do the data from the studies described here contribute to the question 

of whether the Red Queen hypothesis is important for malaria? Ebert and Hamilton 

(1996) suggest some empirical tests for establishing whether the Red Queen 

167 



hypothesis is operating in nature. First, it is expected that when host variability is 

removed, parasites evolve a higher level of virulence. This is because selection on 

the parasite by the host is uniform and therefore more effective in bringing about 

genetic change in the parasite to match the host's defences. This test was supported 

by the results from Chapter 3 where the parasite underwent genetic increases in 

virulence when introduced to a uniform host. However, this host was also a novel 

host. A second test is that the parasite should be less virulent in a novel host than 

its natural host. The high levels of virulence of P. chabaudi observed in the 

experiments presented here appeared to counter this prediction, although a direct 

comparison was not made with the natural host. Thus it is not clear whether the 

observed evolution to higher levels of virulence was due to the removal of host 

variation or to adaptation to a novel host. Additionally, the field data from Sri 

Lanka (Chapter 4) suggest that host variability in immune experience and status is 

very high and has a large impact on the parasite's success, at least as measured by 

overall virulence. However, there was some evidence of a genetic component in 

the host's capacity to develop an infection and so this may be a limiting factor for 

the parasite. 

In summary, it is likely that host variation has a limiting effect on the rate 

of malaria parasite evolution, but it remains an open question as to whether this 

involves co-evolution with the host or not. One way to begin to address this issue 

is to evaluate a panel of parasite genotypes for virulence and transmission, as in 

Chapter 2, in a range of different host genotypes and determine whether host-

parasite genetic interactions are strong. 

7.2 Mechanisms of virulence in malaria 

Most studies on virulence in malaria have been concerned with molecular 

mechanisms and associations between parasite variants and disease severity across 

the population of hosts (Carlson et al., 1990; Hill et al., 1991; Allan et al., 1993; 

Carlson et al., 1994; Rowe et al., 1995). This contrasts with the studies presented 

here which took a phenotypic, quantitative and within-host approach to the 

problem. In so doing, it is hoped that a better understanding of the causes of 
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virulence was achieved, and in a way which complements what is known at the 

molecular level. For example, it was shown that asexual parasitaemia is strongly 

related to the degree of virulence experienced by the host. This might not have 

been the case, e.g. levels of circulating TNF, irrespective of parasite density, may 

have been the cause of virulence. 

This points to the importance of factors relating to population growth and 

maintenance, such as the degree of sequestration and avoidance of splenic 

clearance, the number of merozoites produced per schizont, the success of red 

blood cell invasion by merozoites, the efficacy of antibody-mediated responses, and 

the ability to vary surface antigens. Of these, the most likely explanation (though 

there are probably many), because of its parsimony with other information about 

virulence, is that the ability to sequester is an important means by which the 

parasite can achieve maximum asexual growth early in the infection in order to 

survive the ensuing onslaught by the immune system. Later in the infection, the 

variant antigens, which are expressed on the same molecule which allows 

cytoadherence, are probably important for maintaining asexual parasite numbers 

for extended periods from which gametocytes for transmission can be generated. 

The association between excessive cytoadherence and high rates of host mortality 

due to cerebral malaria fits in with this hypothesis, as do the high levels of anaemia 

and cytokine release in the other virulent class of malaria, severe malaria. Also, 

the apparent adaptation to a new host observed in Chapter 3 may reflect an 

interaction between host receptor types and parasite ligands involved in 

cytoadherence. 

Another interesting possibility for a mechanism which regulates parasite 

growth rate is one which decreases the deformability of the uninfected red blood 

cell either to increase sequestration (Dondorp et al., 1997) or to surround the 

infected cell with uninfected cells (rosetting) for the emerging merozoites to 

invade. Further studies on parasite variation in virulence, along the lines of those 

conducted here, can now be done to determine whether the ability to sequester is a 

key factor in achieving high asexual parasitaemias. Similarly, the ability to 

maintain infections after crisis needs to be studied in relation to cytoadherence 
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properties and antigenic variation. By conducting these in mice with a variety of 

endothelial receptor genotypes, it may be possible to demonstrate if virulence is 

highly dependent on the specific combination of host-parasite molecules. 

It is also suggested that the wide range in virulence observed, which has been 

classified into mild, severe and cerebral malaria, is largely a reflection of some 

continuous variation in parasite growth rate, but expressed in a non-linear way. 

This does not rule out the possibility that some single genes encoding a 'virulence 

factor', such as that for rosetting, may be found in some populations, but it is likely 

that there are many genes contributing to the virulence phenotype, and so a more 

quantitative approach than has hitherto been taken would seem to be justified. 

Finally, it is an intriguing possibility that virulence in malaria is caused by an 

infectious organism which is not Plasmodium itself, i.e. virulence may not be 

encoded for by the parasite's own genome, but by a horizontally transmitted agent 

such as a virus. Examples of highly virulent pathogens which have their virulence 

determined by acquired organisms, such as bacteriophages or viruses, are common 

(reviewed by Levin and Tauxe, 1996). For example, cholera bacteria became 

virulent only when invaded by a bacteriophage (Waldor and Mekalanos, 1996), and 

the bacterium causing the bubonic plague became virulent only when two mutations 

- one encoded by a bacterial chromosome, but the other coded by a plasmid carried 

by the bacterium - occurred (Rosqvist et al., 1988). Viruses are carried by many 

of the major protozoal species such as Giardia, Leishmania, Trichomonas, Eiineria 

and Babesia spp. (Wang and Wang, 1991), although none have been found in 

Plasmodium. Some of these affect the parasite's growth rate, others are rarely 

transmitted horizontally, and in Trichomonas vaginalis one such virus causes the 

expression of an antigen on the infected cell membrane which undergoes 

phenotypic variation! (Wang et al., 1987). Thus a virus of low transmissibility, 

which survives mosquito transfer (Alger et al., 1971), or a foreign genetic element 

in the plasmid-like extrachromosomal element of the malaria genome (Wilson et 

al., 1991), may conceivably be a virulence determinant which gives the appearance 

of being stably inherited. The question of conflict in selection between and within 

hosts would then have to be expanded to include other genomes. 
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7.3 Parasite evolution in relation to population structure 

The theoretical studies in this thesis highlighted a number of factors relating 

to population structure which should influence parasite evolution. The first is 

recombination and outbreeding which determines how well gene combinations 

affecting fitness are held together, and is important only for multi-locus traits. At 

very low levels of outcrossing, outbreeding can successfully counteract strong 

selection, such as that imposed by drugs. In cases of weak selection, it can 

successfully erode population structure (Hastings and Wedgwood-Oppenheim, 

1997) such as might arise if immune selection against different parasite antigens, or 

antigen combinations were to produce 'strain-structuring' of the population, i.e. the 

dividing of the population into immunodominant strains which are transmitted 

independently (Gupta et al, 1994a,b,c, 1996). 

The second issue relating to population structure is that of selection. When 

the selecting unit is the individual host, and hosts vary in the nature of their 

selection on the parasites, then it matters to the overall effectiveness of selection 

how the parasite population is distributed through their hosts (Chapters 5 and 6). 

This is for two reasons: (a) the between-host fitness of the parasite depends on the 

number of other genotypes with which it competes, and (b) parasite genotypes with 

low (but not rare) frequencies have a greater probability of encountering the least 

common selective agent when they are more dispersed through the host population. 

In the studies presented here, the effect of the mean number of parasites per host 

was studied and was shown to influence the rate of change in frequency of a 

selected mutant. It is envisaged that variation in the number of parasite genotypes 

per host is also important to the rate of parasite evolution. For example, if most of 

the parasite population was transmitted from a small proportion of the hosts, then if 

a selective agent was applied at random to a portion of the population, most of the 

parasite population would not be exposed to it, and changes in frequency of the 

relevant parasite gene as a result of this selection would be small. This selective 

agent may be artificial, e.g. a drug or vaccine, or may be natural such as immunity 

to a rare parasite strain. The effects on rate of parasite evolution may be even 

more exaggerated if there is a non-random association between parasite genotype 
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and the number of parasite genotypes per host, such as might occur by 

concentration of the more virulent (and more transmissible) parasite genotypes in 

the hosts carrying the bulk of the parasite population. Thus where host selection is 

heterogeneous, and parasite populations are genetically variable, the details of 

population structure could be important in parasite evolution. 

This population genetics example seems to be analogous to the interaction 

between host heterogeneity in the number of parasites carried per host and spatial 

variation in contact rates which together determine the total fitness of the parasite 

population. There is much recent interest in the effects of spatial variation on 

epidemiological processes (Mollison and Levin, 1995; Bolker et al., 1995) and so 

models incorporating spatial structure (e.g. Barlow, 1991; Becker and Dietz, 1995) 

may be able to be adapted to incorporate population genetics. More information on 

the structure of malaria parasite populations, particularly the distribution of the 

number of clones per host and the distribution of parasite genotypes across the host 

population is thus required. This information may be found directly from the field 

by genotyping parasites in hosts (as already done in a limited way), and may also 

be modelled as a birth-death process which allows for superinfection (as described 

by Bailey, 1982; Aron and May, 1982; McLean, 1995) and short-term immunity. 

If the impact of host heterogeneity on population genetics was well defined, it 

might be possible to apply control measures in a way which maximises their effect. 

One simple example of this might be the use of a variety of drugs across a 

population, each host receiving a single drug (i.e. not a cocktail), and adjacent 

hosts receiving different drugs. If resistance to one drug arose in one host, and this 

host transmitted to a new host which was treated with a different drug, then the 

new mutant would not survive. This is in contrast to the case of using drug 

cocktails (i.e. each treated host receives all drugs), where a mutant arising from a 

host treated with two drugs would also be resistant in its next host. It should also 

be contrasted with the strategy in which different drugs are used sequentially, i.e. 

only one drug is used in the population for a period, followed by replacement with 

another drug. This latter strategy has been shown to spread resistance faster than 

always using cocktails (Curtis and Otoo, 1986). The success of this 'spatial 
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strategy' will depend on the initial frequencies of the mutants, the spatial 

distribution of drugs in relation to the network of transmissions, and the 

distribution of parasite genotypes through the host population. The model 

presented in Chapter 5 could be modified to evaluate the impact of such an 

approach. 

A spatial strategy to limit the rate of pathogen evolution (Barrett, 1980) has 

been successfully used in the field (Wolfe and Barrett, 1980). Powdery mildew, a 

fungus of barley normally causes severe loss of yield. The pathogen cannot attack a 

given host genotype unless it has the corresponding virulence gene. In order to 

limit the pathogen's success, mixed genotype stands of barley were planted. It was 

found that there was a 6.5% increase in production. Note that this strategy is an 

example of the Red Queen idea that host variability confounds the pathogen's 

evolution by disruptive selection. This strategy is also dependent on gene-for-gene 

interactions between pathogen and host (as drugs are to resistant mutants) and so 

works best when specific host-parasite interactions operate strongly to determine 

fitness. Cross-virulence reduces the effectiveness of this strategy, in a manner 

analogous to high cross-reactivity between antigens in a polyvalent vaccine leading 

to a higher rate of breakthrough, (i.e. vaccine resistance) (Gupta et al., 1997). In 

malaria, interactions between host endothelial receptors and parasite cytoadherence 

molecules, and parasite genotype-specific immune responses, may be good 

examples of specificity in host-parasite associations that limit parasite success. It is 

hoped that the combination of population genetics and epidemiology, drawing on 

the lessons of evolutionary biology (e.g. the Red Queen hypothesis), will generate 

many insights into parasite-host interactions in the coming years. 
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Appendix 

Publications generated during this study period 

Chapters 5 and 6 have been published. An erratum to the paper from 

Chapter 6 was also published. Reprints of these are attached. 

I was also the second author on two other papers, now in press, by virtue of 

my contribution to the statistical analysis and/or design of the experiments. These 

do not relate to the work in this thesis but manuscripts are also attached. 

Four other senior author papers relating to animal breeding were published 

during the course of study. These are not included here. 

A list of the attached publications is given below. 
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Survival probability of drug resistant mutants in 
malaria parasites 

MARGARET J. MACKINNON 

Institute of Cell, Animal and Population Biology, University of Edinburgh, U 'tat Mains Road, £119 SIT, Edinburgh. UK 

SUMMARY 

This study predicts the ultimate probability of survival of a newly arisen drug resistant mutant in a 
population of malaria parasites, with a view to understanding what conditions favour the evolution of drug 
resistance. Using branching process theory and a population genetics transmission model, the probabilities 
of survival of one- and two-locus new mutants are calculated as functions of the degree of drug pressure, 
the mean and variation in transmission rate, and the degree of natural selection against the mutant. 
Probability of survival increases approximately linearly with drug pressure. the slope of the line increasing 
with mean transmission rate. Thus increased drug pressure, especially in combination with high 
transmission rates, strongly favours the evolution of drug resistance. These conclusions also hold for the 
case of multiple drug resistance where it is coded for by two unlinked loci: the greater effective 
recombination breakdown in high transmission areas is counteracted by greater effective selection so that 
the net effect of higher transmission rates is to fhvour the evolution of multiple drug resistance. High 
variability in transmission rate and natural selection against the mutants are unfavourable to mutant 
survival, though these are relatively weak forces. 

1. INTRODUCTION 

Malaria parasites have a rensarkahle ability to develop 
resistance to drugs. This has created an lirgen t problem 
because resistance to all of the availa hle drugs has 
arisen at least once Bjorkman & Phillips-Howard 
1990 . and the development of new drugs has \irtuallv 
stalled. Evidence from field and theoretical studies 
indicates that resistance continues to spread as long as 
there is any drug presstlre. and that beyond a certain 
fitquencv, the rate of spread is very rapid C:urtis & 
Otoo 1986; Dye 1991 ; \Vernsdorfer 1991 . It therefore 
.seenls wise to try and prevent or delay IIIC developnien 
of resistance in the first place. 

The fate 61'a new drug resistance mutant, or set of 
mutants, in a malaria paritsite depends on 111C relative 
forces of selection by drugs, natural selection pre-
sumably unfavourable), recombination between re-
sistance loci in the case of multi-locus resistance, and 
the probability that the mutant is transmitted. While it 
may he easy to predict the qualitative effect of each of 
these forces in isolation, it is their relative strengths and 
the interactions among these forces which determine 
the final outcome. Due to the structuring of the 
parasite population into hosts, and the heterogeneity of 
selection of the parasites by the hosts (i.e. hosts are 
either treated or untreated with drugs, prediction of 
the outcome of, say, a combination of drug pressure 
and transmission rate is not straightforward. For 
example. Paul et al. (1995) suggest that where drug 
resistance is coded for by more than one locus, higher 
levels of transmission will hinder tire evol ti tion of drug  

resistance because the associated increase in the degree 
of outbreeding will lead to greater effective recoin-
bination breakdown between tIre resis tarice loci. They 
do not examine this hypothesis in a quantitative way. 
On the other hand, simulations b' Dye 1991 indicate 
that high transmission rates Ltvotir' the spread ofmulu-
locus drug resistanre hrt:a use 'vllerl parasites are 
dispersed more widely at higher levels of transmission 
the encounter d rugs more often, and so cilber ice 
selection by drugs is stronger. Such Contrasting 
conclusions demonstrate tIre iced hoor sttitias oirirh 
properly account for the Iwo niajor cilcets ul IMMS11c 

puptilanon structtirc oil guile io'. ii;tmel\ nlsrceclmg 
cI tie to limited num hers of genetically dilfl±ren t haplo-
types per host, and heterogeneotis selection in the 
parasite population clue to variable sc'lectioii prcssiins 
by hosts. Dvt' & \\illianr.s' 1997 :tecotint liw tile ehli'cis 
of inbreeding by relating it to the rate of recombination 
breakdown between resistance loci. but the)' ignore the 
effects of structuring on tire intensity of selection by 
drugs. In the present study, a population genetics-
transmission model is built which accotints for both 
factors. 

Specifically. this stud' addresses the first of two 
relevant issues regarding the evt1 ution of drug re-
sistance. The first issue is how easily resista nrc tail 
develop in the first place, i.e. from new mtitations. 
Here the model is used to predict tire probahili tv flat 
a newly arisen mutant survives tire first ftw rotinds of 
transmission until selection b' drugs can bring it to t 
safe' frec1 uency, i.e. beyond the risk t,f bri rig lost to I he 

population due to chance events during transmission. 
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Thus it addresses the issue of how readily a drug 
resistance problem can arise from a new mutation 
event, or from the arrival of a new migrant parasite 
into a resistance-free population, and therefore has 
implications for limiting the further evolution of drug 
resistance. The second issue is how rapidly the 
frequency of an established mutant will increase over 
generations of transmission under continuous drug 
pressure. This question will he addressed elsewhere. 

2. THE BASIC MODEL AND ASSUMPTIONS 

In the following section the assumptions made in the 
model about the epidemiology, transmission cycle, 
drug selection and relative fitness of mutants are given. 

(a) Distribution of number of transmissions per 
host 

Transmission of malaria is characterized by its 
variability due to a multitude of host, vector and 
parasite-related factors. Though transmission rate is 
usually described in terms of a single parameter. R, 
which is often thought of as a constant because it 
represents the average number of transmissions from 
one infected host to other hosts, it is recognized that 
there is variability around R,  i.e. in the number of 
transmissions from individual hosts Koella 1991 j. It is 
this variability which makes new mutants vulnerable 
to toss during the first few rounds of transmission. If the 
average R 0  is one, then on average the total parasite 
population replaces itself each generation. However. 
individual parasites with distinct multi-locus haplo-
types may not always replace themselves due to 
sampling variation in the transmission process. Thus 
when considering the population genetics of parasites. 
it is necessary to account fbr the uneven redistribution 
of genes from one generation to the next. 

In the model presented here the transmission rate is 
modelled by a variable. R. which is distributed as a 
negative binomial with a mean of!? and variance o1r77. 
The parameters of the negative binomial distribu tiori. 
p. and Ic. are related to thr mean and variance it' the 
following way: 

- 	k(l—p1 	0, 	k- (l—p) 

P 

The parameter k can he thought of as the aggregation 
or shape parameter: as k increases, the less clumped' 
are the data and when Ic = oc, the distribution is 
Poisson. The parameter p can he thought of as the zero 
probability parameter: the frequency of the zero class 
is given by p4  so that the mean increases asp decreases. 

(b) Number of clones per host 

It is assumed that a host carries an average of 
independent infections. It is also assumed that c is the 
number of haplotvpes which simultaneously have 
sexual forms of the parasite (gametocvtes) in the blood 
and therefore are potential mates during fertilization 
after the mosquito has taken a blood meal. Here c is  

assumed to be constant even though these c infections 
come from a variable number of transmissions. In this 
study c is defined as a function of R in the following 
way, although such a relationship has not yet been 
properly explored in the field. The conditional mean 
number of successful (i.e. non-zero) transmissions from 
one host to others is R/ (1 _pc).  If malaria is stable it 
follows that the average rate of loss of infections is equal 
to the average rate of acquisition of infections. 
However, depending on levels of immunity, the 
average number of infections per host could he between 
zero and R/(l _pk).  In this study it is assumed that the 
average number of infections is halfkvay between these 
extremes, i.e. 

I  
(9 

21_Pk 

though in the remaining theory c is modelled in-
dependently of R and oj to keep the model general. 
Values of c from the field have been inferred from the 
observed number of one or two-locus haplotvpes in the 
blood (Carter & McGregor 1973; Conway c/at. 1991; 
Babiker ci at. 1994; Hill & Bahiker 1995; Hill ci at. 
1995; Ntoumi ci at. 1995 Paul ci at. l995, or from 
studies on the amount of'heterozygosi . ty among oocvsts 
formed in mosquitoes. In a high transmission area in 
Tanzania the estimated number of clones per host was 
3.5 Hill c/at. 1995; Hill & Bahiker t995  and in a low 
transmission area in New Guinea was 1 . 1 Paul ci at. 
1995. As an example, some realistic values ofR and rx, 
to correspond toe = 3.5 and c 1.1 are 

1? = 5: tx 	50 and 	fl = 1.5:oj = 3W 

(c) Drug resistance genes 

Now assume that the parasite has two loci at which 
there are two allelic forms — one the wilcl-rvpe allele. 
and the other allele encoding resistance to a given drug 
which would otherwise kilt all parasites not carrying 
the mu [ant allele. Denote these alleles its J and a for 
mutant and wild-type alleles. repectivelv, fur the lucris 
encoding resistance against drug Cl and similarly B and 
h lbr alleles for the locus encoding resistance against 
drug . Thus there are four relevant genotypes, riB, rib. 
a!? and ab. The Ii tnesses, which determine the relative 
frequencies of hapintvpes within the host, in the 
Presence of both drugs, is represers ted by a vector. 
Wr  = [I 0 0 0], and in the absence of drugs by 
the vector = [w 2  w w 1]. These reduce to 
Wr  = [1 0] and W, = [w I] when only one drug is 
in use, in which case the second torus is irrelevant. It is 
important to note that fitness is defined here as the 
relative number of gametoctes with the two-locus 
haplotvpe at the time of transmission, rather than the 
number of distinct clones in the host's blood. If a 
double mutation has arisen at the beginning of an 
infection in a host which carries c independent 
inl'ections, the relative frequencies of the two-torus 
haplotpes will he 

W, 	[to 2  0 0 2c— lJ. 	 3m 
ur

, 
 ±2c—1 
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For example, if a host has one infection (c = 1) and a 
double mutation (AB) occurs which has equal fitness to 
the wild-type haplotvpe (ab), then its frequency in the 

L host is If the host is infected twice more (c ='3) with 
non-mutant parasites, this frequency is reduced to j If 
the recombinant meiotic products (Al' and aB) are also 
in the host, as may occur in subsequent generations, 
the relative frequencies in the host will he 

= w2+2w±4c-3 [w 
2 
 w to 4r-3J. 	(3b) 

(d) Transmission-genetics cycle 

The basic model of transmission assumes that each 
host receives c independent infections from separate 
transmission events and that the parasites from these 
infections co-exist in the blood of the host. The relative 
frequencies of the haplotypes in these infections are 
adjusted during the course of the infection according to 
their relative natural fitnesses by multiplying with nç. 
and re-scaling. In a proportion of the host population, 
T. the frequencies are adjusted for drug selection b y  
multiplying with nç and rescaling i.e. the frequency of 
mutant parasites in treated hosts are set at units', and 
lion-mutant parasites at zero. The parasites then forni 
gametocvtes which are taken up by a mosquito in a 
blood meal and undergo self or cross fertilization 
during the zygote stage. The frequencies of the diploid 
genotypes in the mosquito are assumed to reflect 

random mating among the ganletocvtes within the 
host from which the mosquito took the blood iii cal. 
These diploid genotypes the!) undergo reconi hination 
and the frequencies among the haploid meiotic 
products are adjusted accordingly. The meiotic 
products. or a subset of them are transmitted 10 a licw 
host to initiate a new infection, 

3. SURVIVAL PROBABILITY OF A NEW 
MUTANT 

(a) General introduction to branching process 
theory 

The following section describes the branching 
process theory used to predict the uliimate survival 
prohahliy of a single C0V 01 a mutant. This theory 
enables prediction of' the probability that a single 
replicating particle (in this case a mutant allele) which 
is subject to stochastic processes during its replicative 
cycle ultimately survives in the population. i.e. it is still 
in the population after many generations. This 
probability can he predicted from the distribution of 
the number of — offspring' each particle produces each 
generation. The distribution of the n umber ofolfspring 

can be summarized by a single function called the 
probability generating function (pgf denoted 0(s) 
where s is a dummy variable). For example, the pgf for 
a Poisson variable is represented hy 

7'. 

](s) = e'°'' = E 
dli  

Probability generating functions are useful because the 
value of s which solves the equation 

Ø(s)=s 	
() 

gives the ultimate extinction probability, and hence 
the ultimate survival probability (denoted usp) is given 
by 1 — s. If the mean of the distribution described b y  
0(s) is less than one, the solution to equation (4) is 
I—s = 0. Thus the particle will not survive if the mean 
number of offspring is less than one (because it does not 
00 average replace itself). If the mean number of 
ofiuipring is greater than one, the particle has a finite. 
but less than perfect probability of surviving, as given 
in equation (4). A further property of branching 
process theory is that if there are several processes 
during the replication cycle, each with different pgfi. 
then the pgf used in equation (4) is the compounded 
distribution of the individual pgfs involved in the 
process. Note that equation (4) only holds if the 
distribution of the number of Offspring is the same in all 
generations. IC however, environmental fluctuations - 
cause a change in the pgf over time, it is necessary to 
compound over the different distributions from the 
generations to obtain the overall pgf. Note also that it 
is assumed that the population size is infinite or very 
I 

arge such that there is a zero probability that two 
identical mutants will meet and produce offspring 
together. .A digestible review of branching process 
theory is given by Schaffer (1970). 

(14 Application to malaria mutants 

In malaria, the replicative cycle is a transmission 
from one host to (lie next which involves the trans!br of 
parasites to mosquitoes. mciosis in the mosquito and 
then transfer to a new host. This process can be broken 
down into two stochastic processes each with tlwi 
probability distributions. One clistribtition is 'or the 
ii tint her of transmissions lom one infected host to a 
ii timber of new hosts, assumed to have a ncga the 
binomial form. The second d istri hu tion is for seg-
regation dtiring meiosis wInch has a binomial clis-
rihution. The coniliinatioit of these cfisirihuuor,s "ill 

determine Ittac nittnv copies of a single mutant an: lcti 
In the population afier one transmission cycle. The 
parameters oh' these distributions depend on whether 
the host has been treated with drugs or tot. The -a,,e 

01) llrug treatmcnt Is\ - It iirst. and Inc ease of drug 
ti-ca mien t is then den veil fool it 

If the host is not treated with drugs the pgt for the 
negative binomial distribution. assumed here to rep-
resent the lumber of transmissions to new hosts, is 
given by 

0Nnb) 
= [ - 	

JA 	

5- 

The binomial pgf for the segregation during meiosis i s  

= l—  m+v. 	 '6- 

witis mean m and variance 711 I —ry. Here the par-
ameter 7r represents the average probaliilitv that in 
each of 1? independent successful transmissions. the 
mutant haplotvpe lB is represented among [tic 

Proc. N. Soc. L,,,,!. 13:1997 
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transmitted parasites. This probability is worked out 
from the overall self replacement rate, p of the AB 
haplotvpe over R transmissions as 

to  
(7) 

If malaria is stable, individual alleles with equal fitness 
should on average replace themselves. Rare two-locus 
haplotpes should have replacement rates of4 if the loci 
are unlinked and the parasites are mating randomly. 
In the case of unequal fitness, and some inbreeding due 
to a limited number of genotypes per host, the 
replacement rate is calculated from the relative fitnesses 
among the gametocytes in the host (3a) as 

	

2c[w2 +4wt (2c— 	1)] 	
(Ba) 

-
p 	(w1+2c—l)2 

The first and second terms within the brackets of the 
numerator represent the probabilities of getting an AB 
meiotic product from AB x :1B and AB x ab matings, 
respectively, and the denominator is the appropriate 
scaling factor. The factor of 2c in the numerator 
ensures that the replacement rate for equally fit alleles 
is unity and reflects the fact that for each transmission 
and mejosis, two gametes are sampled. Note that 
equation (8 a) reduces to p = 1/2 + 1/4c when the 
mutant has equal fitness to the wild-type allele. This is 
greater than the value of 4 expected from random 
mating i where t = X) because sometimes the parasites 
self-fertilize. In subsequent generations, when the 
recombinant meiotic products may also he within a 
host (3b), the replacement rate is 

	

4c[2w2(w+c)j 	
8b 1= w'+2w+4c-3)1' 

and the replacement rate when to = I is 

Nov that the two component probahiltv distri-
b u tions determining the overall prohabili tv Of the 
mutant surviving the transmission have been defined, 
they can be Compounded into a single probability 
distribution by using their pg&. The compounded pgf 
is denoted as 0 flN B = xt(PB(s)) and can he shown to 
he distributed as negative binomial with a mean of ITR 
and a variance of nR(l —m+rnr/R) (Kojima & 
Kelleher 1962). This means that the pgf of the 
compounded distribution is given by: 

	

(i_p*) 	 (9a) 

where 

P 	,k=k. 	 (911) 
P- 7p+ 17 

If a host is treated with drugs, the probability that 
the double mutant is among the meiotic products is  

iT = 1. Thus the pgf, if the mutant arises in a_drug 
treated host, is negative binomial with mean R and 
variance o- , i.e. the same as the transmission dis-
tribution (5). 

Because the mutant may arise in a treated or 
untreated host and will be transmitted to either treated 
or untreated hosts in each subsequent generation, the 
overall probability of survival will depend on the 
sequence of treatment in the hosts encountered by the 
mutant during the first few generations. For example, 
the pgf for the number of offspring for a mutant which 
arises in a treated host and then is transmitted to an 
untreated host is not the same as if the mutant arose in 
an untreated host and then transmitted to a treated 
host, i.e. T(U(s))  is not the same as '(T(s))  where 
P" and T  denote the pgfs in the cases where the host 
is untreated and drug treated respectively. Thus to 
obtain the average probability of survival over all 
possible sequences of treatment, the usps for all of the 
32 possible combinations of sequence of treatments in 
the first five generations (i.e. (U, U. U, U. U). {U. U. U. 
U fl  ... fT T, T, T, fl) were found after com-
pounding five times and then solving the treated and 
untreated generating functions in sequence (i.e. 

=. 	CUUUT 5 ) 	 TTTTT:5) =s). 
These usps "crc weighted by their binomial proba-
bilities of occurrence assuming that all -  possible 
sequences are equally likeI 	i.e. (1— T). I - 
T. ... , T) and then summed to obtain the average usp. 
For the first generation of each series, it was assumed 
that there were no recombinant haplotvpes tib and 
riB) in the host and so equation (Ba) was used, though 
for subsequent generations they were assumed to he 
present and so equation (Sb) was used. 

(c) Numerical evaluation 

The procedure described above was used to evaluate 
survival probshili ties of single-locus and two-locus 
ni u tan ts as functions of' T for three levels of natural 
selection ic = 1.0.9 and 0.5i and three levels of 
ransm ission - one with 10w mean transmission nurn her 

and iow variabutv ii = 1.5:c = l.l:o = 3), one 
With high mean transmission and high variability (R = 
5; c = 3.5: o= 50), and one with high mean and low 
variability R = 5:, 2.6: o, = 101. The correspond-
ing parameters br tIre negative binomial in these three 
cases are (p 0.5;4-  = 1.5), (p = 0.1k = 0.56) and 
(p = 0.5. k = 5). respectively. The same calculations 
were also performed over a wide range of values of all 
the parameters (T= 0 to I, w = 0.1 to 1, R 1 to 15, 
p = 0.1 to 0.9) with the restriction that I ( 0r2 

it < 50 
(considered to be the hounds of reality). This was done 
in order to generate data to which a linear regression 
model was fitted, to enable a first order approximation 
Of' the influence of the main factors affecting survival 
probability to he obtained. The regression terms fitted 
were the interactions between Tand R, tr,,  and w (or 
IV 

2  For thc two-locus case). Bv bitting interactions with 
T rather than main effects, it was ensured that the 
intercepts at T = 0 were always zero since mutants are 
only txpectecl to survive if they have above average 
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fitness. Quadratic terms were also fitted to test whether 
there was an improvement in fit of the model by 
allowing for some curvilinearity in the relationship. 

4. RESULTS 

Figure 1 shows the probability distributions fbr the 
three transmission levels. It illustrates that more hosts 
produce zero transmissions when the mean level of 
transmission is low, and for the same mean level, when 
the variability is high. Thus a new mutant is at higher 
risk in more variable transmission environments. 

Figure 2 shows the survival probabilities as a 
function of drug treatment rate. It illustrates the 
following five qualitative conclusions demonstrated by 
the model. 

1. The strongest influence is that of drug pressure: 
survival probability approximately linearly increases 
with drug treatment rate (figures 2a—f). Even though 
the probability that an individual mutant survives is 
low when drug pressure is low- (figures 2c—f), if there 

(a) 

0.8 

0.0 

Drug biatiient rate 

(c) 

- 	0.61 
	 High mean, 

9  OAi 

	

	 _41ignthihvw!!ty ........ 

mean lowvadablfty 

0.0 	 0.2 	 0.4 
Drug treetmenI rate 

(e) 

a 
0 

0.0 	 02 	 0.4 
Drug Uealreid rate 
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0.4 1 Low mean, low var iability  

high variability 

	

High 	ari, Im variability 

0 	2 	4 	6 	6 	10 

No. of transmissions 

Figure 1. Probability distribution of number of transmissions 
per host for transmission areas with low mean and low 
variability (solid line, P = 1.5; c = 1.! = 3), high mean 
with high variability (long dash, P = 5; c = 35; u = 50)11 

and high mean with low variability (short dash, R = 5; 
= 2.6 ;  o = 10). 

are ten separate mutation events, then the probability 
that at least one survives (which is all that is required 
for drug resistance to become established when drug 
pressure continues) is moderate (figures 2a, b). 

Two lad 
(b) 

to 
0.8 . .......--- 

0.0 	 0.2 	 0.4 

Drug Irixtrient rate 

Id) 

0.611  

0 .4 1 
0.2 

aoJ 
0.0 	 02 	 0.4 

Drug teatment rate 

(f) 

Drug freathent rate 

Figure 2. Survival probabilities as functions of drug treatment rates for one (left) and two-locus mutants trighti. 
(a) and (b) Probability that at least one out of ten survives for three different transmission intensities. (ci and (d) 
Probability of survival of an individual mutant for three different transmission intensities. (e and U) Probability of 
survival of an individual mutant for three different levels of natural selection. Labels of line types art: consistent wit bin 
each row of the figure. 
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One-locus mutants have a higher chance of 
survival than two-locus mutants (figures 2a, c, e vs 
figures 2b, d,f). This is because recombination breaks 
down the AB haplotpes at each meiosis if the parasite 
does not mate with the same haplotpe as itself. 

The mean transmission rate increases the prob-
ability that a new mutant survives. The effect of 
increasing mean transmission rate from 1.5 to 5 while 
keeping the mean to variance ratio the same (p = 0.5) 
is shown by comparing the 'low mean, low variability' 
vs high mean, low variability' lines in figures 2c, d. 

An increase in the variance of transmission while 
keeping the mean the same decreases survival prob-
ability. This is shown by comparing the 'high mean, 
low variability' and 'high mean, high variability' lines 
in figures 2c. d. Much of this difference is due to the 
greater proportion of hosts which produce zero 
transmissions (figure 1). 

Natural selection against the mutant decreases 
survival probability (figures 2e,f). 

The above qualitative conclusions can be described 
more generally and quantitatively using results from 
the regression analysis. The best fit to the data were 
obtained using the following equations in the one-locus 
and two-locus cases, 

usp 1  = T ( 0.1961?-0.0081?5 -0.008c+0.217w).
110)  

LISP, = P0.191k_0.008kS0.007c+0.l27pe2), 

''here the subscripts  on usp denote the number  of loci 
involved. Thus while T had a linear effect on asp, the 
slope of this line increased with increasing R with a 
plateau effect at values of around R > 10. The slope 
also increased with increasing it ,  or 1e2  in the two-locus 
case p and with decreasing a.. As R accotintecl for 52 h 
and 58 of - the variation in usp 1  and usp., respectively. 
and R 2  for a further 22",,and 23 . transmission rate. 
MCI and above the effect of drug pressure. was the 
major influence on survival proha bilitv. The influences 
of natural selection and variation in transmission rate 
were much weaker, with w and r each explaining less 
than 5 °, of the variation in asp. 

5. DISCUSSION 

This steel v denionsi rates that the line of a newly 
arisen drug resistant mutant is primarily determined 
by whether drugs are in use in the host population, and 
the rate of transmission of the parasite. The reason why 
these two factors jointly determine whether a mutant 
survives is because the mutants only have a selective 
advantage when they encounter the drug. If trans-
mission rates are high, the new mutant has a greater 
chance of being transmitted to at least one host which 
is treated with drugs and therefore subjected to 
selection by drugs. Low transmission rates reduce the 
probability that a copy of the mutaot is exposed to the 
drug. 

The study also shows that even when resistance is 
coded for by two mutant alleles at unlinked loci, the 
frequent breakdown of the double mutant haplotpe 
u ncler conditions of high transmission is not sufficient 

to prevent the double mutant surviving because 
selection by drugs is a more powerful force to keep the 
mutant in the population. Thus the suggestion by Paul 
et at. (1995) that high transmission rates are un-
favourable for the evolution of multi-locus drug 
resistance because ofgreater recombination breakdown 
is not supported, and the results of Dye (1991) are. In 
other words, this study shows that effective selection 
and effective recombination are both increased by high 
transmission rates, but selection wins. This conclusion 
was reached by taking a population genetics approach 
in which the two major effects of population structuring 
Of the parasite into hosts were delineated - namely, 
mating structure (or degree of inbreeding), and 
selection structure (heterogeneous selection by hosts). 
As both of these factors determine the rate of gene flow 
through populations in compartmentalized popu-
lations typical of many parasites, the model developed 
here is likely to have wider applicability to theories on 
parasite evolution. 

In the present study it was assumed that the drug 
was completely effective in killing parasites. In prac-
tice, improper administration of the drug keg.  through 
underdosing) will mean that selection pressure on drug 
resistance mutants is not as strong as assumed here and, 
therefore, that drug resistance in the field will evolve 
less easily than predicted here. This is not true. 
however, in the case when drug resistance to one or 
more drugs) is controlled by more than one locus: 
partial killing will cause more resistant alleles to he 
maintained in the population so that the chances of 
formation of a doubly resistant haplotpe are greater. 
Thus for the same proportion of hosts treated with 
drugs, incomplete efficacy will favour faster spread of 
multiple drug resistance, but not single drug resistance. 
This does not mean, however, that intermediate drug 
treatment levels proportion of hosts treated) will 
increase the rate of spread of resistance. 

It was also assumed that drugs are taken random lv 
by the infected host population and that the freq uenev 
of treatment is independent of* transmission taLe. This 
allowed the conclusion to be reached that effective 
selection on the mutant is clireetiv related to both ortig 
pressure and transmission rate. However, if hosts on lv 
take drugs when they are sick and the frec1 uencv of 
being sick depends on transmission rates e.g. clue to 
the number of previous inleetions, then the effect c,r 
trztnsnussioii late in the field may be somewhat less 
than predicted here. 

A key assumption made in this study is that malaria 
is stable, i.e. the net change in the average number of 
parasite infections per host does not change over the 
generations. Clearly this is unlikely to he true in 
malaria parasite populations which typically fluctuate 
in size due to seasonal factors. .During expansion 
phases, most mutants, even neutral ones, will survive 
because the mean number of offspring is greater than 
one. During contraction phases, few will survive. Thus 
the fate of new mutations under selection very much 
depends on the prevailing population dynamics when 
the mutant arises. However, such fluctuations are only 
likely to affect the conclusions from this study in a 
quantitative, but not q tial ii ative way because cum- 
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parisons of the effects of drug pressure, transmission 
rate and natural selection are performed under the 
same conditions (i.e. stable malaria). 

As the model described here shows, variation in 
transmission rate can have considerable consequences 
to the fate of new mutants, and probably any low 
frequency allele or multi-locus haplotvpe under selec- 

tion. If variation in transmission rate is high, unique 

genetic entities have low probabilities of surviving 
because stochastic forces can easily eliminate them 
before they can multiply.  In the case of drug resistance, 
high variahii y  in transmission rate is detrimental to 
the mutants' survival because of the greater risk 
involved in transmission. Thus if the stability of 

transmission rate, as well as the mean transmission 

rate, is reduced by control strategies such as hednets. 
vaccines or drugs, such interventions may further 
inhibit the parasites adaptation to these strategies. 
The importance of variation in transmission rate on the 
persistence of strains' (multi-locus haplotvpcs) in a 
population has been illustrated H Gupta c/at. ( 1994)   
and has implications -as to how rapidly hosts acquire 
specific immunity. More generally, the role of variation 
among parasites and hosts in transmis,sihijjy is rela-
tively unexplored, although there is a grossing aware-
ness that its effect on the epidemiology of parasitic 

diseases can he profound (.Anderson & "o[av 1991: 
Read ci at. 1995). 
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Survival probability of drug resistant mutants in malaria parasites 

BY MARGARETJ. MACKINNON 

On p. 56, equation (Ba), which predicts the within-host fitness of the doubly resistant mutant in the first generation 

should read 

2cw 2 [w2 ±(2c— I)] 

[it2  + 2c - 11 

and equation (8b;, which predicts fitness in subsequent generations should read 

4cw[t? + 2w + 2c - I] 

[w-'+ 2w + 4r - 3 

This error made no appreciable difference to the predicted survival probabilities 	- 	 - 
In addition, the average probability generating function for the variable environment of drug selection (i.e+ 

treated or untreated) was obtained by compounding over generations and weighting by the probability of the series 

of treatment events. This assumes that the entire population is subjected to either drug treatment or no drug treat-
ment- but not a mixture of the two. It is more likely, however, that in each generation some mutants find themselves 
in treated hosts, others in untreated hosts, and so the generating functions should he averaged within generation 

rather than across generations. Doing so gives the average probability-generating function as 

= TTLS; + 1 - 

This error leads to an underestimation of survival probability of no to 20% in the single-locus ease and up to 50% 
in the two-locus ease, as well as a prediction of non-zero probabilities of sur"i'ai "hen they should have been zero. 
The qualitative conclusions of the paper do not change. 

Proc. it Soc. Lund. B 264. 181-190 (February issue; 

Enigmatic phylogeny of skuas (Ayes: Stercorariidae) 

BY B. L. COHEN. A. J. BAKER, K. BLECHSCH\IIDT, D. L. DITTMANN, 
R. \V. FURNESS, J. A. GERWIN, A. J. HELBIG, J. DE KORTE, H. a MARSHALL, 

R. L. PALMA, H.-U. PETER, R. RAMLI, I. SIEBOLD. M. S. WILLCOX, 

R. H. WILSON AND R. M.  ZINK 

On p.  186 7  the taxa of Quadraceos and Saemundssonia lice associated with .Stercorarius parasiticus and S. longocaudus were 

interchanged in table 3. A corrected version of the table is given below. 

Table 3. Feather-louse taxon distribution on skuas and galls 

louse taxa 

hosts 	 Haffneria grandis 	 Ausoramenopon sop. 	Quadraretis normzfir subspp. 	Saeroosndssonia spp. 

- 	
- 	 St ercora vi us longicaudus present (Emerson 1972) fuscofo.sri alum parvopallidus tnexspec001a 

- - 	 parasdicus . rare (1/80+) fuscofasciatum nonnir cephalus 

pomarinus abundant fuscofasciatum stellaepolaris .ctresemanni 

Catharacta skua abundant absent (0/53) stellaepolaris stresemanni 

. 	. 	. 	 antarctica abundant absent (0/78) alpha stresem000ni 

chilensis abundant fuscofasciatum alpha streseraannt 

hamiltoni abundant fuscofasciatum absent (0/26) stresemannl 
• 	 tonnbergz abundant fuscofasciatum absent (0/29) stresemanni 

- 	 maccarnicki - abundant 
- 	- 

 fuscofasctatum aloha stresemanni 

Law slop. absent (0/tens) transisersum absent (0/tens) lan 

(For taxa that were rare or not found, the number of lice found and the number of hosts examined are indicated in parentheses) 

Proc. K So, Lond. B (1997) 264. 13491830 	 1849 
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The evolution of multiple drug resistance in malaria parasites 

M. J. Mackinnon and I. M. Hastings Institute of Cell, Animal and Population Biology, University of Edinburgh, West 
Mains Road, EH9 377 Edinburgh, UK 	 - 

Abstract 
Forces determining the rate of spread of drug resistance in malaria were explored using a genetics trans-
mission model which took account of the strong population structure of these parasites.The rate of change 
of frequency of drug resistant mutants in the parasite population is primarily a function of the proportion 
of hosts treated with drugs, and parasite transmission rates. With high transmission rates, selection by 
drugs is more effective than with lower rates because the resistant mutant passes on more copies of itself 
to the next generation of hosts. Thus reducing transmission rates, either at the overall population level or 
from drug-treated individuals, should be effective in curbing the spread of resistance. An exception to this 
is when 2 unlinked genes act jointly (not independently) to confer resistance, when the prevailing trans-
mission rate is already low, drug use is minimal, and resistance genes are rare. Reductions in fitness of the 
mutant in the absence of drugs (i.e., a fimess cost to resistance) and the degree of epistasis and the mode 
of gene action of the drugs do not alter these conclusions. 

Keywords: malaria, Plasmodium spp., drug resistance, population structure, genetics 

Introduction 

Drug resistance, especially multiple drug resistance, is 
disastrous for treatment and control of malaria. Resist-
ance to almost all available drugs, most notably chloro-
quine, mefloquine and pyrimethamine, continues to 
spread throughout the tropical world, and the need for 
new drugs and a strategy to prevent further spread is ur-
gent (PETERS, 1987; WARHURST, 1989; WERNSDORF-
ER, 1991; SCHAPIRA et al., 1993). In an influential 
study, CURTIS & OToo (1986) showed that the preva-
lence of drug use was the most important factor in de-
termining the rate of spread of resistance, and that 
resistance to 2 drugs would spread more slowly than re-
sistance to one drug. Thus they were able to make 
strong recommendations on how to prolong the useful 
life of drugs. 

The model used to reach this conclusion was simple: 
it assumed that parasites randomly mate with each oth-
er, as they might, for instance, if the entire parasite pop-
ulation were to be found in a single large volume of 
blood just before mating. However, this is unrealistic 
because malaria parasite populations are strongly sub-
structured into subpopulations in individual hosts. This 
has the effect of severely restricting the pool of sexual 
partners during mating and therefore often forcing the 
parasite to self-mate (inbreed). Indeed, one of the major 
advances in the study of malaria in the last decade has 
been the realization of how much inbreeding does occur 
in natural parasite populations. It is now clear that each 
host typically carries between one and 4 genetically dis-
tinct parasite types at any one time, the number per host 
tending to be higher in high transmission areas (CART-
ER & MCGREGOR, 1973; Josm et al., 1989; CONWAY & 
MCBRIDE, 1991; BABIICER et al., 1994; HILL & BASIK-
ER, 1995; I-JILL etal., 1995; PAUL a at, 1995). So how 
does this new information on population structure influ-
ence our understanding of how drug resistance spreads? 

Several authors (CURTIs & OTOo, 1986; DYE, 1991; 
Dm, 1994; PAUL aol., 1995; DYE & WILLIAMS, 1997; 
HASTINGS, 1997) have pointed out that, in more out-
bred populations such as occur in high transmission ar-
eas, there is greater effective recombination breakdown 
between the 2 or more loci encoding resistance. It has 
therefore been suggested that multiple drug resistance 
develops more slowly in such areas (PAUL a al., 1995). 
Analytical examination of this hypothesis has indeed 
shown that outbreeding can slow the spread of multiple 
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drug resistance, though only in a limited set of condi-
tions, namely, when none of the resistance genes confers 
significant protection on its own, when the genes are 
rare, and when selection pressure is low (DYE, 1994; 
Dm & WILLIAMS, 1997; HASTINGS, 1997). However, 
this issue of recombination has somewhat diverted at-
tention from the main force driving frequency increases 
in resistance genes—that of drug selection itself—and so 
in this study we also considered how transmission rate 
influences the effectiveness of this selection. Using a de-
terministic simulation model to pitch the force of effec-
tive selection against the force of effective 
recombination as determined by population structure, 
we predicted the rate of spread of drug resistance. 

The basic model and assumptions 
The following paragraphs describe the model. First 

the basic transmission-genetics cycle is described, fol-
lowed by a description of the assumptions made about 
the transmission process, epidemiology, population 
structuring, drug pressure and natural selection. Finally, 
the equations describing the changes in frequencies of 
resistance genes each generation are given. The Table 
summarizes the notation used. 

Transmission cycle and population structuring 
As shown in Fig. 1, in each generation the parasite 

population flows through vertebrate hosts (boxes) and 
mosquitoes (circles) undergoing a series of events which 
alter the genetic composition of the population. At stage 
1, the parasite is transmitted to new hosts as sporozoites. 
Each transmission event is represented by a small box 
within each host: in this diagram there are 3 independ-
ent inoculations to each host. Each inoculum may con-
tain a mixture of genetically different parasites which 
have probably been derived from a mosquito bite on just 
one infectious host. The couplets of letters (AB, etc.) 
each represent a parasite's two-locus haploid genotype 
(haplotype) which is distinct with respect to resistance 
or susceptibility to 2 drugs denoted a and P. Haplotype 
AB is resistant to both drugs,Ab is resistant to only drug 
a, aB is resistant to only drug /3, and ab is susceptible to 
both drugs. The resistance loci are assumed to be genet-
ically unlinked with a recombination fraction ,a0.5 At 
stage 2, the frequencies of the haplotypes within the host 
are adjusted according to how fit the parasites with mu-
tant genes are relative to their susceptible counterparts. 
At stage 3, drugs are administered to some of the infect-
ed hosts. (In this diagram, 2 drugs are administered to-
gether, but the model allows for a single drug to be 
used.) If the host is carrying a resistant parasite, all the 
susceptible parasites are eliminated leaving only resist-
ant parasites. At stage 4, pairs of parasite gametes form 
diploid zygotes in the gut of the mosquito (left side of 
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Fig. I. Transmission cycle of malaria parasites showing the processes of selection and recombination contributing to gene frequency 
changes. 'Flost(s)'vertebrate host(s); see text for details. Circled numbers denote the stages represented by the mathematical model 
described in Fig. 2. 

Table. Notation and typical values used in the model 

Symbol 	 Meaning 	 Values used 

C Mean number of independent infections received by each host 1-1,3 
1.4 Mean number of transmitted meiotic products per oocyst 1,4 

Mean number of oocysts formed per mosquito 1 
M Mean number of genetically distinct haplotypes among gametocytes 11,3 
S Proportion of parasites which self-fertilize 1/rn 
I Proportion of parasites which inbreed 1/c 

Genes and frequencies 
a, /3 Two drugs which kill malaria parasites 
A, B Mutant alleles encoding resistance to drugs a and /3, respectively 
a, b Wild-type alleles to A and B which are susceptible to drugs a and /3 r Recombination fraction between the two loci 05 

ID 	 Paal Vector of population frequencies of two-locus hapiotypes 
P=[p4  pJ Vector of population frequencies in the one-locus case 
pY, PU Vectors of haplotype frequencies within treated and untreated hosts 
£ Sum of the elements in a vector of frequencies used for re-scaling 
ypi Sum of frequencies of carrier (resistant) haplotypes 
C Proportion of hosts which carry drug-resistant parasites ('carriers') 
D Population disequilibrium between the two loci 
d Diseqmlibrium as a proportion of the maximum disequilibrium 

Selection 
T Proportion of the host population treated with thugs 005,0-1,02 

No. of transmissions from a treated host relative to an untreated host 1,0-2,0-33 
W T  Vector of fitnesses of the haplotypes in the presence of drugs 

For the two-locus, two-drug (2-2) case WT =[l 000] 
For the two-locus, one-drug (2-1) case 	W WT 01 
For the one-locus, one-drug (i—i) case W[1 of WT=0•5 

Vector of relative fimesses of the haplotypes in the absence of drugs 
For the two-locus cases WUI=[w02 WU w j  11 
For 

w 0=1,09 
the one-locus, one-drug case W"[w 	1] 
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the circles) and then undergo meiosis to produce 4 hap-
bid meiotic products per zygote (right side). If the mos-
quito has bitten a treated carrier host, all the meiotic 
products are doubly resistant. If the donor host has not 
been drug-treated, there is recombination breakdown of 
the doubly resistant haplotypes which reduces their fre-
quency. At stage 5, some of these meiotic products are 
transmitted in the form of sporozoites to new hosts 
which become superinfected (stage 6) as in stage 1. 

Assumptions and notation 
The mathematical model is based on the following as-

sumptions. 
Malaria is stable, i.e. the population of infected 

hosts and parasites remains large enough through time 
for changes in total parasite population size not to affect 
the changes in frequency of the mutant genes. 

Each host receives exactly c independent infec-
tions each of which may comprise up to Ma (M= 1... 4) 
meiotic products or distinct haplotypes among the spo-
rozoites inoculated into the host from a mosquito which 
has formed a zygotes (oocysts). These c infections give 
rise to m haplotypes which simultaneously have sexual 
forms of the parasite (gametocytes) in the blood and 
m<~A4zc. 

(iii)If frequencies of the haplotypes in the blood are 
equal, the frequency of selflng (mating between identi-
cal parasites) is S1/m, the frequency of inbreeding 
(mating between parasites derived from the same mos-
quito, including selfing) is IUc, and the frequency of 
outbreeding is 1-I. 

(iv)In the presence of drugs, the vector of fltnesses of 
the haplotypes (AB Ab aS ab) is W' [1 w w- 01. This 
notation can represent 2 possible cases: either 2 differ-
ent drugs are used which both kill parasites carrying the 
wild-type alleles and only parasites carrying both mu-
tant alleles survive (the two-locus, two-drug case with 
W-0, denoted the 2-2 case or 'the epistatic model'); or 
a single drug is used (i.e. a is the same as ) and each of 
the mutant alleles confers partial resistance to this drug 
so that a proportion, Wy, of the parasites carrying a sin-
gle mutant allele survive after drug treatment (the two-
locus, one-drug case denoted the 2-1 case or 'the addi-
tive model'). A third case, in which only one locus is in-
volved and only one drug is used (denoted the!—! case), 
is also considered here. The one-locus vector of fitness 
for haplotypes A and a in the presence of the drug a is 
represented by the vector WT=[1 0]. 

(v)In the absence of drugs, the mutant allele confers a 
lower fitness on the parasite so that its fitness is reduced 
to a fraction, Wu,  where W 11< 1, of the fitness of parasites 
carrying the wild-type allele. Fitness is assumed to act 
multiplicativelv so that the vector of fitnesses without 
drugs is represented by W" [W 112  to,. w J  11 in the two-
drug case. For the one-locus case, Wt'=[zo11  1]. 

(vi)A proportion of the host population, T, is treated 
with drugs and the drugs are fully effective. 

(vii )71e number of transmissions from a treated host 
relative to an untreated host is c; i.e. if c<1 then drug 
treatment not only reduces asexual parasite numbers 
but also reduces the infectiousness of the host to mos-
quitoes. If t>1, then the drugs promote transmission. 

Rate of change in frequency of drug resistant mutants 
The equations in Fig. 2 describe the change in fre-

quency of the haplotypes from one generation to the 
next using the process described above and in Fig. 1. It 
has been written in the most general form which is the 
2-1 case, but the 1-1 and 2-2 cases can easily be recov-
ered by substituting in r0 and w,.0, respectively. The 
method requires keeping track of the haplotype frequen-
cies in the parasite population which are stored in a vec-
tor P [P413 Pio P05 Pb] which at some stages is split into 
2 separate vectors for frequencies among treated and 
untreated hosts, pT  and P1'. These haplotype frequen-
cies can also be represented by the frequencies of the in- 

dividual alleles, PA  and p5,  and disequilibrium, D, which 
represents the deviation of haplotype frequencies from 
their expected frequencies if the population is randomly 
mating and not subjected to selection. For example, 
PAB PAPB+ D where PAPAB+PAb and PB PAB +Pan. Dis-
equilibrium after meiosis is calculated as: 

2Ll(r)+_ 	
I—r+) —2S(l-2r) 

(WEIR et at, 1972). 

In this study it is assumed that the 2 resistance loci are 
unlinked, i.e. r05, in which case disequilibrium 
changes can be calculated as D*1,D(1+S)  if parasites 
self and D*=h/,D(l+J)  if parasites inbreed. As the equa-
tion for the case of mixed selfing, inbreeding and ran-
dom mating has not yet been derived, the equation for 
selfing is used in the algorithm because it yields the max-
imum rate of recombination breakdown and therefore is 
the least conservative with respect to the recombination 
effect. In treated hosts, the within-host haplotype fre-
quencies become uneven due to the drug and so selflng 
rate is not 1/rn as for untreated hosts, but is increased by 
a factor of (1+2WT2)/(l+2Wy) 2 . 

Predictions from the model 
Predictions of the change in frequency of resistance 

over the generations are shown in Fig. 3 for the situation 
when drug resistance is controlled by one or 2 loci and 
when one or 2 drugs are used. The results for a set of 
conditions (T=O 1, t1, w,l, c3, Mz 1 and ,a0.5) are 
shown in Fig.3A and the effects of changing any one of 
these parameters are shown in Fig. 38—F. The following 
sections discuss the results. 

General considerations 
Frequency changes are very slow at low frequencies 

(not shown), thus giving a long 'lead-in' time (hundreds 
of generations) before drug selection brings a new mu-
tant to a detectable frequency (ANDERSON & MAY, 
1991; DYE & WILLIAMS, 1997). However, once the fre-
quency reaches about 10%, the rate of increase is ex-
tremely rapid and, if drug pressure is uninterrupted, it 
can reach a frequency of 90% within 20 to 60 genera-
tions (approximately 2 to 5 years in areas of high trans-
mission, depending on the average generation interval 
which is expected to decrease as transmission increas-
es). Thus strategies to prevent a drug resistance problem 
increasing further should be implemented as soon as 
possible after the problem is detected. 

Genetic mechanism of resistance 
Two-locus mutants always increase at a slower rate 

than one-locus mutants because they are continuously 
broken down by recombination. Therefore it is better to 
use multiple drugs simultaneously rather than sequen-
tially, as is well established (CURTIS & OTOO, 1986; 
DYE, 1991, 1994). A further result is that when only one 
drug is used but is under the control of 2 loci, if single 
mutants confer partial resistance (i.e. when two-locus 
resistance is partly additive), resistance increases faster 
than if both mutant alleles are required for any degree of 
resistance (i.e. when two-locus resistance is epistatic). 
DYE & WILLIAMS (1997) examined this in more detail, 
and noted that the effect of recombination in retarding 
multi-locus resistance (see below) is eliminated by addi-
tivity. This is relevant to chboroquine resistance in which 
probably several genes are required to confer resistance 
to a single drug (FooTE et at, 1990; WELLEMS et at, 
1991), but it is not clear whether these genes act in con-
cert (epistatically) or independently and additively. 
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Stage 5. Transmission to new hosts 
Sa) Frequencies in total surviving parasite population 
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5b) Frequency of carriers in new hosts 
	

["-T,"-Ep')lm
C' 
	I-T±TCt  J 

Stage 6. Re-start cycle 

P =P . . ' 

c=c.  
Fig. 2. Cyclic algorithm for predicting the change in gene frequencies each generation. 

Multiple mechanisms of resistance are expected to 
evolve more easily than joint (interdependent) mecha-
nisms, which strengthens the case for using 2 drugs si-
multaneously instead of one. 

Drug pressure (T) 
The most important influence on the rate of spread of 

resistance is the proportion of hosts treated. If 20% of 
the host population is treated with drugs (Th02), it will 
take about half as long, or 5, 7 and 13 generations less 
in the 1-1, 2-1 and 2-2 cases respectively, for a mutant 
allele at a frequency of 10% to increase to 50% than if 
T0- 1 (Fig. 3B vs Fig. 3A). These differences are 10, 11 
and 64 generations if the starting frequency is 01%. 

Nevertheless, with any significant level of drug pressure 
(i.e. I501) the rate of spread is very rapid in all cases. 
This result is well known but is emphasized here be-
cause it dominates all further considerations. In many 
circumstances, however, drug treatment is essential to 
prevent mortality, in which case other options besides 
reducing drug pressure should be used. 

Effect of drug on transmission (t) 
The second major influence on the rate of spread is 

the degree of transmission from treated hosts carrying 
resistant parasites (Fig. 3C vs. Fig. 3A). If the drug does 
not reduce transmission, the surviving resistant para-
sites in effect replace susceptible parasites by being 
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Fig. 3. Change in frequency of mutant alleles (A or B) over generations for the one-locus, one-drug (1-1), two-locus, two-drug (2-2) 
and two-locus, one-drug (2-1) cases. A. Parameter values are Thai, t1, c3, M1, wl, ,c0.5. B-F. Same conditions as in A 
except for a change in value of one parameter, as shown. 

transmitted to the next generation of hosts and thus gain 
a selective advantage. This advantage is even greater in 
high transmission areas because the number of copies 
transmitted is directly related to the average number of 
infections per host. When the drug does succeed in re-
ducing transmission, however, the spread of resistance 
is dramatically curbed. This leads to the conclusion that 
drug life would be significantly prolonged if drug-treat-
ed carrier hosts were prevented from transmitting. This 
might be achieved through using drugs which are effec-
tive against transmission stages, or through simultane-
ous use of other control measures such as bed nets. The 
adage that 'sub-curative use of drugs generates resist-
ance' is particularly pertinent here because there is some 
evidence to suggest that chioroquine, a drug which is in 
widespread use, when applied to resistant parasites or at 
sub-curative levels, does not impair, and may some-
times promote, transmission (RAMKARAN & PETERS, 
1969; WILKINSON et at, 1976; ICHIMORI ci at, 1990; 
HANDL'NNEnt ci at, 1996; ROBERT ci al., 1996; 
BUCKLING et al., 1997). 

If true, overcoming this problem would be of consid-
erable practical benefit in reducing the rate of spread of 
resistance. 

Number of clones per host (a) 
Fig. 3D shows that, if there are few haplotypes per host 

(m=c 11, vs. m=c=3 in Fig. 3A), as occurs at low trans-
mission intensities, the rate of increase in the frequency 
of drug resistance mutants is slower than if there are 
more haplotypes per host. There are 2 reasons for this 
which would both contribute to greater effective selec-
tion in high transmission areas. The first is that there is 
greater opportunity for selection: when hosts carry more 
haplotypes, the chances of the host carrying a drug re-
sistant mutant (i.e. being a carrier) is higher than if each 
host carries only one haplotype, which means that the 
mutant is exposed to the drug more often. This effect is 
important only when frequencies are not low— i.e. above 
10%. The second effect is that there is a greater outcome 
of selection. As described above, if the drug does not im-
pair transmission from a treated carrier host, the resist- 

ant mutant transmits more copies to the next host when 
prevailing transmission rates are high compared with 
when they are low. This has the effect of amplifying the 
selective advantage of the resistance genes and thus ac-
celerating the spread of drug resistance in high transmis-
sion areas (HASTINGS, 1997). The third and opposite 
effect of high transmission rates is that there is more ef-
fective recombination when there are more clones per 
host, which retards the rate of spread of resistance when 
multiple genes are involved (CURTIS & OToo, 1986; 
DYE, 1991, 1994; DYE & WILLIAMS, 1997; HASTINGS, 
1997). This recombination effect is appreciable only 
when the number of clones per host is very low (cc 15) 
and at low levels of drug pressure (T<02). In such cases, 
it would be detrimental to decrease the number of clones 
per host in the general population because high levels of 
inbreeding help to maintain resistance gene combina-
tions. Reducing transmission from individual drug-
treated hosts is still beneficial, however: it is only the 
overall population transmission rate which is relevant to 
the recombination effect. The issue of recombination 
versus selection is discussed in more detail in a later sec-
tion. 

Cost of resistance(w,) 
Fig. 3E shows that if, in the absence of drugs, the 

parasite pays a cost in fitness for harbouring resistance 
genes, this will retard the spread of resistance. In the 
case of 2 loci where the cost of each allele is 10%, so 
that the relative fitness of the double mutant is 81%, 
this is sufficient to counteract the force of 10% drug 
pressure in the two-drug cases and to limit the rate of 
spread in the one-drug case. If 10% of the host popula-
tion are treated with drugs, reductions in fitness of 
more than 10%, 6% and 25% for the 1-1, 2-2 and 2-2 
cases respectively are sufficient to prevent the further 
spread of drug resistance by causing a slow decline in 
the frequency of the mutants. However, for 20% drug 
treatment, the mutant would have to be 25%, 18% and 
60% less fit to counteract drug selection. In other 
words, drug selection is far more potent than natural se-
lection. There is no good evidence from the field that 
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Fig. 4. A. Normalized disequilibrium as a function of mutant allele frequency in the two-locus, two-drug case for 2 levels of drug 
pressure (Th005 and T=O- I) and 2 transmission levels (number of clones per host, c1 1 or 3). B. Change in frequency of the double 
mutant haplotype (AR) in the generation when the frequency of both resistance alleles has reached 0 - 1 for 2 levels of drug pressure (T=005 and ThO 1) and when the drug reduces transmission rate from treated carrier hosts to 20% of that from untreated hosts (ro2). 

there is strong natural selection against any of the drug 
resistant mutants, and in the laboratory the stability of 
resistance and persistence of mutants is well established 
(ROSAJU0, 1976; ROSARIO et al., 1978). Further infor-
mation is required on the fitness costs of drug resistance 
in order to establish whether complete withdrawal of a 
drug from a region will result in a decline in the fre-
quency of resistance and ultimately to renewed effec-
tiveness, as seems to have occurred with some 
anticoccidial drugs used in poultry (CHAPMAN, 1993). 

Number of meiotic products per inoculum 
Fig. 3F shows the effect of the number of distinct two-

locus meiotic products (M4 cf. M= i in Fig. 3A) among 
the sporozoites which successfully infect a new host per 
transmission event. If many sporozoites successfully in-
fect a new host, so that the probability of getting all 4 
meiotic products (from an outbred mating) is high, then 
the frequency of carriers, and hence the effective selec-
tion pressure, is increased. Thus, decreasing the number 
of sporozoites per mosquito or their establishment in the 
liver through use of transmission-blocking or liver stage 
vaccines would help to retard the spread of resistance. 
Even though this is a relatively unimportant effect, it is, 
nevertheless, a key parameter for more general popula-
tion genetics models of malaria parasite gene flow. The 
lack of data on this question calls for further study. 

When does recombination outweigh selection? 
It has been postulated that, in high transmission are-

as, the associated greatcr amounts of outcrossing will 
slow the spread of drug resistance compared with low 
transmission areas (PAUL et al., 1995). This depends on 
whether the increase in effective recombination more 
than counteracts the concomitant increase in effective 
selection. In this section, the conditions under which re-
combination outweighs selection are described - i.e. 
when drug resistance spread is promoted by inbreeding. 
This is done by solving the equation which predicts the 
change in frequency from one generation to the next: 

- ... 	u - p7/(l-T)+TCt 	(1 
- P413 - PA/i 

- 	 i 
T+ 

 rc 	
- PA/I 

— 	 (1) 

2 
(10(l+S)+ PPy)(l -  T)+ TO 

=  
I - T + TCt 

When this is positive drug resistance will be spread: i.e., 
when 

TO 	 1 
i—y l -D-pApB) ~ 	I  -5) 

(2) 

The left side of equation (2) represents the force of ef-
fective selection: this is strongest when drug pressure 
(7), transmission following drug treatment (r) and the 
frequency of carriers (C) are high, and when the fre-
quency of the resistance alleles (p 4  andp& and disequi-
librium (D) are low. The right hand side represents 
effective recombination: it is weakest (i.e. most easily 
overcome by drug selection) when the selfing rate (in-
breeding) is high, which occurs in low transmission are-
as. However, the important point is that recombination 
is relevant only when there is some positive disequilibri-
um. Disequilibrium levels are maintained by a balance 
between the positive force of selection for the double 
mutant by drugs and the negative force of recombina-
tion breakdown through outcrossing (DYE & WtL-
L.tAMS, 1997). Thus the trade-off between effective 
selection and effective recombination involves disequi-
librium. Therefore, in order to predict whether drug re-
sistance will spread, we need to quanti fy the amount of 
disequilibrium generated through the selection process. 
In Fig. 4A the disequilibrium levtls generated as the 
mutant alleles increase in frequency from 0 - 1 to 1 under 
drug pressures of T=005 and T=0- 1 for low transmis-
sion (c=ll) and high transmission (c3) environments 
are shown for the two-drug, two-locus case: these were 
calculated using the algorithm in Fig. 2. The results are 
expressed in terms of normalized disequilibrium, d, 
which is disequilibrium as a proportion of its maximum 
value and is calculated as DdpA (1 -p,). It can be seen 
that higher amounts of disequilibrium are caused by 
higher drug pressures and fewer clones per host, but 
these are well below the maximum possible disequilibri-
um (d= 1). This leads to the conclusion that the recom-
bination effect is important only when there are few 
clones per host: this is illustrated in Fig. 4B where the 
change in frequency of the double mutant (SPAR)  in the 
generation immediately after PAD  has reached a value of 
0 - 1 is shown for drug pressures of Th005 and T=O - 10. 
There is a sharp decline in the rate of change between 
c105 and c15, after which the rate of change in-
creases with transmission rate. Fig. 4B also shows that 
this recombination effect is more easily overcome when 
drug pressure becomes stronger, and virtually disap-
pears when the drug reduces transmission (i.e., t de-
creases). 

In summary, we have shown that the conditions un-
der which decreasing the average number of clones per 
host promotes double drug resistance are when cc 15, 
when drug treatment rates are below 20%, and when the 
frequency of both mutants, each of which confers no 
significant protection on its own, is low. These conclu-
sions concur with those of DYE & WILLIAMS (1997), 
even though we used a quite different model. They are 
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only slightly quantitatively different from the conclusion 
Of HASTINGS (1997), who assumed that disequilibrium 
would always be maximal, a condition which results in 
over-estimation of the recombination effect. 

Discussion 
Building population structure into models to predict 

the rate of increase in drug resistance does not alter the 
following 2 well-established principles regarding the 
spread of resistance: (i) drug resistance will relentlessly 
increase to the point of drug treatment failure in the ma-
jority of the host population for as long as there is any 
significant drug use in areas of endemic malaria, and (ii) 
the use of 2 drugs simultaneously will slow the rate of 
spread, especially when the mutant alleles are both rare. 
A more novel conclusion from this study, however, and 
one which has been the subject of some debate (PAUL or 
at, 1995; DE & WtwAMs, 1997; HASTINGS, 1997; 
MACKINNON, 1997), is that, in the majority of cases, 
high transmission rates promote the spread of drug re-
sistance rather than hinder it. This is because selection 
is more effective in high transmission areas where resist-
ance genes under drug selection are transmitted to the 
next host in greater copy number than in low transmis-
sion areas. This generates 2 new recommendations. The 
first is that transmission should be minimized from indi-
viduals who are treated with drugs. This would be espe-
cially effective in areas of high transmission intensity, 
though it is helpful in all environments. In the short 
term, this could be achieved through the use of bed nets 
by drug-treated patients, proper administration of drugs 
(i.e., avoiding subclinical doses), or, in the longer term, 
developing drugs which are effective against transmis-
sion stages. The second recommendation is that if strat-
egies for managing drug resistance are implemented, 
these should be accompanied by simultaneous efforts to 
reduce the overall transmission rate in the population. 
The exception to this is managing multi-locus resistance 
in areas where the average number of infections per host 
is very low (<1.5), drug pressure is also low, and the 
mutant genes are rare (DYE & WILLIAMS, 1997; I. M. 
Hastings & M. Mackinnon, paper submitted for publi-
cation). Neither of these recommendations is easy to re-
alize: malaria parasites seem to be particularly adept at 
increasing their transmission output when faced with 
difficult conditions in the host such as toxic drugs or im-
munity (CARTER & GRAvEs 1988; AL&No & CARTER, 
1990; SINDEN er at, 1996; BUCKLING et at, 1997). 
This is why a better understanding of how the parasite 
adapts genetically and facultatively in response to host-
imposed selection pressures is critical for devising better 
control strategies. As shown here, population structure 
can have a profound effect on whether the parasite suc-
ceeds in adapting to these control measures and so is an 
integral part of this understanding. 
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Quinine (QN) remains an important drug for the 
treatment of severe falciparum malaria in Africa. QN re-
sistance in Africa has been reported (JELINEK et al., 
1995) but is still uncommon and the drug remains a re-
liable treatment. However it is important to monitor 
QN sensitivity to document the extent and distribution 
of resistance (PAsvOL or al., 1992; JELINEK etal., 1995). 
We wanted to compare the present QN sensitivity of 
wild isolates of Plasmodium falciparum with data ob-
tained by the Kilifi Unit of the Kenya Medical Research 
Institute in 1989. We decided to modify the World 
Health Organization microtest (WERNSDORFER & 
PAYNE, 1988). In the standard test parasites are incu-
bated in a dilution of the patient's blood; however, be-
cause the concentration of plasma varies between 
subjects, the free fraction of QN could be expected to 
vary between tests (WINSTANLEY et at, 1993, 1994). 
Given that it is the free (unbound) fraction of the drug 
which is responsible for its effects (ROWLAND & TOZER, 
1989), variability could be expected in the results. We 
overcame this problem by removing the patient's plas-
ma (after centrifugation) and replacing it with RPMI-
1640 medium containing standard serum which was 
used throughout the experiment. 

Patient samples with parasitaemia of over 100 para-
sites/100 white blood cells (WBC) were examined. 
Blood samples were centrifuged (3500g for 5 mm) and 
the plasma removed. The pellet was then washed with 
RPMI- 1640 and resuspended in complete medium (RP-
MI-1640 supplemented with 10% human AB serum) at 
5% haematocrit. Fifty mL of the resuspended sample 
were then placed in the wells of a microtitration plate and 
incubated in a candle jar at 37°C and high humidity. Al-
ter 24 h incubation, an aliquot was taken and stained 
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with 10% Giemsa solution. If parasites were still imma-
ture, slides were made every 6h for 48 It to monitor their 
progress. When the parasites had matured (over 4% of 
schizonts in the control well) the plate was assayed. 
Slides were made and stained as described and the 
number of schizonts was counted. The percentage inhi-
bition of schizont maturation (compared to the control 
well) was plotted against log QN concentration using a 
probit scale; 99% and 50% inhibitory concentrations 
(IC99  and IC 50) were determined by regression analysis. 

Thirty-seven of 60 isolates were successfully exam-
ined (62%) (Figure). There were 2 main reasons for as-
say failure. 

(i)Reinvasion by merozoites from schizonts rupturing 
during the 6 h observation time even when the propor-
tion of schizonts was less than 4%. This occurred in 4 
assays which were rejected from the assessment. 

(ii) Parasite death (in 19 assays). Parasites were 
classed as dead if the schizonts had not ruptured after 
48 h. Parasite death was significantly increased at high 
parasitaemias. The reason for this trend was thought to 
be the increasing concentration of metabolic products 
of the parasites and poor nutrition. 

The mean values (± SD) were: IC99, 3i ± 26 uM 
(101±084 mg(L) and IC501  05±026 pm (016±0084 

— 100 
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S 80 
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Figure. Regression line resulting from probit analysis of the log 
dose response to quinine derived from the sensitivity assay of 
Plasmodium falciparuni; the points indicate means plus or mi-
nus one standard deviation. 

mg/L). 
No isolate was resistant to QN, and sensitivity had not 

changed significantly in this area since 1989, when the 
IC99  and IC50  values were 272 and 0.364 PM,  respec-
tively (PASVOL et al., 1992). QN remains the treatment 
of choice for severe malaria in coastal Kenya but contin-
uous surveillance for the emergence of resistance should 
be maintained. 
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Abstract 

We have located a possible chioroquine resistance locus in the genome of the rodent malaria parasite Flasmodiujn chabaudi. 
Two genetically distinct clones of the parasite were grown in vivo and allowed to undergo genetic crossing. 

The clones differed from each other in their susceptibility to chloroquine; AS(JCQ) had been selected for a low level 
of resistance to the drug whereas Ai is chioroquinesensitive Independent recombinant progeny (20) were cloned 
from the products of two crosses, phenotyped for their susceptibility to chioroquine, and genotyped for their 
inheritance of 46 chromosome-specific markers. No association was found between chioroquine susceptibility and the inheritance of pc,ndrJ, the P. chabaudj homologue of the pf,ndrl multi-drug resistance gene of P. falciparu,n. Also, 
there was no association between chloroquine susceptibility and the inheritance of a marker linked to a putative 
chioroquine resistance locus in a P. falciparum cross. However, 16 of the progeny clones showed co-segregation of 
four linked markers on chromosome II with their resistance phenotype. This result suggests that a locus for 
chloroquine resistance exists on this chromosome in P. clzabaudi. © 1998 Elsevier Science B.V. All rights reserved. 

Keywords; Chioroquine; Plasmodium chabaudi; Resistance 

1. Introduction 

Abbreviations: PCR, polymerase chain reaction; PFGE 
pulsed-field gradient gel electrophoresis. RFLP, restriction 
Fragment length polymorphism 
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Chloroquine resistance in the human malaria 
parasite Plasmodium falciparurn arose first in 
South America and South-east Asia [1.2]. It has 
now spread to all parts of the world where 
malaria is endemic and poses a major threat to 
the elimination of the disease. The genetic basis of 
this type of resistance is not fully understood, but 
it seems likely that more than one locus is in- 

0156-6851/98/s1900 © 1998 Elsevier Science B.V. All rights reserved. 
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volved [3]. Identification of the genes involved is of 
obvious importance if we are to understand how 
such resistance arises, and should lead to the 
development of molecular probes for the diagnosis 
of resistant parasites in natural infections [4]. 

In recent years, much attention has been paid to 
the multi-drug resistance genes pfrndrl [5] and 
pfmdr2 [6], which code for homologues of the 
P-glycoprotein impliqated in multi -drug resistance 
in mammalian tumour ceils47.jj Similarities were 
noted between the rapid efflux phenotype shown 
by chloroquine-resistant F. falciparum clones [8), 
and the multi-drug resistance phenotype seen in the 
cancer cells, and it was proposed that pfmdrl and 
pj'mdr2 might play a role in chloroquine resistance. 
Early work claimed that amplification [5,6] and 
mutations [9] of the pfmdrl gene were correlated 
with chloroquine resistance, but more recently 
studies on field isolates have given equivocal results 
[10-13]. A genetic cross between a chloroquine-re-
sistant clone Dd2 and a sensitive clone H133 
showed clearly that neither pfrndrl nor pfmdr2 was 
the cause of resistance in Dd2, since polymor-
phisms of these genes did not segregate with the 
resistance phenotype among the 16 cross progeny 

Instead, linkage analysis showed that a locus 
in a 36 kb segment of chromosome 7 was involved 

Several genes have been cloned from this 
region, including the gene coding for a putative 
heat shock protein gene pj7zsp86 [16]. More re-
cently, a gene encoding a protein of unknown 
function denoted cg2 has been described [17], 
which not only segregates with the resistance phe-
notype in the cross, but is also found in naturally 
occurring chloroquine-resistant isolates of P. falci-
parum. 

Genetic studies on P. falciparuni using classical 
crossing experiments are difficult because of the 
problems of maintaining the whole life-cycle in the 
laboratory. Such work is easier with the rodent 
malaria species P. chabaudi. This species is also a 
good model for F. falciparum because of similari-
ties in their basic biology, such as their preferential 
invasion of mature erythrocytes, the synchronicity 
of their asexual blood forms, sequestration of 
schizont-infected erythrocytes, and gametocyte de-
velopment late in the infection. Selection of drug-
resitant/isogenic mutants of P. chabaudiis a more  

straightforward procedure than in P. falciparum, 
because in vitro culture is not necessary. In early 
studies, mutants exhibiting low and high-level re-
sistance to chloroquine were produced by exposing 
sensitive forms to gradually increasing doses of the 
drug [18,191. Evidence was obtained that mutant 
genes at more than one locus additively produced 
the phenotype of high resistance [19]. This was 
shown when a parasite clone exhibiting a high level 
of resistance was crossed with a sensitive parasite, 
and progeny clones with intermediate levels of 
resistance were isolated. This result could be ex-
plained most satisfactorily by recombination be-
tween genes at different loci, each conferring a low 
degree of resistance. However, the genes involved 
were not identified at that time. 

In this study, we determine the chromosomal 
location of a gene determining low-level 
chloroquine resistance in a P. chabaudi 
chloroquine-resistant clone. We show that when 
this clone is crossed with a drug-sensitive clone, a 
gene on chromosome 11 segregates with the resis-
tance phenotype in the progeny. This locus is 
unlinked to the homologue of the F. falciparum 
heat-shock protein gene pJ7zsp86, which co-segre-
gates with a chloroquine resistance locus in that 
species. Moreover, it is also unlinked to the P. 
chabaudi multi-drug resistance gene pcmdr]. 

2. Materials and methods 

2.1. Parasite lines and maintenance 

Two P. chabaudi clones denoted AJ and 
AS(3CQ) were used in this work. Clone AS(3CQ) 
had previously been selected for resistance to 
pyrimethamine, and subsequently for a low level of 
resistance to chloroquine by multiple-step selection 
[18]. The clones were routinely passaged in outbred 
laboratory mice as described previously [20]. CBA/ 
Ca male mice, 6-8 weeks old, were used for 
chloroquine susceptibility tests and for sporozoite-
induced infections from mosquitoes. Newly 
weaned, splenectomised, Wistar rats were used to 
induce parasite gametocytogenesis [21]. Parasites 
were transmitted through Anopheles stephensi 
mosquitoes, and maintained as described [20]. 
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2.2. Genetic crossing procedure 

Two crosses were made between AS(3CQ) and 
AJ, the crossing procedure following that of Wal- 
liker et al. [22], with minor modifications Briefly, 
blood forms of each clone were inoculated sepa-
rately into mice and allowed to reach a para-
sitaemia of 20-30%. Equal volumes of blood (0.5 
in]) of each clone were then mixed and injected 
intraperitoneally into a splenectomised rat for 
production of gametocytes [21]. Inoculations (I 
ml) of each clone were injected into other splenec-
tomised rats as controls. Three hundred 
mosquitoes were fed on each rat 4 days later, 
when mature gametocytes were present, in order 
to allow gametes of the mixed clones to undergo 
cross-fertilisation Samples of mosquitoes from 
each cage were examined for oocysts after 10 
days; oocysts were found in all cages, the numbers 
varying between one and ten per midgut. The 
remaining mosquitoes were allowed to feed on 
two groups of mice on days 16 and 18 respectively 
after the original feed. The blood forms which 
developed in these animals from the mosquitoes 
which had received mixed gametocytes were 
termed the progeny of the cross, and were then 
stored in capillaries under liquid nitrogen. Blood 
forms from the control animals were treated simi-
larly. For subsequent work, capillaries were 
thawed and the contents injected intraperitoneally 
into mice. 

To test whether crossing had occurred, the un-
cloned progeny were first treated with 
pyrimethamine and the treated progeny examined 
for electrophoretic forms of the enzymes lactate 
dehydrogenase and adenosine deaminase which 

y distinguished  each parent clone [22,23]. Clones 
were then established from the progeny by limit-
ing dilution [22] and examined for genome mark-
ers and chloroquine response (see below). 

2.3. Test for cizioroquine response 

Progeny clones were tested for their susceptibil-
ity to chloroquine, following the method of Padua 
[19] but with the following modifications. Infec-
tions were established by inoculating 106 para-
sitised blood cells intraperitoneally into groups of 

five mice. Dilutions of chloroquine sulphate (Ni-
vaquine, May and Baker) were made in distilled 
water and administered orally to three of the mice 
at a dose of 3 mg kg - ' mouse body weight, 3 h 
after initiating the infection and at the same time 
each day for the following 7 days. Blood smears 
of the two undrugged mice were taken on days 4, 
S or 6 post-inoculation and of drugged mice on 
days 11, 13 and 15, and parasitaemias counted 
microscopically. Each clone was tested for its 
chloroquine response in at least two experimental 
trials by measuring the parasitaemias reached on 
days 11, 13 and 15 following chloroquine treat-
ment. AJ and AS(3CQ) parent clones were tested 
for their chloroquine response on each occasion 
that progeny clones were examined. 

The progeny clones were classified as 
chloroquine sensitive or resistant relative to their 
parents by comparing the mean log parasitaemias 
of each against the corresponding mean for the 
AS(3CQ) and AJ parents on days II, 13 and IS, 
and testing for significant differences between 
them using a t-test. To do this, a model with fixed 
effects for clone (with levels for AS(3CQ), AJ and 
the progeny clone) and experimental triajfwc& ws 
fitted to the data using least squares techniques. 

24 Genomic DNA extraction, digestion and 
Southern hybridisations 

Parasites were extracted from host cells by sa-
ponin lysis, and DNA was prepared using modifi-
cations of the method of Snounou et al. [24]. The 
DNA was digested with restriction enzymes, frac-
tionated by agarose gel electrophoresis and blot-
ted onto Hybond N + (Amersham) as 
recommended by the manufacturer. Plasmid 
probes and bacteriophage inserts were radiola-
belIed by random hexamer priming (Boehringer 
Mannheim High Prime Radiolabelling Kit), and 
hybridisation and washing were carried out using 
standard procedures [25]. 

2.5. Genome markers 

Genetic loci exhibiting polymorphisms between 
AS(3CQ) and AJ were obtained by using three 
types of DNA marker: (1) known Plasmodium 
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sequences piciried into plasmids or bacteriopha( 
which cro (h bridise to P. chabaudi; (2) anon 
mous markers produced through the RAPD-PCR 
technique (random amplified polymorphic DNA-
polymerase chain reaction ) of P. chabaudi DNA 
[26]; (3) anonymous probes from atjP. 
chabaudi genomic DNA library, constructed in 
pBluescript II (Stratagene) using common proce-
dures [271. 

Restriction fragment length polymorphisms 
(RFLPs) of each marker were identified by hybri-
dising 32P-labelled probes to Southern blots of 
restricted genomic DNA. RFLP markers were 
assigned to individual chromosomes by hybridisa-
tion to blots of chromosomes separated by 
pulsed-field gradient gel electrophoresis (PFOE) 
[28] using a CHEF DR If (BioRad) apparatus. 
Run conditions were as detailed in [261. 

2.6. P. chabaudi mdrl gene 

A section of the P. chabaudi homologue of 
pftndri, called pcmdrl, was cloned and sequenced 
as follows. Briefly, degenerate PCR primers (858S: 
5'-GGO GCA flC GOT/A GAG/A T/ACT/A 
GGA/T T/AGT GGG/A AAA TC; and 8575: 
5'-GGG GCA TGC CCA/T A/GA/O/TG AA/ 
TO AT/GG TA/GG CT/CT C) recognising the 
nucleotide binding sites of the F. falctparum 
pf,ndrl gene [5] were used to amplify F. cizabaudi 
DNA during 35 cycles of 94°C 30 s, 45°C 60 
s ' , 70°C 90 s. After cloning into the vector 
pCRII using the TA Cloning System (Invitrogen) 
following the manufacturer's instructions, the 
fragment was sequenced using the dideoxynucle-
otide chain-termination method [25] and found to 
show 87% homology at the amino acid level to 
the carboxyl ATP-binding cassette of pfmdrl [301. 
penn/ri is on chromosome 12 [29]. 

2.7 Linkage analysis 

Linkage was assessed by comparing the inheri-
tance pattern of each RFLP marker with inheri-
tance of the chloroquine phenotype, where 
phenotype was determined as described in the 
Test for chioroquine response section above. A 
convenient measure of linkage is the linkage ratio  

[IS), a ratio of the number of progeny showing 
linkage 1of chioroquine susceptibility with a 
marker/to the total number of progeny. Markers 
exhibiting a ratio of 16/20 or greater were exam-
ined further by linkage analysis using the com-
puter programme CR1-MAP [31]. This 
programme allows construction of the most likely 
linkage map using maximum likelihood method-
ology. Significance tests were based on the LOD 
score (the logarithm of the ratio of the likelihood 
under the hypothesis being tested, to the likeli-
hood under the null hypothesis) under the stan-
dard assumption that twice the natural logarithm 
of the likelihood ratio is distributed as a z 2  vari-
able [32]. 

A second linkage analysis was carried out using 
the quantitative data on parasitaemia (as opposed 
to the qualitative chloroquine suscepibility data 
used above), by estimating the mean difference in 
log parasitaemias on each of days II, 13 and 15 
between the two groups of progeny clones inherit-
ing alternative parental alleles of each of the 46 
markers. To do this, a mixed model with fixed 
effects for experimental trial and marker allele, a 
covariate for the mean parasitaemia in the control 
mice on day 4, 5 or 6 (in order to adjust for any 
differences between the clones in their early 
growth rate), and a random effect for cloned  was 
fitted by maximum likelihood methods. Marker 
contrasts were tested for significance against the 
between-clone variance. 

Further analysis was done on the parasitaemia 
data from days 4 to 6 of the control mice to see 
whether any of the markers were linked to a gene 
controlling early parasite growth rate. For this, 
the same method as that described above for the 
chloroquine resistance analysis was used, except 
that the covariate was omitted from the model. 

3. Results 

3.1. Identification of genetic markers 

More than 100 DNA markers were tested for 
RFLP polymorphisms between parent clones AJ 
and AS(3CQ). Forty six detected useful RFLPs, 
the majority of these being single copy. Thirty two 

/ 

IL 



PScript6:/sto3/jobsl/ELSEVflR/mol/week 07/Prno13084 005 	Wed Mar 25 08:57:29 1998 
	

Page 

I. Car/ton et aL/Molecula, and Biochemical Parasitology 000 (1998) 000-000 	 5 

of the markers were known genes from other 
Plasmodium species [29], five were anonymous 
markers obtained by the RAPD-PCR technique 
[26] and the remainder were anonymous markers 
isolated from the Sau 3A P. chabaudi genomic 
DNA library. A list of the markers is provided in 
Table 1. 

3.2. Identification of recombinant cross progeny 

The unclone4j4yrimethamin&treated progeny 
were shown tb contain recombinant parasite 
clones by the presence of both AJ and AS(3CQ) 
forms of the enzymes LDH and ADA (data not 
shown). 

In total, 59 clones were obtained by cloning 
from the progeny of both crosses, 46 from cross I 
and 13 from cross II. Initially the clones were 
examined for inheritance of 18 RFLP markers 
each, in order to exclude genotypically identical 
progeny and parental types (data not shown). 
Twenty of the original 59 clones were found to be 
independent recombinants, 13 from cross I and 
seven from cross II, and these were used in further 
linkage analysis studies. 

3.3. Chloroquine susceptibility tests. 

In the absence of chloroquine treatment, the 
progeny clones grew rapidly in CEA/Ca mice. 
Following inoculation of 10 6  blood forms, a para-
sitaemia of 40% or higher was attained by day S 
(Table 2). Peak parasitaemias were attained 
around days 6-7, after which a rapid decline in 
asexual parasite numbers occurred, although 
gametocytes were normally present until day 18 or 
later. This course of infection was seen in both 
AS(3CQ) and AJ, and in all the 20 progeny clones 
examined here (data not shown), although 
AS(3CQ) consistently grew a little more slowly 
than AJ by day 5, and attained a slightly lower 
peak parasitaemia. 

The growth patterns of each progeny clone 
treated with chloroquine were compared with 
those of each parent (Table 2). Seven were very 
similar to AS(3CQ) and were classified as 
chloroquine-resistant (R), and a further eight were 
similar to AJ and denoted chloroquine-sensitive 

(5). The 	at ng five clones (38/9, 103/6, 63/3, 
43/8 and 261/7) showed some variation in their 
growth pa following chloroquine treatment; 
in general, they grew more slowly than AS(3CQ) 
and attained a lower final level of parasitaemia. 
These clones were classified as low level 
chloroquine resistant (LR) clones. 

3.4. Linkage analysis 

The inheritance patterns of the 46 chromosomal 
markers and chloroquine response among the 20 
recombinant progeny clones are shown in Fig. 1. 
The strongest linkage of the chloroquine resis-
tance phenotype was to markers on chromosome 
11 (Fig. 1(b)), which showed a linkage ratio of 
15/19 or greater. For this analysis, R and LR 
clones were pooled. Markers on all other chromo-
somes showed a random distribution indicative of 
normal linkage equilibrium (Fig. 1(a)). These in-
cluded pcmdr!, which produced a linkage ratio of 
9/19 (Fig. I, chromosome 12), and the locus 
which cross-hybridised to the P. falciioarum chro-
mosome 7 gene pjhsp86, with a linkage ratio of 
10/20 (Fig. I, chromosome 8); these ratios do not 
differ from those which unlinked markers with an 
equal chance of being inherited from either parent 
would be expected to show among the offspring. 

With regard to chromosome II, four tightly 
linked markers, CRK2, EF-la, PCNA and OPL-
04 showed strongest co-segregation with 
chioroquine resistance, with linkage ratios of 151 
19 or greater. In order to test for linkage statisti-
cally, an ordered map of the markers on this 
chromosome was first constructed using CR1-
MAP. The best-fit map is shown in Fig. 2(a). This 
fit was significantly better than the next best-fit 
map (LOD = 1.90, P <0.003 based on ax 2  with I 
di). The putative chloroquine resistance locus 
was then incorporated into the map to determine 
its most likely location (Fig. 2(b)). Two possible 
positions were found, the most likely being mid-
way between H2A and the CRK2-EF-lix-PCI'A-
OPL-04 group, and the next most likely 
(LOD = 0.34, P = 0.21) being distal to this group 
(not shown). These placements were significantly 
more likely than the possibility that the 
chloroquine resistance locus was unlinked to any 
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Table I 
Name and reference of chromosome markers used in this study 

No. Name 	 Reference/source 

P. chabaudi Ag3020 (uncharacterised antigen gene) 
P yoelU Can  ATPase (calcium ion ATPase gene) 
P. chabaudi pBS 110 (schizont-specific gene) 

P. chabaudi Ag3003A (uncharacterised antigen gene) 
P.1 (anonymous) 
P.9 (anonymous) 
P. falciparwn xl! tubulin gene 
P. chabaudi Ag3035 (uncharacterised antigen gene) 
P. chabaudi OPL-16 
P. falciparum DNA p0! 5 (DNA polymerase S gene) 
P.29 anonymous 
P. chabaudi Ag3024 (uncharacterised antigen gene) 
P. berghei 9.2 (anonymous, located on two chromo-
somes) 
E12 (anonymous) 
P. faiciparum DNA pol a (DNA polymerase a gene) 
P. chabaudi RESA (ring-infected erythocyte surface 
antigen gene) 
P. chabaudi DHFR (dihydrofolate reductase gene) 
P.23 (anonymous) 
P. chabaudi MSP-1 (major surface protein gene) 
P. falciparum hsp86 (heat shock protein gene) 
P. chabaudi Ag3027 (uncharacterised antigen gene) 
P. chabaudi AMA-1(apical membrane antigen-I gene) 
P. faiciparum ran (GTPase gene) 
P. falciparurn 58 rRNA gene 
P. chabaudi cDNA 121 (uncharacterised antigen gene) 
P. falciparuni VA? B (vacuolar ATPase gene) 
P. chabaudi OPR-14 
P. c/,abaudi mdrl (multi-drug resistant gene) 
P. berghei aldo-1 (aldolase I gene) 
P. chabaudi Ag30423/EDGA (exported dense-granule 
antigen gene) 
P. chabaudi pcpS590.7 
P. falcipa,-um RNA pol III (RNA polymerase II! gene) 
P. chabaudi OPL-12 
P. chabaudi cONA 148 (37 kDa antigen gene) 
P. falciparwn G6PD (glucose 6 phosphate debydroge. 
nase gene) 
P. cI,obaudi OPR-02 
P. chabaudi A83040 (uncharacterised antigen gene) 
P. berghei CRK2 (yeast CDC-2 homologue) 
P. falciparum EF-la (elongation factor I gene) 
P. falciparun, PCNA (proliferating cell nuclear antigen 
gene) 
P. chabaudi OPL-04 
P. falciparum 1-12A (histone 2A gene) 
P.22 (anonymous) 
P. falciparum TB? (TATA binding protein gene) 
P. falciparum Topo I (topoisornerase I gene) 

[48] 
[491 
W. Deleersnijder, Institute for Molecular Biology, Brussels, 
Belgium 
[48] 
P. chabaudi Sau3A genomic library 
P. chabaudi Sau3A genomic library 
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(48] 
[26] 
(52] 
P. chabaudi Sau3A genomic library 
[48] 
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253/5 	-1.55 (0.15) 	-3.I5 (0.30) 	" 	n.s 	-2.59 (0.3!) 	" 	
ii: 	 -1.20 (0.36) 	"' 	n.s 	It 

	

238/7 	-1.34 (0.17) 	-2.58 (0.30) 	"' 	u.s 	-2.69 (031) 	" 	u.s 	-4.79 (0.43) 	n.s 	" 	R 	
-PV 

0 

	

185/9 	-1.47 (0.17) 	-3.32 (0.30) 	" 	n.s 	-3.39 (0,31) 	'" 	" 	
- 5.22 (0.43) 	n.s 	" 	R 

	

63/3 	-1.37 (0.15) 	-3.86 (0.30) 	

/ " 

	' 	-3.69 (0.31) 	* 	" 	-3.55 (0.31) 	" 	" 	LR 

	

266/6 	-1.69 (u.14) 	-4.84 (0.24) 	n.$ 	"' 	-4.19 (0.25), 

	

" 	-4.12 (0.43) 	n.s  

	
S43/8 	-1.42 (0.15) 	-4.36 (0.30) 	. 	 . 	. 	 -3.74 (0.29) 	 L It39/3 	-1.37 (0.15) 	-4.57 (0.29 	

Li
H  

/ 	

n.s 	" 	-4.54 (0.30) 	n.s 	" 	-485(0.29) 	n.s 	" 	S 	 c 

	

62/8 	-1.32 (0.18) 	-4.52 JA) 	u.s 	"' 	-4,69 (0.35) 	u.s 	" 	-5.00 (0.32) 	us 	" 	S 

	

62/3 	-1.60 (0 15) 	-4.7L(0.30) 	u.s 	"' 	-4.74 (0.34) 	u.s 	" 	-4.99 (0.31) 	n.s 	'" 	S 

	

131/I 	-1.45 (0.15) 	-4.92'ö7'O) 	u.s" 	-4.77 (0.31) 	n.s 	" 	-473(0.29) 	n.s 	'" 	S 	 0 

	

115/9 	-1.58 (0.16) 	-4.92 (0.30) 	n.s 	" 	-4.77 (0.31) 	n.s 	" 	-3.85 (0.29) 	" 	'" 	S 

	

.44 (0.3!) 	u.s 	 -4.79 (0 '" 	 .43) 	n.s 	 S ' 

	

225/1 	-1.61 0.17) 	-5.40 (0.30) 	" 	-4 ,s . 	

-4.00 (0.31) 	n.s 	" 	-2,36 (0.43) 	" 	n.s 	S 

	

266/2 	-1.39 (0.17) 	-5.83 (0.30) 	I 

	

267/7 	-1.48 (0.17) 	-5.83 (0.30) 	 " 	-5.30 (0.31) 	' 	" 	-2.82 (0A3) 	'" 	n.s 	LIt 	
§ 0' 

Figures are means of log parasilaeniias, from Iwo separate trials, and figures in brackets are standard errors. Columns headed ci AJ and ci AS show whether each 
p1 clone is significantly different from the parent cliloroquine-sensitive Al and chioroquine-resistant AS(3CQ) clones respectively. lt resistant; S. sensitive; LIt, low level 
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01 4,  P<0,0l.---------.---- 
" PP<0.001.
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Fig. I. (a) Inheritance of 37 chromosomal markers among 20 progeny clones from two Al x AS(3CQ) crosses. Roman numerals 
refer to the chromosome number progeny clones are listed vertically. Each chromosome marker has been allocated the same 

identification number as in Tacit I. Open boxes Inuicate inheritance of Al-type alleles, closed boxes indicate inheritance of 
AS(3CQ)-type alleles, and hatched boxes indicate data not available. Markers are ordered so as to minimise the number of 

crossovers for each of the progeny. Progeny clones are ordered phenotypically: clones above the gap are resistant, those below are 
sensitive. • Indicates the inheritance profile forpjlisp86(chromosome 8). and "for pcmdrl (chromosome 12). # Indicates a marker 
which is present on either chromosome 4 or S. Marker 13 is present as two copies in the genome. The linkag&iEiro for each marker 
is also shown. (b) Inheritance drEjsome ii markers among 20 progeny clones. The far right column (CQR) shows the 
inheritance pattern expected if a primary chloroquine resistance gene (CQR) existed on chromosome II. 
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Fig. 1. (Continued) 

of these markers (LOD = 3.08, P = 0.0002). When 
the t1i.v progeny which had intermediate resis-
tance were exci4ded from the analysis, the LOD 
score wa 2.55 (F = 0.0006.) Thus, even when 
accounting for mu ip e tests involved in the 
genome scan using 46 markers, this result provides 
good evidence [33] that a locus with a very strong 
effect on chloroquine resistance lies within this 
chromosomal region. 

Results of the quantitative trait data analysis are 
presented in Table 3. On days 11 and 13, the 
differences between the mean log parasitaemias of 
the grouped chloroquine-resistant and 
chloroquine-sensitive progeny were 1.49 and 1.41 
respectively, which is equivalent to an 30% 
difference in parasitaemjk Markers which also 
showed a significant bjen-allele difference in 
parasitaemia were the three chromosome 11 mark-
ers CRK2. EF-lx and PCNA (Day 13, 0.001 <P < 
0.01, and Day 11, 0.01 <Pc 0.05), showing that 
these marker alleles segregated with chloroquine 
resistance. These results thus support the findings 
of the linkage analysis described above. Other 
possible loci with less strong significance levels of 
linkage to chlo o uine-resistance assessed by this 
method wer Ag303 on chromosome 3, an anony-
mous locus 'b omosome 5, and Ag3027 on 
chromosome 9. 

An additional deduction which can be made 
from the data in Table 3 concerns genes which may 
be involved in rates of early growth. In the Days 
4-6 data, groups of clones marked by alleles of 
three loci on chromosome 11 and one on chromo-
some 14 showed significant marker contrasts. This 
indicates that these markers may be close to genes 
which determine different growth rates in the two 
parental clones. 

4. Discussion 

In this study, we have examined the inheritance 
of chloroquine resistance in the malaria parasite F. 
chabaudi. We have shown by linkage analysis of 
two crosses that a gene determining chloroquine 
resistance in the AS(3CQ) clone of this species is 
most probably located on chromosome 11. The 
pcmdrl gene, located on chromosome 12, is not 
tightly linked to the resistance. This result does not 
rule out the possibility that pcmdrl may be involved 
in other instances of chloroquine resistance, but it 
clearly parallels the findings of Wellems et al. [14] 
that the pfmdrl gene of P. falciparuni is not the 
cause of chloroquine-resistance in clone Dd2 of 
that species. 

f\ 
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Fig. 2. Best-fit map of a putative chloroquine resistance gene within a region of chromosome II delineated by nine markers. (a) 
Ordered map of chromosome 11 markers. (b) Most likely map position of a putative chloroquine resistance locus. Recombination 
fractions are shown below the solid line, centiMorgan (cM) distances shown above, and the position of the chloroquine resistance 
gene is shown in bold type. The maps are not drawn to scale. 
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As a general rule, micro-organisms are able to 
adopt a variety of genetic mechanisms to circum-
vent the action of drugs. Such mechanisms in-
clude: (i) decreased uptake of the drug into the 
target cell; (ii) mechanisms to expel the drug; (iii) 
structural alterations in the target molecule; (iv) 
increased expression of the target gene product; 
(v) mechanisms to detoxify the drug. Each of 
these mechanisms has been proposed to explain 
chloroquine resistance in malaria. Most attention 
has been paid to the possible role of the multi-
drug resitant,. genes of P. falciparuni, especially 
pfmdrl 4V The protein product of this gene, 
Pghl, is found on the surface of the parasite 

- lysosome [35], the organelle where chloroquine is 
-. concentrated. Amplification of pfmdrl has been 

noted in certain chloroquine-resistant isolates 
[5,6,13], which has led some authors to suggest 
that over-production of Pghl may enable the 
parasite to expel chloroquine and thus cause resis-
tance, although more recent work has suggested 
an inverse relationship between chloroquine resis-
tance and pfmdrl amplification [36-38] and ex-
pression [39]. Other studies suggested that certain 
alleles of pfnidrl are associated with resistance 
[9,40]. However, several surveys in which natural 
isolates containing these pftndrl alleles have been 
tested for their chloroquine response have given 
equivocal results [10,13,41]. 

The only genetic crossing work completed on 
chloroquine resistance in P. falciparum is that of 
Wellems et al. [14,15]. In their study, the 
chloroquine-resistant clone Dd2 was crossed with 
the sensitive clone HB3. Recombinant progeny 
(16) from a single cross were typed for 
chloroquine response. The progeny clones pos-
sessed phenotypes of resistance identical to one or 
other parent; there were no intermediate pheno-
types, which would have indicated that the trait 
was multigenic. The resistance phenotype of each 
correlated with their ability to efflux chloroquine, 
and the resistance was reversed by verapamil. 
RFLP markers of the pfmdrl and pfmdr2 genes 
did not co-segregate with the resistance pheno-
type, and in addition there was no correlation 
between gene copy number of pfmdrl and 
chloroquine resistance among the progeny clones. 
When the inheritance of 85 RFLP markers was 
examined, a locus in a 36 kb segment of chromo-
some 7 was linked to the resistance phenotype. 
Further mapping and sequencing of this region 
has resulted in the description of a gene denoted 
cg2 of unknown function but which was present 
in all of 20 chloroquine-resistant isolates from 
South-east Asia and Africa [17]. However, this 
gene was also found in one out of 21 sensitive 
isolates examined at the same time, showing that 
by itself it did not inevitably confer resistance, 
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Table 3 	 fl 
Analysis for linkage between markers and chioroquine resistance 	 U 

Chromosome Marker Day 4-6 undrugged Day II drugged Day I) drugged Day 15 drugged 

I I -0.14 - QJ3  -0.24 -0.29 
2 2 -0.08 O 32'-1 0.48 0.63 
3 3 0.14 . 0.32 -0.48 

4 0.06 0.81 1.15" 0.41 
4 5 -0.01 -0.79 -1.30 -1.59 

6 	. -001 -0.79 CflTY) -\ .3\ -1.59 
4/5 7 0.15 -0.01 -'ff -1.01 
5 8 -0.01 -0.56 0.01 1.53 

9 
10 0.01 0.94 1.50 1.30 
II 0.09 0.26 0.07 -0.59 
12 -_e' -0.03 -0.71 -0.40 0.63 
13 -004 -1.15 -040 1.74 

6 14 0.15 0.12 -0.37 -1.10 
IS 0.02 0.17 -0.13 -0.85 
16 0.02 '094 1.50 1.29 

7 17 -009 -0.03 -0.23 -0.11 
IS -0.03 0.43 0.90 1.15 

8 19 -0.08 -0.03 0.54 1.02 
20 000 0.38 0.53 0.25 

9 21 0.10 -0.25 -0.94 - 1.68-  
22 . 	0.04 -0.18 -0.61 -1.09 
23 0.06 0.39 0.29 - 0.0! 

10 24 0.02 0.44 -0.0 . 6 
25 -0.01 -0.79 1.30 	-). '3 -1.59 
26 0.01 -0.11 -0. -0.63 

12 27 -0.09 -0.16 -0.27 0.07 
28 -0.13 -0.48 -0.11 1.36 

3 29 0.09 0.44 0.72 0.33 
30 0.09 0.44 0.72 0.33 
31 0.01 0.60 0.45 0.18 
32 0.03 -0.12 -0.12 -0.31 
33 -0.01 0.05 0.33 0.55 
34 0.00 0.14 0.20 0.82 
35 0.02 0.14 0.20 0.76 

4 36 -0.20 -0.57 -0.37 0.51 
37 -0.04 -0.38 -0.32 -0.10 

II 38 -0.07 l.41 1.36 0.60 
39 -0.07 j4[* I.36 0.60 
40 -0.07 1.41 1.36 0.60 
41 -0.12 1.09 1.2 	.44 1.03' 
42 t'U1 	- .o& 0 	I.jq- -&2z 0.11 04Z 0J0 
43 -I- &U6. O.r7 'hL4Ø.! "04Q s4 	0 61 

 44 -0.12 0.40 0.35 0.72 
13 -0.i5 0.09 0.18 0. 
45 -o.ir -0.43 0.17 l,62- 
CQR -0.01 1.49 1.41* 	- .713 	0 1 

Figures represent the mean differencetween progeny clones I, inheriting theS versus ASt36Q allele of each marker. The marker 
C 	test could not be carried marker 9 because no progeny inherited the AS(3CQ) allele of this locus. .4 

P<0.001. ) çk 

a 
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from two P. cliabaudi crosses. The parent 
J AS(3CQ) clone was deliberately chosen because it 
Lexhibits a low level of resistance to chi oroquine 
f and that another locus or loci were involved [171. 
(  In our study, we have examined the inheritance 

of chioroquine response among 20 progeny clones 
having been selected from a drug-sensitive clone 
by exposure to low doses of drug over several 
blood and mosquito ,passages [18]. This makes it 
more likely that resistance is due to changes in 
only one or a few genes. Moreover, the phenotype 
of this clone has been studied in detail; verapamil 
has been shown to reverse the resistance [42], and 
ultrastructural changes associated with this are 
similar to those found in chloroquine-resistant P. 
falciparum [43]. Miki et al. [44] have also reported 
reduced accumulation of chloroquine in AS(3CQ) 
compared with a sensitive clone, which they at-
tribute to enhanced efflux of the drug in the 
resistant line. The similarities between AS(3CQ) 
and chloroquine-resistant P. falciparum make the 
results of our study highly relevant to the mecha-
nism of chloroquine resistance in P. falciparuin. 

The in vivo tests for chloroquine sensitivity 
were able to distinguish AS(3CQ) from AJ clearly. 
The sensitivity of the progeny clones was assessed 
at least 2 x for each clone, and the results were 
consistent on each occasion. Eight clones were 
clearly sensitive, and seven clearly resistant, with 
growth after chloroquine treatment being similar 
to one or other parent. Five clones were classified 
as low-level resistant, their growth after 
chloroquine treatment being slower than in the 
other seven, and they did not attain equivalent 
levels of parasitaemia. This could indicate that 
more than one gene was involved in the resistance 
of AS(3CQ). For example, it may have been 
caused by an additive effect of mutant genes at 
two loch each able to confer low resistance. If so, 
the five progeny clones exhibiting low resistance 
might have contained only one gene, due to mei-
otic recombination and segregation of alleles at 
each locus during the cross. A variant of this 
two-gene hypothesis is that both could be in-
volved in the resistance of AS(3CQ), but that the 
first gene is epistatic to the second, i.e the latter 
has no effect in the absence of the former, but 
increases the resistance level when it is present. In  

this case, the progeny clones exhibiting parent 
AS(3CQ)-type resistance would contain both 
genes, while the three containing the low resis-
tance have only the one epistatic gene, located on 
chromosome 11. This model fits in with the com-
petent mdr model invoked by Foote et al. [9], who 
postulated that two loci of this type could recon-
cile the discrepancies between the results of their 
field surveys of pfmdrl alleles and chloroquine 
resistance in P. falciparum, with those of the 
genetic crossing work of Wellems et al. [14] 

Another hypothesis is that only a single gene 
determines the chloroquine resistance of 
AS(3CQ), while other genes segregating in the 
cross influence growth of parasites under drug 
pressure. The growth characteristics of the parent 
clones differed, AJ growing slightly faster than 
AS(3CQ) during routine passage through mice 
during this experiment. In addition, IS of the 59 
progeny clones isolated were found to be AJ 
parental types, most probably derived from selfing 
in mosquitoes, while only two clones of parental 
AS(3CQ) genotype were found; an excess of Ai 
parent types was also found by Rosario among 
the progeny of the original cross using these 
clones [18]. Nothing is known of genes determin-
ing growth rates in malaria parasites, but they are 
likely to assort independently of those determin-
ing drug resistance. Some weak association of 
growth variations among the clones examined in 
the present P. chabaudi cross with loci on chromo-
somes 11 and 14 were seen in the quantitative 
trait analysis described here. 

An important aspect of this study was the 
allocation of 46 polymorphic genomic DNA 
markers to the 14 P. chabaudi chromosomes, and 
linkage analysis of each marker to chloroquine 
sensitivity among the 20 progeny clones. In total, 
673 RFLPs were examined in this work, most of 
which exhibited an approximately even distribu-
tion in the recombinant progeny-306 observed 
AS(3CQ) alleles inherited, compared with 336.5 
expected. However, there was a skewed inheri-
tance of markers associated with one chromo-
some, those of chromosome 5 being largely 
AJ-type, in which 64 AJ markers occurred instead 
of an expected 43 (86 polymorphic sites sampled). 
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Similar skewed RFLP distributions were also 
found in the progeny of the HB3/Dd2 P. fda-
paruni cross on four chromosomes [45]. The rea-
sons for this are unknown, but might be due to 
genes on the chromosomes concerned conferring 
advantages in proliferation. 

All chromosomes analysed for the inheritance 
of more than two markers during this work were 
shown to have undergone at least one crossing-
over event. With regard to chromosome 11, ten 
cross-overs were found among the nine chromo-
some loci studied, indicating that this chromo-
some was able to recombine freely. Six of the loci 
are known to be genes which are conserved be-
tween rodent malaria species and F. falciparum 
[71] and synteny data (not shown) suggests that 
they were not sufficiently closely linked to have 
prevented chromosomal rearrangements in the 
evolutionary history of these parasites. 

Finally, it may be questioned whether we 
scored enough progeny clones in this work to give 
a high chance of detecting real linkage. Based on 
the method of Lander and Botstein (461, we calcu-
late that to achieve >90% power(probability of 
detecting a real linkage) using a significance 
threshold of 5%, the number of clones required if 
the closest marker is 0, 10 or 20 centiMorgan 
(cM) away from the gene are 9, 17 and 32 respec-
tively. Thus the IS clones with clearly resistant or 
sensitive phenotypes should have been enough to 
search confidently for a gene at a recombination 
distance of 0.1. This calculation is based on a test 
for a single marker only. When 25 independent 
markers are used, allowance must be made for the 
increased probability of obtaining a false positive 
for at least one of the linkage groups. This in-
creases the number of clones required for 90% 
power to 14, 27 and 52. Thus the power of the 
experiment for detecting loci other than those 
tightly linked was not optimal, and some false 
positives are expected given the multiple markers 
tested. 

This study has shown that the most likely loca-
tion of a gene determining chloroquine resistance 
in P. c/iabaudj is on chromosome 11. Future work 
will be aimed at identifying this gene and deter-
mining its relationship, if any, to those involved in 
chloroquine resistance in F. falciparwn. Other  

mutants of P. chabaudi have been produced which 
possess higher levels of resistance than that of 
AS(3CQ) [19]. In due course, such mutants can be 
analysed by conventional genetic analysis, as de-
scribed in this paper, and subsequently by trans-
fection methodology to identify how many 
genes are involved in this type of resistance and to 
determine their mechanism of action. 
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VIRULENCE OF MIXED-CLONE AND SINGLE-CLONE INFECTIONS OF 

TIlE ROflENT MALARIA PL1SM0DIUM C/IA/MUD! 

S 	 Louise H. ' I/.YLOIZj MARGARET J. MACKINNON, AN[) ANDlzrc\v IT READ 
/'isn ft/fe of Cell, All ',ial, e:iicl Pop u/ct/so/i I/b logy, Uti :rer.ri:yof E//i,ibn rg/i. King 's i/ui/cl/it 	West Mciii's Rand, 

Edinburgh E119 ui ... (:011 ..... I  
E-,on, I: liar/or® labOt'c r, cci oc. uk  

,Ibsfrace,—rvIost evolutionary models treat vlrilleisce 15 Dli unavoidable cohlscs1ilence of nlicroparasite replication and 
have predicied tilat ill nsisest-genouype infections, :iaiursl selection .slioultJ favor iuglicr levels of virulence Iliac is 
opuiinal in genetically luniforils iiifeeiions, increased virulence isiay evolve ass geneiicslly Fixed strategy,  appropriate for tire frequency of nixed iliIeeitons in lie popolaullsn, or alry occur as a conditiollal response to ilsixed infecsjoli, 3 

t\( itsst is, a facilitative strategy. Here we lest wiled/CT facultative alicrations in replication rates in tIle presence of 
calllpctillg gcnoiypeageuieraue greater vIrulence. An important allcrnaiive, not Clirrelilly incorporated in models of 
lie cvs,lltuion of vtrlllcnce. is that I/list respc/ulses lliouuliesl sgaitlsl genetically diverse parasites may be more costly 

or less effective than those against genetically unifornu parasites, It so, lFixed Clone ilferlions will be note virulent 
for a given parasite replication tale. 

Two groups of nice were infected will' one of Iwo Clones of Plusotodilnru c/tahaodi parasites, and three groups of once were infected svislt 1:9, 5:5, (Sr 9:1 lillxttlrcs 01 ( Ile sante  two clones. Virulence svas assessed by li1011iissriilg 
litouse body weight slid red blood cell density. i'ransnnssion Stage densities were significantly higher in mixed- 

hum 
in single-clone infeeuioils, Willna tre:Øsseni groups. trallsillissioti stage production increased wills tile virulence of tile 
infecilosi, a pltenoiypic correlatIon coltslsseilu wi/li the genetic correlation assumed by itioeh of the theoretical work 
on the evoiotsoti of vlrlulellee Consisuenu with Il/ellrelical predictions of facaluanvo alicrat.ions in vinsleare, we found 
llias olice itfected willi Itollu parasite clones lost nitsse weight and had oil average lower blood counts 

111111 those illleesed wi/li siligle-eloltc injections. I iowcvcr, there was 110 cnn/islet evlslesire of tire lssecllauilalti invoked by evo' 
Ill/Inliary nioscis thai preslict this elfees. Itepltcabitipi Isles and pr/site densities 'Vere 

0551 alway, higher In itsixcil-Clolle tlifeclitsns, and for ii given rrll}icalpoil tale IF lilr:Isilc density, ttilxcsl-c}tllte illlrctisplls were still lilore virttictit. 
Ills/cad, prolonged aitetots and increased Irananluasiohi slay have occured because genetically diverse infections are 
less rapidly cleared by hosts Differences In tlu:i5iiitoln wciglsi toss ocrttred even when here were comparable Parasite 
densities In tnixcd slid single-clone nIectintis. \Ve sliggeat tlttti tutu' Illing an iottltttnc response against ,core that nile 
parasite getitstytc Is 11151 C ecu_/It for costs, wIne/i llierc ltste 511ff/ar ]htglcerviiictcncc 

Kc'yitords,__Nialaria1itiss_'ji9 fectisin, pautsite. iu/n.roi,tciic/,tt eitstb,ctuli virttleipce 

received May 29, 1 99T Aeec1tied January 28, 1998. 

Virulence is the reductioll ill It us 	s.' ss caused by parasitic 
infection. The eVolsuits,sl of virstlells:e has important inlftli-

eations for she control of iltfeei/tttN disease and has stiuumo-
sled a considerable body of l:elary I ;eviewecJ by Doll 1994; 

Read 994; Ewald 1995: F, nk l99' : ;Ebert, in press). How-
ever, slIest ideas have beeps subjected to remarkably little 

cxperintesslai testing, pzlrsleuiarlv it) lie context of verlslsrzute 
iluiec(ious disease where Ilue otilitt11 it st I/dill s)F tlue Emory 

tacu n/ott stl - IUC011;J i/i/ac 0Ld (lv liiOlulS  

   

too u_esse 
1991; Ewald 1994; Westssy I994; 'stslymia 995). 

 

Mosi evolution of virulence irli,dei1 regard vifsilesuec as all 

unavoidable eunseilileitce of paraade adapl;llion. Virulence 

usd1 is viewed as detrinielltal In Ili asite illness laul genet-

ically correlated to lisness-essliniuejilg trails (reviewed by Bull 

1994; Read 1994; Frank 1996; Ebert, in press) Increased 

vii tilcutee (usually modeled 55 a direct eollseqlielsee Sd 
crolanras i(e replication rate) is assumed to correlate with risk 

of host death, but also increased lraiusntiss iOli stage Isrodue 
lion, Observed levels of virulence are theit said to represent 

Schedules of host exploitation that balance those tvea factors 

so as to maximize some measure of parasite Ii (hess. ill the 

siumu plest models, which consider just one parasite genotype

per host, the level of virulence that evolves is that which 

nt address: Centre for 'I'rnllieal Veterinary Medicine, Uni-
versity of Edinburgh, Easter Ittalu, Itoslil,, Mi/Ilotllgail 131125 91G, 
Semiarid; E-mail; llaylt,r @' IabOvet.cd .ae .ok  

lusaxpttiuges hue bIt/I tIli iiuher of new iuufeesiorus resslllitis3 l'rssit: 

an tlilechioiu (e.g., Levitt and Piiuuesutel 1981; Anderson aits; 

May 1982; Uresncrnl;lilil and Pickering 1983). Otirisal Vir-

silence may be luigli if transmission probability is etthialleed 

by host morbidity, or low as prudent parasites attempt Its 

prolong lost survival to Ilinsissize long term transmission. 

however. 0:/Its' authors have lotted out that where tuned 

genotype infections s/re connsson, level:; of virulence grenlet 

shititt Ilitlse optttival icr single-genotype imifeelioius vill be fa-

voted by ntttsnni selection (e.g., l - laiuiiltoil 1972; EsItel 1977: 
Axelrod and hhiitluihlout 1981; May and Anderson 1983; Ktiolle 

989; Frank 1992; liellriegel 992; l'lerte 1993, 1995; 11011-

Inseiher niud Nowak I 994;i,1b; Nowak and May 1994; van Bit-

Olen and Sabelis 1995;1,11; Frank 1996; Ebert and MalIgill, ill 
press). Ill the Ctsntpcliiive  situation of a lllixesl-gellitly1se i/i -
feel iOlu, parasites Ilu atploit host resources are expected to, 
be ou lcu,nu peled üew

ex

by those exploiting hosts more Fair 

idly Ittis, ol)tllital levels of virulence are higher ill mixed 

infections, even  if this leads to fewer Secondary it1 feel ions 

thtaia ought he nihterwise achieved. In tile extreme, short-temp 

selection arising fruatn cssmiipelition witlsin a host can lead to 

greatly i tlereflse d levels of virulence,    with greatly decreased 
imaussuutissioim roles, so - called sluusrt-sigltted  evolution (Levitt 
and Doll 1994). 

Where llimsed-geits,Iy1ie infections occur, parasites eu,sdsl 
evolve 11 genetically fixed strategy appropriate l'tar tIle l ie  

Fluencyof mixed infections ill tile popsilansin. Alternatively. 
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a conditional strategy Illight evolve where parasites facul-
fl tativcly alter their growth rates, and hence virulence, ac- 

& cording to the type of infection they find theitrselvesjfritlj 

(Sasaki and twrrsa 1991; Frank 1992; van l3aaicrr and Sabclis 
1995a). A conditional response is adaptive if he level of 

competition experienced is variable arid canrtt,t be predicted 

in advance. Such responses require that parasites arc able to 
detect oilier parasite genotypes w ii hi n it host and respond 

accordingly. Uric possible tncclranisrrr for iris is tire detection 

of a host immune response mounted lo an anti genical ly si'rr-
itar, but not identical parasite. Whatever lire underlying 
inechan inn, both genetically fixed arid facultative strategies 
sliouIdriglrer parasite virulence .cing.Gs4Fve4 where mixed 
genotype infections are common. 

Whether parasites iaculiarivciy 	111cr ilicir 'vitttirr-host 
growth schedules of tile presence of corrtpc Ii rrg genotypes, 
thus inducing  greater virulence in no x cd-c loire infections, 
remains to be tested. However, a compl exity in such rests is 
lie role of host factors in determining virulence. Although 

generally ignored in most forrna I models, virulence most ire 

a consequence not only of what parasites do toroars but also 

on tire costs and effectiveness of parasite call  wI by hosts. 
Responses against a more hcterogc rroos parasite population 

nray ulilize more [lost resources, It ,fly also he less ei'fccti ye. 

	

00 	It is well known that parasites that create an r igerr i c diversity 

	

 
-& 	wilhir infections can evade frost itinn  onto il)fl4tal probably pro- 

long Ire iniectiotr (e.g., H malaria and Irypansoirre irrfec-
lions; Wakehiur 1996). It therefore seems plausible that ge-
nre t ical ly heterogeneous injecti ons will  be less ra1,id ly cleared 
by tire host. Thus, e v er)  of lire absence of ftrcoltative alter-
ad ons in parasite growth schedules, di flcrerrccs ill host re-
sponses could result in ni ix ed clone infections being rrrorc 
virulent,  lire cruet a I lest for tire existence of cntrdi tiorral vi r-

ulence strategies is to compare built virulence and within-  
host growth  schedules in mixed -  and s ii c-c lone i rifcctiorrs. 
We did this using the rodent malaria parasite Rlcrsriradiiuo 
clrabot,di 

III vertebrate hosts ,,Qira I aria parasi tcsJ rr 'eel red lii ond cells 
nLrcp1icate;nsrtoticai I in-rita- rloods.Lcatrk until lire rot 

dies or fire fill ection is controlled by host ir-nrrrrt,iry, For a 

variety ofexirerirnerital and ethical r:::',s'mis, ' '. rot ; -'raclic:nl 
no directly assay atonality rat& lr'stcrd ':.'e :isas'cd wciglnr 

loss and anerrfla as measures of virulence, Inn Inc sirain of 
inotise used ill our experiments, P. c/iubaodj is usnrally non- 

tt lethal (Stevenson et al. 1982) but/3+-i.jas:;unre4 that ill less-
resistant host genotypes these parameters are correlated with 

probability of death - Host responses te amen la have been 
linked wtrlr resistance to infection villr 1'. clrajntr,d, ( Sic-
vensorr et al. 1982; Yap and Stevenson 1994) and both weight 
loss and a ire 'it i a induced by single-clone infections oil'. c/rn-
bow/i differ repeatably between parasite lilies (Mackinnon, 
unpobl. data; Read and Anwar, unpubi. data). 

We infected groups of once with one of two clones of I'. 
clmabrmtu/j or mixtures of tire two, Willi all once receiving the 
same total number of parasites. Both parasite growth rates 

and [lost reponses in mixed infections may be affected by 
lire relative abundance of tire parasite clones. Three types of 
tn seth-c loire infections  vere  therefore initiated, iated, wi tlr i incubi 
composed of 9: 1, 5:5, or :9 ratios Of tile two clones. Relative 
virulence of  these three groups is hard to predict if priori: to 

do so would require detailed information about optimrrrl 

growth rates and host responses in the three Situations, and 

by how turucir both could he altered. 
These experiments also allow us to test Whether virulence 

is phenotypically correlated with parasite replication rate and 

lransrarissiotr. Phenotypic correlations cart be indicative of 
underlying go ire tic correlations.  Plasn rodinurr c/na horn/i par-
asites replicate syirchrtr000sly every 24 If of tire host blood 

strearrr. As all infections were initiated with the satire number 

of parasites. we monitored parasite density early in the hr 

fccritrri (before significant parasite mortality due to limiting 
nutrient or host irnrtrron i ry oceurØ,  as a correlate of replication 
ra Ic. As a rrlcasu re of Irons miss 1011 rates, peak gametocyte 
density was assayed. Carrie locytes are nonrepl i carl rig para-

sites ihat develop frorrr Ire replicating blood stage (asexual) 
parasites, arid like only stages capable of infecting rrrosqrti. 
roes. Previous expetirneirts with P. c/robatrdi Illve shown liar 
garnctocytcs are present for only a brief period, during which  
garrretocyre density is correlated Willi both the proportion of 
rnosqtnloes infected and average parasite burdens per ties-

lttiio (Taylor or al. 1997a). 

Ni ITt Ions 

/'irra.n'ires acid l/ast.r 

'l\vo ci orred lines of F'. c/inborn/i clraharmdi denoted CR and 
ER (Beale cc al. 1978), obtained from tire WHO Itegisiry of 

Standard Malaria Parasites, Edirilsurgir University, were used 

Clones are derived fromia asexual proliferation of a single 

parasite obtained fronrr wild isolates by serial dilution. Iso-
a tea from infected tree rats (liraarn arct.s ru (,larrs) collected 
or Ire Central African Republic in 1965 antI 1970 were the 

sources of tire CR and ER clones, respectively (ii oil e cm at. 

1979: McLean 986), Since isolation arid cloning, tIre par-

asites have been maintained for long periods as stahilates in 

liqtt id nitrogen In total, rite CR and ER parasites used for 
this study had been maintained ill asexual passage in rodent 
bolls for 4.5 amid 5VA months, respeer i vol y. The cones h ave  
difl'crerrr alleles of lire tirerozoire surface Protein Ii  (lisnin. 
gtti:ltth,le hy gerretic or monoclonal anrihtody lcclirriqttcs 

('brylor et A. 1997b), l'lr,sts were utale C57B1j61/01a alice 

(Harlan, England). Mice were fed oil SIDS rat and mouse 

maintenance diet, and drinking water was supplemented with 

0.05% para.arnniluo benzoic acid (PABA) to enhance parasite 

growth. Artificial illumination was provided train 0530 no 
1730 h. 

Inoculation of A li,, i/i/i .S'rcr,i non! Numb ers of Parasites 

Parasite densities in infected donor nice were determined 

front Giernrsa-stained (hill blood snnrears and red blood cell 

counts made using flow cytoorerry (Coulter Elec(ronics). For 

inoculations, infected blood was diluted in Calf scro ni-ri ii ger 
solution (50% heat-in,aeti vated Call serum, 50% ringer so-

lution [27 tiM KCI. 27'I'M CaCl 2 , 0.15 T4 NtrCIJ 20 units_ ,  
heparin/  ,rtL 'noose blood) to give separate dilutions of hO' 

trarasitised red blood cells per 0.1 niL volume of tire iwr, 
parasite chines. 

I I Ad C c-\upr\ - 	J1O k\ühc\ 
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Monitoring of Injections and Vi,',, /Clt CC 

Mice were weighed 10 tue item - es! 'Jul g on days 0. 2, and 
4, then daily until day 22, and oil (lays 24, 28, and 31 post-

infection (Pt). Red blood cell counts were otkeii on day 4, 

[lien every second day until day IS, and oil day 221'I between 

1700 and 1830 It. Thin blood slitenis were InLet, at the sante 
line as the blood cot . n it measures 0;: days 6, 8, 10, 12, and 

6. and used to calculate lie asexual piste density (par-
asites per OIL) on each of these days and ganictocyte density 
(gatitetocytes per oil day 16 Pt. Uninfected "lice were 

subjected to the same Sampling Pt ocedu re, 

E.rpe Fill iCti aj Dc'.vib' 

Mice were weighed and allocated at raitdi,nt to ircatinetti 
groups. Six treattitetit groups, each containing Four nuce, 

were used: one control (utiitifected), two single-clone (CR or 

ER parasites), and three ni ix ed-c lone in fecti ott groups (par-

asite clones in ratios of I CR:9ER, 5CR:5ER, or 9CR: I ER). 
All juice allocated 10 itoilcaritrol grotips        received a t,at of 
t0 P c/inborni parasites in 	 ittraperi- 
totteaIly. Control nice receivedn  equivalent ito tuber of red 

blood cells from an uninfected noose. Mice were inoculated 

between 1500 and 1700 Ii. The whole experiment was re-

peated 13 days later ('vi iii different nice 'rout (lie sante co-

hurt) to give two cx peritne n tal blocks and a grand total of 
48 nice in tile whole experiment, (One mouse ill lie ER 

treatment group of the second block  showedtn ah noritia I ly 
high parasite density on day 0 and died Ott clay 12 I'!. It 
was excluded from the analysis.) 

Stat ic, tea I A tin / 

\Vei gilt, weight foss, red blond cell density, and game tocy Ic 
density were analyzed using A NOV A to determine the effects 

Of treatment and experimental block. lit most eases, there 

were significant differences between tie two experimental 
blocks, probably because in ice in the second block were 13 

flays older, Block effects were n1ways included  in tile inorlels 
Where significant, b u t are of little ililerest ill their own rids; 
only sigitilicant interacttt,tt betwee',t cxpr ' 'nie,rl hint:): and 
other model terms are repnrlr.rl. 

Correlations between virulence liratneters old nteasntes 
Of :tsex ii al parasite densi ties were eat ned out using A NCO V,\ 
in GLIM (Crawley 1993). The following seven tileasures of 
the asexual infection were used: (I—i) parasite densities on 

days 6, 8, 10. 12, and 16; (6) the difference between day-8 
and day-b parasite density; and (7) tn estimate of the total 
tiriinber of parasites during Ilte infection. 'tIns last illeasure 

was calculated for each mouse individually Iron, thte area 

under the curve of asexual density through titne between days 
6 and 16 P1. As P. cluibandi replicates once every 24 h, this 
represents a reasonable approximation to the total number of 

asexuals produced during this period of infection. In all eases, 

treatment, experimental block, and all i nterac ti otts will] the 
asexual measure in question were included as predictor van-

ab I es ill a full model, with the virulence ineasu re as the re-

sponse variable. No interaction termits were sign i lica lit when 

removed from these full mode is. Significance of the me niai It-
itt g effects was assessed front Illodels containing (lie asexual  

measure, trealttienl and block effects as predictor variables. 
F-ratios were catcttlaled from (lie change in deviance per 

degree of freedom divided by the residual tileati square de-
viance as terms were reimloved from the Iilinntal model 

(Crawley 1993), The sattie approach was used to investigate 
rclmttiotisutips between virulence and lransnnssinn, with ga-

Iitelocytc density as tile response variable and the virulence
nieasure as he predictor variable. 

Rtssor,'rs 

Most of tlte weight loss following infection  occurred be-
tween days 7 and 18 Pr. 'vitti the lowest weights typically 

l,etwccn clay I I amid I] P1 (Fig. In). However, viilmiti and 
across trcmtimltcnt groups, 1111cc did not lose weight synehro-
ttotisly, so ttiimt eotnllarisons of veightt toss at specific points 

ill timtic were tot tneanittgful. Instead, two composite flea-
su res of 

I

weight loss were used: mean loss (weight on the day 
of ill feet ion liii Ii us average weight front days 7-18 P1) and 
nmaxinnon loss (weight on the day of injection ilntitts  tile 
average of the tsvr, lowest weights stmbsectmemitly recorded). 

Red blood cell density fell front day 6 Ph to minima Oil days 
12 P1 (Fig.lb). Mean blood count over days 4-22 Pt, 

toil' an äVèi'be of he two lowest blood counts were calcu-

lated. Parasites became detectable in blood Ii hns on day 6 

P1, densities peaked between days 8 and IC, and had fallen 

dramatically by day 12 (Fig. Ic). Ill time later parts of the 

infection, mixed-clone infections maintained higher asexual 

densities thin' single-clone infections, although none were 
coniparablc to earlier stages of injection. 

The virulence of CR infections was not significantly dif-

ferent front that of ER infections  as assessed by mmleatt Wei gut 

toss, noixinault svemgltt toss, ilteami blood cormilt, or tIme lowest 
blood count (F, 11  = 0.27, F 111  = 0.26. F111  = 0.53, F, 0  
= 028, respectively; P> 0.2 in all cases). Similarly, nixed-
clone infections with initial CR:ER parasite ratios of 1:9,5: 
5, and 9:1 did not differ significantly in mcmi or iltaxintuin 

weight loss or titeami blood Counts (1`2 . 18 = 2.55, P > 0.05; 
F215  = 2.00, P > 0.1; F28  = 0.44, p > 0.5, respectively). 
'file effect of tIme initial ratio nil lowest blood cantit differed 

significantly betweeti tile two cxperintcltltal lilor.k", (bl(lck >< 
treutmilelit 1111 clactium, F,.18 = 5.05, P < 0.1)5), Willi he tank 
orders of (tic three groups different it, the two blocks, but 
there was no main el'fect of initial ratio (F, 1 , = 1.65, 1' > 
0.2). As no consistent differences between the two single-

clone or between the three mixed-elomie groups could he 

shown, the remaining analyses compare tIle virulence of 

mixed-clone mitid single-clone infections, 

Virulence 	 ' 

Mixed-clone infections were more virulent thin single-

clone nfectiotts. Max I 'until weight loss was greater following 
infect t lii with two c lotles than it was following infection with 
one (F 135  = 4,79, p < 0.05). Mice with mixed-clone infec-

tions lost about 30% more weight (Itan those with single-

clone infections (Fig. 2). Mean weight loss showed a similar 
pattern (F1 U = 3.66, 1' 0.07). By the end oft lie experiment 
(day 31 P1), weights of  ,lice given mat ixed-c I oie i mifect Otis 
itat simigle-clrlime injections had returned to weights comttpa- 
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Sly p 'slIst *,Iia 	 0.4 p,.,.,ffl.c,Io, 

Pro. I. 	Mean weigl,I toss (a). "rear, red blood cell derrsrrics (b). turd parasite densities (c) of :c six groups of "rice it, experiltrerrlal blocks orre and Iwo during he Ilfecrions, Day of Ilrocolalio,, = day U. Ewh line reprcsc,,ls lie ''tea,, sri four ''rice. 

rabje 10 he uninfected controls (F14 , = 1.53, P > 0.2)/ffl,e 
reduction in meat, blood count was higher For mixed-clone 
i nfections compared to single-clone infecti ons  (F, 3 , = 6.60, 
P C 0.05, Fig. 3), with mixed-clone infections suffering a 

further 5% reduction on average. The average of the two 
lowest blood counts did not differ significantl y  between 
mixed-clone and single-clone infections (F, 
0.1). 	

35  = 1.86, P > 

Parasite Der 'sines 

'Else density of parasites achieved by day 6 Pt, day 8 'I, 

arid the increase between days 6 and 8 P1. was greater for 

[ lie rrr,xed-cl,,,,e  infections in block one of (lie experiment, 
hut greater for tire sir, ge-cl orte fareC II01IS For the second block 
(treatment X block interactions, F, = 3,39, P 0.07, F, 
= 9.69, p < ot) I. and F, 36  = 8.04, P C 0.01, respectively). 
ftc total number of parasites in mixed-clone and sing ie-clo,,e 
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Experimental Block 

lio. 2. Maximum weight losses of rarixed_cloite and single-chore 

the mean -of the two lowest wcigbis 
reachedi Wi thin each block lucre were 12 mixed—don e  infecti ons  
and eight single-clone infcciions. Error bars represent I SE. 

Fro. 3. 	Nlcari blood ersilnlla  if Ilic lirixed-clone and sitigle-clotic 
inlecorins over days 4 1022 of inleciiorn. Within each  block there 
were 12 nirxcd-eloire ir,lcclioes and eiglii sinlglc-clorle miecli,tnrs 
En rlrr 'a rs represent -I' I SE. 

0 

0 

O single-clone 	er 

• mixed-clone 	a 

Re lati onshi l's bet Weeli pars Ic densities and vi 10 knee 

Were i nivestigated using IIle virulence measures thin shower] 

the clearest lreatnnietu effects: llaaxinnlunfl weight loss and 

mean blood count. In none of ilte following at Were 

ally interactions between lire asex ullI "Ira lraeser bei lag test e d 
and either block or treat oaerit signilicairt, derrioirsiraii,ng tlrat 
airy relatiolrslli1ss hes'vceri virulence aid the asexual i n j ec ti on  
dyirantaics dial riot differ between single_clone and mixed-  
clone in feel i oils. 

Of 'Ile seven variables refining 10 lIre asexual infection 
intivzcd only asexual derisilies oil day 6 P1, day 8 P1 'nd 

lie difference between llienrr were ,isiliv;ly errs shiest or 
hl,axiirroro weight loss, when cultIrs,llirrg for Irelthllelrl  eff ec t s  
(l'ihle I). P:liasile densiiies later in tire injecliun and the oral 

ruin her of parasites during the infection lion Were it lIre flIed to 
wax i nan ii weight loss. Titus, we i glit loss was greater when 

parasite density early in lire infection was Inglier, bill was 
unrelated 10 tile parasite burden later its the ilhfedhitllr  or to 
tire total number of parasites in all infecti on.  

However, differences in parasite densities did not explant, 

why wax bourn weight loss was greater for no ix ed-c tine than 
single-clone infections. On average, mixed-clone  i n fect i ous  
resulted in an additional weight loss of about 0.8 g compared 

to si ogle-clone infections with, tire same parasite density on 
day 6 P1 (Table I; Fig. 4a), This difference was ecluivajetat 

to about 3% of tIre weight of tat, itt fected controls of tire saraae 
age. 

Mean blood count was negatively correlated to day 6 l'I - 

day 8 Pt, and day 8 P1niinrus day 6 P1 parasite densities
(ftble I), showing that 1,glier parasite densities were asso-

ciated with lower blood counts. Later in lire infection, oil  

days 10 and 12 1 3 1, lucre were positive associations between 

parasite density and blood count. But as with weight loss, 
differences in tile lileant blood count of  ince  infected avilla 

si rig Ic-c Ionic or mixed-clone infections were not explained by 

differences in parasite densities early rn lie infection (iirblc 
I ). Mix ed-el UrIc ill feeli otis showed on average 0.4 X I 0 9  
fewer red Isltassel cells per niL than single-clonic  i n fect i ous  I, F  

it particular asexual parasite density al each of tile po i nts  i n  

'fAint I. Relationships between virulence measures arid asexual 

nfeetiaro dyranrics, to ANCOVA models, raraxiroutri weight loss or 
ineanu blood eusiurt was tIe nespotise variable, whIt Ircaltrienl (simrgk-
or nerixcd-clnne Ilifecitsirl) exIlerillierlIal block, anal (when line(f) 
he asexirai talealore as lsrcdictnr variables ..ahtih:rtcd values arc 

lsararot- lcr etlinrales fr,s,ar lie full orladels; lire srstishical sigrsilicalice 
of drew difference fronri zero was tested by reirrovilig cacti tern' 
front the hrroslel (Crawley 993), ilnis sigrolleant Icon, explain 
additional venal0,0 alsove 

(11-11 explained lay lie other 'crass, ru no 
case fit(]inclusoin of ogler-order ituneracljoir Icons signitieariliy 
I'll i05C Inosiel lit. /' 0.117 (ntiargitaai), ['<0.05,'' I' <1)01 - 
I's trr,l steno him:si,. 

I' Ii, n ml vs V,r,tk.m,cc 	 Aaeximzrl 	 singe hr 	aiingle 
,,r,aam,r a 

Maxitr,nrnr none 0.79' we gui dav fs pars/taL 0.029' 0.93' 
day 6 pars/isaL 0.011' 0.76' 
day 8 — 'lay 6 

liars/niL 0010- 0.721 
day :10 pars/oiL —0.0039 ox 0.87' 

- slay 	12 	sans/IL — 0.016 na 0.80' 
day 16 pars1i7C — 0.0046 as 0.86 115 
*101 11 parasites 0,0023 its 0.62 as 

Mean Istood none 
—0.36' count day 6 pars/nat. —0.019'' —0.45' 

day 8 liara(jn — 0.0(156' * —0.35'' 
day 8 - slay 6 

laars/rnL —0.0016' 0.33' 
day 10 laas(4th., 0.0065" —0.49" 
day 	12 pars/tilL 0.0011*' —0.37" 
day 	16 para/irIL — 0.00073 is —0.35 	is 
'Inual 	laarasilea 0.011096 us —0 43 

infections also differed between blocks being higher for sin - 

gie-clonre infections ill block one arId higirer for lire mixed-

clone  illifectilis in  block two (Ireal bells 3< block interaction  F 1  5.8 I, P C 0.05). Titus, there "ere 110 cutrsisletit dif-
ferences across blocks in parasite densities Or 

101111 parasite 
numbers analogous to II lose for v irll 5511cc, 

Vu,, Ir,,c'e ri,zc/ I'a 50.5/fr NO,, I/) 
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Block two 

(b) 

7.5 
64' 

• 	 = 64 

0 

_____ __ 	 •N. 
5 	i 	 I 	l l 

a 	12 	3 	4 	 i 	
a 	1 	2 	3 	4 	5 

days at, .,,. d.s,Iin iaiOi.Sll 	
d.yd p.I.,Ii. drnnIiy lniD ' fs'li 

Fin. 4. RelaliOilSllips between day 6 P1 parashe densities and rnaxilaiu,n weight loss (a) and mean blond cell count (b) for cxper:imtcnmal 	blcC\ blocks nile and Iwo. OLS regressions 'vere filter; sellaralely br sIngle- and inixed-cloiie infections. For lliaxismiii;n weight loss, (lie Oiled line or Ilic nixed-clone iialecliotia lies above Oi;,I for he single-clone infections in boslnse.j; for "can blood count, lie fluxed-eloise line lies below iliac of Ills single clone infections in bolliJrase4 

time during the infection 	hat 'versa samilpled. TIns difference although 1110 effects were only marginally sigllmhicant (F, 3 , was equivalent 10 about 4% of 	Ifie red l,Jt:od cell densities = 3.48, P 	0.07 for mean weigllt loss: F137  = 3.48, p of 	Ilie uniltfeo(cd control 	nice (Pig. 4b). 0.07 for iliaxiniutsi weight loss), 'l'lius mixed-clone infections 
had higher gsamnetoc yEC densities and caused greater we gut 

7ra,ls/icissco/t 
loss. However, willnsi single-clone mid within mixed-clone 

In 	both 	cx go ri nseistal 	blocks, 	gaitiel oc y IC 	dens i lies 	were 
higher 	in 	illixed-chorse 	infections 	tlisstm 	in single-cloise inlec- i 2 - lions (F, 3 , = 	13.43, P C 0.001, Fig. 5): llns difference was E 
larger in 	Ihie second block (treatment X 	block interaction: N 	 I 
F11 , = 3.60, P 	0.07). 

' Across all mice, both mean and niaxitntim weight loss were 0 I 

positively correlated wi lb 	n gacetocy te density (F1 ,, 	5.711 
and F 138  = 6.09, respectively, P C 0.05 in 	both cases). In 
neither case did adding a quadratic weight loss term improve 
the model lit (F13, = 0.49, P > 0.2 for mean weight loss; 

O.4 

and F13, 	0.40, P > 0.2 for maximum weight loss). Thus t 	0,2 
C 	single-clone 

gatnetocyle density was Ii nearly correlated    with vi rule nec as C 'a 
0 OiIHL U 	mixed-Clone 

measured by weight loss. Using gauneincyte density, repli- 
H cate, treatment, and all interactions as predictor variables in I 	 2 

the analysis of weight loss and mean blood count, Ihe minimal 

model contained only the treatment effect in eact case (F, 36  
Experimental 	Block 

8.59, P C 0.05), However, Weight loss was still positively Fmu. 	5, 	fjamneli,cyic densities on 	lay 	16 Pt 	for tire nnxed-cl one 
correlated wit Ii gahiietocyte densities when (lie difference be- and single-clone nfecnons. Within each block there were 12 nOsed. 

tween in' xed- and single-clone infectious was control led for, 
clone infections and eight single-clone infections. Error bars rep-
resent +1 SE. 
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infectious. there was also evidence that galttetocyte  densi ty  
positively correlated with weight loss. - 

Similar  aittilyses were carried out for the blond count Itlea-
511 res. For mean blood count there was no significant  cor-
rd at oil will, gailtetocyle density (F = 3. 6, 1' > 0.05), 
and no additional effect of the quadratic term (11, = 0.14. 
P > 0.5). For lie lowest blood count measure, 11w pattern 
was the same with neither the linear tern' (F1 ,t = 3.64, 1' 
> 0.05) nor (lie cu ad rat ic Icr,,' (F1 .17 = U. 18, 1' > 0.5) show-
fig a significant correlation will, gallielocyte derisily. 

DISCUSS ION 

Consistent with theory, the virulence of nhixetl-elo,te ii-
fectiorts was greater than that of siitgle-elonc infectious, vlictt 
measured by weight loss and inean blood count. However, 
there was no consistent evidence that this was due In facul-
1native al lerationsf lii within-host    growth strategies by la-
sites in ml ixed-c lone infections. Asexual parasite den s iti es  
early in Ihe infection of a ilolitinilltlile host ire correlates of 

parasite replication rates. Densities later in the infection and 
the total null, ber of parasites are ' , 'ensures of parasile burden. 
None oOjles4 parasite density measures itkeA were sufficient 
to fully explain (tie observed patterns of virulence. Within 

treatment groups, laore rapid parasite replication resulted in 
greater virulence, but for a given parasite replication rate, 

in ixed-cj one infections were still iliore virulent.  TI, us [here 

is a phenotypic correlation bel wee n :6 rti I encc and parasite 

replication rate, httt there is also all additional effect of ge-

netic diversity, independent of parasite (]easily. If parasite 

replication rate was the only detertiiina,tt of virulence the 
single-clone md inixcd.eltiiie injecti,11S should  fall along/y.e 
&a.H4 fitted lilie$ in Figure 4, with (tie Inixed-clone infections 

concentrated in the upper-right-liaitd quadraiii, instead, here 

is considerable overlap in the ranges of parasile replictioii 

rates for the two groups, and it significant difference fit file 
nitercepis of (lie fitted lutes For single- and n,Ixeil-clone in-
fections. 

'file greater virulence of in ixed-cI on is ii fec ii oils for a given 
number of parasites may he due to H facuttative altcraiionc 
in soilte aspect of parasite life Ilislory oilier 1111111 jeldicniot, 
rile. One possibility is ihat parasites engage ill tlreci liter-

fercoce cOn'lletilian by releasing substances, analogous 10 
allelopttthtie substances in plains (Rice 1984), In which they 
themselves are immune but foil are toxic to holl cotltpctiltg 

genotypes and ilte host, Alternately. Virulence titay be a con-

sequence of (lie way in which [lie iniiiilnie response of[lie 

host interacts will' the parasites. Blood count and weight loss 
are directly affected by parasite densities and indirectly a f-

fee ted by the host immune  response. Both destroy red blood 

cells and consume host nutrients. Thus, if there arc differ-

ences in the inilnuite responses to mixed-clone and single. 

clone infections, this could explain differences in vi ru ieiice 
not attributable to parasite density. For example, diverse par-

asite populations could stilnu latekt larger number of 1'- or B. 
cell clones, and hence a greater intlitune cascade causing the 

destruction of more red blood cells, greater consumption of 

host resources, or higher production of factors such as ]'NF 

(to nor necrosis factor), wine]' is associated with many as-
pects of disease severity (Ti los et aI. 199 I). Under this view,  

virulence is indeed a side effect of resource extraction from 

rusts, as assumed by most models of virulence evolution,  
but with hosts rather than parasites extracting more resourccsh 

14 mixed infections. 

[lost responses to parasitic infection may play a greater 
role in determining lite  virulence of infection than adaptive 

Parasite evulunon (e.g., Ewald 1980; Read 1994; Ebert and 
I laini tim 1996). The severity of disease incurred by I'. c/in - 
bane/i vines grcaliy with file strain of itit,nsc],list (Stevens(,n 
ci II. 982), :lcnioiislraliiig bat host factors are a major de-
Icriltilitnt of virulence. Optimality approaches In host re-

spliisivciicss have yet to be incorporated into tliet,rctical or 
experimental analyses  of tile evolution of virulence. 

Mised-clone infections were able to suslnn higher parasite 

ticlisitics toward the citd of (lie infection (days 14-16 l'l) 
all single-clone infections (Fig. Ic), as has been observed 

in previous experiments wit],  P. cliabatidr (Taylor et if. 
1997a) As higher galiictncyte densities were also lou lId in 
mixed infections. this suggests that antigenic diversity in an 
infection iiiay benefit the parasites in terms of increased trans-

mission from tite inteclions. Genetic analysis of Iransoossion 
populations in 11105 r1tiiioes allowed to feed Ott nixed huhec-
tioits of P c/tabuzrr/i has shown that both, clones were traits-
iiti Ited. l'rans itt issi on of individual duties was never lower  
from mixed infections than from single-clone  infectious, and 

cuu El be markedly higher ('Fay br 1997b), 1h is raises the 

possibility that/mixed infections may Ilave beneficial syil-

erglsliis rather than being strictly competitive. Itontune r e-
.Spouses against 11 . eluzbctuth are known to be at least in part 
Irai nks mci tic (Ja rra and Brown 1985; Sn ou 1100 ci al. 989), 

audit may be that clottes that are nulitcrically daminatit early 

It infections stock] rarer clones against (lie onset of strain-

siec i tic illontiony. Slower clearance of parasites may also 
itcctiurli for the greatcratien,ia in inked infections. II eatinot, 
however, explain the greater weight loss: when joaxonal 

Weight Loss occurs, parasite densities were comparable in 
mixed- and single-clone ii fecti)ns. 

Only a few held studies relate nnilria morbidity tr the 

number of genotypes in all iitfeciion. These few lutist be 
interpreted with caution liccattse of f,c hnsiiatiitns if lie 
nl:noe!o,i-.l (Cone-a-' ... - it. 	99!) or ICR (\icicc 
jJti 1996)   tcc1:t1ues used to assess tile nuisih,cr of genii-
types, and also tic problems of accurately defining morbidity 

attributable to malaria (Gilles 988). iilj9antbia, groups of 

patients :vithi told and severe malaria did lint differ in the 

number of geliol ypes they '.vcre carrying (Conway ct al. 

991). In Senegal, two studies carried out in the same village 

suggest that symptomatic clii ldre a have fewer genotypes per 

infection (liseaut = 1.4, Contaunin et al. 996) tItan asyltip-

tonml ics of [lie same age group subjected to the same trails-

mission itticuisily (nteaii = 4, Mound et at 995). 'The in-

ierpretation of these and other studies in the sante village is 

that when a elnItI elteotltilers a novel strain, unrestricted par-
'site growth leads 10 Symptoms (Mercereatl - Pu ijaloit 1996). 

A study in Pitpua New Guinea suggested that clinical cases 
more often involve parasites with a particular family ofJl4 

2 alleles than do asyinptnlnat i c controls, suggesting Iliat par-
asite genotypes differed in their pathogenicity (En gel breehit 

et al. 1995). TIc control group contained a higher percentage 

of mixed-genotype infections (significance not tested), and a 

'C 
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Significantly higher proportion of mixed-species ill ectio,rs 

than were found ill die cintical cases. Recent data Support 

These conic usions (Al - Yanran of iii. 1997; Beck al 1997). 

Increasingly, data from the field are suggesting " :  hat slrait,-
specIfIc iltIlliulilty is important inn developing resislaltce 10 

inialaria, and Ihat multiple tilcctiorts sliltIlilale iloleclive ill,-
flu lily against a greater range of genotypes. It is Illerefore 

likely that in sel,ji-milnulic Ittasis, diffcrettces ill ittttllIlltc sla-

ItIs are a crucial detcrntinrartt of virulet,ce, elllpllslsizing The 

difficulty of applying Current ideas of adaptive parasite evo-

lution to biomedical problems. Nevertheless, eoitlls:trisolrs of 

disease severity in people who contract two rrs,vel getrurypes 

arid in Those colliracting a single novel strain would be of 
great interest. 
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