Evolutionary Genetics of Malaria Parasites

Margaret J. Mackinnon

Submitted for the degree of Doctor of Philosophy
University of Edinburgh

February 1998




Declaration

I declare that the research described in this thesis is my own work, and
that the thesis is my own composition



List of Tables

Contents

List of Figures

Acknowledgements
Abstract

Chapter 1 Introduction

1.1  Introduction
1.2 Review of malaria's adaptability
1.2.1 Malaria parasites are successful
1.2.2 General requirements for adaptation
1.2.2.1 Adaptation during the asexual phase
1.2.2.2 Adaptation during the sexual phase
1.2.3 Evidence for adaptation
1.2.4 Constraints on adaptation
Chapter 2 Parasite genetics: relationships between virulence
and transmission
2.1 Summary
2.2 Introduction
2.3 Review of the literature
2.3.1 General models for the evolution of virulence
2.3.2 Evolution of virulence applied to malaria
2.4  Aims of the present experiment
2.5  Materials and Methods

2.5.1
252
253
254
255
256

Source of parasite clones

Maintenance and genotypes of mice and mosquitoes
Passage of clones in mice

Mosquito maintenance and feeding on mice
Experimental design

Measures of virulence

i1
v

vi

— o N h B W W

i

14
14
15
15
19
25
25
25
26
26
27
28
29



2.6

2.7

2.5.7 Measures of transmission
2.5.8 Statistical analysis
2.5.8.1 Trait definitions
2.5.8.2 Experimental replicate and clone effects
2.5.8.3 Repeatabilities and correlations
Results
2.6.1 Effects of experimental replicate and inoculum size
2.6.2 Clone effects on virulence and transmission traits
2.6.2.1 Phenotypic and genetic relationships among traits

Discussion

Chapter 3 Parasite genetics: a selection experiment

3.1
3.2
33

3.4

3.5

for virulence in Plasmodium chabaudi
Summary
Introduction
Materials and Methods
3.3.1 Experimental design
3.3.2 Statistical analysis
Results
3.4.1 Mortality rates
3.4.2 Selection responses
3.4.3 Correlated responses

Discussion

Chapter 4 Host genetic and environmental factors

4.1
4.2
4.3

influencing virulence
Summary
Introduction
Materials and Methods
4.3.1. Study area
4.3.2. Data collection

4.3.3. Statistical analysis

29
31
31
31
33
35
39
42

49

55
56
58
58
60
61
61
61
65
69

75
76
78
79
80
34



4.4

4.5

4.3.3.1. Traits and transformations
4.3.3.2. Fixed effects analysis
4.3.3.3. Random effects analysis

Results and preliminary discussion

4.4.1. Data distributions

4.4.2. Fixed effects

4.4.3. Heritabilities and repeatabilities

General discussion

Chapter 5 A theoretical model for predicting the

5.1
5.2
5.3

5.4

5.5
5.6

Chapter 6 Survival probability of drug resistant mutants

6.1
6.2

rate of spread of drug resistance
Summary
Introduction
The basic model and assumptions
5.3.1 Transmission cycle and population structuring
5.3.2 Assumptions and notation
5.3.3 Rate of change in frequency of drug resistant mutants
Predictions from the model
5.4.1 General
5.4.2 Genetic mechanism of resistance
5.4.3 Drug pressure
5.4.4 Effect of drug on transmission
5.4.5 Number of clones per host
5.4.6 Cost of resistance
5.4.7 Number of meiotic products per inoculum (M)
When does recombination beat selection?

Discussion

in malaria parasites
Summary

Introduction

84
86
87
91
91
08
115
119

124
124
126
126
129
130
132
132
132
134
134
135
136
136
137
140

142
143



6.3  The basic model and assumptions 144

6.3.1 Distribution of number of transmissions per host 144
6.3.2 Number of clones per host 145
6.3.3 Drug resistance genes 146
6.3.4 Transmission cycle 147
6.4  Survival probability of a new mutant 148
6.4.1 General introduction to branching process theory 148
6.4.2 Application to malaria mutants 149

6.4.2.1 Probability generating functions for untreated hosts 149

6.4.2.2 Probability generating function for treated hosts 152

6.4.3 When does the mutant have a chance of surviving? 153

6.5  Results 155
6.6  Discussion 160

Chapter 7 General discussion and future directions

7.1  Relative importance of between- versus within-host selection in malaria 163

7.1.1 Between-host selection 163
7.1.2 Within-host selection 165
7.1.3 Malaria and the Red Queen 166
7.2 Mechanisms of virulence in malaria 168
7.3 Parasite evolution in relation to population structure 171
Bibliography 174

Appendix Publications generated during this study period 190



Table 2.1
Table 2.2

Table 2.3

Table 2.4

Table 2.5
Table 2.6

Table 2.7

Table 3.1

Table 3.2

Table 3.3

Table 4.1
Table 4.2
Table 4.3

Table 5.1
Table 6.1

List of Tables

Page

Laboratory history of clones used in these experiments . 27
Days on which measurements were taken in each replicate
of the experiment 30
Definitions, transformations and summary statistics of
traits used in the statistical analysis 32
Effects of initial inoculum size on virulence and
transmissibility traits 41
Effects of clone on virulence and transmissibility traits 43
Estimates of repeatability and variance components for
virulence and transmissibility traits 44
Phenotypic, genetic and residual correlations among
virulence and transmissibility traits 46
Selection intensities in high (V) and low virulence (A) selection
lines in two clones of P. chabaudi over eleven generations 61
Estimates of responses to selection and selection differentials
over eleven generations of selection for high (V) and low
virulence (A) within clones BC and CW of P. chabaudi 64
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 66
Estimates of fixed effects on sickness scores 101-103
Estimates of fixed effects for other traits 104-105
Variance components for sickness scores and other
parameters relating to disease severity 117
Notation and typical values used in the model 128

Values of the replacement rate o under different

assumptions about the co-transmission of meiotic products. 150



Figure 1.1
Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 3.1

Figure 3.2

Figure 3.3

Figure 4.1

Figure 4.2

Figure 4.3

List of Figures

Page

Life cycle of the malaria parasite 4
Infection patterns for individual mice infected with

clone AJ in Replicate 2 36-
Distributions of virulence and transmission traits before

and after transformation - 37-38
Mean infection patterns for four experimental replicates started

with inocula of either 10*, 10° or 10° parasites per mouse 40
Phenotypic and genetic relationships between virulence and
replication rate, and between infectivity and gametocytes 47
Phenotypic and genetic relationships between two measures of
transmission and replication rate 48
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 63
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 67
Liveweights over the course of infections with lines selected

for high or low virulence in two clones (BC and CW)

of P.chabaudi 68
Map of study site in the Kataragama region of Sri Lanka 81-82
Itlustration of how genetic effects can be separated from
house and non-genetic effects 90

Number of infections per person recorded during the
study period, before the study period and duration (months)

between the last and current attack : 93

ii



Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7
Figure 4.8

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 6.1

Figure 6.2

Distributions of recorded clinical attacks by season

and age-class, and monthly rainfall 94
Frequency distributions (no. of reported cases}

for sickness scores 95-96
Distributions of parasitaemia and temperatures at the

time of presentation at the clinic. 97
Age effects on aches, gastrointestinal traits and fever traits 110
Mean number of clinical attacks per person occurring

within a 19-period as a function of age and species 112
Transmission cycle of malaria parasites showing the

processes of selection and recombination contributing

to gene frequency changes 127
Cyclic algorithm for predicting the frequencies of drug

resistant mutants under drug selection over generations 131
Change in frequency of mutant alleles over generation

for thé one-locus, one-drug, two-locus, two-drug and

two-locus, one-drug cases 135
(a) Normalised disequilibrium as a function of mutant

allele frequency (b) Change in frequency of the double

mutant haplotype (AB) in the generation when both alleles

have reached a frequency of 0.1 139
Effects of paramefers on survival probability of one-locus |
and two-locus mutants in naive or pre-exposed populations ~ 157-158
Values of drug treatment rate (7) and effect of drug on
transmission (¢) for which a drug resistant mutant will or

will not spread 159

1ii



Acknowledgements

1 am immensely grateful to Professor Bill Hill for taking on the responsibility
for this PhD, from conception to completion. His continuous effort in seeking funds
1o support myself and the mice, his ongoing interest and encouragement of the work,
and his careful and rapid reading of the thesis were fully appreciated.

Professor David Walliker is sincerely thanked for his constant support (moral
and financial), for expert advice on malaria matters, for his contribution to the thesis
manuscript and for his friendship throughout.

I am deeply indebted to Andrew Read who supported me in many ways over
the past three years. He made a haven for me in his own stimulating research group,
inspired the virulence work, introduced me to a whole new way of thinking
(adaptively!) and generated much fun in the process. Above all, he was an excellent
friend and adviser in times of trouble and never lost faith in me. A rare person
indeed!

Richard Carter is thanked for the opportunity to analyse the Sri Lankan data,
provision of some funding to do so, and a wealth of conversations, which deepened
my understanding of malaria. The people of the Kataragama field project, n
particular Professor Kamini Mendis, are acknowledged for excellent collection and
management of the data, and especially for their rapid and thorough surveying of the
population for pedigree data.

Jane Carlton and Louise Groves gave me patient and expert assistance with
molecular and laboratory techniques: I particularly appreciated their willingness to
take on such a novice. The Read group - Louise Groves, Angus Buckling, Alan
Gemmill, Brian Chan, Lucy Crooks, Becky Timms, Stuart West and Aleta Graham -
are genuinely thanked for their ready and easy acceptance into their group. I could
not have wished for better workmates.

Many other people in the Department spent hours talking or listening to me
and, in best British style, politely tolerated my ignorance. I wish to record that the
majority of my new education stems from them, and if 1 have not explicitly
acknowledged their input into the thesis work, I do so now. In particular, I thank lan
Hastings for fruitful discussions on the work in Chapters 5 and 6, which undoubtedly

led us to a deeper understanding of the issues.

iv



john Tweedie and the staff of the animal house are acknowledged for their
excellent husbandry and co-operation. Margaret Mooney and Ronnie Mooney
generated and maintained multitudes of mosquitoes, and their work is fully
appreciated.

Finally, my parents and brother, Sandy, are thanked for expensive phone calls
and wonderful holidays.

This work is dedicated to the students at Limuru Girls’ Centre, Kiambu,

Kenya.



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. Ovel.' 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 t0 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 irrimunity takes a long time to build up because the parasite is weakly



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
al., 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 rdles 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



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



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.

Mam m alian host
Liver Bloodstream

&'*\\xual Sexual 3
Ny =
= |17 (=

M osquito vector

Salivary
gland

Figure 1.1. Life cycle of the malaria parasite showing the asexual stages in the

host and sexual stages in the mosquito vector.



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 parasiltes 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 véry 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 t0 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).



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 al., 1994), there are no data to indicate how important the

contribution of within-host genetic diversity is to adaptation.

1.2.2.2 Adapration 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 al., 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 (Carlton 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 (MclLean 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 oor;yst 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



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
s0 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 vive 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 stadies 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; Kiotz 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 populaﬁon 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 (Bremermann, 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.
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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 parasiteé are constantly confronted with host heterogeneity which, in effect,
confounds the parasite’s évolutionary 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 emphasis 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
Pimente], 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
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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 typhimurium).
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 vimlence but which in the long-term do not survive because
they Kkill 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 béing 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 stil]l 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,

environmenta! 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 diséase (Grau et al.,
1989; Kwiatkowski et al., 1990; reviewed by Carter et al., 1997). Similarly,
severe anaemia 1s 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. falciparum 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 al., 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
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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 al., 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:

1. Determine whether virulence and transmission traits are genetically determined
in a wild-caught population of P. chabaudi parasites.

2. Determine whether replication rate and virulence are positively related.

3. Determine whether high replication rate leads to higher transmission.

4. 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 mosguitoes

Mice were housed at a temperature of 21(+1)’C and fed on SDS rat and
mouse 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 5-10pl of blood from the tail of
an infected mouse (usually before the peak of the infection) into 0.1ml of citrate
saline (0.85% NaCl, 1.5% tri-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. Hamers 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

Al Al P. chabaudi 1-4 6,9,7.8

AQ 2AQ P. chabaudi + P. yoelii 14 7,9,9,10

AS 2AS8 Unrecorded 34 --8,9

AT 4AT P. chabaudi 1-4 7,9,9,10

BC 1BC P. chabaudi + P. yoelii 14 6,9,7,8

Ccw 2CW Unrecorded’ 1-4 6,9,6,7

ER? 56L Unrecorded 3-4 5.6

1. From natural host to experiments, including pre-cloning.

2. Not recorded, but parasites derived from this isolate have been P. chabaudi or P, yoelii

3. 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 parasiter
maintenance (50% heat-inactivated calf serum, 50% Ringer solution 27mM KCl,
27mM CaCl,, 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 0.1ml 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 10% 10*, 10° and 10° 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 0.0lg 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, 2ul 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.
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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 Asexual Gametocytes Infectivity to
density parasites MOSqUitoes
Replicate (1 2 3 4 (1 2 3 4 (1 2 3 4 |1 2 3 4 1 2 3 4
Inoculum |(10° 10* 10° 10¢
No. mice (4 4 2 2
per clone
No.clones |6 6 8 8
Day
1] * * * sk
1 *
2 %* *
3 *
4 *
5 * % %
6 * * *
7 * % * * * * b d *® * *
8 * E
9 * * * * * * * * * * * * * * %
10 * * *
11 * * ¥ * k3 * A % * * * * *
12 * ok % k% * " PR * ok
13 * ok % ok % * ok * ok |* * %
14 * * * * * * * * * * * * * *
15 *® * * * * #* * * * * *
16 * % * * * * E I
17 * * * * #* *
18 * % & % * ok *  |* %
]_9 * * * *
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 Experimenial 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 Maximum proportion of Arcsine\f(y/ 100) 73 21.2 10.9
parasitaemia (%) cells infected with asexual
parasites (no. per 100 rbc)
Day of max. Day of above None 9.8 2.0
parasitaemia
Minimum Minimum liveweight None 79 180 2.2
liveweight (g) reached by mouse around
the peak of infection (g)
Day of minimum Day of above . None 10.8 24
weight
Minimum Minimum rbc density Log,,(y)-9 79 1.54 1.11
blood density around peak of infection
(10° x rbe/ml) i.e. maximum anaemia
Day of min. rbe Day of above None 11.0 2.2
density
Parasitaemia at max. Parasitaemia on the day of Log(y) 71 38 6.4
gametocytaemia (%) maximum gametocytaemia
Transmission
Maximum Maximum proportion of Log, (Arcsinew/(y/ 100} 71 0.62 0.82
gametocytaemia cells infected with
{no./1000rbc) gametocytes
Day of maximum Day of above None 13.5 2.1
gametocytaemia
Total Proportion of cells infected Log,(y) 62 1.63  2.32
gametocytaemia with gametocytes, summed
over the whole period of
infection (no./1000 rbc)
Totat no. Absolute no. of Log(y) 60 5.62  1.29
gametocytes gametocytes produced
(x10%mt) during the whole infection
(calculated from
gametocytaemia and blood
density)
Infectivity (%) Proportion of mosquitoes Logit 30 17.1 234

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 signiﬁcam)l 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 {(c;°), between-clone
variance (c.2) and within-clone variance (GEZ) 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, ), genetic correlations (rg) and residual
(within-clone) correlations (rg) among the traits were also obtained by performing
bivariate analysis of variance fitting 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.;

> = 21+ (n— Dt (1—1)?
N ar-DIN-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:

2
- 1- F'G 0.:'\. Gg,.

o2 N

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.

34



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 parasitacmia 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 parasitacmias
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 parasitacmias 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 10%, 10° and 10° 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.

39



Liveweight

Parasitaemia
22 - 30 -
S
C) E 20-
= E
) 3
2 b=
2 g 10 -
-]
B
17 . : . . 0
0 5 10 15 20 0
Day
Blood cell density
14 -
1-
12 4
£ 2101 g - 081
g E £ 8
S 3 8- £S5 0.6-
= = o
g » 64 8 =
T® % 5 0.4 -
e T 44 E &
E - -
;. o 0.2
0 L] 1 L} Ll 0

o~
t
I
=1
e

th
[
(]

(=]

Figure 2.3. Mean infection patterns for four experimental rephcates started with
inocula of either 10*, 10° or 10° parasites per mouse.
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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 108 10° 10° 104
(parasites per mouse)
Replicate no. 1 3 4 2
Virulence
Max. parasitaemia
- value (%) 22.0 20.1 15,0 195 ns. 1.8
- day 7.9 10.1 10.4  T11.2 wkx 0.4
Min. weight
- value (g) 18.1 18.1 18.4 17.5 n.s. 0.4
- day 3.7 111 10.8 12,7 *=* 05
Min. blood density
- value (rbe x 10%mb) 1.37 1.02 1.67 1.14 n.s. 0.3
- day 9.2 11.4 109 13.1 ek 0.5
Parasitaemia at max.
gametocytaeinia 0.8 2.6 2.1 0.4 * 0.4
Transmission
Max. gametocytaemia
- value(no./1000 rbe) 0.33 0.70 029 0,19  *+ 0.3
- day 12.2 13.1 13.2 14,9  w¥* 0.4
Total gametocytaemia
- value (no./1000 rbc) 0.83 1.26 0.51 044 % 0.8
Total no. gametocytes
- value (no. x 10%/m!) 3.78 4.60 1.78 214 ns. 1.7
Infectivity
- value(%) - - 19.9 16,0 n.s. 7.0

1. Estimates have been back-transformed to the original scale.
2. Standard errors of the replicate means, back-transformed.



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 mgdium virulence were also found (AD, AJ 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 Clone ’s.e. *Signif
AD AJ AQ AS AT BC CW ER Control
Virulence
Max. parasitaemia
- value (%) 193 192 233 84 275 276 86 240 - 52
- day 104 94 97 102 88 98 102 95 - 0.8 ns.
Min. weight _
- value (g) 18.2 17.8 18.6 19.5 169 169 194 16.8 20.1 0.7 **=*
- day 1.9 169 1.0 103 10.0 109 10.8 11.3 - 1.1 n.s.
Min. blood density
- value (rbc x 10°/ml) 1.68 0.98 1.19 2.79 0.77 1.03 2.07 0.78 10.53 .58 %k
- day 11.7 108 108 11.5 10.0 11.1 11.3 12.0 - 0.9 ns.
Parasitaemia at max.
gametocytaemia 16 10 22 05 09 16 06 29 - 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 4=
- day 13.5 144 132 13.8 147 131 132 139 0.9 n.s.
Total gametocytaemia
- value (no./1000 rbc) 0.58 0.22 3.37 0.44 0.64 040 036 3.01 - 1.30 ok
Total no. gametocytes
- value (no./10°rbc) 231 0.84 9.52 1.85 3.21 1.94 148 13.96 - 2.24 **%
Infeétivity
-value (%) Overall 22,2 126 292 54 180 184 75 246 - 13.4 n.s.
Rep.3 186 248 587 136 360 151 102 4.1
Rep.4 257 1.1 123 00 64 552 26 396

1. Estimates have been back-transformed to the original scale.
2. Average standard errors of clone means, back-transformed.
3. 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 "Warjance component %s.e.oft *-2InLR
ot o’ oy

Virulence

Max. parasitaemia 0.009 0.011 0.020 45 .16 11. 3%k

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 min. weight 0.000 3.288 3.288 .00 .08 0.0

Min. blood density 0.0278 0.0634 0.0915 .30 .15 5.2%

Day of min. 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 5.9%

Day of max. gametocytaemia  0.284 2.980 3.264 .09 .08 0.2

Total gametocytaemia 0.14% 0.240 0.389 38 .16 B.1%*

Total no. gametocytes 0.126 0.228 0.354 36 .16 6.2%

Infectivity 0.389 3.833 4221 09 .16 1.5

1. Estimates are on the transformed scale. o.’, between-clone variance; o,°, phenotypic variance;

2 . . . . . .
og°, residual variance; t, ratio of between-clone variance to phenotypic variance.

2. Approximate standard errors of t.
3. 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. Parasitaecmia at the time of peak gametocytacmia 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. 2 3 4 5 6 7 8
Virulence
Max. parasitaemia 1 N L LN i L N ) 18 .21 22 A44*
Min. weight 2 1 J2Ewx L 28% 0 o110 -.06 -12 -.18
Min. blood density 3 1 -19  -10 -.06 -02 23
Parasitaemia at max. gam. 4 1 6%+ 28+ .20 32
Transmission
Max. gametocytaemia 5 1 Jg5*kE GOukE ek
Total gametocytaemia 6 1 Beh i A
Total no. Gametocyles 7 1 T HE*
Infectivity 8 i
Residual correlations '
2 3 4 5 6 7 8
Virulence
Max. parasitaemia 1 -.53 -.40 .00 00 00 .08 .17
Min. weight 2 1 .61 -.29 -16 -.16 -.18 .20
Min. blocd density 3 1 =17 -09 -.08 -.06 .60
Parasitaemia at max. gam. 4 1 300 .09 200 15
Transmission
Max. gametocytaemia 5 1 93 .B6 46
Total gametocytaemia 6 1 .90 .58
Total no. Gametocytes 7 1 .59
Infectivity 8 1
Genetic correlations *(s.e.)
2 3 4 5 6 7 B
Virulence
Max. parasitaemia i S QlkkE _ BREEX 60 45 38 .38 JT8**
(.04) (.06) (.48) (.24) (24) (.24) (.28}
Min. weight 2 1 90Fk - 40 -03 .06 -.03  -70*
(07 (53)  (30) (.28 (.29) (.37)
Min. blood density 3 i -.32 -.12 -.02 .02 -40
(.96) (.36) (33) (34 (74)
Parasitaemia at max. gam. 4 1 79 .75 .12 53
(.40) (46) (.52) (1.55)
Transmission
Max. gametocytaemia 5 1 g7k QFAkx RIEE
05 (05 (27
Total gametocytaemia 6 1 [QBHAk BEk*
(.01) (26)
Total no. Gametocytes 7 1 RY) R
17N
Infectivity 8 : 1

1. Significance tests for phenotypic correlations being different from zero are based on Pearson’s

statistic for correlations in small samples.

2. 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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Figure 2.4 Phenotypic (circles) and genetic (squares) relationships between
minimum liveweight as a measure of virulence and parasitaemia as a
measure of replication rate (upper), and infectivity and gametocytes
(lower).
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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

49



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 parasitacmias
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
considerabie 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 rdle 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 t0 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 cioning, 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;=-.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 (r;=.60), and this was the
only example of a clear conflict between genetic and non-genetic correlations. One
hypothesis is that mosquitoes which do nof 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 rg=-.75, but the phenotypic and residual correlations
were unchanged (rp=.17, rg=.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, withinclone ‘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 \_firulence. 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 virro
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 r_educed 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
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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 ciones 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 (C57Bl/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 10* parasites collected from each of two mice
per line in the previous generation (see below) to give an initial inoculum of 10°
parasites in total per mouse. In Generation O, the initial inoculum was 10°

parasites.
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2. 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.

3. On Day 12, blood was taken from two mice for inoculating the mice in the next
generation (Step 1). In the high virulefice 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 10° 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 O 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 celi 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
interziction 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
o 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
4 212 2/2 212 212
5 2/4 2/4 1/3 2/4
6 2/4 2/4 173 2/4
7 2/4 2/4 2/4 2/4
8 217 2/7 217 2/8
9 2/8 2/8 ' 2/8 2/8
10 2/8 2/8 2/8 2/7
11 2/8 217 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 O 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 (P <.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 O 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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Cumulative selection differentials
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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 bloed Parasitaemia Gens. 0-7  Gens. 8-11
loss (g) Cell density (%)
(x10° rbe/ml)
No. observations 247 204 205 56 32
Mean 0.83 1.99 11.06 0.03 -0.34
R (%) 15 16 20 15 61
Untercepls
*Significance
Clone Fookx *x n.s. n.s. n.s.
Line n.s. n.s. n.s. ** kokok
Clone x Line 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
ISlopes
ISignificance
Generation Hakok 1.8, *kok
Gen. x Clone *k ok n.s. n.s. n.s.
Gen. x Line n.s. *k n.s. *k Hokok
Gen. x Clone X Line 1.5. * 1.5, n.s. n.8.
‘Estimates
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
CwW-vV 0.13 -0.11 1.5 -0.45 -1.24
Standard error 0.06 0.07 0.6 0.41 0.44

1. Proportion of variance explained by the model

2. Intercepts and slopes of the regression line fitting trait on generation

3. Significance levels based on F-tests in an analysis of variance

4. 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
anaernia, occurred despite quite stfong 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. Parasitacmia 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)
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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 Parasitaemia “Gametocyt-

loss (g)  cell density Day 7 Days 13-15 aemia Days 13-15
(x10° rtbe/ml) (%) (%) (No./1000tbc)
No. obs. 57 58 59 51 51
Mean’ 1.20 1.35 13.9 0.95 (.48
R? (%) 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%%% ) 4]%** 2.30 -0.04 -0.16
Gen. 12 BC-CW -0.23 0.23 -0.64 3.80%* -0, 8gF**
*Selection responses
Gen. 12 BC-A 0.37 -0.23 14.76%%* 1.77%%* 0.25
vs. Gen. 0 BC
Gen. 12 BC-V (.51 0.61 5.47 2.96%** 0.14
vs. Gen. 0 BC
Gen. 12 CW-A  3.12%%* ) (kk* 15.39%%:* 6, 13%** 1.09k**
vs. Gen. 0 CW
Gen. 12 CW-V  2.92%%x ) 30%¥* 10, 72%* 5.98%** Q. 77%**
vs. Gen, 0 CW
SGroup standard error 0,54 1.38 3.94 1.69 0.13

1. 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.

bR m
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Correlated response - anaemia
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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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3.5 Discussion
Within-cione 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) lac.k 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 parasitacmias 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
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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 10° to 107
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 (Schulmann, 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, Thamnomys 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 parasitaemnia. The relationship between peak parasitaemia and the
probability of host death (virulence) should be investigated further by infecting
more susceptible mouse genotypes such as AJ (Stevenson et al., 1982) than the
C57Bl/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 tfle 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) older 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 hightight 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.
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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, o—thalassaemia, [—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 HLLA 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
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contributing to the variation, but quantifies their total contribution assuming many
genes ére 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 discase
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°25°N, 81°20°E) is situated
in the dry lowland coastal plains and comprises an area of approximately 10km” 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. culicifacies
(Mendis et al., 1990).

The use of bednets was minimal during Study 1. In Study 2, 1437
permethrin-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 4.1a and 4.1b
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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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 biood films).
Parasitaemia (obtained by counting approximately 500 fields of a thin blood film).
Gametocytaemia (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
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Sweating
Hypochondrial 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, 42° 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 heritabilities and

repeatabilities. The latter analysis was not done for the last two variables.
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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
femnales is expected to apply to both the 1 to 2 threshold and to the 2 to 3 threshoid.
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.
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For the random effects analyses, categorical data were analysed under the
assumption that the residuals were normally distributed, i.e. without prior
transformatiog. 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 aliows 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 Male (M) or Female (F)
Occupation Inside (small businesses and government servants ), or
Outside (farmers and paid labourers), or
Other (includes no occupation)
Village/bednets Study 1: Angunara (SA)
Old Buttala Rd. (SB)
Kohobadigana (SC)
Karawile (SK)
New Buttala Rd. (SN)
Sella Kataragama (SS)
Thanamalwila Rd. (S8T)
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 (GG).
Interviewer: Study 1: coded as GUN, JAG, KAN, SUD, OTHER.
Study 2: not recorded and so included in ‘OTHER’.
Current parasite species P. vivax or P. falciparum
Previous parasite species None, i.e. no previous attacks within this study period
All P. vivax
All P. falciparum
Mixture of P. vivax and P. falciparum.
Season of year October-January (Season 1)
February-May (Season 2)

June-September (Season 3)

Parasitaemia (%) <0.1,0.1-0.2, >0.2
Temperature (°C) 36-37.5, 37.5-39.0, >39.0
Gametocyte positive Yes or No

Continuous covariates

Age and age?
Number of previous attacks (NA) and NA?
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 “.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,

¢ 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)= o’,, the total phenotypic variation after accounting for fixed effects

var(h)= c*y, the between-house variance

var(a)= Ac’,, the additive genetic variance among related individuals (see

below)

var(c)= o°;, the variance due to non-genetic ‘permanent environmental’

person effects

var(e)= o’ , the residual variance, i.e. (c%-0°4-6°,-6°c). Covariances

between h, ¢ 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 individuais 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.4.1 (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).
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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):

X'x xXw X'z X'z bl [X'Y
w'x wWw W'z w'Z h| |w'y

24 _24-1 = (4.2)
Z’X W Z'Z+(ch/o}) 7'z c| |2'Y
ZX Z'W 7'z ZZ+(Ack/cYy ial| |2'Y

From these, heritability was calculated as:

h’=0’,/(c% c%)
and the proportion due to permanent environment as

=0’ /(o' 5y)
giving a repeatability of

t=c’+h’ 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
répresent 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 gdodness 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 amalysed 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, df 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 al., 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
1s of low endemicity, and this maintains high levels of disease symptoms because
low transmission intensity and low inoculation rates (Mendis et al.,1990) are

presumably not high enough to maintain clinical immunity.
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Seasonal distribution
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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 (o
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
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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 pétent in the blood - the so-called prodromal period
(Kitchen, 1949). Nausea éncl 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.

()  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
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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. falciparum, 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. faiciparum (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.

(ti)  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'?? 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
*Mean 0.86 1.42 1.31 1.89 1.04 0.43 0.29 1.26 0.79 0.68  0.4]
*Standard deviation 0.77 1.06 1.07 1.0l 0.75 0.59 0.55 0.69 1.01 0.74  0.57
6x240 *¥kRA7 #RkT I **kQ7 6 ¥¥%§97 ***338 ki | Q6 ***239 ¥k TR ***292 ***223 *¥%%]1q7
"% 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 *0.44 1.08 1.15 **1.23 **1.24 *0.84 1.12 0.95 1.05  ##%].35 1.0 1.02
*Previous species
None 1799 0 1 1 1 1 1 I 1 1 1 I 1
F,FE->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 [.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
Vvs. F Vs 0.09 1.08 1.07 L.10 1.01 1.00 0.80 0.84 1.09 1.09 L.00 097
Het. vs. Hom Vs, 0.10 1.09 1.04 1.00 1.12 1.03 1.08 1.20 0.99 0.99 082 1.11
'®Parasitaemia
<0.1% 3061 0 1 1 1 1 1 -1 1 1 1 1 I
20.1%, <0.2% 241 *0.86 1.05 1.31 1.24 0.99 1.22 1.00 0.98 1.26  #*+*] 88 *1.33 1.26
>20.2% 217 #2307 1.26 211 ***1.95 **1.46 ***1.59 **1.46 **1.60  *1.39 2,33 **1.57 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  #*1.39 *k] 58 **x] 42 1.18 *1.27 0.93
Temperature
<37.5°C 1779 0 1 1 1 1 1 1 1 1 1 | 1
37.5-39.0°C 1320 *4*1,62  ***] 55  kiok] FQ kEE] S8 kk) (4 KRk] 66 #%1.29 1.16 *#**1.65  *¥*] 42 0.94 ***] 41
>39.0°C 420 ¥*¥¥3.53  W2.02  AkAZ (2 WER] 84 k) TR dRA] Q] REE] B k] 57 **xD 40 k4] 1] 0.85 ***1.79
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Table 4.1 continued

Sex
Female 1515 0 1 1 1 1 1 1 i 1 1 1 1
Male 2004 ***.0,93 k() p5 0.87 *0.84 *EH).TH  FHH) HT  KRK(Q, 5T FF¥() 50 0.96 1.08 0.87 0.89
Occupation
Unknown 3017 0 | 1 1 1 1 1 l 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 *(.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 l 1 1 1 1
Yes 3403 **.1.28 0.79 0.86 *0.62 0.70 **0.55 0.87 1.02 1.02  *=*+x) 52 0.81 0.76
Season
Oct.-Jan. 1700 0 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 ##0.76  **0.,79 1.07 *1.21 1.05 1.06 1.10 1.02 ***] 47 1.09
"'Village/bednets
Study 1
SA 330 *1.08 0.99 1.15 **].82 1.30 *1.71 1.02 0.66 ***3 133 1.25 1.49 0.75
SB 106 0.33 0.74 0.85 1.28 1.51 1.08 0.84 0.59 **2.49 1.33 1.29 0.69
SC 321 0.96 0.97 1.20 *1,62 1.21  **] 89 0.86 0.67 **++2 98 1.15 1.52 Q.66
SK 118 0.70 0.66 0.65 0.96 1.06 *1.94 1.14 0.53 #*++2.97 1.60 1.51 0.60
SN 42 0.86 0.67 0.63 0.98 1.81 *2.33 1.06 1.08 **2.75 1.91 1.34  *0.40
Ss 139 0.77 0.88 1.04 1.34 0.80 **2.22 1.00 0.890 **229 1.30 1.40 *#*¥( 33
ST 290 0.35 0.80 1.00 1.33 1.06 1.36 1.06 0.74 **2.13 (.86 1.53  *0.55
ALY 215 0.17 0.87 1.20 *].81 0.84 1.44 0.73 *),43 **2.133 0.94 1.42  *0.50
Study 2
Trial 1 Control 454 0 | 1 1 1 1 1 1 1 1 1 1
Bednets 207 *0.53 0.89 1.14 1.05 1.17 1.01 *1.31 1.26 1.07  #+x] 44 0.89 095
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 *).75 **1.48 kx| 85  *H().74 **%] 38  *%(.72 1.02
Trial 3 Control 684 0 1 1 1 1 1 1 1 1 | 1 1
Bednets 144 *%¥) ()5 #4245 w¥A) 44 **¥) 15 **1.69 1.29 1.36 *1.58 0.96 0.99 1.01 1.36
Cont.....
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Table 4.1 continued

Effect No./class Total Backache Arthralgia Myalgia Headache Anorexia Nausea Vomiting Cold Shivering Sweating Hypo.
Score Pain
’Covariates
Age (years) 3519 **+12.38  ***4.75 AR5 |1 #4727 #2600 **0 .86 0.10 ***_1.35 0.28 0.82 0.05 -0.05
Age? (years?) 3519 *¥k_ |0 #*x_ (.05 k005 004 004 .02 0.00  **++0.02 0.00 -0.01 0.00 0.00
Last attack (mo) 3519 k4 79 0.16 0.63 0.46 **().95 *).56 0.14 0.07 *+*+0 .89 0.44 *0.52 0.01
Last attack ? (mo?) 3519 -.35 0.00 0.00 0.00 *0.01 0.00 0.00 0.00 **-0.01 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 *1.91 022  **036 **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 *7 88 #**3.56 1.13 ***3_ 16 ***].54 **1.46 0.93 **3. 08 F**3 33 ¥+47 .64
|  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

o B

o0 =1

10
11

12

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.
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.
Significance levels are for contrasts relative to the category with estimate 1’ for sickness scores, ‘0’ for total score. P<.001 (*¥*), P<.01 {(**}, P<.05 (*) .
Refers to maximum numbers used in the analysis because 560 records did not have number of previous attacks or months since last attack recorded.
Raw means and standard deviations before adjustment for fixed effects.
12,0 i8 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 mode! to the data.
% 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.
R? 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.
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.

<0.1% includes 4 zero observations.
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.
Estimates for covariates are expressed in absolute values instead of as odds ratios, as obtained from analyses using normal regression. All values have been
multiptied by 100.
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Table 4.2,

table and Table 4.1 for explanation.

Estimates of fixed effects for other traits. See footnotes for this

Effect "?Parasitaemia 'Temperalure *No. of No.ofdays “Species 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
x? *Hk 1383 **%525 X620
% concordant 70 83
R*(%) 15 23 12 17
Fixed effects '
Species
P. falciparum 0 0 - 0 - 1
P. vivax 0.010 -0.025 - -0.11 - **4T 4]
Previous species
None 0 0 - 0 1
F,FF->F 0.007 ***.0.19 - 039 - 1.89
V,.VV->F 0.010 0.00 - R 53 - 0.73
V,VV->V *H%x 074 0.01 - **().08 - 1.12
F,FF->V 0.049 0.00 - *-0.05 - 1.14
Other 0.036 -0.06 - **%0.50 - 0.93
Vvs. F 0.028 *0.119 - 0.00 - 0.61
Het. vs. Hom. -0.019 0.073 - -0.13 - 0.62
Parasitaemia
<0.1% - 0 - 0 1 1
20.1%, <0.2% - **%0.204 - -0.03 ***37 08 *xk4 83
=20.2% - *0.124 - 0.15 **%1.79 ***3 .61
Gametocytes
Negative 0 0 - 0 1 -
Positive k), 366 0.030 - FREQ 45 *HET 52 -
Temperature
<37.5°%C 0 - - 0 1 1
37.5-39.0°C **0.038 - S § N 0.97 1.00
>39.0°C **+0.092 - - 0.11 1.06 1.32
Sex
Female 0 0 0 0 1 1
Male ).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
QOutside *.0.059 ¥**.0,231 1.06 -0.21 0.75 0.99
Bomn endemic area
No 0 0 0 0 1 1
Yes -0.005 *%*.(), 308 0.90 -0.24 *0.64 0.80
Cont...
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Table 4.2. continued

Effect '?Parasitaemia 'Temperature *No. of  'No. days “Species *Gametocyte
infections symptomatic positive
Season
Oct.-Jan. 0 0 0 0 0 0
Feb.-May -0.017 0.025 - -0.03  *¥¥1.6] 1.32
June-Sept. **.0.042 +**(,208 - 0.00 *1.24 1.22
Village/bednets
Study 1
SA 0.063 0.541 1.00 (.82 0.93 *2.06
SB 0.052 0.692 1.10 *0.68 *2.09 2.10
SC 0.040 0.603 1.18 **+Q.77 1.40 *2.36
SK 0.061 0.608 0.68 *0.64 **2.62 **3.48
SN -0.02 0.588 0.71 *0.82 1.56 *3.89
58 0.101 0.721 0.90 ***3.91 *2.22 2.04
ST 0.041 0.543 0.88  *x0.57 1.50 2.03
SW '0.003 0.621 0.93 **+0.60  ***3 19 2.04
Study 2
Trial 1 Control 0 )] 0 0 1 1
Bednets 0.023 *4:50,309 *).89 0.12 1.20 **().63
Trial 2 Control 0 0 0 0 1 1
Bednets -0.025 *0.258 *0.88 *0.47 1.09 0.64
Trial 3 Control 0 0 0 0 1 1
Bednets **+.0.161 *0.208 #0072 *0.38  wex) 04 1.67
®Covariates
Age (years) -0.116 0700 ***3.92 *x3 (5 +kE) 37 -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 **x( 0] *.0.25
Last attack’ (mo?) 0.000 0.001 - 0.00 *%+0.01 0.00
No. attacks -0.295 0.801 #4801 266 %] 32 -0.21
No. attacks® 0.004 -0.020  **+0.16  *0.05 *..03 .00
Last paroxysm (hrs) -0.055 *F*%.3,340 - 232 **.0.23 **.0.18
Days symptomatic -0.079 1.300 - - -0.40  **%() 04

1. Analysed using normal regression.

Estimates are on the transformed scale.
3. Analysed assuming a Poisson distribution using a log link function. Estimates expressed as

odds ratios.

4. Analysed by logistic regression after recoding P. falciparum 10 zero and P. vivax to one.
Estimates expressed as odds ratios. Higher values are interpreted as a tendency towards P.

vivax.

5. As for 4 but with gametocyte positive being coded as one and gametocyte negative coded as

ZEro.

6. Analysed using normal regression. Estimates have been multiplied by 100.

105



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 [evels 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 1s 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.
Jalciparum. 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).

(tii)  Predisposing factors - long-term immunity, short-term immimity 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.
Jalciparum 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 (Figljre
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 information 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 previbus
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 peoi)le experience feel more
aches, regardless of malaria), rather than of differential paihology. 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
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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. falciparum 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. falciparum, 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.
Jalciparum than for P. vivax (P<.10 for backache, P< .05 for arthralgia and
myalgia). In contrast, though not statistically significant, the decline with age of all
three gastrointestinal symptoms was slower for P. falciparum 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. vivax 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 suggeét that anti-infection immunity to P. vivax lasts longer

and, in this region develops earlier, than to P. falciparum.
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Age effects on number of infections
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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.

112



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 prévious 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.
Jalciparum infections but that P. falciparum 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.

(ivl  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 myaigia 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
viilages 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 ‘sl *Variance components (s.e.) SLRT
‘House SGenetic (h?) SPermanent environment (c*) Model
"Model 1 3 1 2 3 1 2 3 1vs2 1vs3
Total 17.47 0.2 0.02 0.09 0.11 0.09 0.07 0.10 6.2 240
{0.03) (0.03) (0.06) (0.05) (0.06) (0.06) (0.06)
Backache 0.485 0.00 0.60 0.16 0.17 0.16 0.02 0.02 0.03 0.0 303
(0.07) (0.07)
Arthralgia 0.952 0.02 0.0t 0.04 0.06 0.05 0.15 0.14 0.14 6.1 278
(0.03) (0.07) (0.05) (0.06) (0.06)
Myalgia 0.860 0.01 0.00 0.04 005 005 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 0.9 297
Anorexia 0484 0.02 0.01 0.05 0.08 0.05 0.11 0.10 0.10 0.2 345
(0.03) (0.06) (0.05) (0.06) (0.06) (0.06) (0.06)
Nausea 0360 0.04 0.06 0.10 0.16 .04 0.06 0.03 0.10 0.9 314
(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 1.9 342
(0.06) (0.03) (0.07) (0.05) (0.04) (0.05) (0.05) (0.04)
Cold 0411 0.02 0.01 007 008 0.07 0.04 0.04 0.04 0.0 271
(0.02) (0.03) (0.07) (0.05) (0.07) (0.06) (0.06) (0.06)
Shivering 1.059 ¢.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 0.06 005 0.04 0.06 0.3 352
Pain (0.03) (0.03) (0.08) (0.07) (0.08) (0.08) (0.07) 0.07)
PC-Aches 1907 0.02 0.02 006 0.08 005 0.14 0.14 0.14 0.2 322
(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 3472
{0.04) (0.04) (0.09) (0.07) (0.08) (0.07) (0.07) (0.07)
PC-Fever 1.107 0.01 0.01 021 0.23 0.21 0.0! 0.01 0.01 01 333
(0.03) (0.03) (0.10) (0.11) (0.09) (0.08) (0.1 (6.09) .
P/mia 0.086 0.000 0.00 0.01 0.000 0.01 0.07 0.08 0.08 0.1 357
) (0.03y (0.04) (0.09) (0.07) (0.08) (0.09) (0.07) {0.08)
Temp. 0871 001 0.01 000 0.01 0.09 0.04 0.04 0.02 0.3 279
(0.03) 0.04) (0.04)
No. of 2126 0.04 004 034 041 029 - - - 04 7.7
infections (0.05) (0.05) (0.12) ©.09% (0.13) ‘
Species 0200 0.03 0.03 0.000 002 0.00 Q.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)

1. Total phenotypic variance after accounting for fixed effects, but not house.
. Some standard errors were not estimable in which case they are left blank.
3. LRT is the likelihood ratio test of Model 2 vs Model 1, or Model 3 vs Model 1. It is assumed
to be distributed as x?/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 ali

Model 1 vs. 3 comparisons, except for no, of infections where P <0.05.

Proportion of o, explained by house.

Heritability, i.e. proportion of ¢, 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

SNov e

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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(h*=0.21). A further O 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
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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 antifdisease 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
t0 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
sgleen (Taverne et al., 1986), or by non-specific damagé caused by cytokines
(Clark et al., 1981, Bate et al., 1988; Clark ét 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-o 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 componeﬁts 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 experimen£s 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.
Jalciparum 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.
Jalciparum 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 «-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. falciparum. 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 ébsence 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
chloroquine, 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; Babiker 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 & and . Haplotype AB is
resistant to both drugs, 4b is resistant to only drug @, aB is resistant to only drug S
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.

Hosts ~ TRANSMISSION CYCLE mosquitoes

Host

Carrier
Ab AB
b AP @ b Ab

Ab
ab

ab ab ab
@ - @ B m .b.nh ab ab
AB ab = AB
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2B Ab 2 AB AR
] ]
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1 - ab
2 ab
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z @ lb.b

2B
L1 Ab

— Carrier

A
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e | X
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Drug treatment

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 cocysts formed per mosquito 1

m Mean number of genetically distinct haplotypes among gameiocytes 1.1,3

M Proportion of parasites which self-fertilize 1/im

1 Proportion of parasites which inbreed ie

Genes and frequencies

a, f Two drugs which kill malaria parasites
A, B Mutant alleles encoding resistance to drugs o and 4 respectively
a, b Wild-type alleles to0 A and B which are susceptible to drugs @ and /2, respectively
r Recombination fraction between the two loci
P={p.p Dy Dun Pl Vector of pepulation frequencies of two-locus haplotypes
P=[p,p.l Vecior of population frequencies in the one-locus case
P pY Vectors of haplotype frequencies within treated and untreated hosts
2z Sum of the elements in a vector of frequencies used for re-scaling
2p; 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
t No. of transmissions from a treated host relative to an untreated host 1,0.2,0.33
Wr Vector of fitnesses of the haplotypes in the presence of drugs
For the two-locus, two-drug (2-2) case Wy=[1000]
For the two-locus, one-drug (2-Tcase Wr=[1 wy wy.0] wr=0.5
For the one-locus, one-drug (1-1) case Wr=[1 0]
Wy Vector of relative fitnesses of the haplotypes in the absence of drugs
For the two-locus cases W,=[w,/ w, w, 1) wy=1,0.9

For the one-locus, one-drug case WW=[w,, 1]
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5.3.2 Assumptions and notation

The mathematical model is based on the following assumptions: |

1. 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.

2. Each host receives ¢ 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 ¢
infections give rise to m haplotypes which simultaneously have sexual forms of the
parasite (gametocytes) in the blood and m<Mzc.

3. If frequencies of the haplotypes in the blood are equal, the frequency of selfing
(mating between identical parasites) is S=1/m, the frequency of inbreeding (mating
between parasites derived from the same mosquito, including selfing) is /==1/c,
and the frequency of outbreeding is 1-/.

4. In the presence of drugs, the vector of fitnesses of the haplotypes [AB Ab aB ab] is
Wr=[1 w; w,; 0]. This notation can represent two possibie 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 w;=0, denoted the 2-2 case or 'the epistatic model'); or a single drug is used
(1.e. «is the same as PB) and each of the mutant alleles confer partial resistance to
this drug such that a proportion, wy, 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-I case), is also considered here. The
one-locus vector of fitnesses for haplotypes A and a in the presence of the drug «is
represented by the vector W =[1 0O].

3. In the absence of drugs, the mutant allele confers a lower fitness on the parasite
such that its fitness is reduced to a fraction, wy, (w,<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 WW=[w,? w, w, 1] in the

two-drug case. For the one-locus case WY=[w, 1].
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6. A proportion of the host population, 7, is treated with drugs and the drugs are fully
effective in killing non-mutant parasites.

7. The number of transmissions from a treated host relative to an untreated host is 7,
i.e. if r<1 then drug treatment not only reduces asexual parasites but also reduces
the infectiousness of the host to mosquitoes. If ¢>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-I case, but
the 7-7 and 2-2 cases can easily be recovered by substituting in r=0 and w;=0, |
respectively. The method requires keeping track of the haplotype frequencies in the
parasite population which are stored in a vector P=[p,; D Pas Pag) Which at some
stages is split into two separate vectors for frequencies among treated and untreated
hosts, P" and PY. These haplotype frequencies can also be represented by the
frequencies of the individual alleles, p, and p, , 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=Pps+D where p, =p ,+p,, and p, =p . +p,; Disequilibrium after meiosis is:

D = §{1 —r +i§+\/(1 —r+§)2 -28(1-2r) | (Weir et al., 1972).

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*=#%D(I + ) if parasites self
and D"=BD(I +1) if parasites inbreed. As the equation for the case of mixed selfing,
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/m as for treated hosts, but is increased by a factor

of (1+2w,2)/(1+2w,) .
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Stage I. Set initial values P=1[p4p Pap Pa Pabl

Stage 2. Natural selection within blood of hosts
P. = [P,”g Wi’.’ P,,,z, Wiy pag W Pab]/ Z

Stage 3. Drug selection Untreated hosts Treated hosts
pv =p  pl= [P;ﬂ P;h wr p;BwT 0]/2

Stage 4. Meiosis in the mosquito

2
4a) Degree of selfing SY = 1 s = AH 2w
2
m (1+2wy)
4b} Recombination breakdown
DY = pLipu = ParPus D" = puPus = PasPos
DY = %D”(] +87) D" =%DT(1+ST)
Py =Pt P Py =P+ P
Py =P+ Py Py =P+ Pay
P =(pipy pipY Py PP 1PT =1p ey Pl ey bR
+ [DY -pY -_pY DV + [D7T -DpT -Dp7 DT

Stage 5. Transmission to new hosts
3a) Frequencies in total surviving parasite population
w _ (1=TP"Y +TCP™"

P
I—T+T7TCt
s 7
5b) Frequency of carriers in new hosts c =1- (I-Dd-xp )
1-T+TCt

Stage 6. Re-start cycle

P = P'.i

C=C

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,
wy=1, ¢=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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Figure 5.3. Change in frequency of mutant alleles (4 or B) over generations for the
one-locus, one-drug (I-1, thick filled lines), two-locus, two-drug (2-2,
dotted lines) and two-locus, one-drug (2-1, thin filled lines) cases. (a)
Parameter values are 7=0.1, t=1, ¢=3, M=1, w,=1, r=0.5. (b)-(H)
Same conditions as in (a) except for a change in value of one of the
parameters, as shown in the headings on each graph.
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relevant to chloroquine 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 (7)

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 I-1, 2-]
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. 7> .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 ()

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

134



control measures such as bednets. The adage that ‘sub-curative use of drugs
generates resistance’ is particularly pertinent here because there is some evidence (o
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 al.,
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 (¢<1.5) and at low levels of drug pressure (T7<.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,)

Figure 5.3e shows that if, in the absence of drugs, the parasite pays a cost
in fitness for harbouring resistance genes, this will retafd 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

136



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:

Apas = Pygp =~ Pis
P (=-T)+TCt

5.1
L-T<TCr ©-1
[5 DU+ S8)+ pupyl1-T) +TCt
= _D_
| 1-T +TCI PaPs
When this is positive, drug resistance will spread, i.e. when
TCt 1
—({1-D- 2-D(1-5§ 5.2
1_T( PaPp) > (1-.5) (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 (f) and the
frequency of carriers (C) is high, and when the frequency of the resistance alleles (p,
and pp) 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

disetluilibrium. 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 S.4a the disequilibrium levels generated as the mutant alleles
increase in frequency from .01 to 1 under drug pressures of 7=.05 and T=.1 for a
low transmission (¢=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, &, which is
disequilibrium as a proportion of its maximum value and is calculated as D=dp,(I-
pg). 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 p,, has reached a value of 0.1, is shown for drug pressures of
T'=.05 and 7=.10. There is a sharp decline in the rate of change between c¢=1.05
and ¢=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. 7 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 ¢<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 disequi]ibriurﬁ as a function of mutant allele
frequency in the two-locus case for two levels of drug pressure (7=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 (=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 1s 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 stalied. 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 refaxed.

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, 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 1s recognized that there is variability around R,, 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, K,
which is distributed as a negative binomial with a mean of R and variance of 3.

The parameters of the negative binomial distribution, p, and k, are related to the mean

and variance in the following way:

6.1)
z=Ml-p)
P
2 _Kk(1-p)
ok >
p

The parameter k& can be thought of as the aggregation or shape parameter: as &
increases, the less 'clumped' are the data and when & = o, 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 p* so that the mean increases as p decreases. When
transmission rate has a mean of E, the mean number of successful (non-zero)
transmissions is R/(1- p*).

The above applies to the number of transmissions in the absence of drugs. An
additional parameter, ¢, 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 binonﬁal distribution for the number of transmissions is now
assumed to have a mean value of R where 7 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 r=10. For example, if drugs
increase the transmission rate per host by a factor of five, then r=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 7.

6.3.2. Number of clones per host

It 15 assumed that a host carries an average of ¢ independent infections, each
infection comprising one clone. It is also assumed that ¢ 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 ¢ is assumed to be constant even though these ¢ 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 ¢ 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 simultaneocusly.
The relationship between R and ¢ has not yet been properly explored in the field or
theoretically. Nevertheless, estimates for ¢ ffom field studies are available based on
the number of one or two-locus haplotypes in the blood (Carter and McGregor 1973;
Conway et al., 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 trénsmission 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 i'esistance 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 o and similarly B and & 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,=[w* w w 1]. These
reduce to Wy=[1 0] and W,=[w 1] when only one (jmg 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 ¢ independent infections, the relative frequencies
of the two-locus haplotypes will be

1 2

W, =—fw
v w2+2c—1[

0 0 2c-1] (6.22)

For example, if a host has one infection (¢c=1) and a double mutation (4B) occurs
which has equal fitness to the wild-type haplotype (ab), then its frequency in the host
is 5. If the host is infected twice more (c=3) with non-mutant parasites, this -

frequency is reduced to ), . If the recombinant meiotic products (45 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:

1 5 |
W, = wo w w 4c-3 6.2b
v w2+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, 7, 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, 1.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 ®(s) where 5 is a dummy variable). For example, the pgf for a

: atles) _ e M (As)*
Poisson variable is represented by @(s)=e =Z—k—'——
k=0 :

Probability
generating functions are useful because the value of s which solves the equation:

D(s) =5 (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 ®(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 pgf's, 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
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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
(i) 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

k
Dy (5) =[ﬁ} (6.4)

(ii) The binomial pgf for meiosis is:

Qp(s)=1-p+ps (6.5)
with mean pand variance p(1-p). Here the parameter p represents the probability
that the mutant haplotype (4 in the one-locus case and AB 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 ¢ 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 (Ab 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 All meiotic products transmitted
General w=1 c=1 General w=1 c=1

1 locus

Generation 1 cw 1 w 2ew 1 2w
w+2c—1 2 w+ | w+2e—1 w+1

Generation > 1 cw 1 1 2cw 1 2w
w+c—| w+2c-1 w1

2 loci

: 1 ; 3 2

Geperation 1z, oo gy 11 W seww + ety 1oL 2

S 2- - 8c W+ 1 2 2 4c |
[W +2c~1T W +2¢-1T

Generation > 1 Wi + 1_(c_|)] L 1 4w W +2w+2e-11 1 1 aw

- 2 - 2c [w +2w+dc—3] 2 2 [w +1F

[w +c—1F

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 'mfectibn, 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=l+L in the first generation and p =l+i in later
2 4c¢ 2 2
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generations. This is greater than the % expected from random mating (where

¢ =o0) 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:
dp(s)=1-7+7s (6.6)
where is 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 1/R, ie. out of R

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 R =1 , i.e.
as 1n 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 1/(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 1/(1-T), 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 (Egs. 6.4, 6.5 and 6.6) can now
be compounded into a single pgf. The compounded pgf is denoted as

®p p g = D up(Pp(Pp(s))) and can be shown to be distributed as negative binomial

with a mean of n’pﬁ and a variance of 7pR(1 —7p + ﬂp0'§ / E) (Kojima and Kelleher,

1962). This means that the pgf of the compounded distribution for the untreated host

is given by:
. "
OU(s)=| ——B—— 6.7
where
* _ y 2
P—7pp+7mp
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 mo =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 z. Thus the pgf if the mutant

arises in a drug treated host is negative binomial with mean ¢R, and variance is

tzcrfe:
. '
O (s)=| —P 6.8
8 [1_(1_p)J 6.9

where

A

P t

o _k1-p)

I-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:

D(s) = (1-TYDY (5) + T (5) 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 o appropriate for the first generation is compounded with this
distribution with o 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 (7}, relative fitness

(w), mean transmission rate (R ) and variability in transmission rate (ay’) 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=0.2,1=1,w=1, R =3, g/=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)pr+Ttc (6.10a)
and in the exposed population is
L (6.10b)
(1-7)
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= 1 1
Substituting ¢ for R and 7zp =1 for the one-locus case and zp = 5 + > for the two-
c

locus case, the conditions under which the mutant has a non-zero chance of surviving

are:
1
(i) One locus, naive population T>0 t>— (6.11a)
c
(ii) One locus, exposed population 7>0, t>0 (6.11b)
(iif)  Two loci, naive population
T> f“l bl o 6110
2" —t—-¢  ¢(2-7¢) c
7> C;l . t>;, c<?2
2tc” +1 c(2-¢)
T > zc;l, r> 1, c>2
2t -1—¢ c
{fv)  Two loci, exposed population
c-1
T>——— >0, c>1 (6.11d)
2t —-1+c¢

In the first three cases, when the mean number of offspring is greater than one, as
transmission rate increases, i.e. ¢ 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 7 and 7 for a given ¢ 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:

1 c—1
IR v e
2tc” +1 2te° - 1-¢

t>0, ¢<2 (6.11e)

Note that this window of values of 7 and ¢ for which this occurs is restricted to

cases when 1 <c¢<2, and that this window becomes narrower as ¢ approaches 2.
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The critical values of T and ¢ 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 1/(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 (7) 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 (f) 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 6.1d). In some cases, at low transmission rates (¢ < 1.5) and lower
drug treatment rates (around 7=0.1) survival probability decreases as ¢ 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 (7) and effect of the drug on
transmission (¢} which will allow a mutant to survive when ¢=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. f¢ 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 6.2¢,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, 1.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 (¢<2): for a limited range of values of T and ¢, 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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Figure 6.1. Effects of parameters on survival probability of one-locus (light lines)

and two-locus mutants (bold lines) in naive (broken lines) or pre-
exposed (solid lines) populations. (Continued overleaf).
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and two-locus (bold lines) mutants in naive (broken lines) or
exposed (solid lines) populations. (Continued from previous

page).

158



(a) [_ One locus - Naive population (b) i One locus - Exposed popu.lation
|
H \ I ! 1 ‘ i
0.8 , 08
08 '_o.s
0.4 0.4
0.2 ' 0.2
0 T T T T Ty | ' o Frrerrerrrrvr-rrrrrrry
04 03 0§ 07 09 11 13 15 47 19 21 01 03 05 07 08 11 13 15 17 19 29
©) Two loci - Naive population @ . Two loci - Exposed population
° i/
1
0.8
0.6
-
0.4
0.2
0

: 01 03 05 07 08,11 43 15 17 18
Figure 6.2. Values of drug treatment rate (T) and effect of drug on transmission (7) for which a drug resistant mutant will or will not spread in an area with
transmission rate ¢ in the one or two-locus cases where the population is either naive or pre-exposed to drugs. Dark areas indicate when the mutant’s survival

probability is zero, light grey areas indicate when the mutant’s survival probability decreases as transmission rate decreases, and white areas indicate when survival
probability increases as transmission rate decreases.
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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) thén 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 tensities 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 al, 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. falciparum, 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 asexuaily 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. berghei. 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 dependenf 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 Roff, 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 ¢onditions 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 éct 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 al
(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

seemns to be derived largely from non-genetic factors relating to previous immune
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exposure, sex, age and other unexplored arttributes. 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 genmetic 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
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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 métch 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

168



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 aliows
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 ih 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 wninfected 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 recéptor 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, Eimeria
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 erocie 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 char}ges 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 spatijal 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 cas;e 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 mamiscripts 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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59.
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Survival probability of drug resistant mutants in
malaria parasites

MARGARET J. MACKINNON

Institute of Cell, Animal and Population Biolvgy, University of Edinburgh, Wesi Mains Road, EH9 5] T, Edinburgh, UK

SUMMARY

This study predicts the ultimate probability of survival of a newly arisen drug resistant mutant in a
popuiation of malaria parasiies, with a view to understanding what conditions favour the evolution of drug
resistance. Using branching process theory and a population genetics transmission model, the probabitities
of survival of one- and two-locus new mutants are caleulated 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 approximautely 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 aiso hold for the
case of multiple drug resistance where it is coded for bv two unlinked loci: the greater effective
recombination breakdown in high transmission arcas is counteracted by greater effective sclection so that
the net effect of higher transmission rates is to favour the evolution of multiple drug resistance. High
variability in transmission rate and natural selection against the mutants are unfavourable to murant

survival, though these are relazively weak forces.

I.INTRODUCTION

Malaria parasites have a remarkable ability 1o develop
resistance Lo drugs. This has created an urgent problem
because resistance to all of the available drugs has
arisen at least once 'Bjorkman & Phillips-Howard
19903, and the development of new drugs has virwally
stalled. Evidence from field and theoredeal studies
indicates that resistance contnues to spread as long as
there is any drug pressure. and that bevond a certain
frequency, the rate of spread is very rapicd - Curis &
Oteo 1986 Dye 1991 Wernsdorfer 19911, Tt theretore
seems wise to ey and preventor delay the development
of resistance in the first place.

The fate of a new drug resistance muwant, or set of

mutants. in a malaria parasive depends on the relative
lorces of selecuon by drugs, naturul selection «pre-
sumably unfavourable), recombination between re-
sistance loci in the case of multi-locus resistance, and
the probability that the mutant is transmicted. While it

may be easy to predict the qualitative effect of cach of

these forces in isolation, it is their relative strengths and
the interactions among these forces which determine
the final outcome. Due o the structuring of the

parasite population into hosts, and the hetcrogeneity of

selection of the parasites by the hosts 1i.c. hosts are

either treated or untreated with drugs), prediction of

the outcome of, sav, a combination of drug pressure
and ransmission rate is not straightforward. For
example. Paul e al. (1995) suggest that where drug
resistance is coded for by more than one locus, higher
tevels of transmission will hinder the evolution of drug

Proe. R, Svc. Lond. B - 19971 264, 53-39
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resistance because the associated increase in the degree
of outhreeding will lead to greater cffectve recom-
bination breakdown between the resistance loct. They
do not examine this hyvpothesis in a quantiive way,
On the other hand. simulations by Dve 1991 indicawe
that high transmission rates favour the spread of mulu-
locus drug resistance because when parasites are
dispersed more widely at higher tevels ol trunsmission
they encounter drugs more ofien, and so elfective
selection by drugs is swonger. Such  contrasting
conclusions demonsurawe the need for studies which
properly account for the two mujor elleets of parasite
populatien structure on gene How, namely inbreceding
due to timited numbers ol genetically dillereny haplo-
tvpes per host. and heterogenecous selection in dhe
parasite population due to vartable selection pressures
v hosts, Dyve & Williams <1997 account for ithe elivets
ol inbreeding by relating it to the rate of recombination
hreakdown berween resistance loci. but thev ignore the
eflects of structuring on the intensity of selecton by
drugs. In the present swudy, a population genetics-
transmission model is built which accounts for hath
[acrors.

Specificallv. this study addresses the first of wwo
relevant issues regarding the evolution of drug ve-
sistance, The first issue is how easily resistance can
develop in the first place. ie. Irom new mutations.
Here the model is used to predict the probability that
a newly arisen mutant survives the Hrst lew rounds of
transmission until selection by drugs can bring it 10 a
“safe” frequency, e bevond the risk o being lost to the
popuiation due o chance events during ransmission.
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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 2 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 queston will be addressed elsewhere.

2. THE BASIC MODEL AND ASSUMPTIONS

In the following section the assumptions made in the
model about the epidemiology, transmission cvcle,
drug setection and relative fitness of mutants are given.

{a) Distribution of number of transmissions per
host

Transmission of malaria is characterized bv 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 [rom
one infected host to other hosts, it is recognized that
there is variability uround &, i.e. in the number of
transmissions rom individual hosts s Keella 19911, Tuis
this variability which makes new mutants vulnerable
to loss during the {irs few rounds of rransmission. If the
average R, is one, then on average the total parasite
population replaces iself cach generaton. However,
individual parasites with distiner multi-locus haplo-
tvpes may not always replace themseives due to
sampling variation in the transmission process. Thus
when considering the population genetics of parasites.
s necessary Lo account for 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 @ mean of f and variance of o2,
The parameters of the negative binomial distrihution,
£oand & are refated o the mean and variance in the
following way:

o kt l—‘b)r ot = MITP')-
» . I
The parameter & can be thought of as the aggregation
or shape parameter: s £ increases, the less “clumped’
are the data and when £ = 23, 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 p* so that the mean increases as p decrcases.

I

(b) Number of clones per host

It is assumed that a host carries an average of ¢
independent infections. It is also assumed that ¢ is the
number of haplotypes which simultaneously have
sexual forms of the parasite {gametocvies! in the blood
and therefore are potential mates during fertilization
after the mosquito has taken a blood meal. Here ¢ is

Proc, B. Soc. Lond. B 119973

assumed to be constant even though these ¢ infections
come from a variable number of transmissions. In this
study ¢ is defined as a function of & in the following
way, although such a relationship has not yet been
properly explored in the field. The conditional mean
number of successful (i.c. non-zero) transmissions from
one host to others is £/(1 —p*). If malaria is stable it
follows that the average rate of loss of infeciions is equal
to the average rate of acquisition of infections.
However, depending on levels of immunity, the
average number of infections per host could be between
zero and R/ (1 —p*). In this study it is assumed that the
average number of infections is halfvayv between these
exiremes, 1.e,

=i )
21—pF
though in the remaining theorv ¢ is modelled in-
dependently of R and &} to keep the model general.
Values of ¢ from the field have been inferred from the
observed number of one or two-locus haplotypes in the
hlood (Carter & McGregor 1973; Conwav ef al. 1991;
Babiker ef al. 1994; Hill & Babiker 1993; Hiil of af.
1993; Nroumi ¢f al. 1993; Paul et al. 19957, 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
3.3 -Hill et af. 1995 Hill & Babiker 1995, and in a low
transmission arca in New Guinea was 1.1 Paul e of.
1993,. As an example, some realisiic values of £ and a3,
to correspond to c =35 and ¢ = 1.1 are

iR=3: a% =301 and ‘R=13: 7% =30

{c) Drug resistance genes

Now assume that the parasite has two loci ar which
there are two allelic forms — one the wild-ivpe allele.
and the ather ailele encoding resistance to a given drug
which would otherwise kill all parasites not carrving
the mutant alleie. Denore these alleles s .1 and 2 for
mutant and wild-tvpe alleles, repectively, [or the locus
encoding resistance against drug o and similarly 5 and
b Tor alteles for the locus encoding resistance against
drug B. Thus there are four relevant genotypes, 4B, Ab.
af? and ab, The fitnesses, which determine the relative
frequencies of haplowpes within the hosi. in the
presence of hoth drugs. is represented by a vector,
W.=[l 0 0 0], and in ihe absence of drugs by
the vector W, =[w® w w |]. These reduce to
W.=[1 0]and W, =[w 1] when only one drug is
in use, in which case the second locus is irrelevant, It is
imporrant to note that fitness is defined here as the
relative number of gametocvies with the wwo-locus
haplotype at the time of rransmission, rather than the
number of distinct clones in the host’s blood. If a
double mutation has arisen at the beginning of an
mlection in a host which carries ¢ independent
inlections, the relative frequencies of the two-locus
haplotvpes will be

i )

W, = [iw® 0 O 2e—1]. 3a)

w4+ 20— 1



For example, if a host has one infection (¢c=1) and a
double mutation (4B) occurs which has equal fitness to
the wild-type haplotype {ab}, then its frequency in the
host is §. If the host is infected twice more (¢ =3) with
non-mutant parasites, this frequency is reduced to 3 If
the recombinant meiotic products (46 and aB) are also
in the host, as mav occur in subsequent generations,
the relative frequencies in the host will be

4c—~3]. (36}

W, =-ag—oo 7,2
C w‘+2w+4c—3[w wou

{d) Transmission-genetics cycle

The basic model of transmission assumes that each
host receives ¢ 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 reladve natural fimesses by multiplving with W,
and re-scaling. In a proportion of the host population,
T, the requencies are adjusted for drug selection by
multiplving with W, and rescaling Le. the frequency of
mutant parasites in treated hosts are ser ac uniry, and
non-mutant parasites at zero. The parasites then form
gametocytes which are waken up by mosquito in a
blood meal and undergo self’ or cross fertilization
during the zvgote stage. The frequencies of the diploid
genotypes in the mosquito are assumed (o reflect
random mating among the gametocvies within the
host from which the mosquito teck the biood meal.
These diploid genotvpes then undergo recombination
and the frequencies among the hapleid melotic
products are adjusied accordingly. The meiotic
products, or a subset of them are ransmicied 10 a new
host to initiate 2 new infection,

3. SURVIVAL PROBABILITY OF A NEW
MUTANT

(a) General introduction to branching process
theory

The following section describes (he branching
process theory used to predict the uliimate survival
probability ol a single copv of & 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
cvcle ultimatelv survives in the population, i.c. it is still
in the population after many gencrations, This
probabiiity can be predicted from the distribution of
the number of ‘offspring’ each particle produces each
generaton. The distribution of the number of ollspring
can be summarized by a single function called the
probability generating function (pgf, denoted ¢iyj
where sis a dummy variable). For example, the pgflor
a Poisson variable is represented by

Es
Sls) = e 07 = T e kL
-

P
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Probability generating functions are useful because the
value of s which solves the equation

Bls) = 5 ()
gives the ultimate extinction probability, and hence
the ultimate survival probability {denoted usp) is given
by | —s. If the mean of the distribution described by
®(s5) is less than one, the solution to equation {4) is
{ =5 = 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 equatdon (4). A further property of branching
process theory is that if there arc several processes
during the replication cvcle, each with different pets,
then the pgt used in equartion {4} is the compounded
distribution of the individual pefs involved in the
process. Note that equation (4) only holds if the
distribution of the number of offspring is the same in all
generations. If) however, environmentai flucruations.
cause a change in the pgf over tme, it is necessary o
compound over the different distributions from the
generatons 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 muramis will meet and produce offspring
together. A digestible review of branching process
theory is given by Schaffer 11970).

(b) dpplication to malaria mutants

In malaria, the replicative cvele is o transmission
from one host to the next which involves the transler of
parasites to mosquitoes. meiosis in the mosquito and
then transfer to a reww hast. This process can be broken
down into two stochastic processes each with their
probabiiity disuributions. One disribution is for the
number ol transmissions from one infected host o a
number of new hosts. assumed to have a negutive
hinomial form. The sccond distribution is (or sUg-
regation during melosis which has a binomial dis-
mibution. The combination of these distributions will
determine how many copies ol a single mutant are lell
in the population after one wansmission evele, The
parameters ol these distibutions depend on whether
the host has been treated with drugs or not. The case
ol ne drug reatment is wiven fivst, and the case of drug
treatment is then derived Irom i

If the host is not reated with drugs the pgf for the
negative binomial distribution. assumed liere to rep-
resent the number of transmissions Lo new hosis, 13
given by

L ) "

The binomial pgffor the segregadon during meiosis is:
Duis)=l—na+ms, 6.
with mean 7 and variance mil—my. Here the par-
ameter 7 represents the average probability that in
cach of R independent successful ransmissions. the
mutant  haplotvpe A8 s represented among  the
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transmitted parasites. This probability is worked out
from the overall self replacement rate, p, of the 4R
haplotype over R transmissions as

N
f
i

{7)

[f malaria is stable, individual alleles with equal fitness
should on average replace themselves. Rare two-locus
haplotypes should have replacement rates of §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 refative fitnesses
among the gametocytes in the host (34) as

_ 2c[w 4+ 0 {2c—1)] 0
A iy Ba)

The first and second terms within the brackets of the
numerator represent the probabilities of getting an 48
meiotic product from A48 x AB and ABx ab matings,
respectively, and the denominator is the appropriate
scaling factor. The factor of 2¢ in the numerator
ensures that the repiacemenc rate lor equally fiv alleles
15 unity and reflects the fact that for each transmission
and meiosis, Lwo gametes are sampled. Note that
equation f8e) reduces 1w p=1/2+1/4¢ when the
mutant has equal fitness to the wild-tvpe allele. This is
greater than rhe value of § expected from random
mating {where ¢ = %} because sometimes the parasites
self-fertilize. In subsequent generations, when the
recombinant meiotic products may also be within a
host (34}, the replacement rate is

$e[2uw + ¢y ]
b+ 2w+ 4o — 3%

p= ‘8

and the replacement rate when w =1 is

Now dhar the wwo component probabilitv distri-
buuons determining the overall probabiiiny of the
mutant surviving the transmission have been defined,
they can be compounded into a single probability

distribution by using their pgfs, The compounded pgf

sdenoted as @, , = P, (Py/s5}) and can be shown o
he distributed as negative binomial with a mean of 7
and a variance of #R(l~m+neoi/R) (Kojima &
Kelleher 1962). This means that the pgf of the
compounded distribution is given byv:

» o .
e =|— {

B.XB [l—(l—-/}*)x] ; 9a)

where

Pk =k 194)

I a host is treated with drugs, the probabilicy that
the double mutant iy among the metouc products is

Prac. R. Sve, Lund. B 11907,

7= 1. Thus the pgf, if the mutant arises in a drug
treated host, is negative binomial with mean R and
variance oy, i.e. the same as the transmission dis-
tribution {5).

Because the mutant mav arise in a treated or
untreated host and will be transmitred to either wreated
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
murtant during the first few generations. For example,
the pgffor 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 o a wreated
host, i.e. @T{@P(s)) is not the same as @Y (DT (s}) where
@Y and @7 denote the pgfs in the cases where the host
is untreated and drug treated respectivelv. 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 generavons (e {U, U, U, U, L7}, {TU, U, U,
U, Ty, AT, T, T, T, Ty were found after com-
pounding five times and then solving the treated and
untreated generating functiens i sequence {l.e.
@I,'!.'UF_"L-'{SI:‘ =, @L'UUCT‘I‘} =15, ... @T?‘TTT:'J“] — _)')‘
These usps were weighted by their binomial preba-
hiliies of occurrence assuming that all possible
sequences are equally likelv le /I—T02 1—T)*
T,..., T?) and then summed to obrain the average usp.
For the first generation of each series, 11 was assumed
that there were no recombinant haplowypes "6 and
aB) in the host and so equation (8a) was used, though
for subsequent generations thev were assumed 10 be
present and so equartion {85) was used.

(¢) Numerical evaluation

The procedure described above was used 1o evaluate
survival probabilines of single-locus and  two-locus
mutants as functons of 7 for three levels of natural
selecton v = 1,09 and .37 and three levels of
rransmission — one with low mean vansmission number
and dow variability = l3ie= L1:g3 =38), one
with high mean transmission and high variability (R =
5;¢=3.3:0% = 30), and one with high mean and low
vartability: £ =50 = 2.6:5% = 10). The correspond-
ing parameters for the negative binomial in these chree
cases are {p=0353:4=1.5), (p=0.1;4=036) and
(p=0.5,k=23), respectively. The same calculations
were also performed over a wide range of values of all
the parameters (T=0tw l,w=01w 1,8 =110 15,
£ =01 to 0.9) with the restriction that | £ ¢} < 30
{considered to be the bounds of reality). This was done
in order to generate data to which a linear regression
model was fitted, 10 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 T and £, o3 and w for
w* for the two-locus case). By (itting interactions with
T rather than main effects, it was ensured thar the
intercepis at 7 = 0 were alwavs zero since mutants are
only expected to survive if they have above average



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 for 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 2=/, if there
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Figure |. Probability distribution of number of transmissions
per host for transmission areas with low mean and low
variability (solid line,"® = 1.3; ¢ = 1.1; g% = 3), high mean
with high variability (long dash, B =3; ¢ = 3.5; 7% = 30)

and high mean with low variability (short dash, R =3;
¢ =2.6; 0% = 10).

are ten separate mutation events, then the probability
thar at least one survives (which is all that 1s required
for drug resistance to become established when drug
pressure continues) is moderate (figures 2a, &).
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Figure 2. Survival probabilities as functions of drug treatment rates for one (left) and two-lucus mutants ‘right).
{a) and (4} Probability that at least one out of ten survives for three different transmission intensities. {¢) and (&)
Probability of survival of an individual mutant for three different transmission intensities. fe) and (f) Probability of
survival of an individual mutant for three different levels of natural selection, Labels ol line tvpes are consisient within

each row of the figure.
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2. One-locus mutants have a higher chance of
survival than wwo-locus mutants (figures 2a, ¢, ¢ vs
figures 24, d, ). This is because recombination breaks
down the 48 haplotypes at each meiosis if the parasite
does not mate with the same haploivpe as itself.

3. The mean transmission rate increases the prob-
ability that a new mutant survives. The effect of
increasing mean transmission rate from 1.3 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 2¢, d.

4. 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 variabilitv’ lines
in figures 2¢, d. Much of this difference is due to the
greater proportion of hosts which produce zero
transmissions (figure 1).

3. Natural selection against the mutant decreases
survival probability (figures 2¢, /).

The above qualirative conclusions can be described
more generally and quantitatively using results from
the regression analvsis. The best fit to the data were
obrained using the following equartions in the one-locus
and two-locus cases,

usp, = 7701968 —0.008R% —0.0080% +0.21710),

— _ 1
usp, = T70.191R - 0.008R* —0.00753% + 0.1270%),

where the subscripts on usp denote the number of loci
involved. Thus while T had a linear effect on usp, the
slope of this line increased with increasing £ with o
plateau effect at values of around R > 10. The slope
also Increased with increasing w ‘or #? in the two-locus
caser and with decreasing o%. As R accounted for 529,
and 38, of the variaton in usp, and usp, respectively,
and R for a lurther 229, and 23 v, transmission rate.
over and above the effect of drug pressure. was the
major nfluence on survival probabilitv. The influences
of nawral sclection and variatien in gansmission rate
were much weaker, with wand 7 each explaining less
than 3%, of the variation in usp.

3. DISCUSSION

This swudy demonstrates that the fate of a newly
arisen drug resistant mutant is primarilv 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 mucant
survives is because the mutants only have a selective
advantage when they encounter the drug. I trans-
mission rates are high, the new mutant has a greater
chance of betng transmitted (o at least one host which
is treated with drugs and therefore subjected to
selection by drugs. Low transmission rates reduce the
probability that 2 copy of the mutant is exposed to the
drug.

The study also shows thut even when resistance is
coded for by two mutant alleles at unlinked loci, the
frequent breakdown of the double mutant haplotype
under condivions of high transmission is not sufficient

Proc, R. Yoo, Lond. B 19971

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
ef al. (1993) that high transmission rates are un-
tavourable for the evoluton of mulu-locus drug
resistance because of greater recombination breakdown
Is not supported, and the results of Dye {1991) are. In
other words, this study shows that effecuve selection
and effective recombination are both increased by high
transmission rates, but selection wins. This conclusion
was reached by taking a populaton 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 hosis).
As both of these factors determine the rate of gene fow
through populations in compartmentalized popu-
lations typical of many parasites, the model developed
here 15 likely to have wider applicahilitv to theories on
parasite evolution.

In the present studv it was assumed that the drug
was compictely effective in killing parasites. In prac-
tice, improper administration of the drug (e.g. through
underdosing) will mean that sclection pressure on drug
resistance murants is not as sirong as assumed here and.
therefore, that drug resistance in the field will evolve
less easilv than predicted here. This is not true,
however, in the case when drug resistance {to one or
more drugs) 1s controlled by more than one locus:
partial killing will cause more resistant alleles to be
maintained in the populaton so that the chances of
formation of a doubly resistant haplotype are grearter.
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 net mean, however. that intermediate drug
weatment levels ‘proporton ol hosts treated) will
increase the rate of spread of resistance.

[v was alse ussumed 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 o™ be reached that effecuive
selecton en the mutant is dircetly related o both drug
pressure and wansmission rawe. However. if hosts anly
take drugs when they are sick and the frequency ol
being sick depends on ransmission rates c.g. duc o
the number of previous infectiens), then the cffect of
ransmission rate in the ficld may be somewhat less
than predicied here.

A kev assumption madc 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 15 unlikely to be wrue in
malarta parasite populations which tvpically fluctuate
in size due to seasonal factors. During expansion
phases, most muranis, 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 mutatons under selection very much
depends on the prevailing population dyvnamics when
the mutant arises. However, such luctuadons are onlv
likely to alfect the conclusions from this study in a
guantitatve, but not qualitative way hecause com-



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 anv low
frequency allele or multi-locus haplotype under selec-
tion. If variation in transmission rate is high, unique
genetic entities have low probabilities of surviving
because stochastic forces can casily eliminate thern
before they can multiply. In the case of drug resistance,
high variability in transmission rate is detrimenzal to
the mutants’ survival because of the greater risk

involved in transmission. Thus if the swability of

transmission rate, as weil as the mean transmission
rate, is reduced bv control strategies such as bednets,
vaccines or drugs, such interventions mav [urther
inhibit the parasite’s adaptation rto these strategies,
The importance of variation in transmission rate on the
persistence of ‘straing’ {multi-locus haplotvpes) in a
population has been illustrated by Gupta ¢ al. (1994}
and has implications-as to how rapidly hosts acquire
specific immunity. More generally, the role ol variation
among parasites and hosts in transmissibility is rela-
tively unexplored, although there is a growing aware-
ness thar its effect on the epidemiology of parasitic
discases can be profound {Anderson & May 1991:
Read et al. 1995).
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Proc. R. Soc. Lond. B 264, 53-39 (January issue)
Survival probability of drug resistant mutants in malaria parasites

By MARGARET J. MACKINNON

On p. 36, equation (8a), which predicts the within-hest fitness of the doubly resistant mutant in the first generation
should read

Qe (w” + 4 (2c = 1)]

[u? + 2 — I

and cquation (34, which predicts fitness in subsequent generations should read
dee i + 2o+ 20— 1]
[i? & 2u + 4c — 3]

This error made no appreciable difference to the predicted survival probabilites.

In addition, the average probability generating funerion for the variable environment of drug sclection fie.
treated or untreatedi was obtained by compounding orer generations and weighting by the probabiliry of the series
of treatment events. This assumes that the entire popularion is subjecied 1o either drug treatment or no drug weat-
ment. hut not a mixture of the two. It is more likely, however, that in cach geaeration some mutants find themselves
in treated hosts, others in untreated hosts. and so the generating functions should be averaged wilhin generation
rather than across generations. Doing so gives the average probability-generating function as

@'::: = T@Tt'j; =1 = T-F‘I’(.l’S:.

This error leads to an underestimation of survival probability of up to 20% in the single-locus case and up 1 50%
in the two-locus case, as well as a prediction of non-zero probabilities of survival when they should have been zero.

The qualitative conclusions of the paper do not change.

Proc. R. Soc. Lond. B264. 181-190 (February issue:

Enigmatic phvlogeny of skuas {Aves: Stercorarudae;

By B. L. COHEN. A. J. BAKER, X. BLECHSCHMIDT, D. L. DITTMAXNN,
R.W, FURNESS, J. A. GERWIN, A. J. HELBIG, J. DE KORTE, H. D. MARSHALL,
R.L. PALMA, H.-U. PETER, R. RAMLI, I. SIEBOLD, M. 8. WILLCOX,

R. H. WILSON axD R. M. ZINK

On p. 188, the waxa of Quadraceps and Saemundssonia lice associated with Stercorarius parasiticus and S, longicaudus were
interchanged in 1able 3. A corrected version of he rable is given below:

Table 3. Feather-louse taxon distribution on skuas and gulls

louse taxa

hosts Haffreria grandis Austromenspon spp. Quadraceps normifer subspp.  Saemundssonia Spp.
Stercorarius longicaudus present {(Emerson 1972} JSuseofasciatum parvopatiidus inexspectala
parasiticus rare (1/80+) Suscofasciatum normifer cephalus
pomarinus abundant Suscofasciatum stetiaepolaris Stresemannt
Catharacla skua abundant absent (0/33) stellazpalaris stresemannt
antarctica abundant absent (0/78) alpha stresemannt
chilensis abundant Juscofasciatum alpha stresemannt
hamiltont abundant Sfuscofasciatum absent (0726) ‘ stresemanni
lonnbergi abundant Juseofasciatum absent (0/29) stresemanni
maccormicki abundant JSuscgfasciatum alpha stresemanni
Larus spp. absent (0ftens) transpersum absent (0ftens) {art

(For taxa that were rare or not found, the number of lice found znd the number of hosts examined arc indicated in parentheses))

Fro. R. Soc. Lond, B (1997) 264. 1849-1850 1849
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The evolution of muitiple drug resistance in malaria parasites

M. J. Mackinnon and I, M. Hastings
Mains Road, EH9 37T, Edinburgh, UK

Institute of Cell, Animal and Population Bivlogy, University of Edinburgh, Wost

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 ransmission rares, 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 mransmission 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
1s when 2 unlinked genes act jointly (nort 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 fitness 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 SPPp., drug resistance, popuiation structure, genetics

Introduction

Drug resistance, especially multiple drug resistance, is
disastrous for treatment and control of malaria. Resist-
ance to aimost ail 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 er al., 1993). In an influental
study, CURTIS & OTCO (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 ro make
strong recomumnendations 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-
uiation 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
parmers 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 thar each
host typically carries berween 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; JOSHI et al., 1989; CONWAY &
MCBRIDE, 1991; BABIKER er al., 1994; HILL. & BABIK-
ER, 1995; HILL e al., 1995; PAUL ez al., 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;
DYE, 1994; PAUL et al., 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 recombinarion 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 er al., 1995).
Analyncal examinaton of this hypothesis has indeed
shown that outbreeding can slow the spread of multiple

Address for corrrespondence: M. J. Mackinnon, Institute of
Cell, Animal and Population Biclogy, University of Edinburgh,
West Mains Road, Edinburgh, EH9 3]T, UK: phone +44
(0)131 6506468, fax +44 (0)131 6506564, e-mail M.Mackin-
non@ed.ac.uk

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;
DYE & WILLIAMS, 1997; HASTINGS, 1997). However,
this issue of recombination has somewhat diverred 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-
tdve selection against the force of -effectve
recombination as determined by population strucrure,
we predicted the rate of spread of drug resistance.

The basic model and assumptions

The following paragraphs describe the model. First
the basic wransmission-genetics cycle is described, fol-
lowed by a description of the assumptions made abour
the wansmission process, epidemiology, population
structuring, drug pressure and natural selection. Finaily,
the equations describing the changes in frequencies of
resistance genes each generation are given. The Table
summarizes the notation used,

Transmission cycle and popularion structuring

As shown in Fig. 1, in each generation the parasite
populaton 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 sporozoizes.
Each wransmission 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 2 mixture of genetically different parasites which
have probably been derived from a mosquito bite on just
one infectious host. The couplets of letrers (AB, s1c.)
cach represent a parasite’s two-locus haploid genotype
(haplotype) which is distinct with respecr to resistance
or susceptibility to 2 drugs denoted ¢ and f. Haplotype
AB is resistant to both drugs, 4# is resistant to oniy drug
&, aB is resistant to only drug 5, and ab is susceptible to
both drugs. The resistance loci are assumed to be genet-
ically unlinked with 4 recombination fraction r=0-5. 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 1o some of the infect-
ed hosts. (In this diagram, 2 drugs are administered to-
gether, bur the model allows for a single drug 10 be
used.) If the host is carrying a resistant parasite, ail 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. 1. Transmission cycle of malaria parasites showing the processes of selection and recombinaron contributing to gene frequency

changes. ‘Host(s) ' =vertebrate host

described in Fig. 2.

Table. Notation and typical values used in the model

(s); see text for details. Circled numbers denote the stages represented by the mathematical model

Symbol Meaning Values used
Transmission
¢ Mean number of independent infections received by each host i-1,3
M Mean number of transmitted meiotic products per oocyst 1,4
3 Mean number of oocysts formed per mosquito 1
m Mean number of genetically distinct haplotypes among gamertocyies 1-1,3
S Proportion of parasites which self-fertilize l/m
I Proporton of parasites which inbreed /e
Genes and frequencies
a B Two drugs which kill malaria parasites
A,B Mutant alleles encoding resistance to drugs o and f, respecriveiy
a, b Wild-type alleles to 4 and B which are susceptible to drugs ¢ and B
r Recombinarion fraction between the two loci 0-5
PPy Pt Pag Pasl Vector of population frequencies of two-locus hapiotypes
P=ip, ./ Vector of population frequencies in the one-locus case
Pr, pu Vecrors of haplotype frequencies within treated and untreated hosts
z Sum of the elements in a vector of frequencies used for re-scaling
Ip; Sum of frequencies of carrier (resistant) haplotypes
C Proportion of hosts which carry drug-resistant parasires (*carriers’)
D Population disequilibrium berween the two loci
d Disequilibrium as a proportion of the maximum disequilibrium
Selection
T Proportion of the host population treated with drugs 0-05,0-1,0-2
r No. of transmissions from a treated host relative to an untreated host 1,0-2,0-33
wr Vector of fitnesses of the haplotypes in the presence of drugs
For the two-locus, two-drug {2~2) case W7=[1000]
For the two-locus, one-drug (2-1) case WT=[1w wy 0] wr=0-5
For the one-locus, one-drug (/-7) case WT=[1 Of
w Vector of relative fitnesses of the haplotypes in the absence of drugs
For the two-locus cases WU=[w,? w, wy, 1] w,=1,0-9

For the one-locus, one-drug case WY=[wy, 1]
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the circles) and then undergo meiosis to produce 4 hap-
loid meiotic products per zygote (right side). If the mos-
quito has birten a treated carrier host, all the meionc
producis 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 metiotic products are
transmitted in the form of sporozoites to new hosts
which become superinfected (stage 6) as in stage 1.

Assumptions and notation

The mathematcal model is based on the following as-
sumptions.

(i) Malaria is stable, i.e. the population of infected
hosts and parasites remains large enough through tme
for changes in total parasite population size not to affect
the changes in frequency of the mutant genes.

(ii) Each host receives exactly ¢ independent infec-
tons each of which may comprise up to Mz (M=1...4)
meiotic products or distinct haplotypes among the spo-
rozoites inoculared into the host from a mosquito which
has formed z zygotes (oocysts). These ¢ infections give
rise to m haplotypes which simultaneously have sexual
forms of the parasite (gametocytes) in the blood and
m=Mze.

(ii)If frequencies of the haplotypes in the blood are
equal, the frequency of selfing {(mating between identi-
cal parasites) is S=1/m, the frequency of inbreeding
{marting bertween parasites derived from the same mos-
quito, including selfing) is /=l/¢c, and the frequency of
ourbreeding is 1-1.

(iv)In the presence of drugs, the vector of fitnesses of
the haplotypes (48 Ab aB ab) is WT=[1 w, wy 0]. This
notation can represent 2 possibie cases: either 2 differ-
ent drugs are used which both kill parasites catrying the
wild-type alleles and only parasites carrying both mu-
tant alleles survive (the two-locus, two-drug case with
wy=0, denoted the 2-2 case or ‘the epistatic model’}; or
a single drug is used (i.e. &t is the same as ) and each of
the murant alleles confers partial resistance 1o this drug
so that a propertion, wy, of the parasites carrying a sin-
gle murant allele survive after drug reatment (the two-
locus, one-drug case denoted the 2-1 case or ‘the addi-
uve model”). A third case, in which only one locus is in-
volved and only one drug is used (denoted the /-7 case),
is also considered here. The one-locus vector of fitness
for haplotypes 4 and a in the presence of the druga is
represented by the vector W={10].

{(v}In the absence of drugs, the mutant aileie confers a
lower fimess on the parasite so that its fitness is reduced
o a fraction, w,, where w;<1, of the fitness of parasites
carrving the wild-type allele. Firness is assumed to act
multiplicatively so thar the vector of fitnesses without
drugs is represented by W= [w,? w,, w, 1] in the two-
drug case. For the one-locus case, WV={w,, 1].

(vi)A proportion of the host population, T, is treated
with drugs and the drugs are fully effective.

(viiYThe number of transmissions from a trezted host
relative 1o an uantreated host is 4 i.e. if r<1 then drug
reatment not only reduces asexual parasite numbers
but also reduces the infecdousness of the host to mos-
quitoes. If r>1, then the drugs promote transmission.

Rate of change in frequency of drug reststant mutants

The equadons 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 /-{ and 2-2 cases can easily be recov-
ered by substituting in =0 and e,=0, respectively. The
method requires keeping track of the hapiotype frequen-
cies in the parasite population which are stored in a vec-
tor P={p g Pap Pas Pgp] which at some stages is split into
2 separate vectors for frequencies among treated and
untreated hosts, P7 and PY. These hapiotype frequen-
cies can also be represented by the frequencies of the in-

M. ]. MACKINNON & [. M. HASTINGS

dividual alleles, p, and g, and disequilibrium, I}, which
represents the deviation of haplotype frequencies from
their expected frequencies if the populaton is randemly
mating and not subjected to selecton. For examp'le,
Pap=psppt D where p,=p,o+py and py=pp+p,g. Dis-
equilibrium after meiosis 1s calculated as:

D
D*= 5{1(—r}+%‘+'j[1 -r+g}2 —25(1—21‘)}

(WEIR et al., 1972).

In this study it is assumed that the 2 resistance loci are
unlinked, i.e. =05, in which case disequilibrium
changes can be caiculated as D*=%D(1+5) if parasites
self and D*="2D(1+]) if parasites inbreed. As the equa-
tion for the case of mixed seifing, 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 seifing
rate is not 1/m as for untreated hosts, but is increased by
a factor of (1+2z0,2)/(1+2wm2.

Predictions from the model

Predictons of the change in frequency of resistance
over the generations are shown in Fig. 3 for the situation
when drug resistance is conrrolled by one or 2 loci and
when one or 2 drugs are used. The resulrs for a set of
conditions (7=0-1, r=1, wy,=1, ¢=3, M=1 and r=0-5) are
shown in Fig.3A and the effects of changing any one of
these parameters are shown in Fig. 3B-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-
wemely rapid and, if drug pressure is uninterrupred, it
can reach a frequency of 90% within 20 to 60 genera-
tions (approximartety 2 to 5 vears in areas of high trans-
mission, depending on the average generation interval
which is expected to decrease as transmission increas-
es). Thus strategies 1o prevent a drug resistance problem
increasing further should be implemented as soon as
possible after the problem is detecred.

Generic mechanism of resistance

Two-locus murants aiways increase ar a slower rate
than one-locus murants because they are continuously
broken down by recombination. Therefore it is better to
use multdple drugs simultaneously rather than sequen-
tially, as is well established (CURTIS & OTOCO, 1986;
DvYE, 1991, 1994). A further result is that when only one
drug is used but is under the control of 2 loci, if single
murants confer partial resistance (i.e. when two-locus
resistance is partly additive), resistance increases faster
than if both mutans 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 rerarding
mult-locus resistance (see below) is eliminated by addi-
tiviry. This is relevant to chloroquine resistance in which
probably several genes are required to confer resistance
to a single drug (FOOTE ez al, 1990; WELLEMS et al.,
1991), but it is not clear whether these genes act in con-
cert (epistaticaily) or independently and additively.
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Stage 1. Set initial values P=[pyp Pap PaB Pabl
Stage 2. Natural selection within blood of hosts
P = [PABWff PuWu DPugwu DPul/Z
Stage 3. Drug selection Untreated hosts Treated hosts
PoU — P‘ P‘T - [p;‘B p;b wr -P;B wr 0] / 2

Stage 4. Meiosis in the mosquito

U 1 T 1+2 W;‘
4a) Degree of selfing S =— =71

m (1+2wr)

4b) Recombination breakdown

DY =plapy = Dy Puy 5

D" =pipa —PPu

DY =%D”(1+S”) DT =%DT(1+ST)
Py =P+ P Py =D +Pa

Py =P+ Pu Py =Pa+Pa
P =ipYpy pp plpy PPV P =1pipy Pl TPy )
+ [DY -pY -DY DY + [DT DT -Dp" D]

Stage 5. Transmission to new hosts
Sa) Frequencies in total surviving parasite population

v _(1=T)P"Y + TCtP™"

P
1-T+T7Ct
1-01-2p7) T
5b) Frequency of carriers in new hosts c =1- (I-DA-Zp, )
1-T+7TCt
Stage 6. Re-start cycle
P = P"‘
C=C

Fig. 2. Cyclic algorithm for predicting the change in gene frequencies each generation,

Muitiple mechanisms of resistance are expected to
evolve more easily than joint (interdependent) mecha-
nisms, which strengthens the case for using 2 drugs si-
multaneousiy 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 (T=0-2), it will
take abour half as long, or 5, 7 and 13 generadons less
in the /-1, 2~-1 and 2-2 cases respectively, for a mutant
allele ar a frequency of 10% to increase o 50% than if
T=0-1 (Fig. 3B vs Fig. 3A). These differences are 10, 11
and 64 generations if the starting frequency is 0-1%.

Nevertheless, with any significant level of drug pressure
{i.e. T>0-1) 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 susceprtible parasites by being



192

A Basic model T=01 =1 ¢=3 M=1 w={

B Effect of drug treatment T=0.2

M. J. MACKINNON & I. M. HASTINGS

C Effect of drug on fransmission =033

e 10 19} 10
§ w 08 28
Eos| / 0 0
5 04 04 04
3 02 L 02{f; 021
R 0 00!
¢

D Effect of no. of clones per host ¢=11

E FEffect of natural selection w=09

F Efect of no. of meiofic products #=4

e 10 = 10 10 e
g 08 - 08 08

E 06 05| 0§
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Fig. 3. Change in frequency of mutant alleles (4 or B) over generadons for the one-locus, one-drug (7/-7), two-locus, two-drug ({?—2)
and two-locus, one-drug {2-1) cases, A. Parameter values are T=0-1, =1, ¢=3, M=1, w,=1, r=0-5. 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
transmirted is directly relared to the average number of
infections per host. When the drug does succeed in re-
ducing transmission, however, the spread of resistance
is drarnatically curbed. This leads to the conclusion that
drug life would be significantly prolonged if drug-treat-
ed carrier hosts were prevented from transmirring. 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 chloroquine, 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 er al., 1976; ICHIMORI ez al., 1990,
HANDUNNETTI er al, 1996; ROBERT et al, 1996;
BUCKLING ez 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 (c)

Fig. 3D shows that, if there are few haplotypes per host
(m=c=1-1, 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 wansmission areas. The first is that there is
greater opportunity for selection: when hosts carry more
haplorypes, 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 wansmission 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;
DveE, 1991, 1994; DYE & WILLIAMS, 1997; HASTINGS,
1997). This recombination effect is appreciable only
when the number of clones per host is very low (c<1-5)
and at low levels of drug pressure (7<0-2). In such cases,
it would be detrimental to decrease the number of clones
per host in the generai population because high levels of
inbreeding help to maintain resistance gene combina-
tions. Reducing transmission from individual drug-
treated hosts is stiil beneficial, however: it is only the
overall population transmission rate which is relevant to
the recombinadon effect. The issue of recombination
versus selection is discussed in more detail in a later sec-
ton.

Cost of resistance (w;)

Fig. 3E shows thart if, in the absence of drugs, the
parasite pays a cost in fimess for harbouring resistance
genes, this will retard the spread of resistance. In the
case of 2 loct where the cost of each allele is 10%, so
that the relatve fimess 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-
tdon are treated with drugs, reductions in fitness of
maore than 10%, 6% and 25% for the J-I, 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 murants, 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 narural 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 (T=0-05 and T=0-1) and 2 transmission levels (number of clones per host,c=1-1 or 3). B. Change in frequency of the double
mutant haplorype (48) in the generation when the frequency of both resistance alleles has reached 01 for 2 levels of drug pressure
{T=0-05 and T=0-1) and when the drug reduces transmission rare from treated carrier hosts to 20% of that from untreated hosts

(r=0-2).

there is strong narural 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 er al., 1978), Further infor-
mation is required on the firness 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-
guency of resistancé and ultdmately 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 (M=4 cf. M=1 in Fig. 3A) among
the sporozoites which successfully infect a new host per
transtnission event. If many sporozoites successfully in-
fect a new host, so that the probability of getting ail 4
meiotic products {from an outbred maring) 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 wransmission-blocking or liver stage

vaccines would help to rerard the spread of resistance.
Even though this is 2 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 thar, in high ransmission are-
as, the associated greater amounts of outcrossing wiil
slow the spread of drug resistance compared with low
transmission areas (PAUL er @l., 1995). This depends on
whether the increase in effective recombination more
than counteracts the concomitant increase 'n sffective
selection. In this section, the condittons under which re-
combinarion 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 nexr

“{I
YTy i p (1"‘ T)'f'TCf {f
Apay = pap ~pap =

—rvrec M
(5 DU+ )+ pupg)(i=T) = TCY
N -7+ 7Ct ~D=papy

When this is positdve drug resistance will be spread: i.e.,
when

TCt

1
—(1=-D- > -
I—T(l D pAPB)—zD“ S)

(2

The left side of equation (2) represents the force of ef-
fective selection: this is strongest when drug pressure
(7), rransmission following drug weatment () and the

frequency of carriers (C) are high, and when the fre-

quency of the resistance alleles (p, and p) and disequi-

librium (D) are low. The right hand side represents

effective recombinaton: it is weakest (i.e. most easily
overcome by diug 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 mainrained by a balance

between the positve force of selecton for the doubie

mutant by drugs and the negative force of recombina-
tion breakdown through outcrossing (DYE & WIL-

LIAMS, 1997). Thus the trade-off hetween effective

selecdon and effective recombination involves disequi-
libriumn. Therefore, in order to predict whether drug re-
sistance will spread, we need to quantify the amounz of
disequilibrium generated through the selection process.

In Fig. 4A the disequilibrium levéls generated as the

mutant alleles increase in frequency from 0-1 to 1 under
drug pressures of 7=0-05 and 7=0-1 for low transmis-

ston {¢=1-1) and high ransmission (¢=3) environmenis

are shown for the two-drug, rwo-locus case: these were
calculated using the algorithm in Fig. 2. The resuits are
expressed in terms of normalized disequilibrium, 4,

which is disequilibrium as a proportion of irs maximum

value and is calculated as D=dp,(1-pg). It can be seen

that higher amounts of disequiiibrium are caused by
higher drug pressures and fewer clones per host, but
these are well below the maximum possible disequilibri-
umn (d=1). This leads to the conclusion that the recom-
bination effect is important only when there are few
clones per host this 1s illustrated in Fig. 4B where the
change in frequency of the doubie mutant (4p ;) in the

generation immediately after p,; has reached a value of
0-1 is shown for drug pressures of 7=0-05 and T=0-10.

There is a sharp decline in the rate of change between
¢=1-05 and ¢=1-5, after which the rate of change in-
creases with transmission rate. Fig. 4B also shows that
this recombinarion effect is mere easily overcome when
drug pressure becomes stronger, and virtually disap-
pears when the drug reduces transmission (i.e., ¢ 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 c<1-5,
when drug reamment 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: (1) drug resistance will relentlessly
increase 1o the poinrt 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 rnalania, 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 et
al., 1995; DYE & WILLIAMS, 1997; HASTINGS, 1997;
MACKINNON, 1997), is thar, 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 wansmirtted to the
next host in greater copy numnber 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 thart if strat-
egies for managing drug resistance are implemented,
these should be accompanied by simultaneous efforts to
reduce the overail transmission rate in the population,
The exceprion to this is managing mult-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; [ M.
Hastings & M. Mackinnon, paper submitted for publi-
cation). Neither of these recommendarions is easy to re-
alize: malaria parasites seem to be particularly adeprt at
increasing their transmission output when faced with
difficult conditions in the host such as toxic drugs or im-
munity (CARTER & GRAVES 1988; ALANO & CARTER,
1990; SINDEN et al., 1996; BUCKLING e al., 1997).
This is why a better understanding of how the parasite
adapts genedcally and facultatively in response to host-
imposed selection pressures is critical for devising better
control strategies. As shown here, popularion structure
can have a profound effect on whether the parasite suc-
ceeds in adapting to these controi measures and 50 is an
integral part of this understanding.

Acknowledgements

We are grateful to Bill Hill. Chris Dve, Andrew Read, Mark
Viney, David Wailiker and David Aot for their heipful com-
ments on this manuscript. Financial support from the Medical
Research Council, UK, and the University of Edinburgh is
gratefully acknowledged.

References

Alano, P. & Carrer, R, (1990). Sexual differentiation in malaria
parasites. Annual Review of Microbiology, 44, 420-449.

Anderson, R. M. & May, R. M. (1991). Infecrious Diseases of
Fumans: Dynamics and Control. Oxford: Oxford University
Press, 607-625.

Babiker, H. A., Ranford-Cartwright, L. C., Currie, D., Charl-
woed, J. D, Billingsley, P., Teuscher, T. & Walliker, D.
(1994}. Random mating in a natural population of the ma-
larial parasite Plasmodium falciparum. Parasitology, 109,
413421,

Buckling, A. G. [, Tayleor, L. H., Carlton, J. M.-R. & Read, A.
F. (1997). Adaptive changes in Plasmodium transmission
strategies following chloroquine chemotherapy. Proceedings
of the Roval Soctery of London, Series B, 264, 553-559.

M.J. MACKINNON & I. M. HASTINGS

Carter, R. & Graves, P. M. (1988). Gametocytes. In: Principles
and Practice of Malariology, Wernsdorfer, W. H. & McGregor,
1. (edirors). Edinburgh: Churchill Livingstone, pp. 253-306.

Carter, R. & McGregor, 1. A. {1973). Enzyme variation in
Plasmodium falciparum in the Gambia. Transactions of the Roy-
al Soctety of Tropical Medicine and Hygtene, 67, 830-837.

Chapman, H. D. (1993). Resistance to anticoccidial drugs in
fowl. Parasitology Today, 9, 159-162.

Conway, ID. J. & McBride, J. S. (1991). Population genetics of
Plasmodium falciparum within a malaria hyperendemic area.
Parasitology, 103, 7-16.

Curtis, C. F. & Oroo, L. N. (1986). A simpie model of the
build-up of resistance to mixtures of anti-malarial drugs.
Transactions of the Rayal Society of Tropical Medicine and Hy-
giene, 80, 889-892.

Dye, C. (1991). Population genetics of nonclonal, nonran-
domiy mating malaria parasites. Parasiwlogy Today, 9,
236-240.

Dye, C. (1994}. Models for investigating genetic exchange in
protozoan populations. In: Modelling Vecior-Borne and Other
Parasiric Diseases, Perry, B. D. & Hansen, J.W. (editors), Nai-
robi: International Laboratory for Research on Animal Dis-
eases, pp 165-176.

Dye, C. & Willtams, B. G. (1997). Multigenic drug resistance
among inbred parasites. Proceedings of the Royal Seciery of
London, Series B, 264, 61-67.

Feote, S, ., Kyle, I3, E,;, Martin, R. K., Oducla, A. M. ., For-
syth, K., Kemp, . J. & Cowman, A. F. (1990), Several alle-
les of the muitidrug-resistance gene are closely linked to
chloroquine resistance in Plasmodium falciparum. Nature,
345, 255-258.

Handunneti, S. M., Gunewardena, D. M., Pathirana, P. P. S.
L., Ekanayake, K., Weerasinghe, S. & Mendis, K. N. (1996).
Features of recrudescent chloroquine-resistant Plasmodium
falciparum infections confer a survival advanrage on parasites
and have implications for disease control. Transacions of the
Roval Societv of Tropical Medicine and Hygliene, 90, 563-567.

Hastings, I. M. {1997). A model for the origins and spread of
drug resistance. Parasirology, 115, 133141,

Hill, W. G. & Babiker, H. A. (1995). Esdmation of number of
malaria cloenes in blood samples. Proczedings of the Royal So-
ctery of London, Sertes B, 262, 249-257.

Hill, W. G., Babiker, H. A., Ranford-Carrwright, L. C. & Wal-
liker, D, (1995). Estimauon of inbreeding coefficients from
genotypic date on muitiple aileles, and application to clonal-
ity in malaria parasites. Generical Research, 65, 33-61.

Ichimori, K., Curts, C. F. & Targett, (G. A. T. (1990). The ef-
fects of chloroquine on the infectivity of chloroquine-sensi-
tive and -resistant populations of Plasmodium yoellf nigeriensis
to mosquitoes. Parasizology, 100, 377-381.

Joshi, H., Subbarao, S. K., Raghavendra, K. & Sharma, V. I
(1989). Plasmodium vivax: enzyme polvmorphism in isolates
of Indian origin. Transactions of the Roval Sociery of Tropical
Medicine and Hvgiene, 83, 179-181.

Mackinnen, M. J. (1997). Survival probability of drug resistant
muiants in malaria parasites. Proceedings of the Roval Sociery
of London, Series B, 264, 53-39.

Paul, R, E. L., Packer, M. J., Walmsley, M., Lagog, M., Ran-
ford-Carrwright, L. C., Paru, R, & Day, K. P. {1995}, Mat-
ing patterns in malaria parasite populations in Papua New
Guinea. Science, 269, 1709-1711.

Peters, W, (1987). Chemotherapy and Drug Resistance in Maiar-
ia. London: Academic Press.

Ramkaran, A. E. & Perters, W. {1969). Infectivity of chloro-
quine-resistant lasmodium berghet 10 Anopheles stephensi en-
hanced by chloroquine. Nature, 223, 635-636.

Roberts, V., Molez, L.-F. & Trape, ].-F. (1996). Gametocytes,
chioroquine pressure, and the reladve parasite survival ad-
vantage of resistant strains of falciparum malaria in Wesr At-
rica. American Journai of Tropteal Medicine and Hygiene, 54,
350-351.

Rosario, V. E. {1976). Genedcs of chloroquine resistance in
malaria parasites. Nature, 261, 585-586.

Rosario, V. E., Hall, R., Walliker, D. & Beale, G. H. (1978).
Persistenice of drug-resistant malaria parasites. Lancet, i,
185-187.

Schapira, A., Beales, P. F. & Halloran, M. E. (1993). Malaria:
living with drug resistance. Parasitology Today, 9, 168~174.
Sinden, R. E., Butcher, G. A., Billker, O. & Fleck, 5. L.
(1996). Regulation of infectivity of Plasmodium to the mos-

quito vector. Advances in Parasitology, 38, 53-117.

Warhurst, D. C. (1989). Current status and evolution of anti-
malanial drug resistance. Journal of Chemotherapy, supple-
ment 4, 407—410.

Weir, B. 5., Allard, R. W. & Kahler, A. L. (1972). Analysis of



EVOLUTION OF DRUG RESISTANCE IN MALARIA

complex allozyme polymorphisms in a barley population.
Generics, 72, 505-523,

Wellems, T. E., Walker-Jonah, A. & Panton, L. J. (1991). Ge-
tietic mapping of the chioroquine-resistance locus on Plas-
modium falciparum chromosome 7. Proceedings of the National
Academy of Sciences of the USA, 88, 3382-3386.

Wernsdorfer, W. H. (1991). The development and spread of
drug-resistant malaria, Parasitology Today, 11, 297-302.

Wilkinson, R. N., Noeypatimanondh, S. & Gould, D. J.

195

(1976). Infectivity of falciparum malariz patients for
anopheline mosquitoes before and after chloroquine treat-
ment. Transacrions of the Royal Sociery of Troptcal Medicine and
Hygiene, 70, 306-307.

Received 17 Fuly 1997; revised 22 September 1997; accepted

Jfor publication 23 Seprember 1997

TRANSACTIONS OF THE ROYAL SOCIETY OF TROPICAL MEDICINE AND HYGIENE (1998) 92, 195-196

Short Report

Quinine sensitivity of isolates of
Plasmodium falciparum from the
coast of Kenya
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cine, University of Oxford, Oxford, OX3 9DU, UK

Keywords: malara, Plasmedium falciparum, quinine drug-
sensitivity, Kenya

Quinine (QN) remains an important drug for the
treatrnent of severe falciparum malaria in Africa. QN re-
sistance in Africa has been reported (JELINEK et al.,
1995) but is stll uncommon and the drug remains a re-
liable treatrnent. However it is important to monitor
QN sensitivity to document the extent and distribution
of resistance (PASVOL et al., 1992; JELINEK ez al., 1995).
We wanted to compare the present QN sensitivity of
wild isolates of Plasmodium falctparum with data ob-
tained by the Kilifi Unir of the Kenya Medical Research
Institute in 1989, We decided to modify the World
Health Organizatdon 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 berween tests (WINSTANLEY ez al,, 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 probiem 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 {3500 g for 5 min) 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% haemarocrit. Fifty mL of the resuspended sample
were then placed in the wells of 2 microtitration plate and
incubared in a candle jar at 37°C and high humidity. Af-
ter 24 h incubation, an aliquot was taken and stained

Address for correspondence: Dr Kosuke Haruki, Department
of Tropical Diseases and Parasitology, Kyorin University
School of Medicine, 6-20-2 Shinkawa, Mitaka, 181, Tokyo, Ja-
pan; fax +81 422 44 460.

with 10% Giemsa solution. If parasites were still imma-
ture, slides were made every 6 h for 48 h to monitor their
progress. When the parasites had marured (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 maruration (compared to the control
well) was plotted against log QN concentration using a
probit scale; 99% and 50% inhibitory concentrations
(ICyg and ICs) 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 ar high
parasitaemnias. The reason for this trend was thoughr to
be the increasing concentration of mertabolic products
of the parasites and poor nutrition.

The mean values (& SD) were: ICqy, 3:1 £ 2:6 uM
(1:01+0-84 mg/L) and ICsg, 0-5£0-26 UM (0-16+0-084

§-100 f
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Quinine concentration (Log pM)

Figure. Regression line resulting from probit analysis of the log
dose response to quinine derived from the sensitivity assay of
Plasmodium falciparum; the points indicate means plus or mi-
nus one standard deviation.

mglL).

No isolate was resistant 1o QN, and sensitivity had not
changed significantly in this area since 1989, when the
ICqg and 1C5, values were 2-72 and 0-364 um, respec-
tvely (PASVOL er 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 chloroquine resistance locus in the genome of the rodent malaria parasite Plasmodiumn
chabaudi, Two genetically distinct ciones 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(3CQ) had been selected for a low level
of resistance to the drug whereas AJ is chleroquine-sensitive, Independent recombinant progeny {20) were cloned
from the products of two crosses, phenotyped for their susceptibility to chlorequine, and genotyped for their
inheritance of 46 chromosome-specific markers. No association was found berween chloroquine susceptibility and the
inheritance of pemdri, the P. chabaudi homologue of the pfindr! muiti-drug resistance gene of P. Jaiciparum, Also,
there was no association between chloroquine susceptibility and the inheritance of a marker linked to a putative
chloroquine resistance locus in a 2, faleiparum cross. However, 16 of the progeny clones showed co-segregation of
four linked markers on chromosome 11 with their resistance phenotype. This result suggests that a locus for
chloroquine resistance exists on this chromosome in 2. chabaudi, © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Chlorequine; Plasmodium chabaudi; Resistance

1. Introduction

Chloroquine resistance in the human malara

Abbreviations: PCR, polymerase chain reaction; PFGE, parasite Plasmodium falciparum arose first in
pulsed-field gradient gel electrophoresis: RFLP, restriction South America and South-east Asia [1.2]. Tt has
fragment length polymorphism. now spread to all parts of the worid where
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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 pfindr! [5] and
pfmdr2 (6], which code for homologues of the
P-glycoprotein impligated in multi-drug resistance
in mammalian tumour cells {[7]). Similarities were
noted between the rapid efflux phenotype shown
by chloroquine-resistant P. falciparum clones [8],
and the multi-drug resistance phenotype seen in the
cancer cells, and it was proposed that pfimdr! and
pfmdr2 might play a role in chloroquine resistance.
Early work claimed that amplification {5,6] and
mutations [9] of the pfimdr! 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 HB3
showed clearly that neither pfindr I 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
{14]. Instead, linkage analysis showed that a locus
in a 36 kb segment of chromosome 7 was involved
(15]. Severai genes have been cloned from this
region, including the gene coding for a putative
heat shock protein gene pfhsp86 [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. fafci-
parum.

Genetic studies on P. falciparum 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 P. 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-
resi;;tant/isogenic mutants of P. chabaudi is a more

straightforward procedure than in P. falciparum,
because in vitre culture is not necessary. In early
studies, mutants exhibiting low and high-level re-
sistance to chioroquine were produced by exposing
sensitive forms to gradually increasing doses of the
drug [18,19]. 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 {oct, 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 P. falciparum
heat-shock protein gene pfhsp86, which co-segre-
gates with a chloroquine resistance locus in that
spectes. Moreover, it is also unlinked o the P.
chabaudi muliti-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 chioroquine 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
AlJ, the crossing procedure following that of Wal-

liker et al. [22), with minor modifications. Briefly, °

blood forms of each clone were inocuiated sepa-
rately into mice and allowed to reach a para-
sitaemia of 20-30%. Equal volumes of blood 0.5
ml) of each clone were then mixed and injected
intraperitoneaily into a splenectomised rat for
production of gametocytes [21). Inoculations (1
mi) 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 8 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

» 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 chioroquine response (see below).

2.3. Test for chloroquine 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 celis intraperitoneaily into groups of

five mice. Dilutions of chloroquine sulphate (Ni-
vaquine, May and Baker) were made in distiiled
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,
5 or 6 post-inoculation and of drugged mice on
days 11, 13 and 15, and parasitzemias 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 chioroquine 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
chioroquine 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 11, 13 and 15,
and testing for significant differences berween
them using a ¢-test. To do this, a model with fixed
effects for clone (with levels for AS(3CQ), AJ and
the progeny clone) and experimental m'al/ WeLE
fitted to the data using least squares techniques.

2.4. Genomic DNA extraction, digestion and
Southern hybridisations

Parasites were extracted from host cells by sa-
ponin lysis, and DNA was prepared using modiii-
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 radioia-
belled 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 betwesn

AS(3CQ) and AJ were obtained by using three
types of DNA marker: (1) known Plasmodium

Wed Mar 25 08:57:29 1998

WA

Page



'scripI:G:/s'co3/jobsl/ELSEVIER/mo;/wee}c.07/Pm013084.004 Wed Mar 25 08:57:29 1998 Page 1

4 J. Carlton et al. / Molecular and ?Lc{hemical Parasitology 000 (1998) 000-000
sequences ed into plasmids or bacteriopha&é [15], a ratio of the number of progeny showing
which cro bridise to P. chabaudi; (2) anon linkage ,of chloroquine susceptibility with a P
mous markers produced through the RAPD-PCR marker/to the total number of progeny. Markers >
technique (random amplified polymorphic DNA- exhibiting a ratio of 16/20 or greater were exam-
polymerase chain reaction ) of P. chabaudi DNA ined further by linkage analysis using the com-
[26]; (3) anonymous probes from a&éu JAHP. puter programme CRI-MAP [31]. This
chabaudi genomic DNA library, constructed in programme allows construction of the most likely
pBluescript II (Stratagene) using common proce- linkage map using maximum likelihood method-
dures [27]. . ology. Significance tests were based on the LOD
Restriction fragment length polymorphisms score (the logarithm of the ratio of the likelihood
(RFLPs) of each marker were identified by hybri- under the hypothesis being tested, to the likeli-
dising *?P-labelled probes to Southern blots of hood under the nufl hypothesis) under the stan-
restricted genomic DNA. RFLP markers were dard assumption that twice the natural logarithm
assigned to individual chromosomes by hybridisa- of the likelihood ratio is distributed as a z* vari-
tion to blots of chromosomes separated by able [32].
pulsed-field gradient gel electrophoresis (PFGE) A second linkage analysis was carried out using
[28] using a CHEF DR I} (BioRad) apparatus. the quantitative data on parasitaemia (as opposed
Run conditions were as detailed in {26]. to the qualitative chloroquine suscepibility data
used above), by estimating the mean difference in
2.6. P. chabaudi mdr! gene log parasitaemias on each of days 11, 13 and 15
between the two groups of progeny clones inherit-
A section of the P. chabaudi homologue of ing alternative parental alleles of each of the 46
pfmdrl, called pemdr !, was cloned and sequenced markers. To do this, a mixed model with fixed
as follows. Briefly, degenerate PCR primers (858S: effects for experimental trial and marker allele, a

5-GGG GCA TTC GGT/A GAG/A T/ACT/A covariate for the mean parasitaemia in the control
GGA/T T/AGT GGG/A AAA TC; and 857S: mice on day 4, 5 or 6 (in order to adjust for any
5-GGG GCA TGC CCA(T A/GA/G/TG AA/ differences between the clones in their early
TG AT/GG TA/GG CT/CT C) recognising the growth rate), and a random effect for clone, was y L

nucleotide binding sites of the P. falciparum fitted by maximum likelihood methods. Marker
pfmdrl gene (5] were used to amplify P. chabaudi contrasts were tested for significance against the
DNA duning 35 cycles of 94°C 30 s—!, 45°C 60 between-clone variance.

s~', 70°C 90 s—'. After cloning into the vector Further analysis was done on the parasitaemia
PCRII using the TA Cloning System (Invitrogen) data from days 4 to 6 of the control mice to see
following the manufacturer’s instructions, the whether any of the markers were linked to a gene
fragment was sequenced using the dideoxynucle- controiling early parasite growth rate. For this,
otide chain-termination method [25] and found to the same method as that described above for the
show 87% homology at the amino acid level to chloroquine resistance analysis was used, except
the carboxyl ATP-binding cassette of pfmdr i [30]. that the covariate was omitted from the model.

pemdrl s on chromosome 12 [29].

2.7. Linkage analysis 3. Results

Linkage was assessed by comparing the inheri- 3.1. Hdeniification of genetic markers
tance pattern of each RFLP marker with inheri-
tance of the chloroquine phenotype, where More than 100 DNA markers were tested for
phenotype was determined as described in the RFLP polymorphisms between parent clones AJ
Test for chloroquine response section above. A and AS(3CQ). Forty six detected useful RFLPs,

convenient measure of linkage is the linkage ratio the majonity of these being single copy. Thirty two
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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 unclone%/pyrimetharnine-treated progeny
were shown tO 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 [

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 CBA/Ca mice.
Following inoculation of 10¢ blood forms, a para-
sitaemia of 40% or higher was attained by day 5
(Table 2). Peak parasitaemias were attained
around days 6-7, after which a rapid decline in
asexual parasite numbers occurred, although
gamerocytes 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 siowly
than AJ by day 3, and attained a slightly lower
peak parasitaemia.

The growth pattemns 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

(S). Th? aining five clones (38/9, 103/6, 63/3,
43/8 and 267/7)] 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 pemdr I, which produced a linkage ratio of
9/19 (Fig. 1, chromosome 12), and the locus
which cross-hybridised to the P. falciparum chro-
moseme 7 gene pfhsp86, with a linkage ratio of
10/20 (Fig. 1, 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 11, four tightly
linked markers, CRK2, EF-la, PCNA and OPL-
04 showed strongest co-segregation with
chloroquine resistance, with linkage ratios of 15/
19 or greater. In order to test for linkage statisti-
cally, an ordered map of the markers on this
chromosome was first constructed using CRI-
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 a = with |
d.f). 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-1a-PCNA-
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 1
Name and reference of chromosome markers used in this study
No. Name Reference/source
1 P. chabaudi Ag3020 (uncharacterised antigen gene) [48]
2 P yoelit Ca** ATPase (calcium ion ATPase gene) [49]
3 P. chabaudi pBS 110 (schizont-specific gene) W. Deleersniider, Institute for Molecular Biology, Brussels,
. Belgivm
4 P. chabaudi Ag3003A (uncharacterised antigen gene) [48]
5 P.1 (anonymous) P. chabaudi Sau3A genomic library
6 P.9 (anonymous) ) P. chabaudi Sau3A genomic lbrary
7 P. falciparum oIl tubulin gene [50,51]
8 P. chabaudi Ag3035 (uncharacterised antigen gene) 48]
9 P. chabaudi QPL-16 (26)
10 P. falciparum DNA pol § (DNA polymerase & gene) [52]
i1 P.29 anonymous P. chabaudi Sau3A genomic library
12 P. chabaudi Ag3024 {uncharacterised antigen gene) [48]
13 P. berghei 9.2 (anonymous, located on two chromo- [53)
somes) ' .
14 P.i2 (anonymous) P. chabaudi Sau3A genomic library
15 P. falciparum DNA pol a (DNA polymerase « gene) (52]
16 P, chabaudi RESA (ring-infected erythocyte surface [23]
antigen gene)
17 P. chabaudi DHFR (dihydrofolate reductase gene) [54]
18 P.23 (anonymous) P. chabaudi Sau3A genomic library
19 P. chabaudi MSP-1 (mazjor surface protein gene) [55}
20 P. faleiparum hsp86 (heat shock protein gene) [18]
21 P. chabaudi Ag3027 (uncharacterised antigen gene) [48]
22 P. chabaudi AMA-|(apical membrane antigen-1 gene) [56]
23 P. faiciparum ran (GTPase gene) [57
- 24 P. faleiparum 55 tRNA gene [58.59]
.25 P. chabaudi cDNA 121 (uncharacterised antigen gene)  [60,61]
- 26 P. falciparum VAP B (vacuolar AT Pase gene) [62]
27 P. chabaudi OPR-14 [26]
28 P. chabaudi mdr] (multi-drug resistant gene) (307
29 P. berghei aldo-1 (aldolase 1 gene) {63]
30 P. chabaudi Ag3042B/EDGA {exported dense-granuie [48]
antigen gene)
31 P. chabaudi pcpS590.7 [30]
32 P. faleiparum RNA pol III (RNA polymerase III gene} [64)
33 P. chabaudi OPL-12 [26]
34 P. chabaudi cDNA 148 (37 kxDa antigen gene) [59.60]
35 P. falciparum G6PD (glucose 6 phosphate dehydroge- [63]
nase gene)
36 P. chabaudi QPR-0Z [26]
37 P. chabaudi Ag3040 (uncharacterised antigen gene) 48]
38 P. berghei CRK2 (yeast CDC-2 homologue) {66]
39 P. falciparum EF-le {clongation factor 1 gene)} D. Williamson, London
40 P. faleiparum PCNA (proliferating cell nuclear antigen (67
gene}
4] P. chabaudi OPL-04 {26]
42 P. falciparum H2A (histone 2A gene) [68]
43 P.22 (anonymous) P. chabaudi Sau 3A genomic library
44 P. faiciparum TBP (TATA binding protein gene) {69]
45 P. falciparum Topo 1 (topoisomerase | gene) [70]
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Day 11 druggcd\ ol A) cf AS Dy 13 drugged

el AJ cl AS Day 15 drugged  cof AJ ef AS Phenotype
Al . ~4.90 (0.11) \ -4.52 (0.11) ~4.80 (0.14) s
~—_AS — T35 &r —315 (0.11) - +2.17 (0.12) - —1.99 (0.14) R
389~ 1P —~4.14 (0.39) . ( *\;D +3.49 (0.35) C*% A 247 03 e n.s LR
92 ZTs200.19) ~3.58 {0.29) s ns 12,74 (0.30) b n.s —2.47 (0.33) s @ R
752 159 (0.15) 3.47 (0.29) *ex ns 2.89 (0.30) AL . —2.55 (0.29) *as ns R
103/6  —1.52 (0.15) ~3.247%0.29) * * ~1.04 10.30) *re " —2.65 (0.29) * LR
3911 —1.45(0.15) ZI38(0.30) ns =2:54-0.31) s e 274 (0.29) et . R
2919 —1.29 (0.20) —2.65 (0.36) n.s —2.73 (0.39) (17D N p— n.d nd R
2535 —1.55(0.15) —3.45 (0.30) ns —2.59 (0.31) *es 0 —1.20 (0.36) ns R
2387 —1.34 1D —2.58 (0.30) oot ns ~2.69 (0.31) er ns —4.79 (0.43) ns L R
185/  —1.47 {17y —3.32 (0.30) whe ns —3.39 (0.31) wrx +ax ~5.22 (0.43) ns s R
633 —1.37 (0.15) —3.86 (0.30) > . ~3.69 (0.31) v ee ~3.55 (0.31) er e LR
266/6  —1.69 (ii.14) —4.84 {0.24) ns er ~4.19 (025)  ns_ s —4.12 (0.43) ns ve 8
438 —1.42 (0.15) —4.36 (0.30) ns e -3.69 (031 {_+ *®) e —3.74 (0.29) ue es LR
393 —1.37 (1119) —4.57 {0.29) n.s —4.54 (0.30) o —4.85 (0.29) n.s b S
62/8 - 1.32 {i.18) -4.52 (0,34 ns —4.69 (0.35) n.s *ee —5.00 (0.32) ns i S
62/3  —1.60 (0.15) —4.70(0.30) ns ser —4.74 {0.34) n.s —4.99 (0.31) n.s s 5
BIE —1450.15%) —4.92 (030) n.s —4.77 (0.31) s —4.73 (0.29) s S
115/9  —1.58 (0.16) —4.92 (0.30) s —4.77 (0.31) ns e —13.85 (0.29) ¥ S
251 —16] {G.17) —5.40 (0.30) fﬁ\ i —4.44 (0.31) ns s —-4.79 (0.43) n.s s S
2662 139 (0.17) -583030) | *x% —4.00 (0.31) ns -2.36 (0.43) n.s S
267/7 — 148 (0.17) —5.83 (0.30) \_* K foer —5.30 (0.31) * e -2.82 (0.43) tae n.s LR

Figures are means of log parasituemias, from two separale trials, and figures in
clene is significanily different from the parent chtoroquine-sensitive A and chlor

resistance, e — T e

e “\\_’_m S
* P<0.05;n.5, noi sigmficant, P>().0§2‘1ﬂ, not determined’

PO — e -

**+* P <(.001,

brackels are standard errors. Columns headed of AJ and ¢f AS show whether each
oguine-resistant AS(3CQ) clones respectively. R, resistant; S, sensitive; LR, low level
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Fig. 1. (a) Inheritance of 37 chromosomal markers among 20 progeny clones from two AJ x AS(3CQ) crosses. Roman numerals

refer to the chromosome number: pregeny clones are listed vertically. Each chromosome marker has been allocated the same

identification number as in Taoie 1. Open boxes indicate inneritance of Al-type alieles, closed boxes indicate inheriance of

AS(3CQ)-type alieles, and hatched boxes indicate data not available. Markers are ordered so as (o 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 for pfhsp86 (chromosome 8), and ** for pcmdr | (chromosome 12). # Indicates a marker 7 a\‘\r‘
which is present on either chromosome 4 or 5. Marker 13 is present as two copies in the genome. The linkage Tatio for each marker . N

is also shown. (b) Inheritance of chromosome 1} 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 11.
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of these markers (LOD = 3.08, P = 0.0002). When

- the thee€ prageny which had intermediate resis-

tance were excluded from the analysis, the LOD
score was{ 2.55 (P =10.0006))Thus, even when
accounting for The multiple 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 parasitaemia, Markers which also
showed a significant b en-allele difference in
parasitaemia were the three chromosome 11 mark-
ers CRK2, EF-1z and PCNA (Day 13,0.001 < P <
0.01, and Day 11, 0.01 < P < 0.05), showing that
these marker alleles segregated with chioroquine
resistance. These tesults thus support the findings
of the linkage analysis described above. Other
possible loci with less strong significance levels of
linkage to chloroguine-resistance assessed by this
method werg Ag3033)0n chromosome 3, an anony-
mous locus o omosome 5, and Ag3027 on
chromosome 9.

Fig. 1. (Continued)

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 P.
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
pemdrl gene, located on chromosome 12, is not
tightly linked to the resistance. This resuit does nat
rule out the possibility that pcmdr I may be involved
in other instances of chloroquine resistance, but it
clearly parallels the findings of Wellems et ai. [14]
that the pfmdr! gene of P. falciparum is not the
cause of chloroquine-resistance in clone Dd2 of
that species.

N BUB RIS W P |
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Fig. 2. Best-fit map of a putative chloroquine resistance gene within a region of chromosome 1 delineated by nine markers. (a)
Ordered map of chromosome 1 markers. (b) Most likely map position of a putative chloroquine resistance locus. Recombination
fractions are shown below the solid line, centiMorgan (¢M) distances shown above, and the position of the chloroquine resistance

gene is shown in bold type. The maps are not drawn to scale.

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 resistant, genes of P. falciparum, especially
pfmdrl f34])" 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 pfindr! 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 pfmdrl are associated with resistance
[9,40]. However, several surveys in which natural
isolates containing these pfindr! 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 muitigenic. The resistance phenotype of each
correlated with their ability to efflux chloroquine,
and the resistance was reversed by verapamil.
RFLP markers of the pfindrl and pfmdr2 genes
did not co-segregate with the resistance pheno-
type, and in addition there was no correlation
between gene copy number of pfimdr! 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,

Wed Mar 25 (08:58:54 1998
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Table 3

Analysis for linkage between markers and chioroquine resistance

Al !

Chromosome Marker Day 4-6 undrugged Day 11 drugged Day 13 drugged Day 15 drugged
1 1 —0.14* 0 —0.24 —-0.29
2 2 - —0.08 F032) 0.48 0.63
3 3 0.14 vy 0.32 —0.48

4 0.06 0.81 115 0.41
4 5 -0.01 —0.79 —1.30 —1.59
6 -0.01 —0.79 @ -1 -1.59
afs 7 0.5 —0.01 By, y —1.01
5 8 —0.01 —~0.56 0.01 1.53
9
10 001 0.94 1.50 1.30
1t .09 0.26 0.07 —0.59
12 —0eae =0.073 —-0.71 —0.40 0.63
13 —-0.04 —1.15 —0.40 1.74%
6 14 0.15 0.12 —-0.37 -1.10
15 0.02 0.17 —0.13 —0.85
16 = 0.02 "0.94 1.50 1.29
7 17 —0.09 —~0.03 —0.23 —0.11
18 —0.03 0.43 0.90 113
8 19 —0.08 —0.03 0.54 1.02
20 0.00 0.38 0.53 0.25
9 21 0.10 =0.25 —0.94 —1.68*
22 . 004 —0.18 ~0.61 —~1.09
23 0.06 0.39 0.29
10 24 002 0.44 —0.0 0%
25 —0.01 —0.79 1303 —). 3§ —~1.59
26 0.01 —0.11 iy —0.63
12 27 —0.09 -0.16 —0.27 0.07
28 -0.13 —0.48 —0.11 1.36
i3 29 0.09 0.44 0.72 0.33
30 0.09 0.44 0.72 0.33
3l 001 0.60 0.45 0.18
32 0.03 —0.12 —0.12 0.3
33 ~0.01 0.05 0.33 0.55
34 0.00 0.14 0.20 0.82
35 002 0.14 0.20 0.76
14 36 ~0.20% ~0.57 —0.37 0.51
37 —0.04 —0.38 —0.32 =0.10
11 38 ~0.07 1.41* 1.36%= 0.60
39 —0.07 141" 1.36%* 0.60
40 —0.07 1.41* 1.36%= 0.60
41 012 _1.09 128} 1.03°
42 T - gk G2 4. 022 0.4%
43 006 9.7 % ‘1l4 g “8:83 0.2,
44 ~0.12 0.40 0.35
13 =015 0.09 0.18
45 —0.18* ~0.43 0.17
CQR —0.01 1.49** 141=»

Figures represent the mean differen

c t_test could not be carried ou
P<(.5.
—
f 01

*** P<0.001.

*P< o0 .05

Y ;ﬁ
O‘Qe[ween progeny clones inheriting the
t&marker 9 because no progeny inherited the AS(3CQ) alleie of this locus.

-h\ )e@ [’WJ*’W

) Ty
versis AS(IEQ) allele of each marker. The marker
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rom twe P. chabaudi crosses. The parent
AS(3CQ) clone was deliberately chosen because it
exhibits a low level of resistance to chloroquine
and that another locus or loci were involved {17}.
In our study, we have examined the inheritance
of chloroquine 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.
Jalciparum [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. falciparum.
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 loci, each abie 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 maodel fits in with the com-
petent mdr model invoked by Foote et al. {9), who
postuiated that two loci of this type could recon-
cile the discrepancies between the results of their
field surveys of pfmdr! 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, 18 of the 59
progeny clones isolated were found to be Al
parental types, most probably derived from selfing
in mosquitoes, while only two clones of parental
AS(3CQ) genotype were found; an excess of Al
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 gquantitative
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 336.3
expected. However, there was a skewed inheri-
tance of markers associated with one chromo-
some, those of chromosome 5 being largely
Al-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. falci-
parum 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 P. 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 [46], 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 15 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 50%
power to 14, 27 and 52. Thus the power of the
experiment for detecting loci other than those
tightly linked was not optimai, 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. chabaudi 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 2. Jalciparum. Other

mutants of P. chabaudi have been produced which
possess higher levels of resistance than that of
AS(CQ) (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 (47], to identify how many
genes are involved in this type of resistance and to
determine their mechanism of action.

Acknowledgements

We thank Margaret Mooney and Richard
Fawcett for their technical assistance, and the
ICAPB Animal House staff for their excellent
animal husbandry, We would also like to ac-
knowledge all those who donated probes. The
work was supported by the Medical Research
Council of Great Britain.

References

[1] Harinasuta T, Migasen S, Bunnag D. Chloroquine resis-
tance in Plasmodium faleciparum in Thailand. UNESCO
First Regional Symposium on Scientific Knowledge of
Tropical Parasites, Singapore: University of Singapore,
1962:148-53.

[2] Young MD, Moore DV. Chloroguine resistance in Plas-
modium falciparum. Am J Trop Med Hyg 1961;10:317-
20,

[3] Cowman AF, Foote SJ. Chemotherapy and drug resis-
tance in malaria. Int J Parasitol 1990;20:503-13.

{4] Walliker D. The role of molecular genetics in field studies
on malaria parasites. Int J Parasitol 1994:24:799-808.

[5) Footwe 5§, Thampson JK, Cowman AF, Kemp DJ. Am-
plification of the multi-drug resistance gene in some
chloroquine-resistant isolates of P. falciparum. Cell
1989:57:921 -30.

(6] Wilson CM, Serrano AE, Wasley A, Bogenschutz MP,
Shankar AH, Wirth DF. Amplification of a gene related
o mammalian mdr genes in drug-resistant Plasmodium
Jalciparum. Science 1989;244:1184-6.

{71 Gottesman MM, Pasian 1, Ambudkar $V. P-glycoprotein
and multidrug resistance. Curr Opin Gen Dev
1996,6:610-7.

[8] Krogstad DJ, Gluzman 1Y, Kyle DE, Qduola AMJ,
Martin SK. Milhous WK, Schlesinger PH. Efflux of
chloroquine from Plasmodium falciparum: mechanism of
chloroquine resistance. Science 1987;238:1283-5.

{9] Foote 81, Kyle DE, Martin RK, Oduola AM, Forsyth K,
Kemp DJ, Cowman AF. Several alleles of the multidrug-
resistance gene are closely linked to chloroquine resis-
tance in Plasmodium falciparum, Nature 1990;345:255-8,

Wed Mar 25 08:58:56 1998

Page 1



/pPScript6; /s‘c03/jobsl/ELSEVIER/mo]T/week. 07/Pmol3084.014

Caine

14 I, Carlton et al. / Molecular and Biochemical Parasitology 000 (1998) 000-000

[10] Haruki- K, Bray PG, Ward SA, Hommel M, Ritchie
GY. Chloroquine resistance of Plasmodium Jalciparum:
further evidence for a lack of association with muta-
tions of the pfmdrl gene. Trans R Soc Trop Med Hyg
1994;88:694.'-“__5 P !
[11] Adagu IS, Warhurst DC, Cariieci DJ, Duraisingh MT,

Pfmdr! mutations® and chloroquine resistance in Plas-

mod.

C_iﬁ:jflciparum isolates from Zaria, Nigeda. Trans R
Soc Trop Med Hyg 1995:89:132-9.

(12] Awad-El-Kariem FM, Miles MA, Warhurst DC,

Chloroquine-resistant  Plasmodiwmn Jfalciparum  isolates

from the Sudan lack two mutations in the pfndrl gene

thought to be associated with chloroquine resistance,

Trans R Soc Trop Med Hyg 1992:86:587-9,

(13] Wilson CM, Volkman SK, Thaithong S, Martin RK,
Kyle DE, Milhous WK, Wirth DF. Amplification of
pfmdr-1 associated with mefloquine and halofantrine
resistance in  Plasmodium falciparum from Thailand.
Mol Biochem Parasito] 1993;57:151-60.

(14] Wellems TE, Panton LJ, Gluzman 1Y, Rosario VE,
Gwadz RW, Walker-Jonah A, Krogstad DI,
Chloroquine-resistance not linked to mdr-like genes in
a Plasmodium faiciparum cross. Nature 1990;345:253-5,

[L5}] Wellems TE, Walker-Jonah A, Panton LJ. Genetic
mapping of the chloroquine-resistance locus on Plas-
modium faleiparum chromosome 7. Proc Natl Acad Sci
USA 1991;88:3382-6.

[16] Su X, Wellems TE. Sequence, transeript characterisa-
tion and polymorphisms of a Plasmodium falciparum
gene belonging to the heat-shock protein (HSP) 90
family. Gene 1994;151:225-30.

(171 Se X-Z, Kirkman LA, Fujicka H, Wellems TE. Com-
plex polymorphisms in an ~ 3350 kDz protein are
linked to chloroquine-resistant p. Jalciparum in south-
east Asia and Africa. Cell 1997;91:593-603.

[18) Rosario VE. Genetics of chlorequine resistance in
malaria parasites. Nature 1976:261:585-¢.

[19] Padva RA. Plasmodium chabaudi: genetics of resistance
to chloroquine. Exp Parasitol 1981,52:419-26.

(20] Walliker D, Carter R, Morgan S. Genetic recombina-

tion in Plasmodium berghei. Parasitology 1973:66:309—

20.

Cornelissen AWCA, Walliker D. Gametocyte develop-

ment of Plasmodium chabaudi in mice: and rats: evi-

dence for host induction of gametocytogenesis.

Parasitol Res 1985:71:297-303.

{22] Walliker D, Carter R, Sanderson A. Genetic studies on
Plasmodium chabaudi: recombination between enzyme
markers. Parasitology 1975:70:19--24,

{23] Lainson FA. Observations on the morphology and
tlectrophoretic  variation of enzymes of the rodent
malaria parasites of Cameroon, P. yoelii, P. chabaudi
and P. vinckei. Parasitology 1983;86:221-9.

f24] Snounou G, Viriyakosol §, Holmgquist G, Berzins K,
Perlmann P, Brown KN. Cloning of genomic fragment
from Plasmodium chabaudi expressing 2 105 kilodalton

12t

antigen cpitope. Mol Biochem Parasitol 1988;28:153-
62.

[25] Sambrook J, Fritsch EF, Maniatis T, Molecular
Cloning: A Laboratery Manual. New York: Cold
Spring Harbour Laboratory, 1939,

{26] Carlton JM-R, Howard J, Jensen JB, Walliker D. A
rapid technique for the detection of DNA polymor-
phisms in Plasnodium. Exp Parasitoi 1995,80:163-6.

{27] Bafort J. Primary exo-erythrocytic forms of Plasmod-
ium vinckei, Nature 1968;217:1264-5.

(28] Bhasin VK, Trager W. Gametocyte-forming and non-
gametocyte-forming clones of Plasmodium Jfaleiparum,
Am J Trop Med Hyg 1984:33:534-7,

[29] Janse CJ, Cariton JM-R, Walliker D, Waters AP,
Conserved location of genes on polymorphic chromo-
somes of four species of malaria parasites, Mol
Biochiem Parasitol 1994:68:285-96.

[30] J. Carlton. The genetics of chloroquine resistapes” in
the rodent maiaria parasite Plasmodium c audi, PhD
Thesis. UK: University of Edinburgh, +995.

{31] Green P, Falls K, Crooks s./mmﬁemazion for CRI-
MAP Version 2.4. 1990, —

[32] Lander E, Kruglyak L. Genetic dissection of complex !
traits: guidelines for interpreting and reporting linkage |
results. Nat Genet 1995;11:241-7. '

S
{33) Ott J. Analysis of human genetic linkage. Bahimorc.’! b

MD: Johns Hopkins Press, 1985. —_—

{34] Rubio JP, Cowman AF. The ATP-binding cassette
(ABC) gene family of Plasmodium JSalcizarum, Parasitol
Today 1996;12:135-40.

[35] Cowman AF, Karcz S, Galatis D, Culvenor IG. A P-
glvcoprotein homologue of Plasmodium Jfalciparum is
localised on the digestive vacuole. J Cell Biol
1991;113:1033-42,

[36] Peel SA, Bright P, Yount B, Handy J, Baric RS. A
strong association between mefoquine and halofantrine
resistance and ampiification, overexpression, and muta-
tion in the P-glycoprotein gene homeoleg (gfimdri) of
Plasmodium falciparum in vitro. Am | Trop Med Hyg
1994;51:648-58.

(37] Bamnes DA, Fooie SJ, Galatis D, Kemp DJ, Cowman
AF. Selection for high level chlorogquine resistance re-
sults in deamplification of the pimdr-1 gene and in-
creased  sensitivity to mefloquine in  Plasmodium
falciparum. EMBO ] 1992:11:3067-75.

[38] Cowman AF, Galatis D, Thompson JK. Selection for
mefloquine resistance in  Plasmodium Jalciparum s
linked to amplification of the pfimdr-1 gene and cross-
resistance to halofantrine and quinine. Proc Natl Acad
Sci USA 1994,91:1143-7.

[39] Cremer G, Basco LK. Le Bras JL. Camus D, Slomi-
anny C, Plasmodium faleiparum: Detection of P-glyco-
protein in chloroquine-susceptible and
chioroquine-resistant clones and isoiates. Exp Parasitol
1995:81:1-8.

Wed Mar 25 08:58:56 1998

Page .

el



DSCript6:/sco3/jobsl/ELSEVIER/mol /week.07/Pmol3084.015 Wed Mar 25 08:58:56 1998 Page 1

J. Carlton et al. / Molecular and Biochemical Parasitology 000 (1998) 000-000 15
(40] van Es HHG, Karcz S, Chu F, Cowman AF, Vidal 5, chromosome-size polymorphism in Plasmodium berghei.
Gros P, Schurr E. Expression of the plasmodial pfmdrl Mol Cell Biol 1990;10:6759-64.
gene in mammalian cells is associated with increased [$4] Cowman AF, Lew A. Antifolate drug selection results
susceptibility to  chloroquine. Mol Cell  Biol in duplication and rearrangement of chromosome 7 in
1994;14:2415-28, Plasmodium chabaudi. Mol Cell Biol 1989;9:5182-8.
(41] Basco LK, de Pecoulas PE, Le Bras J, Wion CM. [55] Deleersnijder W, Hendrix D, Bendahman N, Hane-
Plasmodium falciparum: molecular characterisation of greefs J, Brijs L, Hamers-Casterman C, Hamers R.
multidrug-resistant Cambodian isolates. Exp Parasitol Molecular cloning and sequence analysis of the gene
1992,82:97-103. encoding the major merozoite surface antigen of Plas-
(42] Tanabe K, Kato M, Iumo A, Hagiwara A, Doi . modium chabaudi chabaudi 1P-PCL. Mol Biochem Para-
Plasmodium chabaudi; In vivo effects of Ca?* antago- sitol 1990;43:231-44,
nists on cgIoro;]uinc-nltsiis;gg:mancligclgzroquine-sensitive [56} Marshall VM, Peterson MG, Lew AM, Kemp DI.
parasites. Exp Parasito! 110:419-26. ical mem e antigen | {(AMA-]
[43) Ohsawa K, Tanabe K, Kimata 1, Miki A. Ulrastruc- cs)tl'ru?’;::mztgﬁ:: a:i::baudi. m Bioghem (Parasitoi

tural changes associated with reversal of chloroquine 1989:37:281-4.

:;s;f;ancigg{.l\gﬁpsasn—ugl in Plasmodium chabaudi. Para- [57) Sultan AA, Richardson WA, Alano P, Amot DE, Do-
144] Miki gz Tan’abell(, Nz;tkayama T, Kiryon C, Ohsawa erig C. Cloning and characterisation of a Plasmodium
A K Tak;da S. Plasmodium chabau;ji' associati’on of re- faleiparum homologue of the Ran/TC4 signal Lrian s?:c;
- ’ et - — . i i i Il cycle controi. 0
versal of chloroquine resistance with increase in the ac- ing GTPase involved in ce
e by Care e I e a¢ Biochem Parasitol 1994;65:331-8.

-cumulation of chloroquine by Ca’* modulators in ’ .
resistant parasites. Exp Parasito} 1992;74:134-42, (58] Shippen-Lentz D, Ray R, Scaife JG, Langsley G

(45] Walker-Jonah A, Dolan SA, Gwadz RW, Panton LJ, Vezza AC. Characterisation and complete nucleotide
Wellems TE. An RFLP map of the Plasmodium falci- sequence of a 5.85 ribosomal RNA gene from Pl_a.s-
parum genome, recombination rates and favored link- modium  falciparum. Mol Biochem  Parasitol
age groups in a genetic cross. Mol Biochem Parasitol 1988,22:223-31.
1992;51:313-20. (59] Shippen-Lentz DE, Vezza AC. The three 55 rRNA

[46] Lander ES, Botstein D. Mapping Mendelian faciors genes from the human malariz parasite Plasmodium
underlying quantitative traits using RFLP linkage Salciparum  are  linked. Mol Biochem  Parasitol
maps. Genetics 1989:121:185-99, 1988;27:263-74.

{47 van Dijk MR, Janse CJ, Waters AP. Expression of a [60] Sharkey A, Langsley G, Patarapotikul J, Mercereau-

e Plasmodium gene introduced into subtelomeric regions Puijalon Q, Mclean AP, Walliker D. Chromosome
of Plasmodium  berghei chromosomes, Science size variation in the malaria parasite of rodents, Plas-
1996;271:662-5 modium chabaudi. Mol Biachem Parasitol 1988;28:47—

(48] Favaloro JM, Culvenor JG, Anders RF, Kemp DI A 54.

Plasmodium chabaudi antigen located in the para- [61] Silveira JF, Sibilli L, Brunet E, Mercercau-Puijalen .
sitophorous vacuole membrane. Mol Biochem Parasitol Cloning of cDNAS that code for Plasmodium chabaud:
1993;62:263-70. antigens of the erythrocytic forms and cross-hybridise

[49] Murakami K, Tanabe K, Tzkada §, Structure of a with  P.  faleiparum. Mol Biochem  Parasitol
P[asmo?’:'um yoelii genc-encgded protein homologous to 1984:11:133-43.
the Ca*=-ATPase of rabbit skeletal muscle sarcoplas- (62] Karcz SR, Hermann VR, Trottein F, Cowman AF.

mic reticulum. J Cell Sci 1990:97:487~95.

{30] Holloway SP, Sims PFG, Delves CJ, Scaife JG, Hyde
JE. Isolation of a-tubulin genes from the human
malaria parasite, Plasmodium falciparum: sequence
analysis of a-tubulin. Mol Microbiol 1989;3:1501-10.

[51] Holloway SP, Gerousis M, Delves CJ, Sims PFG,
Scaife JG, Hyde JE. The tubulin genes of the human
malaria paraite Plasmodium falciparum, their chromoso-

Cloning and characterization of the vacuolar ATPase B
subunit from Plasmodium falciparum. Mol Biochem
Parasitol 1994;65;123=33.

[63] Meier B, Dabeli H, Centa U. Stage-specific expression
of aldolase isoenrymes in the rodent malaria parasite
Playmodium  berghei. Mol Biochem  Parasiiol
1992;52:15-18.

mal location and sequence analysis of the a-tubulin II (64] Li WB, Bzik DJ, Tanaka M, Gu H, Fox BA, Insel-
gene. Moi Biochem Parasitol 19$0:43:257-70. burg J. Characterisation of the gene encoding the
{52] Ridley R, White JH, McAleese BM, Goman M, Alano largest subunit of Plasmodium feleiparum RNA poiy-
P, Vres Ed. DNA polymerase &: gene sequences from merase [{I. Mol Biochem Parasitol 1991;46:229-40.
Plasmodium  falciparum indicate that this enzyme is [65] O'Brien E, Kurdi-Haidar B, Wanachiwanawin W, Car-
more highly conserved than DNA polymerase a. Nu- vajal JL, Vulliamy TJ, Cappadoro M, Mason PJ, Luz-
cleic Acids Res 1991;19:6731-6. zatto L. Cloping of the glucose 6-phosphate
[53] Pace T, Ponzi M, Dore E, Janse CJ, Mons B, Frontaii dehydrogenase gene from Plasmedium falciparum. Mol

C. Long insertions within telomeres comr)lbutc to Biochern Parasitol 1994;64:313-26.



pscripté:/sco3/jobsl/ELSEVIER/mol /week.07/Pmol30g4. 016 Wed Mar 25 08:58:56 1998

16 J. Carlton et af. / Molecular and Biochemical Parasitology 000 (1998) 000-000

{66] Vinkenoog R, Veldhuisen B, Speranca MA, del Portillo Mol Biochem Parasitol 1992;54:113-6,
HA, Janse CJI, Waters AP. Comparison of introns in a {69] McAndrew MB, Read M, Sims PFG, Hyde JE. Character-
cde2-homologous gene in a number of Plasmodium species., isation of the gene encoding an unusually divergent TATA-
Mol Biochem Parasitol 1995;71:233-41, binding protein (TBP) from the extremely A + T-rich

(67] Kilbey B, Fraser I, McAleese S, Goman M, Ridley RG. human malariz parasite Plasmodium falciparum. Gene
Molecular characterisation and stage-specific expression of 1993;124:165-71.
proliferating cell nuclear antigen (PCNA) from the malatiai {70] Tosh K, Kilbey B, The gene encoding topoisemerase I from
parasite, Plasmodium falciparum. Nucleic Acids Res the human malaria parasite Plasmodium falciparum. Gene

1993;21:235-43, _4,
[68] Creedon KA, Kaslow DC, Rathod PK, Wellems 7] ariton (in pressy:

Identification of a Plagmodium falciparum histone 2A gé

Page 1



EVOLUTION
Friday Mar 06 10:56 AM
Allen Press + AVIIQON System

EERITR L

I

Evalunion, S22), 1998, pp AHY- 197 TR TR B
RS

evol 52 217 Mp 489
File # 17cc

ENR R TIALHL

P N

VIRULENCE OFF MIXED-CLONE AND SINGLE-CLONE INFECTIONS OF
THE RODENT MALARIA PLASMODIUM CHABAUDI
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Abstract. —Most evelutionary models treat virulence as an unavoidable consequence of microparasite replication and
Mave predicted that in mixed-genotype infections, nateral selection should favor irigher levels of virutence than is
aptimal in genetically uniform infections, [ncreased virudence may evolve as a genctically fixed strategy, appropriate

A NA
the evolution of viru

for a given parasite replication rate.

for the frequency of mixed infections in the papulation, er may ovccur as a conditional response to mixed infection,
that is, a facultative strategy. Here we test whether lculative alicrations in replication rates in the presence of
competing gcnu(ypcsﬁgencmtc greater virulence. An impoctant ailernative, not currently incorporated in models ol
eace, is that hest responses mounted

or less elfective tan those against genetically uniform par

against genctically diverse parasites may be mare costly

asites. I so, mixed clone inlections wiil be more virulent

Twa groups of mice were infected with one of (wo clones of Plasmodium chabaudi parasites, and hree groups of

mice were infected with

~

1:9, 5:5, or 9:1 mixtures ol the same two clones. Virtlence was asscssed by monitoring
muuse body weight and red blood cell densily. Transmission stage densitics were significantly higher in mixed- tan
in singie-clone infections. Within (ru:)hu:m groups, transanission stage production increased willt the virulence of the
infection, a phenotypic correlation consistent with Uie genetic corretation assumed by much of the theoretical wark

on the evolution of viralence. Consistent with theoretical predictions of Macultative alterations in virulence, we found
that mice infected with both parasite clones lost more weight and had on average lower blood counts than those
infected with single-clone inlections. lowever, there was no consisient evidence of (he mechanisin invoked by cva-

lutionary mudels (hat predict this elfect, Replication rates and par:

15ie densitics were not abways higher in mixed-

clone infections, and for a given rephcation tate ur parasite density, mixed-clone inlections were still more virnient.

Instead, prefonged anemin and increased transmission m
less rapidiy cleared by hosts. Diflerences in maximum we

2y have veeured because genetically diverse infections are
ight loss occured even when there were comparable parasite

densities in mized- and single-clone infectinns. We suggest that muunting an immune response against more that one

parasite genotype is moic costly fur hosts, which therelore safTer lngher vinulence.

Key wards.—Malaria, mixed infection, parasite, Plasmeditm chaburrdi, virnlence.
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Virulence is the reduction in hosi (4,55 caused by parasilic
infection. The evolulion of viruienve has important inpli-
cations for the controi of infections disease and has stimu-
lated a considerable bady ol theory 1ceviewed by Bull 1994;
Read 1994; Ewald 1995, k199 Blert, in press). How-
ever, these ideas have been subjected (o remackably little
experimental testing, particuiarly in the context of verinhrate
infectious discase where the utilitari. - bunefits of the theory
have hien most st LY A o dod (wolams and desse
1991 Ewald 1994, Westoby 1994, Futuyma 1995},

Moast evelution of virulence modeis regard virulence as an
unavoidabie consequence of parasite adaptation. Virslence
itsell is viewed as detrimentad to 1% asile litness but gencet-
ically correlated to fitness-enhancing traits (revicwed by Bull
1994; Read 1994: Frank 1996; Ebert, in press). Increased
virulenee (usually madeled as a direct consequence of mi-
croparasite replication rate) is assumed to correlate with risk
of host death, but also increaszd transmission stage produc-
tion. Observed levels of virulence are then said to represent
sehiedules of host exploitation that balance those two factors
30 as (o maximize some measure of parasite litness. Tn the
simplest models, which consider Just onc parasite genotype
per host, the level of viruience that evolves is that which

‘5 ls;rcsenl address: Centre for Tropical Yeterinary Medicine, Uni-

versity of Edinburgh, Easter Bush, Roslin, Midlothian 1125 9RG,
Scotland; E-mail; itaytor @labi).vet.cd.ac.uk

Accepted January 28, 1998,

maxinizes the wotal number of new infections resulling I'rorn:
an infection (e.g., Levin and Pimentel 1981 Anderson an
Muay [982; Bremermann and Pickering 1983). Qptimai vir-
wlence may be high if transmission probability s enhanced
by host morbidity, or low as prudent parasites atlempt ta
profong host survival to maximize long-term transmisston.

Huwever many authors have pointad out that where mixed
genotype infections are common, levels of virulence greater
thaw those optinal fcr single-genotype infections will be [a-
vated by natural selection {e.g., Hamilton 1972 Eshel 1977:
Axclrod and Hamillen 1981; May and Anderson 1983; Knolle
198Y: Frank 1992; Hellriegel 1992; Herre 1993, 1995; Bon-
hocfler and Nowak 1994a,b; Nowak and May 1994; van Ba-
alen and Sabefis 1995a,b; Frank 1996; Ebert and Mangin, in
press). In the competitive sitwation of a mixed-genotype m-
lection, parasites thalfexploit host resources are cxpected to
be outcompeted piowH by those cxploiting hosts more rap-
idly. Thus, optimal levels of virulence are higher in mixed
infections, even il this teads to lewer secondary infeclions
than might be otherwise achicved. 1o the extreme, short-lerm
selection arising lrum competition within a host can lead (o
greatly increased levels of virulence, with greally decreased
transmission rafes, so-¢alled short-sighted evaolution (Levin
and Bull 1994).

Where mixed-genotype infections oceur, parasites could
evolve a genetically fixed strategy appropriate lor the lie-
guency ol mixed infections in the population. Alternatively,

4849
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a conditional strategy might evolve where parasites (acul-
tatively alter their growth rates, and benece virulence, ac-
cording to the type of infection they find themsetves] pitl]
(Sasaki and Iwasa 1991; Frank 1992; van Baalen and Sabelis
1993a). A conditional response is adaptive if the level of
competition experienced is variable and sannot be predicted
in advance. Such responses require that parasites are able 1o
detect other parasile genolypes within a host and respond
accordingly. One possible mechanism for this is the detection
of a host immune response mounted (o an antigenicaily sim-
itar, but not identical, parasite. Whatever the underlying
mechanistm, both genetically fixed and lacuhative strategies
shouldfhigher parasite virulence beingsbserved where mixed
genotype infections are comman.

Whether parasites facultatively aller heir within-host
growth schedules in the presence of cempeting genotypes,
thus inducing greater virulence in mixed-clone infeclions,
remains o be lested. However, 2 complexily tn such tests is
the role of host factors in determining virulence. Although
generally ignored in most formal models, virulence must tre
a conscquence not only of what parasites deo to hosts but also
on the costs and effectiveness of parasile control by hosts.
Responses against a more heterogenous parasite pupulation
may ulilize more host resources. It may also be less elfective.
[tis well known that parasites that create antigenic diversity
within infections can evade host immunity Pl probably pro-
Iungi the inlection (e.g,, H madaria and rypansome infec-
lions; Wakelin 1996). It (herefore scems plausible that ge-
netically heteregeneous infections will he less rapidly cleared
by the host. Thus, even in the absence of facultative alter-
atiens in parasite growth scheduies, differences in host re-
sponses could result in mized clone infections being more
virutent, The crucial test or the exisience of conditional vir-
ulence strategies is to cumpare both viulence and within-
host growth schedules in mixed- and single-clone infections.
We did this using the rodent malaria parasite Plasmadium
chabaudi. » -+

In vertebrate husts,p_nalaria parasitesfinieet red hiood cells
}ud.mpiimle;mimticnl1y—in—zhrrhlood..s.lcan\ until the host

-dies or the infection is controlled by host fmunity. For
variety of experimental angd cthicnl rougens, i 0
1o directly assay mortality r.'llc_?{.:ll'su‘;ui‘ wre agsayed weight
loss and anemin as measures of viruicree. In the strain of
‘inouse used in our experinents, P. chabaudi is usually non-

R lethal (Stevenson et al. 1982), lJul“{»—ieqI assumed that in Jess-

Mical

et g

L resistant host genotypes these paramelers are correlated with

probability of death. Host responses ¢ anemia have been
linked with resistance 1o infection with P, chabaiedi (Ste-
venson et ai. 1982; Yap and Stevenson 1994} and both weight
loss and anemia induced by single-clone infections of 2 cha-
baudi dilfer repeatably between parasite lines (Mackinnon,
unpubl. data; Read and Anwar, unpubl. data).

We infected groups of mice with one of 1wo clones of P,
chabaudi or mixtures of the two, with alt mice recciving the
same total number of parasites. Both parasite growlh rates
and liost reponses in mixed infections may be affected by
the relative abundance of the parasite clones. Three types of
mixed-clone infections were therefore inttiated, with inocula
composed of 9:1, 5:5, or £:9 ratios of the two clones, Relative
viruience of these three groups is hard to predict a priori: (o
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do so would require detailed information about oplimal
growth rates and host responses in the three situations, and
by how much bowk could be altered,

These experiments also allow us Lo test whether virulence
is phenotypically correlated with parasite replicalion rate and
ransmission. Phenolypic corrclations can be indicative of
undertying genctie correlations. Plasmedivm chabudi [r-
asites replicate synchrenously cvery 24 b oin the host blood
stream. As all infections were inittated with the same number
of parasites, we maonitored parasite density early in (he in-
fectian (before significant parasite mortality due to limiling
nutrient or host immunity occur) as a correlate of replication
rale. As a measure of transmission rates, peak gametocyle
density was assayed. Gamelocytes are nonreplicating para-
sites that develop [rom the replicating blood stage (asexual)
parasites, and the only stages copable of infecting mosqui-
toes. Previous experimenlts with 2. chabaudi have shown that
gametocytes are present for only a brief period, during which
gametoeyte density is correlated with boih the proportion of
mosyuiloes infected and average parasite burdens per nios-
quito (Taylor ¢t al. 1997a),

METIIODS

Parasites and Hosts

Two cloned lines of P. chabandi chabardi denoted CR and
ER (Beale et al. 1978), ohtained from the WHO Regisiry ol
Standard Malaria Parasites, Edinburgh University, were used.
Clones are derived (rom asexual profiferation of a single
parasite obtained from wild isolates by serial dilutios. Iso-
lates from infecied tree rals {Thamnomys ritilans) collected
in the Cenwrad African Republic in 1965 and 1970 were the
sources of the CR and ER cloues, respectively (Beale et al,
1978 McLean 1986). Since isolation and cioning, the par-
asites have been smaintained for long periods as siabilates in
liquid nitrogen. In tetal, the CR and ER parasites used for
this study had been maiutained in asexual passage in rodent
hosts Tor 4.5 and 5¥ inonihs, respectively. The clones have
different alleles of the merozoite surface protein Iy distin-
guishable by genete or monoclonal antibady  techaniques
(Taylor et ai. 1997b). Hosts were male ©STRL/GI/Ol mice
(Harlan, England). Mice were fed on SDS rat and niouse
maintenance dict, and drinking waler was supplemented with
0.05% para-amiing benzoic acid (PABA) to enhance parasite
growth. Artificial illumination was provided from 0530 1o
1730 h.

Inoculation of Mice with Standard Numbers of Parasites

Parasite densities in infected donor mice were determined
from Giemsa-stained, thin blood smears and red blood ceil
counts made using flow cytometry (Coulter Electronics), For
inoculations, infected blood was diluted in calf serume-ringer
solution (50% heat-inactivated calf serum, 50% ringer so-
lution (27 @M KCI, 27 M CaCly, 0.15 M) NaCl], 20 units
heparin/tal. mouse blood) to give separate diluiions of 105
p:lrasi[is-c_a_rcll Ulood celis per 0.1 mL volunie of the (wo
parasite clunes., -
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Moniroring of Infections and Virulence

Mice were weighed (o the nearest 9.0 gon days 0, 2, aml
4, then daity until day 22, and on days 24, 28, and 31 post-
infection (P1), Red blood cell counts were taken on day d,
then cvery secend day until day 18, and on day 22 PI between
700 and 1830 b, Thin blood smears were (aken al the same
lime as the blood count measures o days 6, 8, 10, 12, and
16, and used (o caleulate the asexual parasite density (par-
asites per L) on each of these days and gamelocyte density
(gurnetocﬁ?perw on day 16 PL Uninfected mice were
subjected to the same sampling procedure,

Experimenmtal Design

Mice were weighed and ailocated at random to treatiment
groups. Six trcatment groups, each containing lour mice,
were used: one control (uaintected), two singte-clone (CR or
ER parasites), and three mixed-clone infection groups {par-
asite clones in ratios of ICR:OER, 5CR:5CR, or ICRIER).
All mice atlocated to noncontrol groups received a tolal of
WB P chabaudi parasites in 2 ):-l—m& inoculurm intraperi-
toneally, Controi mice received an equivalent number of red
bleod cells from an uninfected mouse, Mice were inoculated
between (500 and 1700 h, The whole experiment was re-
peated 13 days later (with different mice from the same co-
hort) to give two experimental blocks and a grand tolal of
48 tmice in the whole experiment. (One mouse in the ER
treatment group of the second block showed an abnotmally
high parasite density on day 10 and died on day 12 PL It
was excluded [rom the analysis.)

Stetistical Anal: ses

Weight, weight toss, red blood cel! density, and gamelocyle
density were anaiyzed using ANOVA (o determine the effects
of Ireatiment and experimental block. In most cases, there
were significant differences between the two cxperimental
blocks. prebably beeause mice i the second block were |3
days older. Block effects were always included in the models
where significant, hut are of litle in‘erest in their own riaht;
only significant interactions hetween expecmental hlock and
olher moedel terms are reporied.

Corrclations between virulence porameters and measures
ol"asexuat parasite densilics were eairied out using ANCOVA
in GLIM (Crawtey 1993). The following seven measures of
the asexual infection were used: (1-3) parasite densities on
days 6, 8, 10, 12, and 16; (6) the difference between Jay-8
and day-6 parasite density; and (7) an estimate of the total
number of parasites during the infection. This last measure
was calculated Tor each mouse individually from the arca
under the curve of ascxual density through time between days
6 and 16 PL. As P. ehabandi repticates once every 24 h, this
represents a reasonable approximation (o the total number of
asexuals produced during this period of infection. In all cases,
trestment, experimental block, and all interactions with the
asexual measure in question were included as predictor vari-
ables in a full model, with the virulence measure as the re-
spronse variable. No interaction terins wege significant when
removed lrom these full modeds. Significance of the remain-
ing effects was assessed lrom models contatning the asexuai

measure, treatment, and bloek effects as predictor variables.
F-ratios were calculated from the change in deviance per
degree of freedom divided by the residual mean square de-
viance as terms were remeved from the minimal model
{Crawley 1993), The same approach was used to investigate
relationships between virwlence and transmission, with ga-
melocyle densily as (he response variable and the virulence
measure as the predictor variable.

ResuLrs

Most ol the weight loss Tollowing infection occurred he-
tween duys 7 and 18 PL, with the lowes; weights typically
between day 11 and 13 P1 (Fig. la). However, within and
across Ireatment groups, mice did not lose weight synchro-
nously, so g comparisons of weight loss al speeilie points
in lime were not meaningful. Instead, two cumpasile mea-
sures of weight loss were used: mean loss (weight on the day
of infection minus average weight from days 7-18 PD) and
maxinunn loss (weight on the day of infection minus the
average of the 1wo lowest weighis subseyuently recorded).
Red blood cell density redl from day 6 PI to minima on day}
1q&)2 P1 (Fig. 1b), Mean blood count gver days 4--22 PI,
and andverige of e two lowest blood courls wers calew-
lated. Parasites became detectable in biood films on day 6
Pl, densities peaked belween days 8 and 10, and had fallen
dramatically by day 12 (Fig. ic). In the later parts of the
infection, mixed-clone infections maintained higher asexuad
densities than single-ctone infections, although none were
comparable to earlier stages of infection.

The virulence of CR infections was not signilicantly dil-
ferent feom that of ER infeclions as assessed by mean weight
loss, waximune weight toss, mean blood count, or the towest
blood count {Fy 4, = 0.27, F\,, = 0.26, Fino= 0353 7,
= {.28, respectively; P > 0.2 in all cases). Simifacly, nrixed-
clone infections with initial CR:ER parasite rados of 119, 5
5, and 2 did not differ significantly in mean or maximumn
weight loss or mean blood counts (Fy g = 2.55, P > 0.05;
Faig = 200, P > 0.1 Fy = 044, P > 0.5, respectively).
The effect of the initial ratio on lowest blood count differad
significanily between the two experimental hlocks (hlagk %
reatment inieraction, £y g = 5.05, P < 0.05), with the rank
orders of the three groups different in the two blucks, but
there waus no mmain cifect of initial ratio (I3 = 1.65, P >
0.2). As no consistent dilferences belween the two single-
clone or between the three mixed-clone groups could be
shown, the remaining analyses compare the viruience of
mixed-clone and single-clone infections.

M&Ii{g@ﬁiﬂgl&ﬂb«j@b o

Virulence

Mixed-clone infections were more virviemt than single-
clone infections. Maximum weight loss was greater following
infection with twa clones than it was following infection with
viie (F) 35 = 4.79, P < 0.05). Mice with mixed-clone infec-
tions Tost about 30% more weight than those with single-
clong infections (Fig. 2). Mean weight loss showed a simitar
pattern (F; 35 = 3.66, £ = 4.07), By the end of Lthe experiment
(day 31 PN, weights of mice given mixed-clone inlections
and single-clone infections had returned 1o weighls cotnpa-
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rable 10 the uninfected conteols (Fyay = 1.53, P > 0.2)fThe
reduction in mean biood count was higher for mixed-clone
infections compared to single-clone infections (Fy.35 = 6.60,
P < 0.05, Fig. 3), with mixed-clone infections sulfering a
further 5% reduction on average. The average of the two
lowest blood counts did not differ significanily between
mixed-clone and single-clone infections (Fis = 1.86, P>
0.1).

Parasite Densities

Tiwe density of parasites achicved by day 6 PI, day & PI,
and the increase between days 6 and 8 PI. was greater lor
the mixed-clume infeclions in biock one of the experiment,
but greater (or the single-clone fnfectians for the second block
(treatment X block interactions, Flye =339, P =007, 116
=9.09, P < 0.0L and F) ¢ = 8.04, P < 001, respectively).
The totat number of parasties in mixed-clone and singie-clone
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FIG. 2. Maximum weight losses of mixed-clone and stngle-clone

infcclinns\b‘m{eulnled-from the mean-of the (1wo lowess weiglis
reached| Within each block there were 12 mixed-clone infections
and eight single-cione infections, Error bars represent +1 SE.

inlections also differed between blocks, being higher for sin-
gle-clene infections in block one and higher for the mixed-
clone infections in hiock two (treatrtent X bluck imieraction
fFlig =581, P < 0.05). Thus, there vere o consistent Jif-
ferences across blocks in parasite densities or total parasite
numbers analogoos o thoese for virience.

Viruience and Parasite Numibers

Refativnships between parasile densitics and virulence
were investigated using the virulence measures that showed
the clearest treatment effects: maximum weight loss and
mean bloed coumnt. In none of the fellowing analyses were
any interactions between the asexual parmineter being lested
and either block or treatment significant, demonstrating that
any relationships between virulence ard the asexunl infection
dynamics did not differ between singic-clone and mixed-
clone infections.

OF the seven variahles relating to the asexuval infection
anslvzed. only asexual densities on day A Pl day 8 PI s
the difference between them were positively coreelated (n
maximum weight foss, when controlting lor ireatment eficels
(Table 1). Purasite densitics later in the iniection and the (otal
number of parasites during the infection were unrelated lo
maximum weight loss. Thus, weight loss was pgreater when
pirastte densily early in (he infection was higher, but was
unrelated (o the parasite burden later in the infection or 1o
the total number of parasites in an infection.

However, differences in parasite densities did not cxplain
why maximum weight loss was greater for mixed-clone than
single-clone infections. On average, mixed-clone infeclions
resulled in an additiona; weight foss ol about 0.8 g compared
to single-clone infections wiily the same parasite density on
day 6 PI (Table 1; Fig. 4a). This difference was equivalent
to about 3% of the weight of uninfected controls of the sime
age.

Mean hlood count was acgatively correlated 1o day 6 P,
day 8 PY, and day 8 PI minus day & PI parasite densitics
(Table 1), showing that higher parasite densitics were asso-
ciated with Jower blood counis. Later in the infection, on
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infeetions over days 4 to 22 of infection. Within cach block there
were 12 mixed-clone infcetions and eight single-clone infections.
Error bars represent -+ | SE.

days 10 and 12 PI, (here were positive associations between
parasite density and blood count. But as with weight loss,
differences in the mean bluod count of mice inlected with
single-clone or mixed-ctone infections wers rol explained by
differcnces in parasite densities early in the infection (Tabie
Il Mixed-clone infections showed on avernge 0.4 X |%
fewer red bloud cells per L than single-clone infections or
it particular asexual paraiﬁlcnxily at each of the points in

TABLE [, Relationships hetween virufence measures and asexuil
infection dynmmics, In ANCOVA models, maximwn weight loss or
mean blood count was the response varizgble, with (reaunent (single-
or mixed-clone infection), experimental bleck, and (when litted)
the asexval miensure as predicter variables. Tabuiated values are
parameter estimates from the full models; the staustical significance
of their difference from zero was fested by remeving each tern
from the model (Crawley 1993). Thus, significant terms expiain
additional variation above (har explained by the other terms. In ng
case did inclusion of higher-order interaction lerms significantly
improve model lit £ 0 = 0047 (marginaiy, * P < (L05, ** I < 0.01.
15 = not significant,

Mixed vs.
Vinsdence Asexual Slope of single
measure measure ngI{TSSiUIl il‘lBlL'Epl
Maximum noie .79+
weighl loss day & parsfint, 4.029=* 0.93~
day 3 pars/mL var 0.76%
day 8 ~—lay 6
pars/mL D.010* 0.721
day 10 pars/imL ~0.U039 ns 0.87=
’ day 12 parsimal, ~0.016 ns 0.80+
day |6 pars/fmL —0.0046 ns 0.86 ns
Total parasites 0.0023 ns 0.62 ns
Mean blood none —0.16*
count day 6 pars/ml, =0.019*+ —{).45*
day 8 pars/imL_ =0.0056%= =035~
day 8 — day 6
pars/mL =0.0046* —{.33*
day 10 pais/md 0.00654+ —0.49**
day 12 parsfimL 0.001 ]+ —0.37*
day 16 pars/iinL =0.00073ns  -0.35ns
Total parasiics 200096 s —na3+
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line for the mixed-clone infections ties above tal for the single-clone infections in bUlll{*ﬂSC#; for mean blood count, the mixed-clone
N

line lies below that of the single-clone infections in holh’\rasci

time during the infection that were sampled. This ditference
was equivalent to about 4% of the red bleod ceil densities
of the uninfected coutrol mice {Fig. 4b).

Transniission

In both experimental bigeks. gamelocyte densilies were
higher in mixed-clone infections than in single-clone inlec-
ltions (FF) 35 = 13,43, P < 0.001, Fig. 5); this difference was
larger in the second block (ireatisent X block interaction;
Fy3s = 3.60, P = 0.07).

Across all mice, both mean and maximum weight loss were
pusitively correlated wilh ganetocyle density (I 45 = 5.78
and Fy 35 = 6.09, respectively, P < 0.03 in both cases). In
netther case did adding a quadratic weight loss term improve
the modet (it () 3; = 0.49, P > 0.2 Tor mean weight luss;
and £y 4y = .40, P > (.2 for maximum weight loss). Thus
gametocyle density was linearly correlated with virulence as
measured by weight loss. Using gametocyle density, repli-
cate, treatment, and all interactions as predictor variables in
the analysis of weight [oss and mezn blood counl, the minimal
model contained only the treatment efTect in each case (Fy 45
= 8.59, £ < 0.05). However, weight loss was still positively
correlated with gametocyte densities when the difference be-
tween mixed- and single-clone infcctions was controlted for,

although the eifects were only marginally significant (7 57
= 3.48, P = 0.07 [or mean weight loss: Fi33 =348, P =~
4.07 for maximuin weight loss). Thus mixed-clone infections
had higher gametocyie densities and caused urealer weight
loss. However, within single-clone and within mixed-clone

ra
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e
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Gamelocyte density (x1o7fml)
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@

0 — =
i 2
Experimantal Block
Frc. 5. Gametocyle densities on day 16 PI for the mixed-clone

and single-clone infections. Within cach block there were 12 mixed-
clone infections and cight single-clone infections. Errer bars rep-
resenl +1 SE.
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infections. there was also evidence that gamclocyle density
pasitively correlated with weight loss. :

Similar analyses were carried out for the blood count mea-
sures. For mean blood count there was no significant cor-
relation with gametocyte density (Frag = 3.16, P > 0.43),
and no additional effect of the quadratic term (f) 4, = (.14,
P > 0.5). For the lowest blood counl measure, the pattern
was the same with neither the linear term (Fiae = 3.64, P
> 0,05) nor the quadratic terin (Fa7 = 018, P > (1.5) show-
ing a significant corretation with gamelocyte density.

Discussion

Consistent with theory, the virulence of mixed-clone in-
fections was greater than that of single-ctone infections, when
mmeasured by weight loss and mean bluod count. However,
there was no consistent evidence that this was due (o facul-
tuative nllcmtionsUl\ within-host growth strategics by para-
sites in mixed-clone infections. Asexual parasile densilies
early in the infection of a nonimuwme host are correlates ol
parasite replication rates. Densitics Tater in the infection and
the total number of parasites are measures ol parasile hurden.
None el Wesq parasite density measures jekad were sufficient
to fully explain the observed patterns of virtlence. Within
treatment groups, more rapid parasite replication resulted in
greater virulence, but for a given parasite replication rate,
mixed-clone infections were still more virulent. Thus there
is a phenolypic correlation between wirulence and parasite
replication rate, but there is also an additional effect of ge-
netic diversily, independent of parasite density. If parasite
replication rate was the only determinant of virulence, the
single-clone and mixed-clone inlecticns should fall aloug(the
sanad fitted iinei in Figure 4, with the mixed-clone infections
conecentrated in the upper-right-hand quadrant. Instead, there
is considerable overlap in the ranges of parasite replication
rates for the two growps, and o significant difference in the
intercepts of he fitted lines for single- and mixed-clone in-
fections.

The greater virulence of mixed-clone infections foragiven
number of parasites may be due to b factltative altermions
in some aspect of parasite life history other thas replication
rite. One possibility is that parasites engage in direct intge-
terence competition by releasing substances, analogous to
allelopathic substances in planes (Rice 1984), 10 which they
themselves are immune but Lhat are toxic to hoth conmpeting
genotypes and the host. Alternately, virulence may be a con-
sequence of the way in which the immune response uf the
host interacts with the parasites. Blood count and weight loss
are directly affected by parasite densities and indirectly af-
fected by the host immune response. Botiy destroy red blood
cedls and consume host nutrients. Thus, if there are differ-
ences in the immune responses to mixed-clone and single-
clotie infections, this could explain differences in virulence
not auributable to parasite density. IFor example, diverse Tar-
asite popuiations could slimulnicj\n larger number of T- or B-
cell clones, and hence a greater imumene cascade causing the
destruction of more red blood cells, greater consumption of
host resources, or higher production of factors such as TNF
(tumor necrosis factor), which is associated with many as-
pects of discase severity (Titus ct al. 1991). Under this view,
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vitulenee is indeed a side effect of resource extraction from
hosts, as assumed by most models of virtlence evolution,
but with hosts raller than parasites extracting more resourcesy
$ mixed infections.

Host responses (o parasitic infection may play a grealer
role in determining the virulence of an infection than adaplive
parasite evolution (c.g,, Ewald 1980: Read 1994; Gbert and
Hamilton 1996). The severity of disense incurred by P. cha-
baudi varics greatly with the strain of moewse host (Stevenson
et al. 1982), demonstrating that host factors are o major de-
terminant of virulence. Omimality approaches to host re-
spensivencss have yet to be incorporated into theeretical or
expertimental analyses of the evolution of viruience.

Mixed-clone infections were able (o sustain higher parasite
densities toward the end of the infection (days [d-16 PD)
than single-clone infections (Fig. lc}. as has heen observed
in previous experiments with P. chabaudi (Taylor et al.
L997a). As higher gametocyte densities were also lound in
mixed infections, this suggests that anligenic diversity in an
infection may benefit the parasites in terms of increased trins-
mission from the infections. Genetie analysis of transmission
papulations in mosquitoes allowed (0 feed on mixed infec-
tions af P chabundi has shown that both clones were trass-
mitted. Transmission of individual clones was never lower
from mixed infections than from single-clone infections, and
could be markedly higher (Taylor 1997Db). This raises the
possibility that/mixed infections may have beneficial syn-
ergisms rather than being strictly competitive. Immune re-
sponses agatnst P chabandi are known o be at least in part
stmin;\spccitic (Jarra and Browa 1985; Sncunou et al. 19893,
and it may be that clones that are numerically dominant early
ininfections shield rarer clones agatnst the onset of sirain-
specific immunity. Slower clearance of parasites may also
account {or the grc:ucr,(nncmi:l i mixed infections, [t cannot,
however, explain the greater weight joss: when maximal
weight loss oceurs, parasite densilics were comparable in
mixed- and single-clone infections.

Only a few field studies relate malacia morbidily io the
number of genolypes in an infection. Those few must he
interpreted with ¢aution because of the limilations of the
montoclena! (Comeay ot all 1990 ar PCR {INacerean-1aj-
Jalan 1996) techarques used lo assess the number of geno-
lypes, and aiso the problems of accurately definiag morbidity
attributable 1o mfaria (Gilles 1988). IuLGmnhia, groups of
patients with mild and severe malaria did not differ in the
number of genotypes they were carrying {(Conway et al.
E991). In Sencgal, \wo studies carried out in the same village
suggest that symptomatic children have fewer genatypes per
infection (mean = 1.4, Contamin et al, £996) than asymp-
tomatics of the samc age group subjected to the same trans-
mission intensity (mean = 4, Ntowmi et al. 1995). The in-
terpretation of these and other studies in the same villnge is
that when a child encounters a novel strain, unrestricted par-
asite growth leads to symptoms (Mercereau-Puijalen 1996).
A sludy in Papua New Guinea suggested that clinical cases
more often tnvolve parasites with a particular family UI}M
2 alicies than do asyimptomatic controls, suggesting that par-
asile genotypes differed in their pathogenicity (Engelbrecht
etal. 1995). The control group contained a higher perceniage
ol mixed-genotype inlections (significance not tested), and a

™
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significantly higher proportion of mixed-species infections
than were Tound in the clinieal cases. Recent data support
these canclusions {Al-Yaman et al. 1997; Beck et al. 1YY7).
lucreasingly, data fromn the fieid are suggesting that strain-
specific immunity is important in developing resistance 1o
malaria, and that mulliple infections stimulate proteclive im-
Munity against a greater range of genolypes. It is therefore
likely that in semi-immune hosis, differences in nnnne sta-
us are a ervcial determinant ol virvlence, chiphasizing the
difficulty of applying current ideas of adaptive parasile evo-
lution 1o biomedical problems. Nevertheless, comparisons of
disease severity in people who contract two novel genatypes
and in those comtricling a single novel steain would be ol
great inlerest.
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