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Abstract

Malaria remains one of the world’s most devastating vector-borne parasitic

diseases and existing control tools may not be enough to meet the challenge

of eliminating malaria in areas of high transmission. Understanding the

population dynamics of Plasmodium within the mosquito vector is essential for

developing, optimising, and evaluating novel control measures aimed at

reducing transmission by targeting this important interface.

Malaria research and mathematical models of transmission classically

assume that the processes involved in the progression and development of

the Plasmodium parasite within Anopheles mosquitoes are independent of

parasite density. The research presented in this thesis challenges this

assumption, investigating the impact of parasite density on population

processes and regulation. A multidisciplinary approach has been taken,

including statistical analyses, practical experimentation, and mathematical

modelling. The results show that the progression of the rodent malaria

Plasmodium berghei through Anopheles stephensi mosquitoes depends non-

linearly on parasite density, with the presence of both negative and positive

density-dependent processes in operation. Analyses of other Plasmodium–

Anopheles species combinations also indicate that the traditional assumption

of density independence may be an oversimplification. Experimental

investigation of mosquito mortality illustrates that the survival of a mosquito

depends both on mosquito age and parasite density, again in contrast to the

assumptions of malaria transmission modelling.

A framework for a mathematical model tracking Plasmodium density within

the mosquito has been developed as part of this thesis. Further investigation

of sporogonic processes will allow this model to be further refined and

extended for use in the future design and evaluation of interventions which

target the mosquito or the parasite whilst within the vector.
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1. Introduction

1.1 Overview of Research Question

With the recent switch in malaria research focus from disease management to

reducing transmission, it is increasingly important to both understand how

current control methods work in different settings and to develop new tools in

the fight against malaria. Understanding in detail the parasite-vector interface

is essential in developing control methods which target the parasite whilst in

the vector or the mosquito itself, identifying critical parameters, and assessing

the validity of traditional simplifying assumptions. This thesis explores the

progression of Plasmodium through the mosquito, with particular focus on

understanding the impact of parasite load on population processes and

challenging a number of classic assumptions. This chapter begins by

presenting the main aims and structure of this thesis, before reviewing the

fundamental aspects of malaria biology, epidemiology and control, with

particular reference to the mosquito vector.

1.2 Thesis Aims and Structure

The main aim of the work in this thesis is to characterise the role played by

density dependence in the progression of the Plasmodium parasite through

the mosquito and to determine how this impinges on infection dynamics,

transmission and ultimately, control programmes. This involves understanding

in detail the parasite population dynamics at the vector-parasite interface and

the influence that parasite density has on these dynamics, to identify the

source, strength and role of density dependence in the system. As a

consequence, a number of the classic simplifying assumptions incorporated

within many mathematical models of malaria are challenged during the course

of this work. To meet these objectives, a multi-disciplined approach is taken

including statistical analysis, experimental work and mathematical modelling.

The structure of this thesis and the specific aim and approach taken in each of

the following chapters is outlined below.
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Chapter 1 reviews the fundamental aspects of malaria biology, epidemiology

and control, introduces mathematical modelling as a tool to help understand

the disease and emphasizes the importance of the vector-parasite interface,

especially in the effort to reduce malaria transmission.

Chapter 2 reports the statistical analysis of data generated from experiments

in which Anopheles stephensi mosquitoes were fed on blood infected with

defined numbers of the rodent malaria parasite P. berghei. The analyses aim

to estimate robust parameters for the relationship determining how the

parasite density at each stage of development within the mosquito influences

development to the ensuing stage.

Chapter 3 acts as a short review which aims to determine if the functional

forms found to describe the density-dependent processes that operate during

sporogony within the mosquito are specific to the experimental, mosquito-

parasite model system explored in Chapter 2 by testing this hypothesis in a

range of species combinations by analysing data collated from the literature.

Data are also analysed with the aim of determining the relationship between

the number of sporozoites in the salivary glands of the mosquito and the

number delivered to the vertebrate host during a bloodmeal.

Chapter 4 describes the design, set-up and methodology involved in a series

of experiments conducted to explore the An. stephensi–P. berghei system in

greater detail, in particular to investigate whether mosquito’s survival is age-

and parasite-dependent. The experiments involved feeding cohorts of

mosquitoes on blood containing different densities of P. berghei parasites,

making use of the results of the work in Chapter 2, with the aim of generating

two datasets: mosquito mortality data and parasite temporal dynamics within

the mosquito, which are analysed in the two following chapters.

Chapter 5 analyses the mosquito mortality data generated in the experiments

described in Chapter 4 with the aim to explore parasite-induced vector

mortality as another potential cause of density-dependent regulation of
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parasite abundance, testing the classical assumptions that mosquito mortality

is independent of infection status and mosquito age.

Chapter 6 reports on the temporal dynamics of parasite abundance within the

mosquito and uses mathematical modelling to explore how parasite density

impacts on these dynamics, using the data generated in the experiments

described in Chapter 4.

Chapter 7 summarises the results from each of the preceding chapters,

discusses the implications for the understanding of infection dynamics,

transmission, experimental design, and malaria control measures, and

outlines future research stemming from this work.

1.3 Epidemiology and Biology of Malaria

Malaria remains one of the world’s most devastating vector-borne parasitic

diseases, with over two billion people worldwide at risk of infection (Snow et

al., 2005). An estimated 300 to 500 million people are acutely infected

annually, resulting in the death of between 1.5 and 2.7 million people (World

Health Organization, 2005). The burden of malaria is not equally shared

worldwide, with more than 90% of malaria cases occurring in Africa (WHO,

1999), where the disease kills more children under five than any other single

infection (Snow et al., 2001). Malaria prevalence and intensity have been

shown to be significantly related to all-cause mortality, especially in young

children, as it can result in chronic anaemia and enhancement of other

childhood diseases thereby also acting as an indirect cause of broader health

risks (Snow, Korenromp and Gouws, 2004). An estimated 3 million African

newborns each year suffer severe health complications associated with low

birth weight, arising from malaria infection during pregnancy. Furthermore,

malaria is one of the greatest barriers to Africa’s economic growth, draining

national health budgets and deepening poverty; the total economic burden of

malaria is estimated to be US$12 billion annually in Africa alone (WHO, 2005;

Gallup and Sachs, 1998).
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Malaria is caused by protozoan parasites of the genus Plasmodium

(Apicomplexa: Plasmodidae), of which there are approximately 156 named

species that can infect a variety of vertebrates. Human malaria is mainly

caused by four species of Plasmodium; P. falciparum, P. vivax, P. malariae

and P. ovale. In addition, a simian species, P. knowlesi, which typically

infects macaques in South-East Asia, has been shown to infect, and cause

disease in, humans (Singh et al., 2004). P. falciparum is the most

widespread species and can cause both uncomplicated clinical episodes,

characterised by fever, headache, weakness and nausea, and more severe

disease such as cerebral malaria, in which parasites block the brain

vasculature, or manifesting as severe anaemia. A summary of the

characteristics of each of the Plasmodium species infecting humans is shown

in Table 1.1. The case mortality rate for severe malaria has been

approximated at 15-20% (White, 2004), with P. falciparum accounting for

more than 3,000 deaths every day (WHO, 2002). Although all of the facets of

immunity to malaria are not yet fully understood, it is clear that immunity to

P. falciparum can develop with both an increase in exposure and age but that

it is only partial and therefore infection can still be common throughout a

person’s life (Smith et al., 2004). This immunity gives rise to characteristic

patterns of infection and disease with age that are dependent upon the

intensity of transmission; in low transmission settings, where there is little

immunity, prevalence gradually reaches a plateau with age, whereas in higher

transmission settings, prevalence peaks and then declines with age as

immunity develops (Smith et al., 2004) (Figure 1.1). This creates a ‘peak

shift’, with the peak in disease prevalence being higher and occurring at an

earlier age at higher transmission intensities.
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Plasmodium
Species

Asexual blood-
stage morphology

Disease Caused Main Geographical
Distribution

P. falciparum  Serious, acute,
progressive illness

 Cerebral malaria

 7-12 days
incubation period

 Tertian fevera

Africa
Southeast Asia
Latin America

P. vivax  Intermittent fevers;
often recurrent and
debilitating

 15 days to 9
months incubation
period

 Tertian fevera

Africa
Asia
Latin America
Western Pacific
Middle East

P. ovale  Intermittent fevers;
often recurrent and
debilitating

 15 days to 4 years
incubation period

 Tertian fevera

Tropical Africa
West Pacific

P. malariae  Intermittent fevers;
often recurrent and
debilitating

 Over 3 weeks
incubation period

 Quartan feverb

Africa
Southeast Asia
Latin America

P. knowlesi  Often
misdiagnosed
using microscopy
as P. malariae

 Non-relapsing

 Quotidian feverc

Southeast Asia

Table 1.1 – Summary of Plasmodium species infecting humans. aTertian fever,

fever with periodicity of 48 hours; bquartan fever, fever with periodicity of 72 hours;
cquotidian fever, fever with periodicity of 24 hours.
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Figure 1.1 – Typical P. falciparum age prevalence patterns. In high transmission

areas prevalence peaks and then declines with age, whereas in lower transmission

areas prevalence gradually reaches a plateau with age. A. Prevalence of acute

malaria infection against age in populations with differing levels of endemicity; a, low

endemicity; b, moderate endemicity; c, high endemicity; d, hyperendemicity (Boyd,

1949) (see Table 1.2 for definitions of endemicity levels using a different

classification system). B. Prevalence of asexual P. falciparum infection at different

ages in six villages at different altitudes in Tanzania (Bodker et al., 2006).

Malaria is transmitted by infectious female Anopheles mosquitoes (Diptera:

Culicidae) which inject sporozoites into the blood capillaries of a human whilst

probing for a bloodmeal. The Plasmodium lifecycle (Figure 1.2) is therefore a

delicate interplay between the parasite, the vertebrate host and the mosquito

vector. Humans are infected by the injection of the haploid sporozoite form of

the parasite by an infectious mosquito during a bloodmeal. Once inoculated,

sporozoites invade liver cells where they undergo a cycle of schizogony

forming a large schizont containing approximately 10,000–30,000 merozoites,

which are released into the circulation and invade red blood cells (Shortt and

Garnham, 1948). In P. vivax and P. ovale infections some parasites may

remain as hypnozoites, delaying development within hepatocytes thereby

accounting for these species causing recurrent disease (relapses). Within the

erythrocyte the parasite undergoes further asexual reproduction in 48-hour

cycles, releasing more merozoites by rupture of the red blood cell (Warrell

and Gilles, 2002). This is the stage of infection which leads to the bouts of

fever associated with malaria infection as batches of merozoites are released

into the blood stream, also releasing malaria pigment and other parasite

A B

a

b

c

d
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metabolites, resulting in bursts of cytokine activity and therefore fever. A

proportion of the merozoites differentiate into male (micro) or female (macro)

gametocytes which initially sequester deep in the vasculature until they are

mature, before appearing in infectious form in blood slides. Gametocytes

mature within less than two days in most Plasmodium species, with the

exception of P. falciparum which takes 10 days to mature (Nedelman, 1989).

These gametocytes may then be taken up in a mosquito’s bloodmeal,

transform into male and female gametes and fertilise to produce a diploid

zygote. The parasite elongates to form motile ookinetes (in which meiosis

occurs), which penetrate the mosquito's midgut wall and form oocysts on the

exterior surface. Within these oocysts repeated mitotic divisions occur,

producing the haploid sporozoites which migrate to the salivary glands ready

to inoculate a human when the mosquito takes a bloodmeal, and therefore

rendering the mosquito infectious (Warrell and Gilles, 2002). The vector

portion of the lifecycle, labelled as sporogony in Figure 1.2, is discussed in

more detail in Section 1.6 below.

Figure 1.2 – Basic Plasmodium lifecycle. The parasite lifecycle is critically

dependent on the interaction between the human and the mosquito host. Pictures

adapted from www.dpd.cdc.gov/dpdx.

MOSQUITO

Sporogony

HUMAN
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The transmission of malaria is therefore critically dependent on the mosquito

vector, the geographical distribution of malaria not only dependent on

conditions which suit the parasite but also conditions which suit the mosquito

(Figure 1.3). Levels of malaria transmission vary widely between settings

(Hay et al., 2000); influenced by factors such as climatic variables (including

temperature, humidity and rainfall), vector species, proximity to water and any

control measures in place. Areas can be classified as having either stable

malaria, where the prevalence of infection is persistently high and there is

sustained transmission, or unstable malaria where the disease is not always

present but there is a propensity for epidemics to occur. Areas of stable

malaria transmission can be further classified into levels of endemicity as

shown in Table 1.2. Although the prevalence of parasites is not always a

sensitive outcome measure to detect changes in transmission it is often used

because it can be assessed relatively quickly and easily using microscopy

(commonly referred to as parasite rate), whilst the incidence of infection is

difficult to measure due to the frequency of superinfection (Conway, 2007). A

common proxy relative measure of incidence is the entomological inoculation

rate (EIR); the number of infectious bites a person receives during a year.

The EIR has been shown to range enormously in Africa, from one infectious

bite every 5-10 years to several infectious bites every night (Hay et al., 2000).
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Figure 1.3 – Spatial distribution of P. falciparum malaria endemicity. Map from

Hay et al., 2009 as part of the malaria atlas project (MAP). Malaria endemicity is

expressed as a continuum (0-100%) of annual mean P. falciparum parasite rate

(prevalence) in 2 to 10 year olds in 2007. Medium and light grey areas are defined

as unstable or no risk respectively. Although malaria is found in a wide area the

disease is essentially focal, with transmission depending greatly on local conditions.

Table 1.2 – Endemicity classification (Hay et al., 2008; Snow and Gilles, 2002).
aThe proportion of people in a particular age group with an enlarged spleen; bthe

proportion of people in a particular age group with parasites present in their blood. It

is important to note that the cut-offs of spleen rate and parasite rate do not capture

the seasonal nature of transmission.

Endemicity Class Description Spleen ratea Parasite rateb

Hypoendemicity Little transmission <10% in 2-9 year
olds

<10% in 2-9 year
olds but may be
higher for part of
the year

Mesoendemicity Wide geographical
variation in
transmission

11-50% in 2-9
year olds

11-50% in 2-9
year olds

Hyperendemicity Intense transmission
but seasonal and
immunity insufficient
in all age groups

Constantly >50%
in 2-9 year olds
and high in
adults

Constantly >50%
in 2-9 year olds

Holoendemicity Intense transmission;
high degree of
immunity outside
early childhood

Constantly >75%
in 2-9 year olds
but low in adults

Constantly >75%
among infants 0-
11 months
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1.4 Malaria Control

The discovery by Ronald Ross in 1897 that mosquitoes were the key to

malaria transmission, and the development of vector control strategies such

as the application of insecticides including dichloro-diphenyl-trichloroethane

(DDT), resulted in large-scale malaria control strategies targeting transmission

by the mosquito vector. The ‘Malaria Eradication Programme’ which ran from

1955 until 1972 aimed to eradicate the malaria parasite from vast

geographical areas (the programme recognised the existence of malariogenic

areas that were unapproachable with the then available tools). Despite the

success of this programme in achieving huge reductions in the burden of

disease and transmission, including eliminating malaria from around 35-40

countries, it was deemed a failure as it failed to meet the ambitious original

target of eradication (WHO, 2008). This unfortunate combination of great

success in some areas but deemed failure overall resulted in a period of

reduced funding for malaria control and this, coupled with the withdrawal of

DDT from widespread use due to environmental toxicity, the possibility of

human carcinogenesis and the development of insecticide resistance, led to

an increase in transmission. The international focus for research and control

switched from targeting transmission to disease management, culminating in

the Roll Back Malaria (RBM) strategy. The RBM partnership is a global

framework launched in 1998 by the WHO, UNICEF, UNDP and the World

Bank in an effort to provide a co-ordinated global response to malaria. The

principle objective of RBM is to reduce the burden of malaria in participating

countries using both locally adapted interventions and reinforcement of the

health sector, through intensified national action by country-level partnerships

(Remme et al., 2001). These are supported by a global partnership and

technical support networks as well as strategic investments in the

development of better tools and intervention strategies through focused

support for research. The RBM partnership currently comprises over 500

partners, including malaria endemic countries, their bilateral and multilateral

development partners, the private sector, nongovernmental and community-

based organisations, foundations, and research and academic institutions.
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Current tools for malaria control include those which target the mosquito

population, such as indoor residual spraying (IRS) and larval control; those

which aim to prevent mosquitoes from biting humans, such as insecticide

treated nets (ITNs) (which also impact on mosquito survival) and other

screens for the home; and those which impact the parasite reservoir within the

human, such as chemotherapy. Treatment with antimalarials is primarily used

to cure symptomatic disease, however some chemotherapy can act as a

prophylaxis preventing people from becoming infected or be used as a

presumptive treatment in particularly vulnerable groups such as young

children and pregnant women (White, 2005). The most commonly used

antimalarials, chloroquine and sulphadoxine-pyrimethamine, have become

less effective over time due to the spread of resistant parasites. As a result,

artemisinin combination therapies (ACTs) have become widely used as first

line treatment since the year 2000 (Bosman and Mendis, 2007). However,

the first signs of resistance to artemisinin-based therapies are now being seen

on the Thai-Cambodian borders (Dondorp et al., 2009).

During the past decade funding for malaria research has increased

significantly (Snow et al., 2008) as have the aims of control programmes,

shifting back from disease control to attempting eradication (Feachem and

Sabot, 2008). On October 17th 2007, Melinda and Bill Gates announced to an

audience of delegates attending a Malaria Forum in Seattle that malaria

eradication was the new goal of the Bill and Melinda Gates Foundation. Great

strides in malaria control have been made in the past few years; ITN coverage

increased five to ten times between 2000 and 2005 in the majority of 21

African countries where data have been collected (WHO, 2008); a pre-

erythrocytic vaccine (RTS,S) has reached phase III trials; and ACT has been

proven to reduce patient infectiousness more than previous treatment regimes

(Okell et al., 2008a). Despite these advances, it is becoming clear that

existing tools may not be enough to meet the challenge of eliminating malaria

in areas of high transmission (Griffin et al. 2010) and the tools that are

available are becoming more challenging to use due to issues such as

insecticide resistance, the need to re-treat ITNs and drug resistance. In

addition, it is becoming increasingly apparent that a multi-pronged attack will
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be required rather than a single ‘magic bullet’, with the choice and

combination of approaches differing from an understanding of the

epidemiology of the disease in different settings. Due to these challenges and

the increasing focus on elimination, there has been a review of priorities within

the research agenda and the malaria research community is responding by

developing new drugs, tools and technologies as well as exploring how, when

and where they should be used to gain maximum impact. Particular focus

has been given to vaccine development, with ‘RTS,S’ (developed by GSK

Biologicals and PATH Malaria Vaccine Initiative) being the most clinically

advanced. The results of a trial which started in 2003 in over 2,000 children in

Mozambique were the first to demonstrate vaccine feasibility, showing that the

RTS,S vaccine was effective for at least 18 months in reducing clinical malaria

by 35% and severe malaria by 49% (Alonso et al., 2004; Alonso et al., 2005).

The vaccine is currently in Phase III trials. Research attention is also

focussing on transmission-blocking strategies; both optimising the use of

current tools, such as utilising the impact of ACTs on gametocytes to reduce

transmission as well as disease (Okell et al., 2008b), and developing new

tools, which has been accelerated by the recent growth in genomic

information.

The development and application of novel control methods aimed at

transmission needs to be informed by a detailed understanding of the

complex biology of the mosquito vector, the development of Plasmodium

within the mosquito and the dynamics of the parasite-vector interface (Beier,

1998; Alavi et al., 2003). Interesting prospects for targeting malaria in the

mosquito include the use of transmission-blocking vaccines (TBVs) (Carter,

2001) and drugs, and the development and release of genetically engineered

mosquitoes (Christophides, 2005; Marshall and Taylor, 2009). TBVs aim to

prevent the transmission of malaria by inducing antibodies against antigens

present on the sexual stages of the parasites, which develop in the mosquito

midgut and thus block their development in mosquitoes that take bloodmeals

from vaccinated individuals (Carter et al., 2000). Malaria TBV candidates

include proteins expressed on the surface of male and female gametocytes
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(antigens which are part of the Pf12 protein superfamily) and cysteine-rich

proteins expressed on the surface of mature ookinetes.

The investigation of genetically-modified mosquitoes aims to manipulate the

genomes of the insect vectors such that they are refractory to parasite

development, with the ambitious aim to replace natural vector populations

with mosquitoes which are unable to transmit the malaria parasite. The

concept of genetic control of insects dates back to the 1930s and 40s, with

successful field trials inducing sterility in insect populations. A variety of

methods for engineering refractory mosquitoes are currently being studied

and developed, indicating varying promise for malaria control. Mosquitoes

have been successfully engineered to confer resistance to rodent malaria, for

example, Ito et al. (2002) produced proteins that saturate receptor sites that

the parasite requires to pass through the gut after ingestion, blocking the

amplification and transmission of the parasite. Additionally, any refractory

construct will need to be driven efficiently through a vector mosquito

population so that the population of susceptible mosquitoes is replaced. This

will require the use of a system such as transposable elements (Ribeiro and

Kidwell, 1994), Medea elements (Chen et al., 2007) or homing endonuclease

genes (Rong and Golic, 2003).

1.5 Modelling Malaria Transmission

Mathematical models can be powerful tools for simulating disease

transmission within populations over time, providing quantitative descriptions

of complicated non-linear dynamics, identifying important determinants of

transmission and disease, and evaluating the impact of control interventions.

In particular, mathematical models of malaria have a long standing tradition

among infectious disease quantitative frameworks and malaria is thought to

be one of the first diseases for which models (‘a theory of happenings’) were

formulated (Ross, 1916; Awerbuch, 1994; but see also Dietz and

Heesterbeek, 2000). Relatively simple representations of the biology

underlying malaria epidemiology have played an important role in

understanding its transmission dynamics and that of other infectious diseases
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(Macdonald, 1950, 1957; McKenzie and Samba, 2004; Ross, 1909, 1911)

with important insights coming from the static (equilibria) and temporal

(transient dynamics) analysis of models (Anderson and May, 1991; Bailey,

1982). As a result, such models are important tools for decision-making in the

control of infectious diseases and have been applied in developing anti-

malaria strategies.

1.5.1 Classic malaria models

Mathematical modelling of malaria began with the seminal work of Sir Ronald

Ross (1909 and refined in 1911), who expressed the relationship between

malaria and the Anopheles mosquito in quantitative terms and used his

models to arrive at important practical conclusions, such as the threshold

theorem. More than forty years passed before any significant improvements

were made to this quantitative formulation with analysis by George Macdonald

(1950). Ross’ model assumed implicitly that superinfections are wasted; the

presence of one infection preventing other infections from establishing,

whereas Macdonald’s model included the assumption that the existence of

infection is no barrier to superinfection. Unfortunately, the mathematical

formulation of this assumption was incorrect; the first attempt to rectify this

was made by Bailey in 1957 (using the earlier approach of Kostitzin (1934)),

by introducing an infinite system of differential equations.

The basic mathematical model of malaria is now commonly referred to as the

Ross-Macdonald model; the simple structure and accompanying differential

equations are summarized in Figure 1.4. Simplifying assumptions include that

the human and mosquito populations are homogenous in their susceptibility,

there is no acquired protective immunity to infection, there is a homogeneous

distribution of mosquito bites among humans (i.e. all people have the same

chance of being bitten), an infected mosquito never recovers (i.e. does not

become uninfected once infected), and human and mosquito mortality is

independent of their age and infection status. Despite these simplifications,

this model has provided useful insights as well as a starting point for more

complicated analyses. One of the most important insights from these models

was the concept of threshold conditions below which malaria cannot persist.
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The basic reproduction number, R0, describes the average number of

secondary cases of malaria arising from a single case in an otherwise

uninfected population, and when this value is below one malaria transmission

cannot be sustained in that setting without re-introduction. The formula for

this R0 value, incorporating latency in the vector, is given by

p

pbbma
R

n
VH

ln

2

0


 [1.1]

where m is the ratio of vector to human densities (V/H), a is the contact rate

(the biting rate per mosquito on humans, encompassing the proportion of

bloodmeals of human origin –the human blood index– and the biting

frequency), the bH and bV parameters are the transmission probabilities upon

contact (per bite) from vectors and humans and from humans to vectors

respectively, p is the probability of daily mosquito survival, n is the extrinsic

incubation period (i.e. the number of days the parasite takes to undergo

sporogony in the mosquito) and  is the human recovery rate. The prevalence

of infection in the human and mosquito host depends directly on this R0 value

and their relationship is non-linear. The impact of R0 on the relationship

between the proportion of mosquitoes that are infected and the proportion of

humans that are infected is shown in Figure 1.5, illustrating the equilibrium

states.

A plethora of models have stemmed from these initial formulations, and have

been summarized, compared and extended in a number of important reviews

(Anderson and May, 1991; Aron and May, 1982; Bailey, 1982; Dietz, 1988a;

Koella, 1991). Macdonald himself explored a stochastic formulation to show

how random fluctuations in the mosquito population can lead to seasons

almost absent in transmission in low endemicity areas (Macdonald, 1957). An

extension of this model, which simulated seasonality using a sine wave to

give regular annual peaks in the mosquito population, showed that in such

seasonal areas, the infection prevalence in mosquitoes actually peaks some

time after the peak in mosquito numbers due to population size and the latent

period (Macdonald, 1957).
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Figure 1.4 – Ross-Macdonald model. A illustrates the basic structure of the Ross-

Macdonald model of malaria transmission, with solid arrows representing the flow of

humans or mosquitoes and broken arrows representing the feeding of mosquitoes

on humans, with parameters as in panel C. B gives a set of differential equations

which describe the change in proportions of infective humans and mosquitoes over

time, assuming a constant total population size of both humans and mosquitoes.

A: STRUCTURE

B: EQUATIONS

HHVH
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dt

dy
 )1( VVHV

V yyyab
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C: NOTATION

yH Infective humans

yV Infective mosquitoes

m Mosquito to human ratio

a Mosquito biting rate on humans

bH Probability per infectious bite of transmission from vector to human

bV Probability per bite of transmission from infected human to vector

γ Per capita recovery rate

μV Per capita vector mortality rate
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Figure 1.5 – Isoclines and equilibria. Curves illustrate isoclines of zero growth for

the proportion of infected mosquitoes (blue) and the proportion of infected humans

(red). The intersection of the two lines represents the equilibrium prevalences as

defined by the Ross-Macdonald model. At other pairs of values, the prevalences

move in the direction of the arrows. A. R0 greater than 1, with a stable equilibrium

(illustrated by a solid marker), with endemic prevalence in humans y*h and vectors y*v

determined by the equations
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and an unstable equilibrium (illustrated by an open marker) at the origin. B. R0 below

1, with a single stable disease-free equilibrium. However, disease can occur in such

a system through introduction from outside or seasonal variations in the R0 value.

1.5.2 Further developments in modelling malaria

These classical models were further developed in order to include extra

aspects of malaria epidemiology, particularly those which are important in

high transmission settings such as immunity and superinfection. The issue of
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incorporating superinfection was revisited by Dietz et al. (1974) altering

Macdonald’s model (in which successive infections are ‘stacked’, waiting to

express themselves when the previous infection is over) to reflect a situation

where infections can run their course concomitantly and independently of

each other. Assumptions regarding superinfection have also been explored in

further model formulations, for example by Nedelman (1984).

As the exact processes resulting in the development of malaria immunity are

complex, multifaceted and still poorly understood, many models of malaria

immunity have been developed incorporating various mechanisms. The basic

Ross-Macdonald models ignore the effects of protective or anti-disease

immunity in humans, predicting a monotonically increasing age-specific

prevalence of infection (followed by saturation) in contrast to the observations

in highly endemic populations, where the parasite prevalence decreases

above a certain age (as shown in Figure 1.1). The first malaria model which

attempted to reproduce this age-specific infection prevalence curve was that

by Dietz et al. in 1974 as part of the Garki project, an ambitious malaria

control experiment undertaken in Nigeria to determine whether malaria

transmission could be interrupted in a highly endemic area of Africa. This

model allowed for life-long immunity; however, all individuals remained

equally susceptible to infection, with immunity manifesting itself by altering the

infectivity, parasite detectability and recovery rate of an individual. Further

work on developing and evaluating this model was conducted by Molineaux et

al. (1978) and Molineaux and Gramiccia (1980). A variety of later formulations

and alternative frameworks have been able to reproduce realistic age patterns

of infection through the exploration of model parameters and assumptions,

such as allowing immune individuals to: a) be infectious; b) have a decreased

probability of developing infection following an infectious bite; c) exhibit a

shorter duration of infection; d) experience temporary states of immunity; e)

be less infectious or; f) have a decreased likelihood of presenting with

symptoms or severe disease (Aron, 1983; Aron, 1988a, 1988b; Aron and

May, 1982; Dutertre, 1976; Filipe et al., 2007; Gurarie and McKenzie, 2007;

Killeen et al., 2006; Nedelman, 1989; Ross et al., 2006a; Smith et al., 2006a).

The duration and size of immune effects remains uncertain, with some models
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considering short-term immune boosts resulting from recent infection (Smith

et al., 2005), and some allowing longer lasting immune responses (Filipe et

al., 2007).

Models of malaria have continued to evolve, taking advantage of and being

aided by the power of sophisticated computing by incorporating variability

(discussed in a review by Koella in 1991) and taking a stochastic approach

(Bekessy et al., 1976; Gu et al., 2003; McKenzie et al., 1998, 2001; Nåsell

1985, 1991). Previous models were based on the mass-action principle and

therefore examined the interaction of humans, vectors and parasites at the

population level, assuming that individual hosts and vectors are identical in

their susceptibility and infectivity despite considerable individual variability.

Intervention-focused modelling approaches are also proliferating in the

literature, proving important in the evaluation of the potential impact of ITNs

(Killeen et al., 2007; Le Menach et al., 2007), vaccines (Maire et al., 2006b),

insecticide spraying (Molineaux, 1980) and several treatment interventions,

including ACT (Okell et al., 2008b). Modelling has allowed the comparative

analysis of the potential impact of a comprehensive range of malaria

interventions (Griffin et al., 2010). Smith et al. (2006a and remaining papers

in this supplement) have developed an extensive individual-based simulation

model to predict the potential impact of interventions (vaccines in particular)

on malaria transmission, incorporating the insights from within-host models

(Dietz et al., 2006; reviewed by Molineaux and Dietz, 1999), and the influence

of parasite density and the relationship between infection and malaria

morbidity, among other aspects. The recent model by Griffin and colleagues

(2010) expands previously published transmission models (Filipe et al., 2007;

Ghani et al., 2009) to incorporate factors such as infection-blocking immunity,

seasonally-varying vector populations and heterogeneity in exposure. This

model has been fitted to a range of transmission settings in Africa and is in

the process of being incorporated into a wider spatial framework to explore

the impact of a range of intervention measures, individually and in

combination, on key indicators such as EIR, parasite prevalence, incidence of
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infection and the incidence of clinical disease, as well as the effect of

environmental variables on all of the above.

Other aspects of malaria epidemiology that have been explored using models

include malaria as a multi-strain pathogen (Gupta and Day, 1994), the

detectability of infection (Aron and May, 1982), the spatial distribution of the

disease (Carter, 2002) and the impact of stage-specific vaccines (Halloran et

al., 1989; Halloran and Struchiner, 1992; Koella, 1991; Saul, 2008; Smith,

2006a).

It is clear that a wide variety of modelling approaches have been taken in an

attempt to describe malaria transmission, each concentrating on different

aspects of malaria epidemiology and population biology, incorporating a wide

range of assumptions. Table 1.3 summarises a selection of important malaria

models. As with the development of control strategies, models initially

focussed on the ecology and population dynamics of the Anopheles vectors,

but more recently, with the application of new molecular and biochemical

techniques, and with novel control methods focussing on reducing morbidity

and mortality rather than suppressing transmission, different kinds of

modelling have become prominent. As a result of this, recent models have

concentrated on the human rather than the mosquito population. The vast

majority of models have used a prevalence framework (treating malaria as a

microparasite) and have therefore not tracked parasite density or allowed

parameters to vary with parasite density. Exceptions to this include: a)

detailed models taking a within-host approach to understanding immunity by

following the densities of asexual parasites and gametocytes in individual

infections (Elderkin et al., 1977; Molineaux et al., 2001) and; b) the current

approach by Tom Smith and colleagues at the Swiss Tropical Institute (Smith

et al., 2008) developing essentially microsimulation models based on the

quantitative distribution of parasite abundance within human populations, with

morbidity and mortality risks, and infectiousness to vectors dependent on

parasite density.
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Table 1.3 – Summary of a selection of important malaria models

Model Approach Level of
Resolution

Details

“Ross-Macdonald”

(Ross, 1911, 1916;
Macdonald 1952,
1957)

Deterministic

Stochastic
formulations
produced by
Bekessy et al.,
1976; Nåsell
1985, 1991

Population-
based

Full-transmission cycle; capturing the basic
features of the interaction between the infected
proportions of the human population and the
mosquito vector population

Assumptions: population sizes constant; no latency
(added subsequently by Macdonald, 1957); no
immunity and; no parasite-induced mortality in
humans or mosquitoes

“Dietz-Macdonald”

(Macdonald, 1957,
1973; Dietz (described
in Bailey, 1975))

Deterministic Population-
based

Full-transmission cycle

Incorporates superinfection, allowing infections to
run their course independently

Describes R0 as a basis for control

“Dietz-Molineaux”

(Dietz et al., 1974;
Molineaux et al., 1978;
Molineaux and
Gramiccia, 1980)

Deterministic Population-
based

Full-transmission cycle

Incorporates immunity; included via different rates
of recovery and detectability of parasites

Reproduces the observed age-prevalence
relationship

“Aron and May”

(Aron and May, 1982;
Aron 1983)

Deterministic Population-
based

Incorporates temporary states of immunity, with re-
infection boosting immunity

Allows mosquito population size to change with
time to reproduce the seasonal patterns of disease

“Strain Theory”

(Gupta and Day,
1994)

Deterministic Population-
based

Strain structure

Fits serological and molecular observations, as well
as epidemiological data on age distributions of
infection and disease

“Within-host models”

(Dietz et al., 2006;
Hoshen et al., 2000;
Molineaux et al., 2001;
Gatton and Cheng,
2004; Filipe et al.,
2007; reviewed in
Molineaux and Dietz,
1999)

Deterministic
and stochastic
formulations

Both
population
and
individual
based

Various models describing the time-course of
parasitaemia within the human host

“Smith”

(Smith et al., 2006a,
2006b, 2006c; Smith et
al., 2008)

Stochastic Individual-
based

Based on infection density within the human;
morbidity and mortality risks and infectiousness to
vectors depend on parasite densities

Micro-simulations (simulated infections are nested
within simulations of individuals in human
population and linked to models of interventions
and health systems)

“Transmission”

(Koella, 1991; Carter et
al., 2000; Koella and
Zaghloul, 2008; Saul,
2008)

Deterministic Population-
based

Modelling impact of mosquito stage, transmission
blocking vaccines; investigating the link between
antisera levels and mosquito infection

Incorporating heterogeneity
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Table 1.3 indicates a deficit of recent models that concentrate on the vector

portion of the transmission cycle (but see for instance Smith and McKenzie,

2004; Koella and Zaghloul, 2008) and highlights that no models have tackled

the dynamics of sporogony within the mosquito using an intensity framework

until the very recent attempts of Teboh-Ewungkem and Yuster (2010)

(discussed further in Chapter 6). It is important to understand the population

dynamics of Plasmodium within the vector, especially in the context of malaria

control strategies as it is now clear that the strategies should encompass a

number of approaches and be dependent upon the transmission setting. In

particular, the development of transmission-blocking strategies (such as drugs

and vaccines) will rely on understanding this system in detail.

1.6 Plasmodium Development in the Mosquito

Of the 422 known species of Anopheles mosquitoes, 68 have been

associated with varying degrees of malaria transmission, reflecting a diverse

biology. An. gambiae is particularly anthropophagic and is considered the

most important malaria vector, accounting for much of the transmission in

Africa. However, parasite-vector combinations affecting humans are

numerous and varied as summarised in Table 1.4. Studies on the biology of

Plasmodium spp. and their interactions with Anopheles spp. have been

advanced considerably by the analysis of malaria parasites that do not infect

humans and particularly by studies on rodent plasmodia. The most common

systems used in experimental settings are summarised in Table 1.5.
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Region Plasmodium Species Anopheles Species

North (mainly the Pacific

coastal area of Mexico) and
Central America

P. vivax
P. falciparum

An. freeborni; An.
quadrimaculatus;
An. albimanus; An. aquasalis;
An. darlingi; An.
pseudopunctipennis;
An. argyritarsis; An. albitarsis

South America P. vivax
P. falciparum
P. malariae

An. albimanus; An. albitarsis;
An. aquasalis; An. darlingi;
An. pseudopunctipennis;
An. punctimacula; An. argyritarsis
An. nuneztovari

Afro-Arabian P. falciparum An. pharoensis; An. sergentii;
An. fluviatilis; An. stephensi;
An. culicifacies; An. superpictus

Afro-Tropical P. falciparum
P. vivax
P. ovale
P. malariae

An. gambiae s.s.; An. funestus;
An. arabiensis; An. pharoensis;
An. melas; An. merus;
An. nili; An. moucheti

Indo-Iranian P. vivax
P. falciparum
P. malariae

An. culicifacies; An. fluviatilis;
An. sacharovi; An. superpictus;
An. stephensi; An. pulcherrimus;
An. minimus; An. sundaicus

Indo-Chinese Hills
(North-eastern India to
southern China and
southward to Myanmar,
Thailand, Cambodia, Laos
and Vietnam)

P. vivax
P. falciparum
P. ovale
P. malariae

An. dirus; An. fluviatilis;
An. minimus; An. culicifacies;
An. maculatus; An. nigerrimus;
An. balabacensis

Malaysian P. falciparum
P. malariae
P. vivax
P. knowlesi*

(*Simian malaria,
transmitted by An. hackeri;
natural infection in humans
has been reported in
Malaysia)

An. aconitus; An. balabacensis;
An. campestris; An. dirus;
An. donaldi; An. flavirostris;
An. letifer; An. leucosphyrus;
An. maculatus; An. minimus;
An. nigerrimus; An. subpictus;
An. sundaicus; An. hackeri*

Chinese
(Coastal and southeast
mainland China, Korea and
the southern islands of
Japan)

P. vivax
P. falciparum

An. anthropophagus
An. sinensis; An. balabacensis

Australian and West
Pacific

P. ovale
P. vivax

An. farauti; An. koliensis;
An. punctulatus; An. subpictus

Europe and the
Mediterranean (Mainly the
eastern Mediterranean)

P. vivax
P. falciparum

An. maculipennis; An. sacharovi;
An. labranchiae; An. atroparvus;
An. superpictus; An. sinensis

Table 1.4 – Dominant Plasmodium–Anopheles combinations involved in

malaria transmission among humans worldwide. The regions are based on the

‘epidemiological malaria zones’ defined by Macdonald (1957). The species listed are

not exhaustive but include the main species involved in transmission as well as

many which are only locally important in restricted areas.
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Host Plasmodium species Anopheles species

Rodent P. berghei An. stephensi
P. yoelli An. stephensi
P. chabaudi An. stephensi
P. vinckei An. stephensi

Bird P. gallinaceum Aedes aegypti

Table 1.5 – Commonly used experimental systems in laboratory studies of

malaria transmission.

1.6.1 Sporogony

In the mosquito vector the malaria parasite undergoes multiplication and

maturation via a number of transformations, known as the sporogonic cycle,

as it passes from the bloodmeal, through the midgut wall and into the insect’s

salivary glands. However, not all parasite-vector combinations are compatible;

in many well-characterized combinations, the parasite species cannot

successfully complete its development within the mosquito. This can be due

to many reasons for example, the occurrence of mosquito mortality before

completion of the sporogonic cycle, the failure of ookinetes to cross the

midgut epithelium, or the inability of sporozoites to invade the salivary glands

(Rosenberg, 1985; Gamage-Mendis et al., 1993). Therefore it is clear that

disruptions at any point in this cycle can affect the potential for transmission

and this could be exploited in the effort to control or eradicate malaria.

The sporogonic cycle (summarised in Figure 1.6) initiates when mature

gametocyte-stage parasites are ingested by a suitable species of Anopheles

during a bloodmeal. Female anophelines must have regular bloodmeals to

support the development of batches of eggs. In the midgut, microgametocytes

(male gametocytes) undergo a process of exflagellation, forming

microgametes which fertilise mature macrogametes (female gametes).

Critical factors involved in the induction of exflagellation are a decrease in

temperature, a decrease in dissolved carbon dioxide and the subsequent

increase in pH. Xanthurenic acid, a metabolite of insects, can lower the

permissive pH for exflagellation and potentially acts as a biological cue for the

parasite (Billker et al., 2004).
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Figure 1.6 – Sporogonic cycle of Plasmodium within the mosquito vector. The

transitional stages within the sporogonic cycle of Plasmodium within Anopheles

mosquitoes, from the acquisition of gametocytes to the inoculation of sporozoites

into a human host. Pictures adapted from www.dpd.cdc.gov/dpdx.

The result of the fertilisation process is a spherically shaped zygote, which

elongates and develops into a motile ookinete approximately 18 to 24 hours

after the bloodmeal. The ookinete develops in the midgut lumen during the

digestion of the bloodmeal, traverses the chitinous peritrophic matrix and

penetrates the midgut epithelium; this is an invasive process which activates

the insect immune system (Dimopoulos et al., 1998; Richman et al., 1997).

The ookinetes lodge between the outer gut wall and the basal lamina, before

transforming into the oocyst stage 24 to 72 hours after the bloodmeal. The

oocysts increase in size, distending and disrupting the overlying basal lamina,

and undergo asexual replication, culminating in the production of sporozoites.

Upon maturation, the oocyst ruptures and releases actively motile sporozoites

into the haemocoel of the mosquito. A portion of these sporozoites migrate to
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the salivary glands where they penetrate the basal membrane and pass

intracellularly through a secretory cell into the salivary duct. As the mosquito

takes a bloodmeal, some of these sporozoites are inoculated into the

vertebrate host to start the asexual replicative cycle (Wernsdorfer and

McGregor, 1988) (Figure 1.2).

1.6.2 Targeting the mosquito vector

The expression for R0 (Equation [1.1]) highlights the sensitivity of malaria

transmission to certain parameters. The survival of adult mosquitoes and the

biting rate of mosquitoes are present as power terms, pn and a2 respectively,

and therefore alterations to these parameters impact on R0 non-linearly. Such

observations were influential in the design of malaria control policies and the

global eradication campaign of the 1950s and 1960s (Dietz et al., 1974;

Molineaux and Gramiccia, 1980), focussing control efforts onto the adult

mosquito. For example, Macdonald’s justification for the strategy of indoor

residual spraying remains one of the most important contributions that

mathematical modelling has made to disease control. The importance of the

vector-related parameters contained within R0 are further highlighted in the

expression for the vectorial capacity (C), which is the daily rate at which future

inoculations arise from a currently infective case calculated from

entomological parameters alone (Garrett-Jones, 1964),

p

pbma
C

n
H

ln

2


 [1.2]

with parameters the same as in Equation [1.1].

The ingestion of blood by arthropod vectors can be exploited in order to either

kill the vector or render it incapable of disease transmission. Careful

examination of the parasite lifecycle within the mosquito can result in the

identification of specific and definable interactions. Understanding these is

essential to identify weaknesses that could be manipulated to reduce malaria

transmission by aiding the design of control strategies, such as identifying

vector molecules, physiological processes or structures that may be exploited

for vaccine development. Therefore, in order to disrupt these intricate
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interactions it is critically important to understand the basic biology involved,

including studying the various events triggered by the bloodmeal, the

developmental biology of the parasite, the effects that the vector and the

parasite may impose upon each other and the impact of parasite density on

each of these.

1.7 Parasite Density

Understanding the impact of parasite density on population dynamics, disease

and transmission can be critical as density-dependent processes influence

how a system reacts to perturbations, such as control measures. The

additional parasite population dynamics generated by transmission through an

intermediate host makes the understanding of density-dependent processes

within vector-borne diseases of particular interest.

1.7.1 Density dependence

Density-dependent, regulatory processes are ubiquitous in natural populations

and particularly well documented in parasite-host systems (Dietz, 1988b).

These processes make transmission efficiency dependent on the prevalence

and intensity of infection by altering the per capita rates of parasite

establishment, development and survival (among other population processes)

and by affecting host reproduction and survival. A fundamental question in

the analysis of any parasitic infection process relates to the role and impact of

these density-dependent mechanisms since they make parasite population

dynamics non-linear. Non-linearities in transmission processes may be of the

facilitation (positive feedback) type, where the per capita rate of a process

increases with density, or of the limitation (negative feedback) type, where the

per capita rate of a process decreases with increasing density (Basáñez et al.,

1995) (Figure 1.7). The importance of these non-linear processes in

determining endemic prevalence has long been well-understood for

macroparasites (Anderson and May, 1991) and in particular for those which

are vector-borne (Basáñez et al., 1994, 1995).
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Figure 1.7 – Examples of types of density dependence. With the x-axis

representing the number of parasites at stage X of development and the y-axis

representing the number of parasites at subsequent stage Y of development (on

arbitrary scales), these graphs illustrate potential relationship types between two

subsequent or consecutive life-stages. A. A linear relationship, with increases in the

variable represented on x-axis resulting in a proportional increase in that

represented on the y-axis, due to the per capita rate of transition from one parasite

stage to the next being constant (density independent). B. A limitation relationship,

where the rate of increase in the y-axis slows down with increases in the x-axis, due

to the per capita rate of conversion declining. C. A facilitation relationship, where the

rate of increase in the y-axis increases with increases in the x-axis, due to the per

capita rate increasing with increases in the parasite density of the stage represented

in the x-axis; this facilitation is generally followed by limitation (as seen in Chapter

2).

Such regulatory processes have the potential to stabilise and hence promote

the long-term persistence of infection and therefore the recognition of density-

dependent mechanisms is relevant to disease control and elimination. As

these processes make parasite population dynamics non-linear, their

presence can additionally act either antagonistically or synergistically with the

current recommended methods of control and therefore contribute to parasite

persistence and resilience to control interventions. Facilitation may lead to
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the existence of transmission breakpoints, whereas limitation may lead to

population stability (Basáñez and Ricárdez-Esquinca, 2001; Duerr et al.,

2005). In the presence of these non-linear processes, the response of the

system to intervention programmes is not proportional to the magnitude of the

effort being exerted. For example, in the case of limitation, interventions may

act to reduce the severity of the regulatory constraint, increasing the per

capita rate of the process and thus making the control efforts not particularly

efficacious until parasite densities are very low. This means that the response

of the system is not linearly proportional to the magnitude of the effort being

exerted until the progress of the control measure(s) is well advanced (Dietz,

1988b).

Not only is density dependence relevant in determining endemic parasite

abundance but, arguably more importantly, is the realisation that the point in

the parasite’s lifecycle upon which density dependence operates influences

the rate of reinfection following an intervention (Churcher et al., 2006).

Therefore it is important to quantify precisely where in the lifecycle and at

what magnitude such regulation operates, as overall population regulation

may depend on the occurrence and relative strengths of stabilising forces

acting on different stages of the lifecycle (Churcher et al., 2005, 2006; Dietz,

1988b). However, ascertaining the presence and nature of density-dependent

processes is not sufficient to determine their effect in terms of population

dynamics or response to control methods. Establishing the natural frequency

distributions of parasite densities is an essential component as it determines

the probability with which an individual mosquito will have a particular parasite

density. This allows the quantification of weighted contributions of various

parasite densities to overall population regulation. Parasite frequency

distributions may also change during or after an intervention.

1.7.2 Plasmodium density

Malaria is traditionally defined as a microparasite (Anderson and May, 1991)

and therefore disease is typically measured in terms of the prevalence rather

than the intensity of infection. A widely used measure of malaria endemicity is

the parasite rate, as mentioned earlier in this chapter, namely, the prevalence
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of peripheral blood-stage infections among the individuals in a community or

population sample. However, for morbidity surveys it can also be useful to

quantify the degree of malarial infection, which is usually defined as the

number of parasites seen on average in a number of high power magnification

fields, or in relation to the number of red or white blood cells and then

converted to the number of parasites per microlitre of blood. The mosquito

population is typically classified in terms of prevalence of a particular life-

stage; generally oocysts as these are the easiest to identify, but sporozoite

prevalence is increasingly being used as this more likely indicates that the

mosquitoes are actually infectious, not just infected. The density of parasites

in the mosquito host is typically defined as the number of oocysts per

mosquito gut by dissection, although this is rarely widely investigated or

routinely reported.

As discussed, mathematical models have played an important role in

understanding the epidemiology of malaria, providing quantitative

representations of the complicated underlying biology (Awerbuch, 1994).

Classical models of malaria transmission typically employ prevalence

frameworks, using the biting rate of mosquitoes on humans, the duration of

the sporogonic cycle within the vector, the probabilities of infection

successfully establishing within humans and vectors, and the duration of

infection in humans to describe the proportions infected (Bailey, 1982; Smith

and McKenzie, 2004). This approach ignores the possible influence of the

intensity of infection and as a result, the probabilities of infection establishing

within the mosquito and vertebrate hosts are parameters assigned a fixed

value, regardless of parasite load.

It is becoming increasingly important to understand the influence of parasite

density, both within the human and the mosquito hosts, as intervention tools

may act to reduce parasite density without necessarily impacting on

prevalence. For example, a partially effective transmission blocking

intervention may act to reduce the number of parasites at a particular life-

stage but not fully block transmission in all mosquitoes, thus acting to lower

the average parasite load in the population. Understanding in detail the
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impact of such an intervention will be critical for the design of new tools, the

identification of any potentially perverse outcomes of control and the

implementation of effective monitoring and evaluation.

It is now well documented that the density of Plasmodium in the vertebrate

host modulates the physiological response stimulated and this in turn

influences parasite survival. Research has indicated that the size of the

infective dose of sporozoites to the human can determine why malaria is

severe and life-threatening in only a proportion of cases (Greenwood et al.,

1991); for example, Rogier et al. (1996) saw an increased risk of fever over an

age-dependent threshold of parasite density. Infectivity has also been shown

to depend on parasite density (Jeffery and Eyles, 1955); for example Ross et

al. (2006) describe a statistical model for the positive relationship between

asexual parasite densities of P. falciparum and infectivity of the host to

mosquitoes. Progress has been made towards understanding the effect of

parasite load within the human host with models of within-host dynamics

achieving a good fit to data (Molineaux et al., 2001) and being incorporated

into transmission models (McKenzie and Bossert, 2005; Smith et al., 2006b;

2006c).

One of the least understood aspects of malaria transmission is the

development of the parasite within the vector, creating a conceptual and

practical constraint to understanding the disease and to the development and

application of novel control methods (Beier, 1998). Therefore any density-

dependent mechanisms acting on malaria transmission, such as the impact

that parasite density within the mosquito has on both Plasmodium and

Anopheles survival, and any regulatory constraints operating on parasite

development within the vector, are far less understood. Dietz (1988b)

suggested the possibility of non-linear parasite transmission through vector

populations and stated that research into this area has been neglected.

Gaining a quantitative understanding of these parasite infection dynamics

within the vector population, including assessment and quantification of

potential density-dependent processes, is central to improving the knowledge

of the transmission, persistence and therefore control of malaria. There are
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many hypotheses for how parasites, and in particular parasite density, impact

on population dynamics and transmission; for example vector mortality rate,

fecundity or behaviour changing with parasite density, or parasite

development and survival varying with parasite load, but research on these

phenomena is scarce.
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2. Progression of Plasmodium berghei

through Anopheles stephensi is Density-

Dependent1

2.1 Summary

Sporogonic development of the Plasmodium parasite within the mosquito is a

complex process which involves the change in abundance of successive life-

stages. Numerous studies have described conversion rates of Plasmodium

from one life-stage to the next, yet few have considered that these rates might

vary with parasite density. The results of establishing infections with defined

numbers of the rodent malaria parasite P. berghei were examined to explore

how the parasite density at each stage of development (gametocytes;

ookinetes; oocysts; and sporozoites) influences development to the ensuing

stage in An. stephensi. The results indicate that every developmental

transition exhibits strong density dependence, with numbers of the ensuing

stages saturating at high density of the previous stage (see Figure 1.7B). In

addition, at very low ookinete density, oocyst development is facilitated by

increasing ookinete number (see Figure 1.7C), resulting in a sigmoid

relationship between the number of oocysts and the number of ookinetes fed.

The observations on this model system generate important hypotheses for the

understanding of malaria biology and how these might guide the rational

analysis of interventions against the transmission of malaria among humans

by diverse vector species.

2.2 Introduction

During sporogony there is a progressive loss in parasite numbers, with most

studies noticing large reductions from the gametocyte stage through to the

oocyst stage; the nadir of the cycle (Alavi et al., 2003; Vaughan et al., 1994a,

1
A modified version of this chapter has been published (see Appendix C2):

Sinden RE, Dawes EJ, Alavi Y, Waldock J, Finney O, Mendoza J, Butcher GA, Andrews L,
Hill AV, Gilbert SC and Basáñez M-G (2007) Progression of Plasmodium berghei through
Anopheles stephensi is density–dependent. PLoS Pathogens 3: e195.
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1994b) (Figure 2.1). Within the oocyst, parasite numbers reportedly increase

by two or three orders of magnitude (Rosenberg and Rungiwongse, 1991;

Pringle, 1965) before the daughter sporozoites make their inefficient passage

to the salivary glands, from which few are inoculated into the vertebrate host

(Medica and Sinnis, 2005; Amino et al., 2006) when the female mosquito

takes a subsequent bloodmeal. Therefore within the vector there are three

main developmental transitions where parasite development can be disrupted

or halted within the vector: firstly, between gametocyte and ookinete stages

during macrogametocyte fertilisation or differentiation of zygotes into

ookinetes; secondly, between ookinetes and mature oocysts due to the

failure of ookinetes to traverse the midgut or the abortion of early-stage

oocysts; and finally, between oocysts and salivary gland sporozoites due to

the failure to produce sporozoites or a failure of sporozoites to navigate

successfully to invade or survive in the salivary glands (reviewed by Sinden,

2004; Beier, 1998; Rosenberg, 1985). These three key transitions, which are

investigated in this chapter, are highlighted in Figure 2.1.

Numerous studies have aimed to describe the changes in parasite numbers

between Plasmodium life-stages within the mosquito and they have been

elegantly summarized by Vaughan (2007). The loss in parasite abundance

between successive life-stages during early sporogony has been widely

expressed using ‘killing powers’ or k values, which were initially developed for

use in insect ecology (Varley et al., 1973). Such k values are calculated as

the difference between the densities of consecutive life-stages expressed as

logarithms, and an overall K value can be calculated by summing individual k

values to represent mortality over several life-stages. The magnitude and

intrinsic heterogeneity of these stage-specific parasite losses within a

mosquito species can ultimately determine its vector competence. Studies

have indicated that the key transition in determining overall susceptibility can

differ among species; for example Vaughan et al. (1992) found susceptibility

to be most severely constrained by P. falciparum ookinete losses in

An. gambiae, whereas Rosenberg (1985) found P. knowlesi sporozoites to be

the key stage in An. freeborni.



49

Figure 2.1 – Parasite numbers changing during sporogony. The three key

transitions investigated are labeled; A, gametocytes (BSG, blood stage

gametocytes) to ookinetes; B, ookinetes (OOK) to oocysts (OOC); C, oocysts to

salivary gland sporozoites (SPZ). Figure adapted from Christophides, 2005.

An important question which has eluded enquiry is whether the ookinete to

oocyst bottleneck and the other developmental transitions through the

mosquito are density dependent. Contributory factors for this omission may

include the fact that the majority of previous studies have: a) compared

parasite numbers in just two life stages; b) looked at a single infection

intensity or; c) investigated densities within narrow ranges (Eyles, 1951;

Carter and Graves, 1988; Swellengrebel and De Buck, 1931). Without this

knowledge our understanding of the impact of host responses, or of external

intervention, upon the transmission of the parasite through endemic

populations will remain incomplete.

Those studies that have looked at the effect of the density of infection on the

efficiency of conversion between the various life-stages within the mosquito

vector have predominantly concluded that relationships are linear (Carter and

Graves, 1988; Eyles, 1951; Gamage-Mendis et al., 1993; Medica and Sinnis,

2005; Munderloh and Kurtti, 1987; Vaughan et al., 1992, 1994a), with fewer

A B C
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studies reporting non-linear relationships (Rosenberg et al., 1982; Vaughan et

al., 1994b). As a possible consequence of this, it is commonly assumed that

despite transforming with notably differing efficiencies between life-stages, the

numbers of parasites in sequential stages are mostly linearly related. For

example, many studies on infectivity have focussed on oocysts and the

inhibition of their development rather than on sporozoites, assuming implicitly

a linear relationship between the two.

The nature of the statistical analyses conducted to determine these

relationships between life-stages has to date lacked consistency and has

often failed to take into account a number of factors. Analyses have been

primarily based on arithmetic mean parasite densities but as the distributions

of parasite densities at each life-stage have often been found to be positively

skewed (Eyles, 1951; Medley et al., 1993; Vaughan et al., 1994a), this

measure may be greatly influenced by the presence of mosquitoes with very

high infection intensity; therefore a more appropriate measure of the average

value would be a median or a geometric mean. Fitting models to determine

the relationships using the individual counts themselves rather than a mean

value would improve the analyses further, taking into account the maximum

amount of data available. Many studies have fitted only linear functions to the

relationships and therefore could not have investigated the existence of

density dependence. Eyles (1951) fitted a linear relationship between mean

oocysts and gametocytes and although stated that curvilinearity could not be

discounted, did not test for this explicitly. Many analyses have not taken into

account the frequency distribution of parasite densities in the fitting of

relationships, implicitly assuming them to be normal, or have transformed the

data to justify the use of methods which rely on this assumption (for example

Medica and Sinnis, 2005). Therefore the use of individual-level data explicitly

taking into account the frequency distribution would allow the fitting of more

robust and reliable functions. In addition, it is important to realise that much of

this work has been based on small datasets and therefore the analyses have

lacked power to distinguish between various functional forms to describe the

relationships.
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2.3 Aims

This work aims to address an apparent lack of adequate statistical analyses

investigating the possibility that the per-mosquito numbers of a life-stage may

not be proportionally related to the density of the preceding life-stage, i.e.

density dependence in the probability of successful life-stage transitions of

Plasmodium within the mosquito vector. This aim is met by measuring the

relationships between wide-ranging densities of successive life-stages

(macrogametocytes, ookinetes, oocysts and salivary gland sporozoites)

achievable in the laboratory model Plasmodium berghei–Anopheles stephensi

and by statistically fitting nested functional forms to these relationships.

Determining the form of these relationships may increase our understanding

both of the processes regulating the transmission of this parasite by the

mosquito and, if also applicable to vector-parasite combinations of medical

importance, of the potential impact of intervention measures against human

malaria.

2.4 Methods

The practical experimental work for this chapter was not conducted by the

candidate but carried out over several years by a number of researchers

working in Prof. R.E. Sinden’s lab (a supervisor of this thesis). Therefore, the

methodology is described in detail in the Methods section of Appendix C2.

The focus in this chapter is on the quantitative analysis of the data. Replicate

samples of mosquitoes were fed through membrane feeders on blood

containing known parasite densities and the density of the subsequent life-

stage was calculated. Data came from three developmental transitions within

the mosquito: a) macrogametocytes to ookinetes; b) ookinetes to oocysts and;

c) oocysts to sporozoites in the salivary glands (Figure 2.1). The relationship

between the numbers of input ( x ) and output ( y ) life-stages for each of these

transitions was investigated, both in the form of mean and individual level

values.
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2.4.1 Frequency distributions

Frequency distribution histograms were prepared for each of the output life-

stages of interest (the number of ookinetes, the number of oocysts, and the

number of salivary gland sporozoites per mosquito). The variance to mean

ratio (VMR) was calculated for each distribution, which indicated the presence

of overdispersion (the ratio was significantly greater than 1 as ascertained by

chi-square tests (Elliott, 1977)). A negative binomial distribution (NBD)

(whose parameters are the arithmetic mean and the exponent, k, an inverse

measure of the degree of overdispersion) was fitted to the data using

maximum likelihood (ML) (this k or overdispersion parameter is different from

the ‘killing powers’ or k values referred to above). The goodness of fit of the

NBD to the observed frequency distribution was assessed using chi-square

tests (Elliott, 1977). For each life-stage, values for k were thus estimated for

the combined data and for each input parasite density separately, and were

plotted against the corresponding arithmetic mean number of parasites to

assess whether the overdispersion parameter was independent or related to

the means of the distributions. The functional form of the relationship

between k and the mean output density ( y ) was determined by fitting a family

of models nested within,
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by ML. This allowed a constant k (k=k0; k1=0) to be compared with linear

(k2=1; k3=0); power (k3=0); hyperbolic (k2=1; k3>0); and sigmoid (k1>0; k2>1;

k3>0) functions of the mean, using the likelihood ratio test statistic (LRS)

(Clayton and Hills, 1993) when the models were nested, or the Akaike

Information Criterion (AIC) (Akaike, 1973) when they were not (e.g. when

comparing power and hyperbolic models).

2.4.2 Estimating the type and severity of density dependence

As discussed in Chapter 1, absence of density dependence, where the rate of

success is constant with parasite density is characterised by proportionality

(see Figure 1.7A). Density dependence can be positive (facilitation) or
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negative (limitation), characterised by the per capita parasite yield increasing

or decreasing respectively with parasite density. Initial facilitation (see Figure

1.7C) may be followed by subsequent limitation, producing a sigmoid

relationship. To encompass these possible behaviors, the following

generalised functional relationship was fitted,









x

x
y




1
[2.2]

where x represents the input and y the output parasite density. This function

can describe a linear ( > 0;  = 1;  = 0); a saturating ( > 0;  = 1;  >

0); or a sigmoid ( > 0;  > 1;  > 0) relationship, with each function being

nested into the following one. The attributes of each of these functional forms

are described in Table 2.1.
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Table 2.1 – Description of Functional Forms Nested within Equation [2.2]. § Variables x and y denote, respectively, the input and output

densities of Plasmodium berghei consecutive stages within Anopheles stephensi. *Arbitrary units.

Functional
Form

Behaviour Equation
§

Biological Interpretation of
Parameters

Shape* Efficiency of Conversion
(Parasite Yield)

Linear Proportionality.
No density
dependence.

xy   is the (constant) slope.

Hyperbolic Limitation.
Negative density
dependence. x

x
y








1

 is the initial rate of success (as
x → 0);  is the severity of density

dependence (the larger the  the

lower the maximum parasite density

achieved, given by



).

Sigmoid Initial facilitation
and subsequent
limitation.
Positive followed
by negative
density
dependence.
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Models fitted to mean parasite densities: These functional relationships

were fitted to mean parasite densities as a function of the (pre-defined)

previous life-stage density, using the geometric mean of Williams (WM)

(Williams, 1937) as a measure of central tendency for the outcome variable

(given the overdispersed nature of the data as assessed above). WMs were

used due to the presence of zero counts and are defined as,
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where iy is the parasite density in mosquito i, n is the number of mosquitoes,

and c is a constant (in this case c =1). Asymmetric confidence intervals (CIs)

were estimated for the WMs (Kirkwood, 1988). When the explanatory

variable was also the mean of a random variable (rather than a pre-

determined parasite density fed to mosquitoes), CIs were also calculated for

the variable plotted on the horizontal axis. Heterogeneity in the data between

experiments and between workers was examined to determine whether a

single model should be fitted to the entire dataset, to individual experiments,

or to experimenter subsets. The form of the relationship between two

subsequent life-stages, using the mean values, was determined by fitting

equation [2.2] by ML using quasi-Newton algorithms. A sample size-weighted

log-likelihood for a normally distributed variable was maximised after applying

a suitable (square root) transformation of the means. The weighting

procedure allowed the number of mosquitoes contributing to each mean value

to be taken into account in addition to the total number of mean values (De

Groot and Schervish, 2001). In this case, y was the WM of the outcome

variable and x was the parasite density of the previous (input) life-stage.

Parameters  ,  , and  determine the shape of the functional form as

described in Table 2.1, and the resulting models were compared using the

LRS (Clayton and Mills, 1993) as the models were nested (linear vs.

hyperbolic and vs. sigmoid; hyperbolic vs. sigmoid). Asymptotic 95% CIs

(Cox and Hinkley, 1974) were estimated for each parameter in the final

model.
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Models fitted to individual parasite densities: In order to make better use

of the data available and take into account the inter-mosquito variability,

models were also fitted to parasite densities from individual mosquitoes

against the pre-defined (or mean) parasite densities of the previous life-stage.

The form of the relationship between two subsequent life-stages using the

individual values was again determined by fitting the functional form given in

equation [2.2], where x ,  ,  , and  , were as described above, and y was

the parasite count of the subsequent stage as observed in individual

mosquitoes. Parameters  ,  ,  and k were estimated, using quasi-Newton

algorithms, by maximising the following negative binomial log-likelihood,

which allowed the overdispersion parameter to be a function of the mean

(Subramanian et al., 1998):
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where  denotes product (over all mosquitoes, n, and experiments, j);
NB

P

the probability function of the negative binomial distribution; N the total

number of mosquitoes; J the total number of experiments; y the observed

value of the random variable, equal to
nj

l , the number of parasites in

mosquito n from experiment j conditional on )(ˆ njxy , the function describing the

expected parasite density as a function of the density of the previous life-

stage (for mosquito n in experiment j ) given by equation [2.2], and on )(yk ,

the overdispersion factor as a function of mean output parasite density. In the

expression for
NB

P , iy  indicates that the random variable equals the

number i of parasites per mosquito  ,...2,1,0i , conditional on k and )ˆ( y , and

! indicates factorial. Again, models were compared using LRS and

asymptotic 95% CIs (Cox and Hinkley, 1974) were estimated for the

parameters in the final model, including overdispersion parameters.
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In all cases p < 0.05 was considered to indicate a significant departure from

the null hypothesis in question.

2.5 Results

2.5.1 Macrogametocyte to ookinete transition

Data for this transition originated from two researchers (Olivia Finney (OF)

and Jacqui Mendoza (JM), previous students of Prof Sinden) on four separate

occasions. The behavior of this transition proved to be independent of the

worker conducting the infections. Analysing the datasets jointly revealed that

the overall distribution of the number of ookinetes per mosquito was strongly

overdispersed, confirmed by a VMR of 1108 (where a VMR of 1 suggests a

Poisson, random distribution). A NBD was fitted to the overall frequency of

mosquitoes harbouring a given number of ookinetes, with arithmetic mean of

643 ookinetes per mosquito and overdispersion parameter of 0.45 (95% CI:

0.02–3.59) (Figure 2.2A). The chi-square goodness of fit test indicated good

agreement between the observed and expected distributions (2 = 13.2,

degrees of freedom (df) = 12, p-value = 0.36). When a separate NBD was

fitted for each macrogametocyte density and its parameters estimated, the

most overdispersed distributions were found among the lowest ookinete

densities and the degree of overdispersion decreased with increasing density

(Figure 2.2B) as found in other parasite-vector systems (Basáñez et al.,

1995). The results of model comparisons for the relationship between the

overdispersion parameter and mean parasite density and the resulting

parameter values and CIs for the most parsimonious model are given in Table

2.2.
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Figure 2.2 - Analysis of parasite densities in the transition from

macrogametocytes to ookinetes. (A) Frequency distribution of the number of

ookinetes per mosquito. Observed frequency (red bars), expected frequency

according to negative binomial distribution (blue bars) with k = 0.45, estimated by

maximum likelihood. (B) Maximum likelihood estimates of parameter k (for each

macrogametocyte density) against arithmetic mean ookinete density. The degree of

overdispersion decreases (k increases) with mean ookinete density with a saturating

relationship when the outlying red point (from OF’s experiments) is excluded. (C)

Williams’ mean (WM) number of ookinetes per mosquito against number of

macrogametocytes per bloodmeal. Ookinete density increases non-linearly with

macrogametocyte density when the outlying red point (from JM’s experiment) is

excluded. Error bars denote standard errors of WMs. (D) Number of ookinetes per

individual mosquito against number of macrogametocytes per bloodmeal. The fitted

curve corresponds to a saturating function (with underling non-linear relationship

between overdispersion parameter and mean ookinete density). All data pertain to

Plasmodium berghei in Anopheles stephensi. Markers refer to 3 experiments by

Olivia Finney (blue) and one by Jacqui Mendoza (green).
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Table 2.2 – Model comparisons and parameters for the relationship between the overdispersion parameter and the mean parasite

density. L, log-likelihood; df, degrees of freedom; LRS, likelihood ratio statistic; AIC, Akaike information criterion; CI, confidence interval.

* indicates a significant p-value, i.e. that the model being tested (indicated in the column heading) is significantly better than the null model

(indicated in the corresponding row heading). Models in bold font indicate the most parsimonious yet adequate model according to LRS (for

nested models) and AIC (for non-nested models) and the parameters for this model are given in the final column.

Comparison Sigmoid Hyperbolic Power Linear Parameter Values
(95% CI)Model L df LRS p df LRS p df LRS p df LRS p AIC

Parameter k as a function of ookinete density

Sigmoid
Hyperbolic
Power
Linear
Constant

-34.659
-35.089
-35.518
-37.295
-41.452

1
1
2
3

0.860
1.716
5.272

13.584

0.354*
0.190*
0.072*
0.004*

1
2

4.412
12.724

0.036*
0.002*

1
2

3.555
11.868

0.059*
0.003* 1 8.313 0.004*

77.319
76.179
77.035
78.590
86.903

k1 0.0065
(0.0051, 0.0079)

k3 0.0016
(0.0012, 0.0024)

Parameter k as a function of oocyst density

Sigmoid
Hyperbolic
Power
Linear
Constant

-19.97
-23.87
-19.97
-23.87
-43.49

1
1
2
3

7.797
0

7.797
47.024

0.005*
0.991*
0.020*

<0.001*
1
2

<0.001
39.227

0.978*
<0.001*

1
2

7.797
47.024

0.005*
<0.001* 1 39.226 <0.001*

49.949
55.746
47.950
51.747
92.973

k0 0.5363
(0.4347, 0.6387)

k1 3.07x10
-4

(2.53x10
-4

, 3.61x10
-4

)

k2 1.8082
(1.7698, 1.8408)

Parameter k as a function of sporozoite density

Sigmoid
Hyperbolic
Power
Linear
Constant

-12.208
-12.208
-12.213
-12.216
-13.692

1
1
2
3

0.001
0.010
0.016
2.969

0.977*
0.920*
0.992*
0.397*

1
2

<0.001
2.9680

0.903*
0.227*

1
2

0.006
2.959

0.940*
0.228* 1 2.953 0.086*

34.416
32.417
32.426
28.432
33.385

k1 8.41x10
-4

(5.41x10
-4

,11.41x10
-4

)
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Due to the overdispersion found in the data, the relationship between the

number of macrogametocytes offered in the bloodmeal and the resulting

mean ookinete density was investigated using the WM as a measure of

central tendency for ookinete density. The results of model comparisons for

the relationship between mean macrogametocyte density and mean ookinete

density and the resulting parameter values for the most parsimonious model

are given in Table 2.3. Excluding one outlying datapoint (where exceptional

mosquito death occurred) the best-fitting expression proved to be a

saturating, hyperbolic function, indicating that the efficiency of this transition

declines monotonically with increasing macrogametocyte density (Figure

2.2C). Initially ~125 macrogametocytes are required to produce one ookinete

and ookinete numbers saturate at a value (given by  /  ) of ~3,500 per

mosquito.

A hyperbolic relationship between the number of ingested macrogametocytes

and the resulting numbers of ookinetes produced was again indicated when

plotting the ookinete counts for individual mosquitoes (Figure 2.2D). The

results of model comparisons for the relationship between mean

macrogametocyte density and individual ookinetes densities, and the resulting

parameter values for the most parsimonious model, are given in Table 2.4.

This relationship also allows for the overdispersion parameter to be a non-

linear function of parasite density (as in Figure 2.2B). The fitted relationship

again suggests that the probability of a macrogametocyte becoming an

ookinete declines with increasing input, predicting that initially ~77

macrogametocytes would be required to make one ookinete and this

relationship again saturates at a density of ~3,500 ookinetes per mosquito.
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Comparison Sigmoid Hyperbolic
Parameter Values (95% CI)

Model L df LRS p df LRS p AIC
‡

WM ookinete density as a function of macrogametocyte density

Sigmoid
Hyperbolic
Linear

-71.939
-72.317
-74.314

1
2

0.756
4.750

0.385*
0.093* 1 3.994 0.046*

156.628
150.634
152.628




0.008

2.4x10
-6

(0.006, 0.009)

(1.1x10
-6

, 4.3x10
-6

)

WM oocyst density as a function of ookinete density

Sigmoid
Hyperbolic
Linear

-166.727
-168.646
-174.226

1
2

3.837
14.997

0.050*
0.001*

1 11.160 0.001*

341.455
343.292
352.451





6.9x10
-5

1.98

2.6x10
-6

(5.3x10
-5

, 8.9x10
-5

)
(1.89, 2.11)

(1.9x10
-6

, 3.8x10
-6

)

WM salivary gland sporozoite density as a function of WM oocyst density

Sigmoid
Hyperbolic
Linear

-72.199
-72.288
-74.065

1
2

0.177
3.732

0.674*
0.155* 1 3.555 0.059*

152.398
150.575
152.130

 14.61 (11.58, 17.63)

Table 2.3 - Model comparisons and parameters for the relationship between output mean parasite density and parasite density of the

preceding (input) life-stage. L, log-likelihood; df, degrees of freedom; LRS, likelihood ratio statistic; AIC, Akaike information criterion; CI,

confidence interval. * indicates a significant p-value, i.e. that the model being tested (indicated in the column heading) is significantly better

than the null model (indicated in the corresponding row heading). Models in bold font indicate the most parsimonious yet adequate model

according to LRS and the parameters for this model are given in the final column.
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Comparison Sigmoid Hyperbolic
Parameter Values (95% CI)

Model L df LRS p df LRS p AIC
‡

WM ookinete density as a function of macrogametocyte density

Sigmoid
Hyperbolic
Linear

-2779.75
-2781.55
-2786.00

1
2

3.594
12.508

0.058*
0.002* 1 8.914 0.003*

5567.500
5569.107
5576.007




0.013

3.6x10
-6

(0.012, 0.014)

(2.6x10
-6

, 4.7x10
-6

)

Oocyst density as a function of ookinete density

Sigmoid
Hyperbolic
Linear

-11852.89
-11930.87
-11956.86

1
2

155.963
207.933

<0.001*
<0.001* 1 207.933 <0.001*

23713.778
23867.741
23917.710





5.8x10
-4

1.74

7.4x10
-6

(5.6x10
-4

, 6.1x10
-4

)
(1.73, 1.76)

(6.9x10
-6

, 8.1x10
-6

)

Salivary gland sporozoite density as a function of WM oocyst density

Sigmoid
Hyperbolic
Linear

-1532.71
-1533.80
-1539.17

1
2

2.184
12.927

0.139*
0.002* 1 10.742 0.001*

3074.417
3073.601
3082.344




62.21
0.018

(53.98, 72.20)
(0.013, 0.024)

Table 2.4 - Model comparisons and parameters for the relationship between output individual parasite density and the parasite

density of the preceding (input) life-stage. L, log-likelihood; df, degrees of freedom; LRS, likelihood ratio statistic; AIC, Akaike information

criterion; CI, confidence interval. * indicates a significant p-value, i.e. that the model being tested (indicated in the column heading) is

significantly better than the null model (indicated in the corresponding row heading). Models in bold font indicate the most parsimonious yet

adequate model according to LRS and the parameters for this model are given in the final column.
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2.5.2 Ookinete to oocyst transition

Data for this transition came from three researchers (Jacqui Mendoza (JM),

Joanna Waldock (JW) and Gaya Ranawaka (GR)) and nine experiments. It is

recognised that the following analysis may be influenced by the atypical

relationship that might exist between the pre-formed ookinetes in the

bloodmeal and the midgut of the insect. As in the previous transition, oocyst

numbers were overdispersed (VMR = 63). A NBD was fitted to the combined

datasets (with k equal to 0.37) (Figure 2.3A) and to the oocyst frequency

distributions for each ookinete input density. However, in this case, the NBD

was not the most appropriate to describe the frequency of mosquitoes with a

given oocyst density (2 = 158.8, df = 29, p-value < 0.001) (unlike the findings

of Medley et al., 1993); this may be because the ookinete feed technique

used here (unlike the gametocyte feeds used in Medley et al., 1993) rarely

fails to infect mosquitoes. The results of model comparisons for the

relationship between the overdispersion parameter and mean parasite density

and the resulting parameter values and CIs for the most parsimonious model

are given in Table 2.2. As in the previous transition, the degree of

overdispersion was maximal at low oocyst mean densities and decreased with

increasing density (Figure 2.3B).

The fitted relationship between input ookinete density and the resulting WM

oocyst number (Figure 2.3C) indicated a sigmoid relationship, suggesting the

operation of initial facilitation and subsequent limitation (model comparison

results and the resulting parameter values for the most parsimonious model

are given in Table 2.3). Initially, 120 ookinetes are necessary to produce one

oocyst; at the point of maximum yield ~60 ookinetes produce one oocyst; and

as the number of ookinetes increases further, the transformation becomes

constrained above a mean density of ~26 oocysts per mosquito.
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Figure 2.3 – Analysis of parasite densities in the transition from ookinetes to

oocysts. (A) Frequency distribution of the number of oocysts per mosquito.

Observed frequency (red bars), expected frequency according to NBD (blue bars)

with k = 0.37, estimated by maximum likelihood. (B) ML estimates of parameter k

(for each ookinete density) against arithmetic mean oocyst density. The degree of

overdispersion decreases (k increases) with mean oocyst density with a power

relationship. (C) WM number of oocysts per mosquito against number of ookinetes

per μl of blood.  Mean oocyst density is related to ookinete density by a sigmoid 

function. Error bars denote standard errors of the WMs. (D) Number of oocysts per

individual mosquito against number of ookinetes per μl of blood.  The black line is 

fitted to the combined data, the brown line to data from GR, the green line to data

from JM, and the pink line to data from experiments by JW. In all cases the fitted

curve corresponds to a sigmoid function (with an underlying non-linear, power

relationship between overdispersion and mean oocyst density). Assuming a

bloodmeal volume of 2.13 μl, ookinete density can be expressed per mosquito by 

multiplying by 2.13. All data pertain to P. berghei in An. stephensi. Markers refer to

one experiment by JM (green), 3 by JW (violet) and 5 by GR (orange).
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As with the relationship identified for the means, the best fitting model for the

number of oocysts per individual mosquito as a function of ookinete density

was sigmoid (Figure 2.3D; model comparison results and the resulting

parameter values for the most parsimonious model are given in Table 2.4).

Initially ~72 ookinetes are required to produce one oocyst; at the point of

maximum yield this requirement decreases to ~35 ookinetes per oocyst and

the relationship saturates at a maximum of ~80 oocysts per mosquito as the

number of ookinetes increases. When testing inter-experimenter variation it

was clear that even in the same laboratory, oocyst production from ookinete

membrane-feeds varied markedly between different researchers.

Nonetheless, each experimenter’s data invariably indicated that, despite the

differing overall efficiency of oocyst production, every relationship was

sigmoid (Figure 2.3D, Table 2.5).

Table 2.5 - Experimenter-specific parameter estimates for sigmoid models

fitted to the ookinete to oocyst transition. *Calculated assuming β = 2 for

simplicity.

2.5.3 Oocyst to sporozoites in the salivary glands

Data for this transition came from three independent experiments by one

researcher (Joanna Waldock (JW)). The number of sporozoites per mosquito

showed strong overdispersion (VMR = 1,393), with k equal to 0.72 (Figure

2.4A). The distributions resulting from each oocyst density were separately

examined for a NBD, and again, overdispersion decreased with increasing

sporozoite density (Figure 2.4B; model comparison results for the relationship

between the overdispersion parameter and mean parasite density and the

Experimenter
α (x 10

-4
)

(95% CI)
β
(95% CI)

γ (x 10
-6

)
(95% CI)

Initial number
of ookinetes
to produce 1
oocyst *

Number of
oocysts per
mosquito at
saturation *

Turning
point
ookinete
density *

Gaya
Ranawaka
(1993)

0.52 2.05 1.56 141 33 462

(0.47–0.61) (2.02–2.14) (1.30–1.86)

Jacqui
Mendoza
(pers. comm)

1.32 2.04 3.19 88 41 323

(1.25–1.41) (2.02–2.07) (2.92–3.47)

Joanna
Waldock
(2004)

4.81 1.85 3.99 46 121 289

(4.47–5.22) (1.83–1.88) (3.59–4.51)
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resulting parameter values for the most parsimonious model are given in

Table 2.2). However, as for the frequency distribution of oocysts, the NBD did

not fit the distribution of the number of salivary gland sporozoites per

mosquito (2 = 41.3, df = 19, p-value < 0.002) as well as for the ookinete

distribution.

Figure 2.4 – Analysis of parasite densities in the transition from oocysts to

sporozoites in the salivary glands. (A) Frequency distribution of the number of

salivary gland sporozoites per mosquito. Observed frequency (red bars), expected

frequency according to NBD (blue bars) with k = 0.72, estimated by ML. (B) ML

estimates of parameter k (for each oocyst density) against arithmetic mean

sporozoite density. The degree of overdispersion decreases (k increases) with

mean oocyst density linearly. (C) WM number of sporozoites in the salivary glands

against WM number of oocysts per mosquito. WM sporozoite density increases

linearly with WM oocyst density. Error bars denote standard errors of the WMs.

(D) Number of salivary gland sporozoites per individual mosquito against the WM

number of oocysts per mosquito. The fitted curve corresponds to a saturating
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function (with underling linear relationship between overdispersion and mean

sporozoite density). All data pertain to P. berghei in An. stephensi. Markers refer to

3 experiments by JW.

The relationship between the output WM number of salivary gland sporozoites

per mosquito and the input WM oocyst density per mosquito (Figure 2.4C)

was most parsimoniously fitted by a linear model based on the LRS analyses,

although this model was only marginally better than the hyperbolic fit. (The

latter was suggested as the better model according to the AIC and this

discrepancy may indicate insufficient power to distinguish between the two

models; full model comparison results and resulting parameter values are

given in Table 2.3.) This relationship predicts that in this study, on average,

each oocyst produces between just 12 and 18 sporozoites that can be

successfully recovered and identified in the salivary glands.

This relationship became significantly non-linear when analysing the number

of salivary gland sporozoites per individual mosquito as a function of the

mean oocyst density, allowing the overdispersion parameter to be a function

of parasite density (Figure 2.4D). In this case, the best fitting model was

hyperbolic (model comparison results and the resulting parameter values for

the most parsimonious model are given in Table 2.4), indicating that initially

54–72 salivary gland sporozoites are produced per oocyst and thereafter the

efficiency of conversion declines with rising oocyst density, reaching a plateau

of ~3,500 salivary gland sporozoites per mosquito irrespective of rising oocyst

input.

2.6 Discussion

Exploiting the rare opportunity to study, in a controlled environment, cloned

populations of P. berghei in an inbred line of An. stephensi at widely differing

parasite densities has permitted questions to be explored in this experimental

model system that are orders of magnitude more difficult to study in the

parasites of humans (the role of experimental systems is discussed further in

Chapter 3). Under these specific conditions, the results show that all
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Plasmodium developmental transitions within the mosquito are density

dependent.

2.6.1 Parasite distribution

Gametocyte numbers in the bloodmeal are variously described as being

normally distributed (Vaughan, 2007; Vaughan et al., 1994b) or overdispersed

(Gaillard et al., 2003; Pichon et al., 2000); ookinete numbers in the ingested

bloodmeal as being normally distributed (Vaughan, 2007) or overdispersed

(Vaughan et al., 1994a, 1994b); and oocysts and salivary gland sporozoites

as being markedly overdispersed (Beier et al., 1991; Medica and Sinnis,

2005; Medley et al., 1993; Vaughan et al., 1994a, 1994b). Recognising that

the NBD can originate, for instance, when each host /vector is infected

according to a Poisson process whose mean is gamma-distributed (i.e. there

is marked heterogeneity in mosquito susceptibility (Medley et al., 1993)), it is

interesting that in this thesis results show that even using highly ‘inbred’

organisms, ookinete, oocyst and gland sporozoite numbers per mosquito

exhibit strong overdispersion (see also Barbour and Kafetzaki, 1993; Boes et

al., 1998). As previously observed (Basáñez et al., 1995; Medley et al., 1993)

the severity of overdispersion was itself density dependent, decreasing with

mean parasite density both when the relationship between overdispersion and

parasite load was analysed separately (having fitted distributions to each

parasite density previously) and when the degree of overdispersion was

allowed to vary with parasite density whilst jointly fitting models to individual

parasite counts.

2.6.2 Oocyst development within the mosquito

Whereas some prior studies have concluded that gametocyte and oocyst

intensities are linearly related (Carter and Graves, 1988; Eyles, 1951), others

noted a non-linear relationship in P. falciparum in data from single

experiments, but not when combining data from several experiments

(Ponnudurai et al., 1989a). Ponnudurai et al. (1989a) and Pichon et al. (1996)

reported the operation of density-dependent suppression of oocyst

development in P. falciparum and these results similarly show that the

gametocyte-oocyst transformation is density-dependent in the model rodent
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system. The biological bases for this density dependence may include,

amongst others: interspecific competition between the parasite and its

vertebrate and invertebrate hosts (the former being largely, though not

exclusively, confined to the mosquito bloodmeal, and the latter mediated, for

instance, by immune attack from the mosquito); intraspecific competition

between parasites; and the possible ‘altruistic’ apoptotic death of the parasite

(Al-Olayan et al., 2002). Notwithstanding the operation of non-linearities, the

efficiency of this conversion in the experimental P. berghei–An. stephensi

system tends to be lower than that estimated in the natural combinations

P. gallinaceum–Aedes aegypti (Eyles, 1951) and P. falciparum–An. gambiae

(Carter and Graves, 1988).

Unlike the majority of previous studies which investigated the relationship

between gametocytes and oocysts (finding or not finding some evidence of

non-linearity), this work has aimed at teasing out exactly where non-linearities

may be occurring and therefore has examined the transition from

gametocytes to ookinetes separately from that of ookinetes to oocysts. In

P. falciparum the efficiency of macrogametocyte to ookinete conversion in

vivo reportedly varies widely (from 0.025% to 42%) (Vaughan et al., 1992).

This work shows that, in P. berghei, the efficiency of conversion for the

transition of macrogametocytes to ookinetes is maximal at the lowest parasite

densities (i.e. the hyperbolic models were found to best fit this relationship).

At the lowest macrogametocyte densities investigated (i.e. ~7,000 per

bloodmeal) the efficiency of ookinete production in vivo is ~1.3%; thereafter

the efficiency falls progressively with increasing density (0.6% for 360,000

macrogametocytes per bloodmeal). This suggests competition for limited

resources, or density-dependent stimulation of a parasite-killing response in

the mosquito (Christophides et al., 2002; Dimopolous et al., 2002; Richman

and Kafatos, 1996).

Interestingly, ookinete to oocyst development suggests a sigmoid relationship,

indicating that at low ookinete densities (with this experimental design) the

transition was positively density dependent (i.e. the per capita probability of
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successful oocyst establishment was very low at the lowest ookinete densities

but increased initially with increasing ookinete density in the bloodmeal).

Similarly, a sigmoid zygote-oocyst relationship was reported by Rosenberg et

al. (1982) when P. gallinaceum female zygotes produced in vitro were

membrane-fed to Ae. aegypti. The maximal parasite yield (100%) was

achieved for zygote densities of ~4/mosquito, but at ~40,000/mosquito the

per-zygote efficiency had decreased to 0.3%. A possible biological

explanation for this initial facilitation may lie in the difficulty that individual

ookinetes may have to disrupt the mosquito’s peritrophic matrix or midgut

epithelial cells, whereas at higher ookinete densities, those which succeed in

penetrating these structures may make it easier for other ookinetes to do so,

facilitating their passage and ultimately their establishment under the basal

lamina of the midgut epithelium.

These results are entirely consistent with an earlier study by Munderloh and

Kurtti (1987), who observed that low numbers of P. berghei ookinetes do not

reliably produce oocyst infections. Assuming a bloodmeal volume of 2.13 l

(Vaughan et al., 1994a), the analysed data suggest that to ensure infection

with at least one oocyst, approximately 40-140 ookinetes/mosquito are

required (Table 2.5), whereas Munderloh and Kurtti (1987) estimated that

~1,100 (purified) ookinetes would be necessary. Such differences in number

may be due to recent improvements in the methods for parasite culture.

Sigmoid relationships have a ‘turning’ parasite density at which the maximum

probability of transformation is achieved and beyond which negative density

dependence operates. The turning-point ookinete density (assuming  =2 for

simplicity) is 355 for the model fitted to mean P. berghei oocyst density

(Figure 2.3C) and 212 for the model fitted to all individual data combined

(black curve in Figure 2.3D; see Table 2.5 for researcher-specific turning

points). Other examples of initial facilitation followed by subsequent limitation

within a vector have been found among filarial parasites (Basáñez et al.,

1995).
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2.6.3 Oocyst maturation and sporozoites reaching the salivary glands

The transition from oocyst to salivary gland sporozoite is usually inefficient

and can be totally inhibited in some Plasmodium / mosquito combinations

(Rosenberg and Rungiwongse, 1991); whether sporozoites released from the

oocyst are removed from the haemocoel by haemocytes, or lysed by immune

peptides is still unknown (Shahabuddin et al., 1998). Salivary gland burden is

markedly increased if oocyst-infected mosquitoes take a second, uninfected

bloodmeal, typically 4 days after infection (Ponnudurai et al., 1989b). This

may overcome inter-oocyst competition for nutrients and it has been

suggested that it synchronises sporozoite maturation (Bell and Ranford-

Cartwright, 2004; Ponnudurai et al., 1989b).

The mathematical relationship between midgut oocysts and salivary gland

sporozoites is complicated by the variable and unknown sporozoite production

within oocysts (Baton and Ranford-Cartwright, 2005; Beier, 1998; Ponnudurai

et al., 1989b). Previous studies have reported that the number of sporozoites

produced per oocyst is not density dependent (Vaughan et al., 1994b), and

studies on P. vivax (Bell and Ranford-Cartwright, 2004; Swellengrebel and De

Buck, 1931) reported linear relationships between oocyst and salivary gland

sporozoite prevalence. Other studies have described only a weak (Pearson)

correlation between oocyst and sporozoite number for both P. falciparum, and

P. vivax (Gamage-Mendis et al., 1993). Geometric mean oocyst loads of 2.6

(1-197) and 2.2 (1-26) in naturally infected An. gambiae and An. funestus

respectively have been correlated with mean loads of 962 and 812 salivary

gland sporozoites. Assuming a production of ~10,000 sporozoites per oocyst

(Pringle, 1965), this would translate in only 4% of sporozoites invading the

salivary glands (Beier et al., 1991). The results presented here suggest that

WM oocyst numbers are linearly related to WM salivary gland sporozoite load

(Figure 2.4C, r = 0.9), but that a saturating (hyperbolic) relationship best

describes the sporozoite numbers per individual mosquito (Figure 2.4D). At

most naturally occurring oocyst burdens (1-5 per mosquito), the results

suggest that the number of sporozoites in the glands is most likely to be

directly proportional to oocyst load, as found with P. falciparum in
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An. gambiae; however, the latter combination exhibits a much higher

efficiency (i.e. ~400-700 P. falciparum gland sporozoites / oocyst (Beier et al.,

1991; Vaughan et al., 1992) vs. 54-72 P. berghei gland sporozoites / oocyst).

However, at the high oocyst numbers (>50) achievable in P. berghei / An.

stephensi, it is evident that salivary gland numbers are rate-limited.

2.6.4 Statistical limitations

Two important limitations of the statistical study merit discussion. The first

stems from the fact that mosquito batches were infected through membrane

feeders by provision of blood with the estimated given parasite density. It is

possible that the infection status of mosquitoes belonging to the same

replicate was more similar than that of mosquitoes of other replicates and

therefore individual parasite counts for mosquitoes infected through the same

membrane feeder may not be truly independent. This could result in the

standard errors being somewhat underestimated and the severity of density

dependence overestimated. The second limitation applies in particular, but

not solely, to the transition from oocysts to salivary gland sporozoites; since

due to the necessity of having to study two separate samples of the same

mosquito batch, both variables are subject to measurement error. The

(unaccounted) presence of measurement error in the explanatory variable

may accentuate non-linearity in regression analyses (Carroll, Ruppert and

Stefanski, 1995). In order to address this, further work should account for the

possible intra-correlation structure in the data and evaluate the influence of

measurement error on the parameter estimates. The strongly non-linear

results regarding the ookinete to oocyst transition should be robust to

departures from the independence assumption and unlikely to be greatly

influenced by measurement error, however, the true degree of non-linearity in

the macrogametocyte to ookinete and oocyst to sporozoite transitions may be

weaker than that reported here.

2.6.5 Implications for the modelling of transmission-blocking strategies

The development of appropriate strategies to control malaria by blocking

parasite transmission depends both on an understanding of malaria-vector

interactions and how these interactions regulate the dynamics of
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transmission. Awareness of any non-linear relationships between sequential

stages in the development of Plasmodium in the vector is essential to

establish at which life-stages TBVs should be targeted and to determine their

potential impact. With a non-linear relationship of the limitation type, it would

be difficult to totally interrupt transmission even when control programmes

reduce parasite intensity to very low levels whereas in the case of facilitation,

it would be comparatively easier to reduce transmission (although the

intervention may still have to reduce parasite densities to low levels to effect

the desired outcome). It is abundantly clear that any effective transmission-

blocking strategy will have to reduce both oocyst intensity and prevalence,

their inter-relationship being non-linear (Billingsley et al., 1994; Medley et al.,

1993). The biological consequences of reductions in prevalence cannot be

contested as uninfected mosquitoes cannot transmit. The varying reduction in

prevalence that would be induced by a 90% reduction in oocyst intensity at

different initial oocyst densities is illustrated in Figure 2.5. If studies into

transmission-blocking strategies were to discuss their efficacy in terms that

unequivocally reduce the number of infectious bites (and therefore the force of

infection), as argued by those applying anti-vector policies, they might

facilitate the wider understanding and acceptance of the obvious impact of

such interventions in endemic communities.
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Figure 2.5 – Reduction in oocyst prevalence induced by a 90% reduction in

intensity at different initial densities. A 90% blockade in intensity at varying

oocyst numbers by a theoretical intervention results in the greatest reductions in

prevalence of infected mosquitoes when mean oocyst numbers are low. Data from

Medley et al. (1993).
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3. Expanding to Other Species and

Extending to Onward Transmission

3.1 Summary

Chapter 2 illustrated that the life-stage transitions within the mosquito are

density dependent in the parasite-vector system P. berghei-An. stephensi,

generating key hypotheses that require testing in other parasite-vector

combinations. This chapter uses previously published data from the literature

to investigate whether this phenomenon is specific to this model system or

applicable to other species combinations, including those which infect

humans. The available data illustrate the difficulties inherent in agreeing on

common functional forms for the relationships describing life-stage transitions

due to differences in the way data have been collected and reported and

between species and studies. However, the range of relationships found

indicate that the underlying assumption by many studies of linear functions

dictating the relationships between consecutive sporogonic stages is a gross

simplification which may result in significant errors in the interpretation of

results. In addition, the data analysed indicate a lack of a discernable

relationship between the number of sporozoites in the salivary glands and the

number inoculated in to the vertebrate host during a bite. This emphasizes

the importance of parasite prevalence in addition to density when considering

the potential for onwards transmission.

3.2 Introduction

Chapter 2 indicated density-dependent relationships between the numbers of

parasites at specific developmental transitions within the mosquito in the

model system P. berghei / An. stephensi. It is recognised that one model

system cannot accurately reflect the diverse biology of the hundreds of natural

malaria–vector combinations found worldwide (Sinden et al., 2007).

Nonetheless model organisms greatly facilitate the identification of

fundamental mechanisms; studies on the biology of Plasmodium spp. and

their interactions with Anopheles spp. have been advanced considerably by
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analyses based on the malaria parasites of rodents. In recent years, the

development of genomic and functional genomic approaches to malarial

research has favoured the use of the principal human malaria vector

An. gambiae, in combination with experimentally tractable non-human hosts

and parasites, and such studies have explained important mechanisms of

parasite-killing within vectors. Testing the hypotheses generated by research

model systems in human malarial systems is now a primary goal of much

research.

The number of parasites in the mosquito during sporogony varies

considerably between Plasmodium–Anopheles species combinations. As

discussed in Chapter 2, a unifying theme for all species is the loss of

parasites at each of the developmental transitions between the ingestion of

gametocytes and the formation of oocysts, however, the magnitude of these

losses (i.e. the transitional efficiency) differs between species. This is

illustrated in Figure 3.1 (Vaughan, 2007), which also indicates that parasite

mortality overall is generally greater in rodent Plasmodium species than in

human Plasmodium species and that the major source of mortality in almost

all systems occurs during the early life-stage transitions. The reason for the

differences between species may be attributable to the greater range of

gametocyte densities seen in rodent species compared to humans (often

attributed to an overproduction of gametocytes when rodent Plasmodium

species infect an unnatural vertebrate host, i.e. the laboratory mouse).
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Figure 3.1 – Parasite mortality during sporogony. Figure from Vaughan (2007).

Bars indicate accumulated mortalities, expressed as k (‘killing power’) values (see

Chapter 2 for definition), which are calculated as the difference between the

densities of two life-stages expressed as logarithms; blue bars represent k-1 values,

losses incurred at the transition between gametocyte and zygote stages; red bars

represent k-2 values, losses incurred at the transition between zygote and ookinete

stages in studies where k-1 was determined, or between the gametocyte and

ookinete stages in studies where it was not determined; yellow bars represent k-3

values, losses incurred at the transition between ookinete and oocyst stages. It is

important to note that considerable variation in these values has been observed

within each species combination – the values shown are values averaged over a

number of separate infections.

Under the specific conditions used in the experiments analysed in Chapter 2

(for methodology see Appendix C2), using cloned populations of P. berghei in

an inbred line of An. stephensi, the developmental transitions of Plasmodium

within the mosquito were confirmed to be density dependent. The use of this

model system allowed questions to be explored that would be considerably

more difficult to study in human malaria and generated key hypotheses which

need to be tested to ascertain whether these phenomena are species-specific

or reveal a common biology underlying the Plasmodium–Anopheles

interaction more generally. It is therefore important to determine if the

functional forms (rather than the specific parasite numbers) describing the

density dependent processes identified also apply in other laboratory
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systems, in laboratory-adapted parasite-vector combinations associated with

human disease, and in natural field combinations. Poudel and colleagues

(2008) conducted analyses based on those in Chapter 2 (Sinden et al. (2007))

to explore the developmental transitions of several rodent Plasmodium

species within An. stephensi. This analysis found statistically significant non-

linear relationships between gametocyte and ookinete density in only one out

of the four studies investigated, and between ookinete and oocyst densities in

three out of four species investigated. Testing the hypothesis of density

dependent sporogonic transitions from gametocytes to sporozoites in the

salivary glands in a number of species combinations is essential to

understand the population dynamics of the parasite, to understand the results

of laboratory studies, and for the design and evaluation of control measures,

particularly those targeting the parasite-vector interface.

Additionally, to determine if the density of parasites within the mosquito

influences the success of transmission to the vertebrate host or the course of

the subsequent disease, it is important to look at the relationship between the

number of sporozoites in the salivary glands and those inoculated into a

human when the mosquito takes a bloodmeal. The size of the sporozoite

inoculum is likely to be a critical factor in determining the course and severity

of the resultant disease (Boyd and Stratman-Thomas, 1933; James et al.,

1936). The more rapidly an infection builds up in the vertebrate host, the

greater the parasite density will be before an immune response is activated

and therefore, in the case of P. falciparum, the greater the likelihood of host

death. It is also crucial to understand the relationship between numbers of

sporozoites in the salivary glands and the numbers in the bite to determine

the challenge dose received by volunteers in malaria vaccine trials (Rickman

et al., 1990). An understanding of the factors that determine the numbers of

sporozoites transmitted could enable a refined understanding of the EIR

which could lead to greater insights being gained from mathematical models

of malaria transmission (see Churcher et al., under review, Appendix C5).

This chapter aims to expand and extend the analysis presented in Chapter 2,

and is organised into two main sections:
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1. Literature review and analysis of extracted data to explore if density

dependent life-stage transitions during sporogony are found in other

Plasmodium–Anopheles species combinations (Section 3.3).

2. Literature review to explore the relationship between the number of

sporozoites in the salivary glands and those inoculated into the

vertebrate host during a bite to determine how parasite density may

impact upon forward transmission (Section 3.4).

3.3 Expanding to Other Plasmodium–Anopheles Species

3.3.1 Methods

A systematic literature review was conducted to locate relevant data to

explore whether the phenomena found in the P. berghei–An. stephensi

system are also present in other Plasmodium–Anopheles combinations.

Figure 3.2 summarises the literature search conducted, the numbers of

resulting papers, and the reasons for excluding papers. Very few articles

fitted the criteria, with datasets limited in that they often consisted of parasite

density data for only one or two life-stages and therefore did not allow for as

extensive analyses as those conducted for the P. berghei–An. stephensi

model system.

The 11 articles from which data could be extracted and analysed contained

data from other model systems, both rodent and avian, as well as from

Plasmodium species which infect humans. The data extracted and formatted

comprised parasite densities on specific days post-bloodfeed, allowing the

exploration of specific life-stage transitions. These are summarised in Table

3.1. The majority of the data was available only in an aggregated format of

arithmetic means; only two datasets consisted of individual-level data. The

values reported in many papers were the mean parasite density in infected

mosquitoes, excluding zero counts; therefore the data extraction process

involved converting these values to mean parasite density in all mosquitoes

using other reported data such as the number of mosquitoes dissected and

the prevalence of infection.
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Figure 3.2 – Literature search parameters and results for the relationship

between parasite density at various life-stages and Plasmodium–Anopheles

species combinations. The data extracted from the final 11 articles are

summarised in Table 3.1.

Excluded

Excluded

Excluded

Additional articles
sourced from references
of these articles / book
chapters

70 articles

27 papers not relevant

32 papers with data, but
only at one life-stage

Additional articles and
book chapters sourced
from references of these
papers

5 papers with data for at
least 2 life-stages, but
not enough datapoints
for analysis

6 articles

2 articles/chapters

3 articles

11 articles in total
with data to extract
and analyse

Pubmed/Medline search terms:
 Include all of the following terms: Plasmodium, Anopheles,

parasite density
 Include at least one of the following terms: gametocyte, zygote,

ookinete, oocyst, sporozoite
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System Species combination Life-stage
transition *

Data
format †

Feeding details Reference

Rodent P. berghei
An. stephensi

G to K 25 GM Lab mosquitoes fed directly on mice Poudel et al., 2008
K to C 25 GM

P. chabaudi
An. stephensi

G to K 31 GM Lab mosquitoes fed directly on mice Poudel et al., 2008
K to C 31 GM

P. vinckei
An. stephensi

G to K 26 GM Lab mosquitoes fed directly on mice Poudel et al., 2008
K to C 26 GM

P. yoelli
An. stephensi

G to K 26 GM Lab mosquitoes fed directly on mice Poudel et al., 2008
K to C 26 GM

Avian P. gallinaceum
Aedes aegypti

G to C 34 AM Lab mosquitoes fed both directly and
through a membrane on chicken blood

Eyles, 1951

Human
(P. vivax)

P. vivax
An. dirus

M to K
K to C

15 AM
15 AM

Lab mosquitoes fed on human blood
through a membrane

Zollner et al., 2006

P. vivax
An. minimus

M to K
K to C

9 AM
7 AM

Lab mosquitoes fed on human blood
through a membrane

Zollner et al., 2006

P. vivax
An. sawadwongporni

M to K 7 AM Lab mosquitoes fed on human blood
through a membrane

Zollner et al., 2006

Human
(P.falciparum)

P. falciparum
An. gambiae

K to C 34 AM Lab mosquitoes fed on human blood
through a membrane

Gouagna et al., 1998

M to K
K to C
C to S

38 AM
38 AM
24 AM

Lab mosquitoes fed on cultured parasites
through a membrane

Vaughan et al., 1992

G to C 12 AM Lab mosquitoes fed on directly on humans Burgess, 1960
Continued...
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System Species combination Life-stage
transition *

Data
format †

Feeding details Reference

P. falciparum
An. gambiae

G to C 63 AM Lab mosquitoes fed on directly on humans Bray and Burgess, 1964

G to C 30 AM Lab mosquitoes fed on directly on humans Bray, McCrae and Smalley,
1976

G to C 5 AM Mosquitoes from field obtained larvae fed
directly on humans

Robertson, 1945

G to C 454 IN Mosquitoes from the eggs of field-caught
mosquitoes fed on human blood through a
membrane

Chris Drakeley (pers.
comm.)

G to C 2827 IN Mosquitoes from the eggs of field-caught
mosquitoes fed on human blood through a
membrane

Drakeley et al., 1999; Chris
Drakeley (pers. comm.)

P. falciparum
An. melas

G to C 12 AM Lab mosquitoes fed on directly on humans Burgess, 1960

P. falciparum
An. freeborni

K to C 19 AM Lab mosquitoes fed on cultured parasites
through a membrane

Vaughan et al., 1994b

Table 3.1 – Summary of data extracted from the literature. * Letters represent parasite life-stages: G, gametocytes; M, macrogametocytes;

K, ookinetes; C, oocysts; S, sporozoites in the salivary glands. † Numbers represent the number of datapoints and letters refer to the data

format: AM, arithmetic means; GM, geometric means; IN, individual values.
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Statistical analyses were conducted to explore the relationship between the

mean densities of specific life-stages as in Chapter 2. Frequency distribution

histograms were prepared for each of the output life-stages of interest, and

where the distribution of the means deviated significantly from a normal

distribution a suitable (mostly square root) transformation was used. As

described in Section 2.4, a log-likelihood was maximised to fit the series of

models nested within Equation [2.2] to test the functional form of the

relationship between specific life-stage parasite densities, with y denoting

the mean of the outcome variable and x the parasite density of the input life-

stage (for each dataset in Table 3.1). Parameters  ,  , and  determine the

shape of the functional form as described in Table 2.1 and the resulting

models were compared using the LRS (Clayton and Mills, 1993) as the

models were nested (linear vs. hyperbolic and vs. sigmoid; hyperbolic vs.

sigmoid) and the AIC (Akaike, 1973).

For the two datasets comprising individual-level data, negative binomial

distributions were fitted to estimate a value of the overdispersion parameter k

(as described in Chapter 2). The parameters defining the shape of the

relationship between life-stage densities were estimated using quasi-Newton

algorithms by maximising the negative binomial log-likelihood, given in

Equation [2.4], allowing the overdispersion parameter to be a function of the

mean (Subramanian et al., 1998).

The aim of this analysis was to compare the shape of the best-fitting

functional forms with those found in the P. berghei–An. stephensi system. A

number of the datasets presented in Table 3.1 contained information only on

the gametocyte to oocyst life-stages transition, which encompasses both the

gametocyte to ookinete and the ookinete to oocyst transitions as explored in

Chapter 2. To aid comparison, Figure 3.3 illustrates the equivalent

macrogametocyte to oocyst transition from the P. berghei–An. stephensi

system, combining the two relevant fitted functional forms.
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Figure 3.3 – Parasite densities in the transition from macrogametocytes to

oocysts. The curve depicted is based on the relationships fitted to individual-level

data in Chapter 2 and Sinden et al. (2007) to data from the P. berghei–An.

stephensi system. The hyperbolic relationship between macrogametocytes and

ookinetes and the sigmoid relationship between ookinetes and oocysts are

combined to produce a sigmoid relationship.

3.3.2 Results

The quantity and format of the data available to be analysed in Chapter 2

allowed for the systematic investigation of each of the life-stage transitions in

a specific parasite-vector combination. Unfortunately, the availability of

suitable data on other species from the published literature is scarce; many

studies report only one averaged value of parasite density for each life-stage

not facilitating analyses to determine the shape of the relationship between

the densities of consecutive life-stages. As a result, data from the limited

number of studies which report a range of parasite densities for any life-

stages were formatted and analysed in an attempt to survey the currently

available evidence and to highlight the need to generate equivalent

systematic datasets for other systems, both those used commonly in the

laboratory and those which are associated with human disease.

One exception to this is the study by Poudel et al. (2008) which was published

in response to the paper by Sinden et al. (2007) on which Chapter 2 of this
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thesis is based, using very similar statistical methodology to explore the

relationships between life-stage densities in four rodent systems; P. berghei,

P. chabaudi, P. vinckei and P. yoelii in An. stephensi. This study found no

statistically significant relationship between the number of gametocytes and

ookinetes in three out of the four species studied, with only P. chabaudi

finding a statistically significant hyperbolic relationship, consistent with those

presented in Chapter 2 which utilised a wider range of P. berghei

gametocytes (and found a hyperbolic relationship). This difference may stem

from the fact that Poudel et al. (2008) fed mosquitoes directly on

gametocytaemic mice rather than through membrane feeders on blood which

contained pre-determined numbers of gametocytes that had been harvested

from mice, washed, and re-suspended in naïve mouse blood to control for any

effects of host sera. This indicates that under optimised conditions, the first

life-stage transition may follow a hyperbolic curve, but that the higher degree

of inter-host variability in gametocyte fertility introduced through live-host

feeding can obscure this fundamental functional relationship.

For the transition between ookinetes and oocysts, Poudel et al. found non-

linear relationships for three of the species investigated but no significant

relationship for P. vinckei. The functional relationships for each of the other

three species are shown in Figure 3.4; P. chabaudi indicates clear limitation

with a hyperbolic function, whereas P. berghei and P. yoelii show what Poudel

et al. refer to as a ‘sigmoid’ relationship, with facilitation but no limitation. This

may be due to the limited range of ookinete densities explored compared to

those in Chapter 2 for P. berghei which explored a wider range, including

much higher ookinete densities which may allow the subsequent limitation

required for a true sigmoid relationship to be seen. The lack of initial

facilitation in the functional form found for P. chabaudi may indicate that the

reason for initial inhibition of the ookinete to oocyst conversion at low ookinete

densities for the other two species investigated does not seem to exist for

P. chabaudi under the specific laboratory conditions. However (as shown in

Figure 3.4B), the data available for analysis of P. chabaudi consists of a wider

range of ookinete densities than the other species, with relatively few data

points at low ookinete numbers, and therefore the functional form of the
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relationship is likely highly influenced by the high parasite density data points;

a more detailed exploration of P. chabaudi at lower ookinete densities may

indicate the initial facilitation seen in the other species.

Figure 3.4 – Life-stage transitions in rodent Plasmodium systems from Poudel

et al. (2008). Relationships between oocyst (y-axis) and ookinete (x-axis) parasite

density of three Plasmodium species within An. stephensi; markers represent the

WMs of 25 infections and the line represents the best fit to the observed data as

found by Poudel et al. (2008). (A) P. berghei, ‘sigmoid’ function with α =0.0004,

β =0.0003 and γ=-0.9985; (B) P. chabaudi, hyperbolic function with α =0.1396 and

γ =0.0073; (C) P. yoelii, ‘sigmoid’ function with α =0.3882, β =0.5892 and γ =-0.0182.

In addition to rodent malaria, avian Plasmodium species are often used in

laboratory settings as model systems. Eyles (1951) fed batches of Aedes

aegypti mosquitoes directly on chickens infected with P. gallinaceum and

concluded that a linear relationship exists between the number of

gametocytes ingested and the number of oocysts despite acknowledging the

possibility of ‘curvilinearity’; re-analysis of these data indicates a non-linear

relationship (shown in Figure 3.5). The functional form found to best fit this

data indicates a power relationship (indicating some weak limitation) however,

future investigation of higher gametocyte densities may indicate stronger

limitation and possibly a hyperbolic or sigmoid relationship. Rosenberg et al.
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(1982) reported a sigmoid zygote-oocyst relationship when P. gallinaceum

female zygotes produced in vitro were membrane-fed to Ae. aegypti. At the

lowest zygote concentration, nearly every ingested parasite produced an

oocyst, but as the concentration increased, efficiency reduced until the

number of oocysts became constant regardless of increases in zygote

number.

Figure 3.5 – Life-stage transitions in avian Plasmodium systems. Relationship

between P. gallinaceum gametocyte and oocyst parasite density in Ae. aegypti.

Markers represent observed data and the line represents the most parsimonious fit

to the observed data, a power relationship with α =0.4058 (95% C.I.: 0.2850,

0.5479) and β =0.5731 (0.5371, 0.6035). Data from Eyles (1951).

Although it is important to understand the behaviour of model systems to fully

appreciate the results of laboratory experiments in developing hypotheses, it

is also vital to explore the population dynamics of the multiple parasite-vector

species combinations which can cause human disease (both laboratory-

adapted and field derived). Zollner et al. (2006) reports P. vivax parasite

densities in a range of vector species, and the relationship between parasite

densities at specific life-stages are shown in Figure 3.6. A linear relationship

is found for the macrogametocyte to ookinete transition for each of the

Anopheles species, however, this relationship may be highly influenced by the

scarcity of data at high macrogametocyte density. For the relationship

between the number of ookinetes and oocysts a linear relationship best fits

the data from An. minimus and a hyperbolic relationship best fits the data from
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An. dirus and when combining both datasets (although again this may be

highly influenced by the scarcity of data at high ookinete densities). A linear

relationship has been reported between the prevalence of P. vivax oocysts

and that of salivary gland sporozoites (Bell and Ranford-Cartwright, 2004;

Swellengrebel and De Buck, 1931) and only a weak linear relationship has

been reported between oocyst and sporozoite number (Gamage-Mendis et

al., 1993).

Figure 3.6 – Life-stage transitions of P. vivax. Markers represent observed data

from Zollner et al. (2006); lines represent the most parsimonious fit to this data.

Colours represent the mosquito species: blue, An. dirus; green, An. minimus; red,

An. sawadwongporni; black lines are fitted to all of the data combined. (A)

Relationship between the number of macrogametocytes and ookinetes; linear in all

cases, with α =0.0260 (0.0078, 0.0550) for An. dirus, α =0.0246 (0.0070, 0.0529) for

An. minimus, α =0.0139 (0.0033, 0.0319) for An. sawadwongporni, and α =0.0240

(0.0113, 0.0414) for all datasets combined. (B) Relationship between the number of
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ookinetes and oocysts; linear when fitted to An. minimus alone with α =0.3035

(0.0218, 0.9106); hyperbolic when fitted to An. dirus alone with α =2.6058 (0.9530,

5.0716) and β =0.0615 (0.0181, 0.2400); and hyperbolic when fitted to both species

simultaneously with α =1.3182 (0.5349, 2.4488) and β =0.0241 (0.0048, 0.1110).

With most human fatalities caused by P. falciparum transmitted by

An. gambiae it is essential to look at data from this combination. Figure 3.7

summarises the available data; panels A to C represent relationships between

successive life-stages and panel D explores the relationship between

gametocytes and oocysts (missing the intermediate ookinete stage as more

data were available in this format). The best fitting relationship between the

number of macrogametocytes and the resulting number of ookinetes indicates

a non-linear hyperbolic relationship. It has been reported that the efficiency of

this P. falciparum macrogametocyte to ookinete conversion in vivo varies

widely (from 0.025% to 42%) (Vaughan et al., 1992) and this is supported by

the variability of datapoints around the best-fit line in Figure 3.7A. The

available data to investigate the relationship between ookinete and oocyst

numbers indicate a linear relationship in contrast to the very non-linear

sigmoid relationship seen in the P. berghei–An. stephensi system. However,

studies on P. falciparum in vivo (Vaughan et al., 1994b) have indicated a

‘curvilinear’ relationship and an apparent ‘threshold’ density of 30 ookinetes

per mosquito for ookinete conversion to oocysts in An. gambiae. Data for the

relationship between the number of gametocytes and oocysts (skipping the

intermediate ookinete stage) were obtained through the analysis presented by

Carter and Graves (1988) and indicate a variety of functional forms depending

on the data analysed (Figure 3.7D). Pooling all of the available data indicates

a mildly non-linear relationship (indicated by the black line in Figure 3.7D).

The density dependence seen in the number of sporozoites reaching the

salivary glands per oocyst in the P. berghei–An. stephensi system is not seen

in P. falciparum, with a linear function fitting best the available data, which is

in agreement with previous studies which have reported that the number of

sporozoites produced per oocyst is not density dependent, with an average of

663 sporozoites produced per oocyst (Vaughan et al., 1992). The majority of
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the data available for P. falciparum are at much lower oocyst densities than

for P. berghei, with naturally occurring oocyst burdens of 1-5 per mosquito.

The results at these low parasite densities, even for the P. berghei system,

suggest that the number of sporozoites in the glands is most likely to be

directly proportional to oocyst load at oocyst densities commonly found in the

field for P. falciparum. However, the efficiency of this conversion for P.

falciparum in An. gambiae (~400-700 gland sporozoites per oocyst) appears

to be much higher than that for P. berghei in An. stephensi (54-72 gland

sporozoites per oocyst) (Beier et al., 1991a; Vaughan et al., 1992).
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Figure 3.7 – Life-stage transitions of P. falciparum in An. gambiae. Markers represent observed data; lines represent the most
parsimonious fits to these data. (A) Relationship between the number of macrogametocytes and ookinetes with data from Vaughan et al.,
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1992; hyperbolic, with α =0.1371 (0.0920, 0.1915) and β =0.0003 (0.0002, 0.0005).
(B) Relationship between the number of ookinetes and oocysts; blue represents data
from Vaughan et al., 1992, linear, with α =0.0095 (0.0056, 0.0146); green represents

data from Gouagna et al., 1998, linear with α =0.1953 (0.1927, 0.3392). B* zooms in
on the graph shown in B to provide detail for the lowest ookinete densities. (C)
Relationship between the number of oocysts and sporozoites in the salivary glands
with data from Vaughan et al., 1992; linear, with α =674.7900 (413.951, 999.0501).
(D) Relationship between the number of gametocytes and oocysts, missing the
intermediate ookinete stage; blue represents data from Burgess, 1960, hyperbolic
with α =0.9236 (0.5366, 1.3105) and β =0.0179 (0.0119, 0.0328); green represents

data from Bray and Burgess, 1964, hyperbolic with α =0.1502 (0.1008, 0.2095) and

β = 0.0023 (0.0001, 0.0042); red represents data from Bray, et al., 1976, linear with

α =0.0195 (0.0131, 0.0258); purple represents data from Robertson, 1945, linear with

α =0.0979 (0.0198, 0.1761); black line represents the fit to all of the data combined,

hyperbolic with α =0.0320 (0.0259, 0.0381) and β =6.40x10-5 (3.60x10-5, 1.09x10-4).
D* zooms in on the graph shown in D to provide detail for the lowest gametocyte
densities.

Data were also sourced to explore P. falciparum in a couple of the many other

available vector species. Figure 3.8 illustrates the data for P. falciparum

within An. melas in panel A, which indicates a constant number of oocysts

regardless of gametocyte load, and the data for P. falciparum within An.

funestus in panel B, which indicates density dependence in the formation of

oocysts.
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Figure 3.8 – Life-stage transitions of P. falciparum in other Anopheles species.

Markers represent observed data; lines represent the most parsimonious fits to

these data. (A) Relationship between the number of gametocytes and oocysts in

An. melas with data from Burgess, 1960; constant oocyst density of 23.2971. (B)

Relationship between the number of ookinetes and oocysts in An. freeborni with

data from Vaughan et al., 1994b; hyperbolic with α =0.1192 (0.0750, 0.1737) and

β = 0.0112 (0.0062, 0.0210).

All of the data explored to this point have been in the aggregated format of

means. As seen in Chapter 2, the use of individual-level data uses the

maximum amount of data available, thus allowing the overdispersed nature of

parasite data to be taken in to account, and can identify relationships not

evident from aggregated data. Parasite density data from Dr Chris Drakeley

(London School of Hygiene and Tropical Medicine) from the P. falciparum–

An. gambiae system indicate density dependence (Figure 3.9). Datasets from

Cameroon and The Gambia indicate that a sigmoid relationship best fits the

relationship between gametocytaemia in the human host and the subsequent

oocyst density in mosquitoes fed on blood from these human hosts. This

sigmoid relationship suggests initial facilitation as well as subsequent

limitation in the formation of oocysts as in the P. berghei–An. stephensi

system.

The data and analyses presented indicate that although there is some

evidence of density dependence during sporogony, the relationship between
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life-stages can be species, life-stage, and study specific. Table 3.2

summarises the variety of results presented in this section.

Figure 3.9 – Life-stage transitions of P. falciparum in An. gambiae using

individual level data. Markers represent observed data; lines represent the most

parsimonious fits to these data. (A) Relationship between the number of

gametocytes and oocysts with data from Cameroon (Chris Drakeley); sigmoid with α

= 1.23x10-05 (95% CI: 1.06x10-05, 1.81x10-05); β = 2.5329 (2.4413, 3.0039); γ =

4.26x10-06 (3.20x10-06, 5.65x10-06). (B) Relationship between the number of

gametocytes and oocysts with data from The Gambia (Chris Drakeley); sigmoid with

α = 0.0045 (0.0038, 0.0055); β = 1.2481 (1.1973, 1.3049); γ = 0.0003 (0.0002,

0.0005). B* provides detail for the lowest gametocyte densities.
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System Species combination Data source
Shape of relationship for life-stage transition*

G–K K–C G–C C–S

Rodent P. berghei / An. stephensi Sinden et al. 2007 Hyperbolic Sigmoid Hyperbolic

Poudel et al. 2008 None Sigmoid

P. chabaudi / An. stephensi Poudel et al. 2008 Hyperbolic Hyperbolic

P. vinckei / An. stephensi Poudel et al. 2008 None None

P. yoelli / An. stephensi Poudel et al. 2008 None Sigmoid

Avian P. gallinaceum / Aedes aegypti Eyles, 1951 Power

Rosenberg et al., 1982 Sigmoid†

Human P. vivax / An. dirus Zollner et al., 2006 Linear Hyperbolic

(P. vivax) P. vivax / An. minimus Zollner et al., 2006 Linear Linear

P. vivax / An. sawadwongporni Zollner et al., 2006 Linear

P. vivax / An. tessellates Gamage-Mendis et al.,

1993

Linear

Human P. falciparum / An. gambiae Gouagna et al., 1998 Linear

(P.falciparum) Vaughan et al., 1992 Hyperbolic Linear Linear

Burgess, 1960 Hyperbolic

Bray and Burgess, 1964 Hyperbolic

Bray et al., 1976 Linear

Robertson, 1945 Linear

Drakeley Sigmoid

Drakeley Sigmoid

P. falciparum / An. melas Burgess, 1960 Hyperbolic

P. falciparum / An. freeborni Vaughan et al., 1994b Hyperbolic

Table 3.2 – Summary of results. * Life-stage transitions; G, gametocytes or macrogametocytes; K, ookinete; C, oocysts; S, sporozoites in the

salivary glands. ‡ zygote to oocysts transition.
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3.3.3 Discussion

The data extracted from the literature and analysed in this chapter indicate

very varied results in terms of the functional forms which best describe the

relationships between published parasite densities at specific life-stages.

Table 3.2 indicates that the shape of a relationship is likely to be species-, life-

stage- and study-specific, and it is therefore difficult to conclude generalisable

principles from the analysis of aggregate data. However, in most species

combinations there is some evidence of non-linearity at some stage during

sporogonic development, supporting the hypotheses generated from the

P. berghei–An. stephensi system, particularly when individual-level data are

analysed as in the case of the natural P. falciparum–An. gambiae

combinations from The Gambia and Cameroon. However, when the

‘explanatory’ (input) parasite density is also a random variable, the influence

of measurement error in ‘attenuation’ (increasing the appearance of non-

linearity) cannot be discarded (Carrol et al., 1995). Importantly, the results

question the typical assumption of linear relationships between the various

life-stages of Plasmodium within the mosquito.

To elucidate the functional relationships further, each species combination

would need to be investigated in more detail, with a controlled and systematic

exploration of a wide range of parasite densities for each life-stage transition

in the same conditions as was done for P. berghei–An. stephensi. For many

of the species explored in this review the scarcity of data, the aggregate

nature of published data (usually reporting varied measures of central

tendency), and the restricted range of parasite densities available from the

literature made it difficult to determine non-linearity. Additionally, as

emphasized above, the use of individual-level rather than aggregated data

would allow further insight into the relationships as the distribution of the

number parasites per mosquito can be taken into account and, as shown in

Chapter 2, this can reveal non-linear relationships that are not apparent when

using aggregated, mean data. In fact, analysis of a recent compilation of

original datasets for P. falciparum–An. gambiae across Africa (comprising

>12,000 mosquitoes fed on a total of 327 human hosts) has revealed that the
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relationship between gametocytemia and oocyst presence and density is best

described by a sigmoidal curve as expected from the results presented in

Chapter 2 (Churcher et al., 2010; see Appendix B5).

Ideally, it would be desirable to obtain the original, raw data for the published

data analysed here, but this may not be possible as some publications are

old, authors may not be contactable or willing to share their data, thus limiting

the scope of the statistical inference that can be made here. Authors of

papers identified through the literature search but not satisfying the inclusion

criteria may also have data suitable for such analyses as often parasite

density data is recorded during experiments but not always reported in the

final published research article. A number of authors have already been

contacted; future work will involve analysing this data as discussed in more

detail in Chapter 7.

Assuming that some of the differences observed are true differences and not

product of statistical artefacts, it would be interesting to determine the reasons

for such differences between species combinations. These could stem from

the differing numbers of Plasmodium parasites found within mosquitoes for

each species; for example the average number of P. berghei oocysts found in

the laboratory is much higher compared to the average number of

P. falciparum oocysts found in the field, and the apparent differences in the

efficacy of conversion between life-stages for different species. Additionally, it

will be interesting to explore whether the specificity and/or magnitude of the

mosquito’s immune responses are sensitive to parasite density. It is known

that immune responses are qualitatively different in different parasite-vector

combinations (Tahar et al., 2002) and therefore this may account for species-

specific results.

The potential differences between species mean that insights into the

population dynamics of one species combination cannot necessarily be

directly extrapolated to other combinations. Despite this, model systems are

extremely useful in establishing viable hypotheses from exploratory studies,

which can then be specifically tested in the many natural species
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combinations that are less amenable to study. Additionally, understanding the

population dynamics of model systems in the laboratory setting is crucial in

order to draw correct conclusions from experimental results. This is illustrated

by the use of the results in Sinden et al. (2007) for the interpretation of results

in studies such as those by: (i) Ganter et al. (2009), exploring the role of the

actin capping protein beta-subunit in the motility of sporozoites; (ii)

Surachetpong et al. (2009), investigating mosquito responses to malaria

infection; and (iii) Lal et al. (2009), exploring whether a reduction in sporozoite

numbers was consistent with a reduction in oocyst number.

3.4 Extending to Transmission from the Mosquito to the

Vertebrate Host

3.4.1 Methods

Data were sourced from the literature to explore the relationship between the

number of sporozoites in the mosquito’s salivary glands and the number

inoculated into the vertebrate host when the mosquito takes a bloodmeal.

This analysis takes the relationships between the numbers of parasites at

specific life-stages a step further to investigate whether, and how, parasite

density may impact upon forward transmission (to the vertebrate host). A

systematic literature review, summarised in Figure 3.10 was conducted to

locate relevant data. The final 7 studies investigated are summarised in Table

3.3, with data available from rodent malaria systems and P. falciparum.
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Figure 3.10 – Literature search parameters and results for the relationship

between the number of sporozoites in the salivary glands and the number

transmitted in the mosquito bite. The data extracted from the final 7 articles are

summarised in Table 3.3.

93 articles

59 papers not relevant

17 papers with sporozoite
density data but only
either in the salivary
glands or in the bite

Additional articles
sourced from references
of these papers

11 papers with sporozoite
density data in both the
salivary glands and the
bite, but not enough
datapoints for analysis

6 articles

1 article

7 articles in total with
data to extract and

analyse

Pubmed/Medline search terms:
 Include all of the following terms: Plasmodium, Anopheles,

transmission, salivary glands, sporozoites

Excluded

Excluded

Excluded
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System Species combination Methodology Reference

Rodent P. yoelii / An. stephensi In vivo; mosquitoes fed directly on mice Medica and Sinnis, 2005

P. berghei / An. stephensi In vivo; mosquitoes fed directly on mice Jin et al., 2007

Falciparum P. falciparum / An. stephensi In vitro; sporozoite transmission determined using a

mouse skin membrane covered chamber

Ponnudurai et al., 1991

In vitro; sporozoite transmission determined using capillary

tube method

Beier et al., 1991a

In vitro; sporozoite transmission determined by salivation

in to mineral oil

Rosenberg et al., 1990a

P. falciparum / An. gambiae In vitro; sporozoite transmission determined using capillary

tube method

Beier et al., 1991a

In vitro; sporozoite transmission determined using capillary

tube method

Beier et al., 1991b

In vitro; sporozoite transmission determined using a

membrane covered chamber

Beier et al., 1992

P. falciparum / An. freeborni In vitro; sporozoite transmission determined using a

membrane covered chamber

Beier et al., 1992

Table 3.3 – Summary of data extracted from the literature for the relationship between sporozoite load in the salivary glands and the

number of sporozoites transmitted.
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The size of the sporozoite inoculum has mainly been investigated using in

vitro methodologies. This involves forcing anesthetised and dismembered

mosquitoes to salivate into capillary tubes containing mineral oil, sucrose

solution or blood and quantifying the number of sporozoites ejected (Beier et

al., 1991a; Beier et al., 1991b; Rosenberg et al., 1990a). Another in vitro

method involves using feeding chambers covered with a membrane of mouse

skin to mimic natural feeding conditions, and the number of sporozoites

injected into the chamber skin counted (Beier et al., 1992; Ponnudurai et al.,

1991). More recent studies have used in vivo techniques, allowing

mosquitoes to feed on live animal hosts and quantifying the number of

sporozoites injected (Jin et al., 2007; Medica and Sinnis, 2005).

3.4.2 Results

Previous studies have discussed, for P. berghei, P. yoelii, and P. falciparum

(Beier et al., 1991a, 1991b; Frevert et al., 2005; Frischknecht et al., 2004;

Medica and Sinnis, 2005; Mitzmain, 1916; Ponnudurai et al., 1991; Pringle,

1965; Rosenberg, 1985; Rosenberg et al., 1990a), the importance of

sporozoites being located in the salivary gland ducts at the time of feeding in

relation to the probability of a sporozoite being inoculated into the skin of the

host.

The number of sporozoites inoculated into the vertebrate host varies

considerably between mosquitoes. Figures 3.9A and B illustrate that the

majority of infective mosquitoes eject only very few sporozoites and only a

small proportion transmit hundreds in a single bite. Over 80% of infected

mosquitoes transmitted 1-10 P. falciparum sporozoites and approximately 7%

transmitted over 100 sporozoites (Beier et al., 1991a). This frequency

distribution of the number of sporozoites transmitted has been found in many

studies and appears to be similar between species (Beier et al., 1991a;

Medica and Sinnis, 2005; Ponnudurai et al., 1991). However, as Figure

3.11C illustrates, Jin et al. (2007), who assessed the delivery of fluorescent

P. berghei sporozoites into the skin of laboratory mice by An. stephensi

mosquitoes, found that over 50% of mosquitoes injected more than 200
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sporozoites. Whether the differences are due to different species or

methodology remains to be determined.

Figure 3.11 – Frequency distributions of the number of sporozoites injected or

transmitted by mosquitoes. (A) P. yoelli data from all mosquitoes in Medica and

Sinnis, 2005; (B) P. falciparum data from infected mosquitoes in Beier et al., 1991a.

(C) P. berghei data from mosquitoes fed on mouse ears in Jin et al., 2007.

A

B

C
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The number of sporozoites transmitted during a bite represents only a small

proportion (under 5%) of the number in the salivary glands in almost all

species combinations studied. In a rodent system, Medica and Sinnis (2005)

found that 85% of An. stephensi injected less than 1% of their P. yoelli gland

load. Similarly, most mosquitoes (An. gambiae, An. stephensi, and

An. funestus) transmit less than 1% of the total P. falciparum sporozoite load

in their glands (Beier et al., 1991a; Beier et al., 1992). In wild mosquitoes,

Beier et al. (1991b) found that over 80% of infected Anopheles from Kenya

transmitted less than 25 sporozoites, representing approximately 3% of the

total load in the glands. In contrast, Jin et al. (2007) found that a substantially

larger portion of P. berghei salivary gland sporozoites were ejected by

An. stephensi, with less than 30% of the mosquitoes injecting less than 1% of

their salivary gland load and 12.5% of the mosquitoes injecting more than

10% of their salivary gland load.

Figure 3.12 illustrates the enormous variation reported in sporozoite inocula in

the bites of An. stephensi with wide-ranging salivary gland burdens of

sporozoites of both rodent and falciparum malaria. Medica and Sinnis (2005)

found the number of P. yoelli sporozoites transmitted by An. stephensi to be

only weakly correlated to gland load, with gland infection responsible for 12%

of the variation observed among individual mosquitoes. No correlation was

found when the analysis was restricted to mosquitoes with gland loads of over

12,000. However, a stronger correlation was found in a dataset analysed for

multiple feeds, suggesting that the injection pattern of a mosquito over time is

correlated to gland load. Ponnudurai et al. (1991) fed An. stephensi on blood

containing P. falciparum through mouse skin and found no correlation

between the number of sporozoites in the salivary glands (median of 14,500)

and the sporozoite inoculum (median of 8). Beier et al. (1991a) also found

sporozoite load not to be a useful indicator of potential sporozoite

transmission, with some mosquitoes with salivary gland loads of less than 100

sporozoites ejecting sporozoites, while some with over 100,000 sporozoites

not. Linear regression indicated that the number of P. falciparum sporozoites

in the glands explained only 29% of the variation in the number of sporozoites

transmitted by An. gambiae, and that there was no significant relationship
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between the number of sporozoites in the salivary glands and the number in

the bite for An. stephensi. However, one in vitro study found a strong

correlation between gland load and sporozoite ejection (Rosenberg et al.,

1990a); the investigators measured salivation volume and in the highest

salivators there was a strong correlation between gland load and sporozoite

ejection. A potential explanation is that mosquitoes which eject few or no

sporozoites may be low salivators and so their removal from the analysis

strengthens the positive relationship between gland load and infectivity.

Figure 3.12 - Relationship between the number of sporozoites in dissected

salivary glands and the number of sporozoites transferred in a single bite.

Green markers represent P. yoelii–An. stephensi data from Medica and Sinnis

(2005); blue markers represent P. falciparum–An. stephensi data from Ponnudurai et

al. (1991). Note the use of a logarithmic scale on the x-axis.

3.4.3 Discussion

The number of sporozoites inoculated into the vertebrate host during a blood

feed could influence the probability of infection as well as the subsequent

morbidity, mortality and immunity of the infected host; hence it is important to

investigate and understand any factors which may influence this. There is

wide variation in the number of sporozoites ejected by a mosquito. From the

studies investigated, the number of sporozoites in the salivary glands may not
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provide a useful indicator for the number of sporozoites actually transmitted.

Data indicate that in mosquitoes with low parasite loads, gland load may

prove to be useful to predict sporozoite transmission (at least to some extent);

mosquitoes with gland loads of fewer than 5,000 sporozoites are likely to

inject few sporozoites (Figure 3.12; Medica and Sinnis, 2005; Beier et al.,

1991b). However, based on gland load data alone, it is not possible to predict

the number of sporozoites a heavily infected mosquito will eject. Additionally,

these results emphasize the fact that the classical term of ‘infective’ for

mosquitoes with sporozoites in the salivary glands is misleading as not all

gland-positive mosquitoes will effectively transmit sporozoites during a

bloodmeal. The EIR is the classical index of transmission intensity in malaria,

estimated from the presence of salivary gland sporozoites (by dissection or

ELISA) and the landing rate of mosquitoes on humans. In some instances,

the EIR is used as a proxy measure of the force of infection or incidence of

malaria, with the latter assuming an established infection in susceptible

vertebrate hosts. However, the results presented here clearly suggest that

salivary gland infection with sporozoites does not necessarily equate to

forward transmission in the mosquito’s bite.

If the size of the sporozoite inoculum is independent of gland load then the

degree of infection intensity in the mosquito may not impact on transmission.

Therefore, despite any relationship between the number of oocysts in the

mosquito and the number of sporozoites in the glands, intervention-induced

reductions in oocyst numbers may not correlate well with an impact upon

transmission unless there is also an impact on the prevalence of mosquito

infectivity. This would mean that lightly infected mosquitoes would be equally

effective in transmitting malaria and such infections are very common even in

highly malarious areas. Additionally, this indicates that it may be important to

determine if any relationship exists between parasite density at any life-stage

in the mosquito and the ability of sporozoites to cause disease in the

vertebrate host.

Even when a vertebrate host is bitten by a mosquito with sporozoites in their

salivary glands and sporozoites are ejected, it is important to understand the
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factors influencing the probability of the sporozoites establishing and resulting

in disease. Pumpuni et al. (1997) established a relationship between the

number of P. yoelii sporozoites present in the salivary glands of individual

An. stephensi mosquitoes and sporozoite infectiousness as measured by

infections in mice, with sporozoites from mosquitoes with high sporozoite

loads more infectious compared to those with lower doses. This supports

earlier studies which reported a correlation between the ability to produce a

malaria infection and the intensity of gland infection (Boyd and Stratman-

Thomas, 1933; James et al., 1932).

Observations have suggested that only 1-20% of bites from gland-positive

mosquitoes produce infections in residents of endemic areas (Pull and Grab,

1974). Whilst it is widely conjectured that sporozoites of different Plasmodium

species differ dramatically in their infectivity to their vertebrate hosts,

published and unpublished data suggest that for all species studied, inocula of

just 10 sporozoites can be infectious (Table 3.4). It is therefore relevant to

investigate the question ‘at what salivary gland sporozoite density will the

number of sporozoites in the bite fall below 10?’. Whilst the data suggest

gland burdens as high as 30,000 can result in inocula below this ‘threshold’, it

is clear that gland infections of just a few hundred sporozoites (that could be

derived from 1-2 oocysts in the P. falciparum–An. gambiae combination) have

clear infection potential. It is thus obvious that the presence, more than the

density of oocysts or salivary gland sporozoite infections, will be a key

practical parameter when considering the potential infectivity of individual

mosquitoes to the vertebrate host. Interestingly, the relationship between the

presence of oocyst infection in the midgut and gametocytaemia of the human

host also appears to be sigmoidal for the individual-level mosquito data

compiled by Churcher et al. (2010) for P. falciparum–An. gambiae across

Africa (see Appendix B5). The implications of these findings will be discussed

in greater detail in Chapter 7.
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Parasite Species
Average gland
score§

Sporozoites
inoculated (range)‡ Number of bites

Net probability of
infection (%) Reference

P. falciparum – – 1–2 50 Rickman et al., 1990
P. falciparum 2 – 1 100 Rickman et al., 1990
P. falciparum – – 1 100 Mitzmain, 1916
P. vivax – 10 – 100 Shute et al., 1977
P. vivax – 10 – 100 Ungureanu et al., 1977
P. vivax 4 – 8 100 Collins et al., 1973
P. vivax 2 – 1 100 Coatney et al., 1950
P. cynomolgi 4 10 2 100 Sinden et al., 2007
P. yoelii – 3.7 (1–14) – 50 Sinden et al., 2007
P. berghei – 370 – 50 Sinden et al., 2007
P. berghei – 360 – 100 Yoeli and Most, 1965
P. berghei – 1000 – 94 Vanderberg et al., 1968
P. berghei – 100 – 46 Vanderberg et al., 1968
P. berghei – 10 – 26 Vanderberg et al., 1968
P. fragile – – 5.5 100 Collins et al., 1975
P. gallinaceum – – 1 85 Russell and Mohan, 1942;

Coatney et al., 1945
P. gallinaceum – 1 gland** – 100 Coatney et al., 1945
P. gallinaceum – 0.01 gland** – ‘high’ Greenberg et al., 1950
P. gallinaceum 20 spz* – – 100 Jasinskiene et al., 2007
P. cathemerium – 250 – 100 Fink, 1968
P. cathemerium – 5 – 40 Fink, 1968

Table 3.4 - Number of sporozoites required to establish a patent parasitaemia in the vertebrate host. § Gland scores: 1, 1–10

sporozoites; 2, 11–100; 3, 101–1000; 4, >1000. ‡ Sporozoites were inoculated through the bite of infectious mosquitoes, or by direct inoculation

into the vertebrate host. The average of the most commonly observed minimal infectious inoculum for all species is ~10 sporozoites.

* Sporozoites (spz) counted. ** Salivary gland inoculated as opposed to sporozoites.
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4.Study Design and Methodology2

4.1 Summary

Previous chapters have explored life-stage transitions within the mosquito, one element

of sporogonic development in which parasite density may play an important part.

Extensive and robust experimental data are required in order to explore the potential for

further density dependent processes in the transmission of Plasmodium via the

mosquito vector. In order to generate relevant data a series of experiments were

designed and conducted; populations of mosquitoes were fed on blood containing

various parasite densities and mosquito survival and parasite numbers were monitored

with time post-feeding. The methodology is described in this chapter, and the data

generated are presented and analysed in Chapters 5 and 6; examining the impact of

parasite density on mosquito survival and on the temporal dynamics of sporogony

respectively.

4.2 Introduction

Earlier chapters have indicated that parasite density may play a part in determining the

success of parasite developmental progression within the mosquito and may impact on

onwards transmission to the vertebrate host. However, as seen in Chapter 3, there are

relatively little published data relating important transmission processes with parasite

density. In order to generate large, detailed, and systematic datasets, carefully

designed experiments need to be conducted. This will be important in order to explore

other potential sources of density dependence during the transmission of Plasmodium

by Anopheles mosquitoes, for example the impact of parasite density on: (a) mosquito

immune responses; (b) mosquito and parasite survival and; (c) mosquito feeding

frequency. Additionally, improved data sources are needed to understand the natural

2 This methodology is published in summary form (see Appendices C3 and C4):
Dawes EJ, Zhuang S, Sinden RE and Basáñez MG (2009) The temporal dynamics of Plasmodium
density through the sporogonic cycle within Anopheles mosquitoes. Trans R Soc Trop Med Hyg 103:
1197-8.
Dawes EJ, Churcher TS, Zhuang S, Sinden RE and Basáñez MG (2009) Anopheles mortality is both age-
and Plasmodium-density dependent: implications for malaria transmission. Mal J 8:228.
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history of the disease within the mosquito in more detail and potentially to manipulate

this knowledge for the formulation of novel disease control or elimination measures.

To explore the impact of parasite density on the population dynamics of sporogony in

more detail, a series of experiments were designed and conducted with the aim of

generating two datasets to address the following questions:

1. Does Plasmodium infection, and in particular the density of Plasmodium

infection, affect mosquito mortality?

2. How does parasite density impact on the temporal dynamics of sporogonic

development?

4.3 Experimental Design

A series of three experiments were designed and conducted over the course of one

year to investigate the impact of parasite density on mosquito survival and parasite

development. In each experiment, four groups of An. stephensi (SDA500 strain)

mosquitoes were fed on blood containing different ookinete densities. Mosquitoes were

fed ookinetes rather than gametocytes (the parasite stage ingested naturally) for

logistical reasons and to be able to predict more accurately the mean intensity of the

resulting infection (Sinden et al., 2007); gametocytes produce a lower and more

unpredictable infection rate and their use would have required the availability of a very

large initial number of mosquitoes to obtain enough mosquitoes fed and infected and to

have enough statistical power to distinguish the effects of parasite load.

The first group of mosquitoes in each experiment acted as the control group and were

fed on rodent blood containing P. berghei 233; a non-gametocyte-producing clone (i.e.,

0 ookinetes). This choice of control recognises the impact of parasite-induced serum

components present at the time of bloodfeed which are known to modulate parasite

infectivity (Sinden et al., 1996) thus making the groups as comparable as possible,

differing essentially in the presence and density of ookinetes. A large number of

mammalian proteins and pathogen-derived factors functional in the mammal have been

shown to remain active or become immunologically active in the vector after being
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ingested in a bloodmeal. These proteins can activate signal transduction pathways and

interact with arthropod cells to alter the mosquito physically and immunologically, and

therefore affect the mosquito response to the malaria parasite. Such components of the

mosquito bloodmeal include insulin, TGF-β1, antibodies, complement, leukocytes, 

haemoglobin fragments, malaria parasite GPIs and hemozoin. Beier et al. (1994) found

P. falciparum infection rates were 1.5– to 1.8–fold higher and oocyst densities were

significantly higher in insulin-fed An. stephensi and An. gambiae, relative to control

groups, mirroring the immunosuppressive effects of insulin in mammals at high

concentrations. Studies with An. stephensi have revealed that human insulin can

induce nitric oxide synthesis in the mosquito midgut (Lim et al., 2005), which limits

malaria parasite development (Luckhart et al., 1998) through the formation of

inflammatory levels of toxic reactive nitrogen oxides (Luckhart et al., 2003; Peterson et

al., 2007) that likely induce parasite apoptosis in the mosquito midgut lumen (Hurd and

Carter, 2004).  Cytokine transforming factor β1 (TGF-β1) is present in circulating human 

blood, and on ingestion by a mosquito during a bloodmeal has been shown to regulate

nitrogen oxide synthesis and malaria parasite development in the midgut of

An. stephensi (Luckhart et al., 2003; Vodovotz et al., 2004), with a pro-inflammatory

response at low levels and anti-inflammatory response at the highest levels. Studies on

the effects of P. falciparum GPI on anti-parasite nitrogen oxide synthesis and signal

transduction in An. stephensi have revealed that, as in mammals, parasite GPI is an

important early signal for parasite infection in mosquitoes (Lim et al., 2005), and can

modulate the modulate immune response (reviewed by Ripley et al., 2006).

The further three groups were fed on blood containing increasing ookinete densities;

100, 400 and 2,000 ookinetes per μl of blood in the first two experiments (to represent 

the three phases of the sigmoid relationship between oocysts and ookinetes shown in

Figure 2.3D and Sinden et al., 2007), and 50, 250 and 1,000 ookinetes per μl of blood in 

the third experiment (Figure 4.1). The parasite densities were altered in the final

experiment due to the consistency of the results obtained from experiments one and

two, therefore allowing information to be gained on more parasite densities (with the

choices of parasite density informed by the available results). These groups of
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mosquitoes were fed on blood containing transgenic green fluorescent protein (GFP)-

expressing P. berghei clone PbCONGFP (ANKA strain) maintained in Theiler’s Original

mice; these parasites express the GFP constitutively throughout all stages of the

lifecycle, facilitating localisation and enumeration of parasites. The kinetics of this

fluorescent strain has been shown to be the same as that of the wild-type (Franke

Fayard et al., 2004). The experimental design is summarised in Figure 4.2.

Parasite densities chosen for each mosquito group in each experiment

Experiment
Group

1 2 3

1 100 ookinetes per µl
Early facilitation

400 ookinetes per µl
‘Turning point’

2000 ookinetes per µl
Limitation

2 100 ookinetes per µl
Early facilitation

400 ookinetes per µl
‘Turning point’

2000 ookinetes per µl
Limitation

3 50 ookinetes per µl
Low density

250 ookinetes per µl
Intermediate density

1000 ookinetes per µl
Intermediate density

Figure 4.1 – Ookinete density fed to each group of mosquitoes in each experiment.

Graph adapted from Figure 2.3; dotted lines indicate how the ookinete densities chosen relate
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to the results presented in Chapter 2. The table gives the specific parasite densities and the

reasons for their inclusion.

Figure 4.2 – Schematic representation of the experimental design. Three experiments

were conducted each consisting of 4 cages of An. stephensi mosquitoes, represented by boxes

in the figure.

4.4 Experimental Set-up and Protocol

Mosquitoes were reared from eggs with larvae grown in water containers such that the

final larval density minimised intraspecific competition, ensuring that females were

consistently equivalent in size. For each experiment, approximately 1,500-2,000

mosquitoes (aged 4–8 days in experiment 1 and 7–11 days in experiments 2 and 3)

were placed into each of four 30cm3 cages.

GFP and 233 P. berghei parasites were cultivated in mice and the course of infection

and gametocyte production were monitored on Giemsa-stained blood films following
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standard procedures (Sinden et al., 2002)3. Gametocytaemic blood was collected from

the mice infected with GFP An. stephensi by cardiac puncture into a heparinised

syringe. The blood was incubated for 24 hours at 19°C in small culture flasks

containing standard ookinete medium (80%) and FBS (20%) to allow for the production

of ookinetes (set-up using standard aseptic techniques). After this incubation period,

the number of ookinetes were counted in order to determine the blood dilutions required

to feed the cages of mosquitoes on the appropriate parasite densities. A small sample

was diluted 1:1 with PBS and a haemocytometer was used to determine the density of

ookinetes in the blood (see Figure 4.3), with ookinetes distinguished by their

characteristic shape. The amount of blood/culture mix required for the feed of each

mosquito cage was calculated by dividing the required number of ookinetes per 1.5ml

(as 1.5ml of blood could be fed to each cage at a time) by the actual ookinete density

per ml. For example, for the 100 ookinete per µl cage in experiment 1:

ml308.2
10*5.6

10*5.1
4

5



The calculated volumes were measured into tubes and centrifuged at 500 revolutions

per minute for 10 minutes to create a ‘tablet’. The supernatant was removed and the

‘tablet’ diluted in naïve mouse blood in order to obtain 1.5ml of blood.

Figure 4.3 – Calculation of ookinete density. The number of ookinetes in each of the 4

sections of the haemocytometer shaded grey in the above diagram were counted, and the

average taken. This value was multiplied by two to take into account the dilution, giving the

number of ookinetes x104 per ml.

3
All mouse handling was conducted by licensed members of the laboratory.
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The cages of mosquitoes were starved overnight before the bloodfeed to maximise the

number of mosquitoes which fed. The mosquitoes in the cage acting as the control

were fed directly on anaesthetized mice infected with the 233 strain of P. berghei. The

three other cages were membrane fed on the mouse blood containing a suspension of

cultured P. berghei ookinetes. The membrane feeder apparatus consisted of three

0.5ml feeders per mosquito cage covered with a thin membrane of Parafilm® and

maintained the blood at a constant 37°C using a water circulation system. The feeds

lasted approximately 90 minutes in the dark at 19°C (with new blood with the specified

ookinete density added to the feeders every 30 minutes). Those mosquitoes which had

taken less than half a bloodmeal (distinguished visually) were removed the next day,

reducing the possibility that any difference between groups could be due to variation in

bloodmeal size, and resulting in approximately 400–1,000 fed females per cage (see

Table 5.1 in Chapter 5). The cages were maintained at 19°C (1°C) and 80% relative

humidity and the mosquitoes were fed on 5% fructose for the duration of the

experiment.

4.5 Data Collection

The populations of mosquitoes were followed over time post-feeding, which is also a

proxy for mosquito age as mosquitoes were of a defined age-range prior to feeding.

Twice daily (at approximately 8am and 6pm) the number of dead mosquitoes in each

group was recorded. Every 24 hours for the first six days and every 48 hours thereafter,

20 surviving mosquitoes were sampled from each cage using an entomological pooter.

Mosquitoes were selected in an attempt to reflect the mosquito population of the cage,

selecting mosquitoes from all areas of the cage in proportion to the number found in

each location (note that this sampling was therefore not strictly random). These

mosquitoes (with the exception of those taken from the control group) were

anaesthetised using carbon dioxide and subsequently kept on ice to prevent them from

waking up, before being dissected in a drop of phosphate buffered saline under a

microscope to remove both the midgut (from day 1 post-feeding onwards) and the

salivary glands (from day 14 onwards in experiment 1 and day 8 onwards in

experiments 2 and 3). Figure 4.4 shows details of mosquito morphology and dissection.
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On the first 4 days post-feeding, the dissection involved removing the undigested

bloodmeal from the midgut to ensure the oocysts counted were those attached to the

midgut wall rather than fluorescent parasites contained within the undigested

bloodmeal. This involved making a small incision in the midgut and manually washing

out the blood. At each timepoint, dissection of the dead mosquitoes was also

attempted. Dissected midguts and salivary glands were mounted on slides to determine

parasite density using florescence microscopy. Oocysts were counted by systematically

searching the midgut to ensure that none were missed or duplicated. The number of

sporozoites located in the salivary glands was recorded using a ‘sporozoite score’ to

give an indication of parasite number. Precise parasite enumeration was not possible

due to the logistics of the intensive experimental schedule; the log-based scoring

system is shown in Table 4.1. During the third experiment, the dissection and counting

elements were conducted by a Masters student4 and therefore the impact of inter-

experimenter variability was investigated by double-counting the parasites on a number

of days during follow-up and analysing the results for consistency.

Sporozoite score Number of sporozoites

0 0

1 1–10

2 11–100

3 101–1,000

4 1,001–10,000

5 Over 10,000

Table 4.1 – Sporozoite scoring system.

4
Shijie Zhuang, a Masters in Public Health student partly supervised by the candidate during her final

dissertation.
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Figure 4.4 – Mosquito external and internal morphology and dissection. Morphology

pictures redrawn based on those from Service and Townson, 2002.

EXTERNAL MORPHOLOGY

Proboscis
Contains
piercing
mouthparts

Antenna
Males have long hairs with
a feathery appearance;
females have whorls of
short hairs

Scutum

Cercus
Last segment of male
terminates in a pair of
prominent claspers to seize
females during mating; females
have a pair of small cerci

Abdomen
10 segments; 8 of
which are visible.
Unfed mosquitoes are
thin and slender; abdo-
mens of fed females
are greatly distended
and red in appearance

Fore-leg

Wing
Veins, cells and
fringe

Mid-leg

Hind-leg

HEAD

THORAX

ABDOMEN

INTERNAL MORPHOLOGY

DISSECTION

Malpighian tubules

Rectum

Hind-gut

Stomach

Anterior mid-gut

Ventral diverticulum
Salivary glands

Salivary duct

Oocyst dissection

The presence of oocysts is
determined microscopically
following dissection of the
abdominal mid-gut (stomach).

Holding the mosquito thorax, the
integument between the 6

th
and

7
th

abdominal segments is
nicked before holding the end of
the abdomen and gently drawing
out the abdominal contents.
Oesophagus, ovaries and
Malpighian tubules are removed
to leave the mid-gut.

Sporozoite dissection

The presence of sporozoites is
determined microscopically
following dissection of the
salivary glands.

Gently holding the mosquito
thorax the head is pulled away
from the thorax. The salivary
glands are exposed by pressing
the thorax gently.

Abdominal
mid-gut and
Malpighian
tubules

Pair of 3-lobed salivary glands
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4.6 Results

In total, almost 8,000 mosquitoes contributed to mortality data in the three experiments,

with approximately 5,000 mosquitoes dissected for parasite counts, generating

extensive datasets explored in the next two chapters:

 Chapter 5 analyses the mosquito mortality data using survival analysis to test

whether mosquito age, presence of parasite infection, or parasite density impact

upon mosquito survival.

 Chapter 6 uses mathematical modelling to analyse the parasite count data to

explore the impact of parasite density on the temporal dynamics of Plasmodium

sporogony within the mosquito.

Unfortunately the dissection of dead mosquitoes was largely unsuccessful; despite

keeping the humidity high and conducting observations at two timepoints per day, the

dead mosquitoes were often too dried out to allow the mid-gut or salivary glands to be

removed.

The impact of inter-experimenter variability was investigated in the third experiment as

the dissection and counting elements were conducted by a different investigator (Shijie

Zhuang (SZ)). Double-counting of parasites on several days allowed for analysis to

explore consistency. Figure 4.5 illustrates all of the double-counted oocyst data and

indicates that although there are differences, a paired t-test shows that that there is no

statistically significant difference between the counts (z-value = 1.0465; p-value =

0.1492) and this is supported by the 95% confidence interval for the mean difference

between the counts, which includes zero (-0.8571, 2.8207). Investigating the results

from each of the 3 mosquito groups separately does not influence the result, with the

data from each group also not indicating any significant difference between the counts.
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Figure 4.5 – Oocyst counts by 2 experimenters in Experiment 3 from all 3 mosquito

groups combined. SZ (a Masters student) conducted the first count; ED (the candidate)

conducted the second count. Markers represent the number of oocysts counted; the black line

represents the line of perfect equality (i.e. all markers would sit on this line if all counts were

identical); the blue line represents the best fit line to the observed data.

The difference between the two counts increases with parasite density as determining

an accurate oocyst count is more difficult as the number of oocysts increases as they

are often clustered in distribution, and determining the number of parasites in each

group can be challenging. However, this greater difference with increasing parasite

density does not impact on the overall difference between the two counts as the

difference occurs in both directions (i.e. the second count was not consistently finding

more or less oocysts than the first count). Although not statistically significant, the

second count generally found slightly less oocysts than the first count (illustrated by the

blue fitted line situated slightly below the black line of perfect equality in Figure 4.4); this

is hypothesised to be a consequence of the time delay between the first and second

counts, which may have reduced the strength of the fluorescence of the parasites

making them more difficult to locate and enumerate. In terms of prevalence, all double-

1st Count (SZ)

2
n

d
C

o
u

n
t

(E
D

)



119

counts were in 100% agreement. As no statistically significant difference was found

between the counts, no correction was made to the data to account for inter-

experimenter variability in the data analysis presented in the next chapters.
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5. Anopheles stephensi Mortality is Both Age

and Plasmodium berghei-Density Dependent5

5.1 Summary

Daily mortality is an important determinant of a vector’s ability to transmit pathogens.

Original simplifying assumptions in malaria transmission models presume vector

mortality is independent of age, infection status, and parasite load. Previous studies

illustrate conflicting evidence as to the importance of Plasmodium-induced vector

mortality but very few studies to date have considered the effect of infection density on

mosquito survival. In this chapter, the mosquito mortality data generated from the

experiments described in Chapter 4 were explored using statistical and mathematical

methods for survival analysis. Results indicate that mosquito mortality is both age- and

infection intensity-dependent. Mosquitoes experienced an initially high, feeding-

associated mortality rate, which declined to a minimum before increasing with mosquito

age and parasite intake. As a result, the life expectancy of a mosquito is shown to be

dependent on both insect age and the density of Plasmodium infection. These results

contribute to understanding in greater detail the processes that influence sporogony in

the mosquito, indicate the impact that parasite density could have on malaria

transmission dynamics, and have potential implications for the design, development,

and evaluation of transmission-blocking strategies.

5.2 Introduction

Daily mortality is the most important determinant of a mosquito‘s ability to transmit

pathogens, influencing the probability to encounter infectious hosts, survive the extrinsic

incubation period, and transmit the infection (Macdonald, 1957). The period necessary

for the parasite to reach its infective stage within the vector often takes an appreciable

portion of the vector’s life-span, therefore only a small proportion survive long enough in

5
A modified version of this chapter has been published (see Appendix C4):

Dawes EJ, Churcher TS, Zhuang S, Sinden RE and Basáñez M-G (2009) Anopheles mortality is both
age- and Plasmodium-density dependent: implications for malaria transmission. Malaria Journal 8: 228.
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nature to transmit the infection. As a result, the basic reproduction number (R0) of

vector-borne infections is critically dependent on the life-span of the vector and in

particular on the infective life expectancy (Dye, 1992; Garrett-Jones, 1964). Small

changes in the daily mortality rate can result in relatively large changes in transmission.

In support of this, Macdonald‘s malaria models indicated that at equilibrium, the weakest

link in the chain of transmission was the survivorship of the adult female Anopheles

(Macdonald, 1957), providing a rationale for a DDT-focused, WHO-coordinated

eradication campaign that successfully eliminated malaria transmission among

approximately 700 million people (WHO, 2007). Therefore, understanding the

determinants of mosquito survival can have important implications for the design and

assessment of new malaria control strategies.

Original simplifying assumptions in malaria transmission models include that vector

mortality is independent of (and therefore unaffected by) mosquito age, infection status,

and parasite load (Macdonald, 1957; Garrett-Jones, 1964; Macdonald, 1952; Molineaux

et al., 1978; Molineaux and Gramiccia, 1980). This has resulted in estimates of the

daily survival rate entering as a constant in mathematical equations of epidemiological

indices such as the vectorial capacity and the entomological inoculation rate, in models

of malaria population dynamics and in the assessment of control strategies. These

assumptions have continued to permeate malaria transmission models despite

conflicting evidence as to their validity.

The assumption of mosquito mortality being independent of age was first articulated by

Macdonald, who reasoned that environmental insults, disease, and predation would kill

mosquitoes before they died of old age (Macdonald, 1952). Macdonald therefore based

his mathematical treatment of survival on the factor p, the probability of a mosquito

surviving from one day to the next. Some studies support this notion (Keener, 1945;

Russell and Rao, 1942), whereas others have found evidence of mosquito senescence,

particularly in laboratory populations (Kershaw et al., 1953; Kershaw et al., 1954; Gillies

and Wilkes, 1965; Briegel and Kaiser, 1973; Harrington et al., 2001; Okech et al., 2003;

Styer et al., 2007). Notably, Clements and Patterson (1981) re-analysed published
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reports of mosquito mortality and concluded that many species exhibit age-dependent

mortality, with most, but not all, consistent with the Gompertz model (Gompertz, 1825).

More recently, Styer et al. (2007) found that mortality was highly age-dependent in both

sexes of Aedes aegypti and concluded that the age at which a mosquito first bites an

infectious host is an important indicator of the probability of transmitting a pathogen.

Despite these studies clearly calling into question the assumption of no senescence in

mosquito populations, the common operational assumption remains that insect vector

mortality is independent of age, and this has been incorporated into many mathematical

models (Molineaux and Gramiccia, 1980; Bailey, 1982; Dietz et al., 1974; Garrett-Jones

and Shidrawi, 1969; Ishikawa et al., 2003; Killeen et al., 2000; Torres-Sorando and

Rodriguez, 1997). The reluctance for this to change can primarily be ascribed to the

fact that allowing mortality to be constant with age leads to the exponential model for

the distribution of survival times, which has the significant advantage of mathematical

simplicity and tractability, and reduces the number and complexity of variables that need

to be considered. However, acceptance of this non-senescence assumption leads to

the simplified view that the potential for mosquitoes to survive and transmit disease is

constant regardless of their age; it has been shown that quantitative models that

assume non-senescence can produce results with substantial errors (Clements and

Patterson, 1981).

It has been argued that there will be strong selection pressure on Plasmodium not to

reduce vector survival, as both partners benefit from high rates of survival and of blood-

feeding; the mosquito to increase its reproductive success and the parasite to ensure its

transmission (Schwartz and Koella, 2001). However, investigations into the

pathogenicity of malarial parasites in mosquitoes have not been conclusive, resulting in

conflicting evidence as to whether malaria parasites are benign to their vectors.

Laboratory studies are contradictory; some indicate that the survival rate of infected

mosquitoes is not different from that of non-infected mosquitoes (Boyd, 1940; Chege

and Beier, 1990; De Buck, 1936; Gamage-Mendis et al., 1993; Hogg and Hurd, 1997;

Robert et al., 1990), whereas others indicate reduced survival (Ferguson and Read,
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2002a; Gad et al., 1979; Hogg and Hurd, 1995a; Hogg and Hurd, 1995b; Klein et al.,

1982; Klein et al., 1986). Ferguson and Read (2002b) conducted a meta-analysis of 22

previously published laboratory studies and concluded that overall, malaria parasites do

reduce mosquito survival, but stated that these mortality effects were more likely to be

detected in vector-parasite combinations not occurring naturally in the field and in

studies of longer duration. Field studies which have explored parasite-induced vector

mortality indirectly have also yielded conflicting results; some supporting (Anderson et

al., 2000; Lyimo and Koella, 1992) and others not supporting (Lines et al., 1991) its

operation.

It has also been suggested that malaria parasites may only be harmful to mosquitoes

when parasite burdens are exceedingly high (De Buck, 1936; Hogg and Hurd, 1995b).

This has been used to refute the existence of Plasmodium-induced mortality in nature

as most naturally infected mosquitoes carry, on average, only two to three oocysts of

Plasmodium falciparum (Pringle, 1966; Haji et al., 1996; Graves et al., 1988; Rosenberg

et al., 1990b). However, the absence of high oocyst burdens in population samples

could also be due to the mortality of more heavily infected mosquitoes (Lyimo and

Koella, 1992). Very few studies to date have explicitly and systematically considered

the effect of infection density on mosquito mortality and those which have do not report

consistent results. Whilst some authors suggest that mosquito survivorship is not

negatively correlated with parasite density (Gamage-Mendis et al., 1993; Ferguson and

Read, 2002a), others found that mosquito mortality increased with oocyst burden (Hogg

and Hurd, 1995b; Klein et al., 1982; Klein et al., 1986; Ferguson et al., 2003). The

review by Ferguson and Read (2002b) concluded that there is no relationship between

mortality and mean oocyst burden in the five studies that reported oocyst burden, but

suggested that sporozoite load may be the prime determinant of mosquito mortality as

mortality differences only became apparent in studies of longer duration when

sporozoites would be in the salivary glands.

As discussed in Chapter 1, in the context of the renewed global efforts to eliminate

malaria, it has become increasingly important to obtain a better understanding of the
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component of the malaria lifecycle taking place within the mosquito. Using the

P. berghei–An. stephensi system, this chapter investigates the validity of the original

simplifying assumptions that mosquito mortality is independent of age, infection status,

and infection density; all of which are commonly used in the formulation of mathematical

models of malaria transmission. The ultimate aim is that of generating testable

hypotheses that serve to prompt investigation of whether similar phenomena apply to

any of the complex, numerous, and multifarious parasite-vector combinations that play a

role in malaria transmission in the field generally, and human malaria in particular.

5.3 Methods

5.3.1 Experimental methods

The experimental set-up and methodology were as described in Chapter 4.

5.3.2 Statistical analysis

Non-parametric methods: Survival functions for each of the four groups (based on the

ookinete density fed to the mosquitoes) in each of the three experiments were

estimated using the Kaplan-Meier estimate (Kaplan and Meier, 1958) as described in

Box 5.1, classifying those mosquitoes lost to follow-up, for example those which were

killed for dissection, as censored observations.
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Box 5.1: Calculating the Kaplan-Meier survival function

The times at which mosquitoes die are denoted by tj, for j = 1,2,...r (r

representing the total number of ‘death times’), and the time intervals

between these ‘death times’ are denoted tk to tk+1, for k = 1,2,...r. The

Kaplan-Meier estimate (also known as the product-limit estimate) is

therefore given by,
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with nj equal to the number of mosquitoes which are alive and therefore

at risk of death just before time tj, and dj equal to the number of deaths

at time tj.

The median survival time (with 95% confidence intervals) was calculated for each group

to compare survival times, by determining the time beyond which 50% of the individuals

in the population are expected to survive. The Mantel-Cox test and a log-rank test for

trend were used to compare the survival distributions of the four groups within each of

the experiments. The Mantel-Cox test is used for two-sample comparisons and is

based on a test statistic with a chi-squared distribution and one degree of freedom

under the null hypothesis that there is no difference between the survivorship of the

individuals in the two groups under comparison (Collett, 2003; Mantel and Haenszel,

1959) (see Box 5.2).
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Box 5.2: The Mantel-Cox test

The Mantel-Cox test is based on the test statistic,

WWW VUW /2

which has a chi-squared distribution with one degree of freedom under

the null hypothesis that there is no difference between the survivorship

of the individuals in the two groups under comparison. The numerator is

the statistic,
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where d1j represents the number of deaths at time tj in the first group,

and the expected number of deaths in group 1 is given by

jjjj ndne /11  . The denominator is the variance of this statistic,
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v , nj and dj are as above, and the subscripts

1 and 2 represent the two groups being compared (Collett, 2003;

Mantel and Haenszel, 1959).

The log-rank test for trend was computed because the four groups to be compared in

each experiment represented ordered, increasing densities of infection. Therefore, the

codes assigned to each of the mosquito groups were the number of ookinetes per μl of 

blood fed, which allowed this test to investigate if a linear trend exists between parasite

density and survival. The resulting test statistic has a chi-squared distribution with one

degree of freedom under the null hypothesis of no trend across the groups (Collett,

2003; Armitage and Berry, 1994) (see Box 5.3).



127

Box 5.3: Log-rank test for trend

The log-rank test for trend across g ordered groups is based on the test

statistic,

TTT VUW /2

which has a chi-squared distribution with one degree of freedom under

the null hypothesis of no trend across the g groups. The numerator is

the statistic,
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observed and the expected number of deaths in the ith group (i = 1, …,

g) at time tj). ri is the maximum time mosquitoes were alive until in the

ith group, and wi represents a code assigned to the ith group. The

codes assigned to each of the mosquito groups represented the

number of ookinetes per μl in the blood on which they were fed, i.e. 0, 

100, 400 and 2,000 for experiments 1 and 2 (and 0, 50, 250 and 1,000

in experiment 3), to allow the log-rank test for trend to test the effect of

parasite density on survival. The denominator is the variance of UT

which is given by,
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The combined datasets from the three experiments were analysed using Cox

regression survival analysis (proportional hazards model) fitting ookinete density fed to

the mosquitoes first as a categorical variable to test for differences in survival between
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cages, and subsequently as a continuous variable to explore the impact of an increase

in parasite density on mosquito survival. This statistical analysis allows the impact of

parasite density on mosquito survival to be tested whilst controlling for variation due to

experiment.

Estimation of mosquito mortality rates: The modelling of survival data centres on the

hazard function (the instantaneous death rate), which is used to express the risk or

hazard of death at time t. Kaplan-Meier estimates, which assume that this hazard

function is constant between successive death times, were calculated and plotted for

the mid-point of each time-interval (see Box 5.4).

Box 5.4: Calculating the Kaplan-Meier hazard function

The Kaplan-Meier estimate of the hazard function is given by,
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where dj and nj are as above, and τj = t(j+1) – tj.

Some of the most common hazard functions applied in survival analysis were used to

explore the underlying mosquito survivorship. These included a constant death rate,

the Gompertz function (the rate of mortality increases with age in such a manner that its

logarithm is linearly proportional to age), and the Weibull function (the rate of mortality

increases or decreases monotonically with age depending on the values of a shape and

a scale parameter). However, as the observed hazard rates initially declined before

increasing as time post-engorgement progressed, none of these functions were able to

describe adequately the pattern observed in the data. Consequently, the following

empirical quadratic hazard function for the relationship between mortality rate and time

post-engorgement, previously used to investigate parasite-induced vector mortality in

onchocerciasis (Basáñez et al., 1996), was fitted by least squares estimation,

    ttt 2
[5.1]
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This function describes a parabola, with parameter  representing the mortality rate at

the time of feeding (i.e. when t =0), and parameters  and  being associated,

respectively, with the subsequent decline and increase in death rate with time post-

feeding, which could represent different biological causes of mortality. Parameters  ,

 , and  were each allowed to vary linearly (the relationship suggested by visual

inspection of preliminary results) with the density of ookinetes fed to the mosquitoes (K)

to identify whether vector mortality is a density-dependent process. The full equation is

therefore given as,

        KtKtKKt 1010
2

10,   [5.2]

where 0 , 0 , and 0 represent the baseline hazard experienced by uninfected

mosquitoes and 1 , 1 , and 1 represent the additional mortality per unit increase in

ookinete density. Equation [5.2] was fitted to the full dataset using non-linear least

squares estimation, allowing the average mosquito mortality rate to vary between

experiments to account for inter-experimental variability. Analyses of variance tests

were conducted on nested versions of this full model to find the most parsimonious

hazard function using the nonlinear least squares ‘nls’ and analysis of variance ‘anova’

commands in the statistical package R as described by Bolker (2008). Ninety-five

percent confidence intervals (95% C.I.) for the best-fit model were estimated using

bootstrapping methods by resampling (with replacement) within and between cages of

the observed dataset (i.e. daily mortality rates were randomly selected from within each

cage of mosquitoes and 12 cages were randomly selected from the different

experiments conducted and parasite densities explored). Equation [5.2] was then fitted

to the resampled dataset using least squares estimation. This process was repeated

100,000 times. Lower and upper confidence interval curves were found which bound

95% of all of the best fit curves at each time point. The survivorship function contains

the integrated hazard function as detailed in Box 5.5.
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Box 5.5: Calculating the survival function from the mortality function.

Integrating the mortality function in equation [5.1] yields H(t), the

integrated hazard,

  dtttdtttH )()()( 2  [i]

of which survivorship is a function,

 )(exp)( tHtS  [ii]

Combining Equations [i] and [ii] gives:
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Life expectancy: The median survival times provide an indication of life expectancy

immediately after engorgement for each of the mosquito groups. In addition, life

expectancy can be calculated using the parametric survivorship model described above,

including each parameter of Equation [5.1] as a linear function of fed ookinete density

as in equation [5.2]:
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Life expectancy at t = 0 of a group of mosquitoes fed K ookinetes, e0(K), is this survival

function integrated from the time of feeding to the maximum time post-engorgement

lived by an engorged mosquito,


max

0

0 ).,()( dtKtSKe [5.4]

Equation [5.4] was evaluated using the Berkeley Madonna numerical integration

package (Version 8.0.1; Macey and Oster) to calculate how the life expectancy of
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mosquitoes varied with the number of fed ookinetes and time post-engorgement. In the

literature, mosquito life-span has been previously discussed in relation to oocyst rather

than ookinete density, and therefore by way of illustration, mosquito life expectancy was

also related to the mean oocyst load found in the sample of mosquitoes dissected from

each of the cages 10 days post-bloodfeed as described in Box 5.6.

Box 5.6: Calculating how mosquito life-expectancy varies with mean

oocyst density on day 10 and time post-engorgement

Parameters  ,  , and  of the mortality function defined in Equation

[5.1] were each allowed to vary linearly with the mean density of

oocysts 10 days post-engorgement (C). The full equation is therefore

given as,

        CtCtCCt 1010
2

10,   [i]

where  0,  0, and  0 represent the baseline hazard experienced by

uninfected mosquitoes, and  1,  1, and  1 represent the additional

mortality per unit increase in oocyst density. Equation [i] was fit to the

full dataset using least squares estimation, allowing the average vector

mortality rate to vary between experiments to account for inter-

experimental variability. Integrating equation [i] allows the survivorship

function to be obtained,
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Life expectancy at t = 0 of a group of mosquitoes with a mean C

oocysts on day 10 post-engorgement, e0(C), is this survival function

integrated from the time of feeding to the maximum time post-

engorgement lived by an engorged mosquito,
max

0

0

( ) ( , )e C S t C dt  . [iii]
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Equation [iii] was evaluated using the Berkeley Madonna numerical

integration package to calculate how the life expectancy of mosquitoes

varies with the mean number of oocysts 10 days post feeding and time

post-engorgement.

5.4 Results

Table 1 summarises the data from each of the three experiments (approximately 400-

1,000 female mosquitoes fed in each of the cages). The median survival time

experienced by each of the cages of mosquitoes within each experiment shows a

general trend towards a decrease in survival with an increase in average parasite load.

Experiment
(date)

Estimated
ookinete
density
fed (per μl) 

Mean
‡

number of
oocysts per
mosquito on
day 10* (range)

Mean
‡

sporozoite
score

†
per

mosquito
on day 22*

Total
number of
mosquitoes
in each cage

Median survival
(days)
(95% C.I.)

1 0 442 32 (30, 34)
(August 2007) 100 46.4 (0–251) 2.4 399 ND (25, ND)

400 141.8 (0–307) 3.0 645 26 (23, 31)
2,000 259.6 (0–591) 3.7 562 21 (19, 24)

2 0 733 33 (32, 35)
(April 2008) 100 55.3 (0–212) 2.0 565 ND (ND, ND)

400 83.1 (0–259) 2.6 662 34 (32, ND)
2,000 138.4 (0–477) 1.8 502 30 (29, ND)

3 0 625 42 (41, ND)
(July 2008) 50 11.3 (0–47) 1.2 815 36 (35, 37)

250 67.6 (0–121) 1.7 852 36 (34, 38)
1,000 96.8 (0–200) 2.9 999 34 (32, 35)

Table 5.1 – Summary statistics for cages of An. stephensi mosquitoes fed different

estimated P. berghei ookinete densities. ‡ Arithmetic mean parasite load in 20 randomly

chosen surviving mosquitoes. * Parasite densities presented from the dissections on days 10

and 22 as these are the standard days used in determining oocyst and salivary gland sporozoite

density and therefore allow comparisons to be made with published studies, such as Sinden et

al. 2007. † Sporozoites counted using a scoring system; 0, 0 sporozoites; 1, 1 to 10

sporozoites; 2, 11 to 100 sporozoites; 3, 101 to 1,000 sporozoites; 4, 1,001 to 10,000

sporozoites; 5, over 10,000 sporozoites. ND, not determined as survival curve does not cross

0.5 and therefore the median survival cannot be calculated.
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Figure 5.1 presents the observed proportion of mosquitoes surviving each time interval

as Kaplan-Meier survival curves for every mosquito group in each of the three

experiments. Mosquitoes in the control group of Experiment 1 were followed up until

day 53 post-feeding, when every mosquito had died; the figures only display results up

until day 40 to facilitate comparison with the other mosquito groups. The mosquitoes

clearly experienced different mortality through the course of the experiment depending

on which infection intensity group they belonged to (especially evident in experiments 1

and 3). In addition, if mosquito mortality were independent of age (here measured as

time since feeding), these survival curves would be represented by an exponential

decline. However, in each of the cages, including the control, the survival curves do not

conform to an exponential distribution of survival times (Figure 5.1) and observed

mortality rates are not constant with age (see Figure 5.2), indicating that mosquitoes do

senesce.
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Figure 5.1 – Kaplan-Meier survival

curves with time post-engorgement

for each group of An. stephensi

mosquitoes. (A) Experiment 1. Colours;

black = 0 ookinetes per μl of blood fed; 

red = 100 ookinetes per μl of blood fed; 

green = 400 ookinetes per μl of blood 

fed; blue = 2,000 ookinetes per μl of 

blood fed. (B) Experiment 2. Colours are

as in panel A. (C) Experiment 3. Colours;

black = 0 ookinetes per μl of blood fed; 

dark red = 50 ookinetes per μl of blood 

fed; dark green = 250 ookinetes per μl of 

blood fed, dark blue = 1,000 ookinetes

per μl of blood fed. 

The log-rank test applied to each of the experiments had a significant chi-square value

in all three cases (Table 5.2). The results of a series of Mantel-Cox tests, conducted as

pair-wise comparisons between the survival of mosquitoes in each cage within each

experiment, are given in Table 5.2. Experiment 1 indicates that the survival of

mosquitoes in the low infection density group (100 ookinetes per μl of blood fed) did not 
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differ significantly from that experienced by the control group, whereas mosquitoes in

the intermediate (400 ookinetes per μl) and high density groups (2,000 ookinetes per μl) 

experienced statistically significantly (see Table 5.2) higher mortality in a dose-

dependent manner (see Table 5.1 for mean numbers of oocysts and sporozoites in

each population). The results from experiment 2 indicate that the mosquitoes in the low

density group actually experienced a lower mortality rate than the control group, the

intermediate density group did not differ significantly from the control group, and the

highest parasite density group had significantly higher mortality than each of the other

groups. The Mantel-Cox tests that compared the cages from experiment 3 indicate that

all three groups fed on infectious blood experienced significantly more mortality than the

control group fed on uninfected blood, but that there was no difference between the

three infected groups. The Cox regression results summarised in Table 5.3 show that

when combining the data from all three experiments, all ookinete densities fed to

mosquitoes apart from 100 ookinetes per μl, resulted in significantly greater mosquito 

mortality than the control blood containing no ookinetes. In addition, treating ookinete

density as a continuous variable resulted in a significant p-value, suggesting an

increase in mosquito mortality with an increase in ookinete density. The Cox regression

analysis also indicated a significant effect of experiment on mosquito mortality, with

mosquitoes in experiments 2 and 3 experiencing significantly lower levels of mortality

than those in experiment 1.
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Experiment
(Date)

Mosquito Group
(Ookinete density
per μl of blood) 

Test Statistic Statistical Results

1 100 400 2,000

(August 2007) 0 Hazard Ratio (HR) 1.1413 1.4261 2.2004
HR C.I. (0.87, 1.50) (1.17, 1.74) (1.77, 2.74)
Mantel-Cox 0.9124 12.4278 52.6238
P-value 0.3395 0.0004* <0.0001*

100 HR 1.4003 1.9702
HR C.I. (1.09, 1.80) (1.52, 2.55)
Mantel-Cox 6.9297 27.2606
P-value 0.0085* <0.0001*

400 HR 1.4023
HR C.I. (1.16, 1.70)
Mantel-Cox 12.2886
P-value 0.0005*

All 4 Groups Log-rank 55.89
P-value <0.0001*

2 100 400 2,000

(April 2008) 0 HR 0.7312 1.1786 1.7447
HR C.I. (0.58, 0.92) (0.97, 1.44) (1.38, 2.20)
Mantel-Cox 7.0017 2.6747 22.3554
P-value 0.0081* 0.1020 <0.0001*

100 HR 1.6063 2.1607
HR C.I. (1.27, 2.03) (1.65, 2.82)
Mantel-Cox 15.7261 33.6528
P-value <0.0001* <0.0001*

400 HR 1.3186
HR C.I. (1.05, 1.66)
Mantel-Cox 5.6392
P-value 0.0176*

All 4 Groups Log-rank 31.20
P-value <0.0001*

3 50 250 1,000

(July 2008) 0 HR 2.2198 2.1914 2.5451
HR C.I. (1.77, 2.79) (1.76, 2.73) (2.06, 3.15)
Mantel-Cox 49.5610 51.1026 78.9376
P-value <0.0001* <0.0001* <0.0001*

50 HR 1.0144 1.1677
HR C.I. (0.86, 1.20) (0.99, 1.37)
Mantel-Cox 0.0283 3.7481
P-value 0.8664 0.0529

250 HR 1.1543
HR C.I. (0.99, 1.34)
Mantel-Cox 3.5264
P-value 0.0604

All 4 Groups Log-rank 36.61
P-value <0.0001*

Table 5.2 – Results of two-sample and multi-sample statistical comparisons of

An. stephensi survival times. * Significant at 5% level; C.I., 95% confidence interval.
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Variable Coefficient Standard Error Hazard Ratio (95% C.I.) P-value

Ookinete density per μl of blood fed as a categorical variable

Control (0) 0 - 1 -
50 0.754 0.112 2.125 (1.707, 2.645) <0.001*
100 -0.074 0.086 0.928 (0.784, 1.099) 0.390
250 0.767 0.110 2.153 (1.737, 2.669) <0.001*
400 0.314 0.067 1.369 (1.200, 1.561) <0.001*
1000 0.887 0.106 2.429 (1.974, 2.988) <0.001*
2000 0.639 0.071 1.894 (1.649, 2.176) <0.001*

Experiment 1 0 - 1 -
Experiment 2 -0.411 0.053 0.663 (0.598, 0.735) <0.001*
Experiment 3 -1.000 0.105 0.368 (0.299, 0.452) <0.001*

Ookinete density per μl of blood fed as a continuous variable

Control (0) 0 - 1 -
Ookinete density 3.26x10

-4
2.88x10

-5
1.00032 (1.0003, 1.0004) <0.001*

Experiment 1 0 - 1 -
Experiment 2 -0.421 0.052 0.656 (0.593, 0.727) <0.001*
Experiment 3 -0.474 0.046 0.622 (0.569, 0.680) <0.001*

Table 5.3 – Cox regression analysis results. * Significant at 5% level

Life tables for each mosquito group in each experiment are presented in Tables 5.4 to

5.6. Mortality rates per time interval, and fitted by the parametric hazard function

described in Equation [5.1], are plotted in Figures 5.2A to 5.2G (for the range of

ookinete densities explored) and compared in Figure 5.2H. In general, mosquitoes

experienced a degree of excess mortality immediately after feeding and their death rate

declined with time post-engorgement (age) to a minimum value before subsequently

rising again, generating a parabolic shape. The empirical mortality function described in

Equation [5.1] fitted this pattern well, the largest discrepancies occurring at the end of

the experiments when few mosquitoes remained alive in each of the cages and

therefore their survival or death resulted in larger fluctuations. The relationship between

parameters  ,  , and  of the mortality functions and the ookinete density fed to the

mosquitoes (as in Equation [5.2]) is shown in Figures 5.3A, 5.3B, and 5.3C respectively

and the results of statistical tests (on nested versions of the model – see Methods

Section 5.3.2) indicate that each of these three parameters are significantly parasite-

density dependent, with the inclusion of each of the parameters in Equation [5.2]

significantly improving the fit of the model.
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Table 5.4 – Life table for An. stephensi mosquitoes fed on blood containing different P. berghei ookinete densities in

experiment 1. N(t), number of mosquitoes alive at beginning of timepoint; S(t), Kaplan Meier survival function; μ(t), mortality rate

mosquito-1 day-1.

Ookinete density
per μl of blood fed 
to mosquito group

0 100 400 2,000

Time post
engorgement and
midpoint (t ) (Days)

N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t )

0 0.5 442 1 0.029 399 1 0.010 645 1 0.006 562 1 0.039
1 1.5 429 0.971 0.051 375 0.999 0.075 621 0.994 0.055 520 0.961 0.150
2 2.5 407 0.921 0.027 327 0.916 0.031 567 0.939 0.023 422 0.817 0.028
3 3.5 396 0.896 0.028 297 0.888 0.013 534 0.918 0.051 390 0.794 0.023
4 4.5 385 0.871 0.013 273 0.876 0.011 487 0.871 0.080 361 0.775 0.017
5 5.5 380 0.860 0.008 250 0.866 0.008 428 0.802 0.042 335 0.762 0.027
6 6.5 377 0.853 0.008 228 0.860 0.000 390 0.768 0.041 306 0.742 0.036
7 7.5 374 0.846 0.016 228 0.860 0.004 374 0.736 0.027 295 0.715 0.027
8 8.5 368 0.833 0.008 207 0.856 0.010 344 0.717 0.023 267 0.696 0.045
9 9.5 365 0.826 0.011 205 0.847 0.010 336 0.700 0.021 255 0.664 0.035

10 10.5 361 0.817 0.017 183 0.839 0.005 309 0.685 0.003 226 0.641 0.027
11 11.5 355 0.803 0.006 182 0.835 0.016 308 0.683 0.013 220 0.624 0.023
12 12.5 353 0.799 0.008 159 0.821 0.006 284 0.674 0.000 195 0.610 0.021
13 13.5 350 0.792 0.000 158 0.816 0.006 284 0.674 0.004 191 0.597 0.010
14 14.5 350 0.792 0.011 137 0.811 0.007 263 0.672 0.011 169 0.591 0.030
15 15.5 346 0.783 0.006 136 0.805 0.000 260 0.664 0.004 164 0.574 0.018
16 16.5 344 0.778 0.006 116 0.805 0.034 239 0.662 0.013 141 0.563 0.007
17 17.5 342 0.774 0.018 112 0.777 0.036 236 0.653 0.013 140 0.559 0.007
18 18.5 336 0.760 0.015 88 0.749 0.034 213 0.645 0.033 119 0.555 0.025
19 19.5 331 0.749 0.027 85 0.724 0.071 206 0.624 0.039 116 0.541 0.026
20 20.5 322 0.729 0.034 59 0.673 0.068 178 0.600 0.056 93 0.527 0.065
21 21.5 311 0.704 0.006 55 0.627 0.036 168 0.566 0.024 87 0.493 0.046
22 22.5 309 0.699 0.026 33 0.604 0.000 144 0.553 0.035 63 0.470 0.048
23 23.5 301 0.681 0.020 33 0.604 0.000 139 0.533 0.007 60 0.448 0.033
24 24.5 295 0.667 0.014 13 0.604 0.077 118 0.530 0.034 38 0.433 0.079
25 25.5 291 0.658 0.021 12 0.558 114 0.512 0.026 35 0.399 0.086
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Table 5.4 continued

Ookinete density
per μl of blood fed 
to mosquito group

0 100 400 2,000

Time post
engorgement and
midpoint (t ) (Days)

N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t )

26 26.5 285 0.645 0.021 91 0.498 0.033 12 0.365 0.167
27 27.5 279 0.631 0.032 88 0.482 0.023 10 0.304
28 28.5 270 0.611 0.044 66 0.471 0.045
29 29.5 258 0.584 0.074 63 0.449 0.016
30 30.5 239 0.541 0.071 42 0.442 0.024
31 31.5 222 0.502 0.050 41 0.432 0.049
32 32.5 211 0.477 0.038 19 0.411 0.053
33 33.5 203 0.459 0.030 18 0.389
34 34.5 197 0.446 0.036
35 35.5 190 0.430 0.047
36 36.5 181 0.410 0.022
37 37.5 177 0.400 0.045
38 38.5 169 0.382 0.047
39 39.5 161 0.364 0.062
40 40.5 151 0.342 0.066
41 41.5 141 0.319 0.078
42 42.5 130 0.294 0.069
43 43.5 121 0.274 0.124
44 44.5 106 0.240 0.132
45 45.5 92 0.208 0.152
46 46.5 78 0.176 0.115
47 47.5 69 0.156 0.188
48 48.5 56 0.127 0.143
49 49.5 48 0.109 0.188
50 50.5 39 0.088 0.256
51 51.5 29 0.066 0.241
52 52.5 22 0.050 0.455
53 53.5 12 0.027
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Table 5.5 – Life table for An. stephensi mosquitoes fed on blood containing different P. berghei ookinete densities in

experiment 2. N(t), number of mosquitoes alive at beginning of timepoint; S(t), Kaplan Meier survival function; μ(t), mortality rate

mosquito-1 day-1.

Ookinete density
per μl of blood fed 
to mosquito group

0 100 400 2,000

Time post
engorgement and
midpoint (t ) (Days)

N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t )

0 0.5 733 1 0.001 565 1 0.002 662 1 0.003 502 1 0.008
1 1.5 703 0.999 0.010 539 0.998 0.024 632 0.997 0.044 473 0.992 0.063
2 2.5 676 0.989 0.015 506 0.974 0.020 584 0.953 0.038 423 0.929 0.043
3 3.5 646 0.974 0.014 476 0.955 0.004 541 0.917 0.017 384 0.890 0.031
4 4.5 616 0.960 0.015 454 0.951 0.018 512 0.902 0.008 352 0.862 0.023
5 5.5 586 0.946 0.015 426 0.934 0.007 488 0.895 0.012 324 0.842 0.019
6 6.5 557 0.932 0.011 403 0.928 0.005 462 0.884 0.030 298 0.827 0.007
7 7.5 551 0.922 0.013 401 0.923 0.007 448 0.857 0.013 295 0.821 0.020
8 8.5 523 0.910 0.011 378 0.916 0.013 422 0.845 0.009 269 0.804 0.004
9 9.5 517 0.900 0.008 373 0.904 0.003 418 0.837 0.002 268 0.801 0.007

10 10.5 493 0.893 0.018 352 0.902 0.009 397 0.835 0.010 246 0.795 0.028
11 11.5 484 0.876 0.008 349 0.894 0.000 393 0.827 0.008 239 0.773 0.017
12 12.5 460 0.869 0.013 329 0.894 0.003 369 0.821 0.014 215 0.760 0.014
13 13.5 454 0.858 0.013 328 0.891 0.003 364 0.810 0.005 212 0.749 0.009
14 14.5 426 0.847 0.007 307 0.888 0.013 342 0.805 0.009 190 0.742 0.021
15 15.5 423 0.841 0.019 303 0.877 0.017 339 0.798 0.012 186 0.727 0.005
16 16.5 394 0.825 0.013 278 0.862 0.004 314 0.789 0.019 165 0.723 0.018
17 17.5 389 0.814 0.018 277 0.859 0.004 308 0.774 0.013 162 0.709 0.012
18 18.5 362 0.800 0.011 256 0.856 0.012 284 0.763 0.018 140 0.701 0.000
19 19.5 357 0.791 0.011 253 0.846 0.012 279 0.750 0.018 140 0.701 0.014
20 20.5 333 0.782 0.012 230 0.836 0.013 254 0.737 0.024 118 0.691 0.017
21 21.5 329 0.772 0.024 227 0.825 0.018 248 0.719 0.024 116 0.679 0.017
22 22.5 301 0.754 0.013 202 0.811 0.010 222 0.702 0.014 94 0.667 0.021
23 23.5 297 0.744 0.017 200 0.803 0.045 219 0.692 0.032 92 0.653 0.033
24 24.5 272 0.731 0.029 171 0.766 0.000 192 0.670 0.021 69 0.632 0.043
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Table 5.5 continued

Ookinete density
per μl of blood fed 
to mosquito group

0 100 400 2,000

Time post
engorgement and
midpoint (t ) (Days)

N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t )

25 25.5 264 0.710 0.019 171 0.766 0.029 188 0.656 0.016 66 0.604 0.045
26 26.5 239 0.696 0.029 146 0.744 0.034 165 0.646 0.030 43 0.577 0.023
27 27.5 232 0.676 0.026 141 0.719 0.007 160 0.626 0.031 42 0.563 0.048
28 28.5 199 0.658 0.040 119 0.713 0.000 135 0.607 0.044 19 0.537 0.158
29 29.5 191 0.632 0.042 119 0.713 0.017 128 0.580 0.023 16 0.452
30 30.5 160 0.605 0.050 97 0.702 0.041 103 0.566 0.029
31 31.5 151 0.575 0.073 93 0.673 0.043 98 0.550 0.051
32 32.5 119 0.533 0.076 67 0.644 0.030 70 0.522 0.057
33 33.5 88 0.493 0.068 44 0.624 0.023 44 0.492 0.023
34 34.5 61 0.459 22 0.610 22 0.481
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Table 5.6 – Life table for An. stephensi mosquitoes fed on blood containing different P. berghei ookinete densities in

experiment 3. N(t), number of mosquitoes alive at beginning of timepoint; S(t), Kaplan Meier survival function; μ(t), mortality rate

mosquito-1 day-1.

Ookinete density
per μl of blood fed 
to mosquito group

0 50 250 1,000

Time post
engorgement and
midpoint (t ) (Days)

N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t )

0 0.5 625 1 0.000 815 1 0.002 852 1 0.002 999 1 0.002
1 1.5 602 1.000 0.017 772 0.998 0.075 827 0.998 0.057 976 0.998 0.070
2 2.5 571 0.983 0.012 693 0.923 0.023 759 0.941 0.029 883 0.928 0.017
3 3.5 542 0.971 0.004 657 0.901 0.012 717 0.914 0.017 847 0.913 0.011
4 4.5 520 0.968 0.013 628 0.890 0.013 681 0.898 0.040 817 0.903 0.015
5 5.5 492 0.955 0.000 599 0.879 0.012 633 0.863 0.013 784 0.890 0.018
6 6.5 472 0.955 0.013 567 0.869 0.007 605 0.852 0.007 749 0.874 0.005
7 7.5 465 0.943 0.004 561 0.863 0.007 601 0.846 0.013 745 0.869 0.008
8 8.5 443 0.939 0.005 535 0.856 0.007 572 0.835 0.002 719 0.862 0.004
9 9.5 441 0.934 0.011 531 0.850 0.008 571 0.834 0.018 716 0.859 0.003

10 10.5 415 0.924 0.007 504 0.844 0.002 541 0.819 0.007 694 0.856 0.013
11 11.5 412 0.917 0.000 503 0.842 0.002 537 0.813 0.002 685 0.845 0.009
12 12.5 391 0.917 0.008 482 0.840 0.010 516 0.811 0.008 656 0.838 0.003
13 13.5 388 0.910 0.008 477 0.832 0.006 512 0.805 0.010 654 0.835 0.011
14 14.5 364 0.903 0.011 454 0.826 0.007 487 0.797 0.004 626 0.826 0.006
15 15.5 358 0.893 0.000 451 0.821 0.007 485 0.794 0.014 622 0.821 0.014
16 16.5 338 0.893 0.003 427 0.815 0.009 458 0.782 0.011 593 0.809 0.008
17 17.5 337 0.890 0.003 423 0.808 0.005 453 0.774 0.029 588 0.802 0.012
18 18.5 316 0.888 0.000 401 0.804 0.002 419 0.752 0.005 561 0.793 0.016
19 19.5 316 0.888 0.006 400 0.802 0.025 417 0.748 0.002 546 0.780 0.024
20 20.5 294 0.882 0.010 370 0.782 0.022 396 0.746 0.010 512 0.761 0.018
21 21.5 291 0.873 0.000 361 0.765 0.008 391 0.739 0.015 502 0.748 0.018
22 22.5 271 0.873 0.004 338 0.759 0.012 365 0.727 0.014 473 0.735 0.019
23 23.5 270 0.870 0.007 334 0.750 0.018 360 0.717 0.011 464 0.721 0.022
24 24.5 248 0.863 0.016 308 0.736 0.023 336 0.710 0.018 431 0.705 0.021
25 25.5 244 0.850 0.000 301 0.719 0.023 330 0.697 0.015 421 0.690 0.024
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Table 5.6 continued

Ookinete density
per μl of blood fed 
to mosquito group

0 50 250 1,000

Time post
engorgement and
midpoint (t ) (Days)

N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t ) N(t ) S(t ) μ(t )

26 26.5 224 0.850 0.009 273 0.703 0.026 303 0.686 0.023 383 0.674 0.042
27 27.5 222 0.842 0.014 266 0.685 0.030 291 0.670 0.021 367 0.646 0.030
28 28.5 199 0.831 0.005 238 0.664 0.021 264 0.657 0.008 336 0.626 0.033
29 29.5 198 0.826 0.005 233 0.650 0.017 262 0.652 0.027 325 0.606 0.034
30 30.5 176 0.822 0.006 208 0.639 0.043 234 0.634 0.038 290 0.585 0.072
31 31.5 175 0.818 0.046 199 0.611 0.040 225 0.610 0.018 267 0.543 0.041
32 32.5 147 0.780 0.014 171 0.587 0.035 201 0.599 0.040 236 0.521 0.038
33 33.5 144 0.770 0.021 163 0.566 0.031 192 0.575 0.068 226 0.501 0.080
34 34.5 121 0.754 0.017 127 0.549 0.087 158 0.536 0.051 184 0.461 0.076
35 35.5 119 0.741 0.008 116 0.501 0.078 148 0.509 0.054 169 0.426 0.071
36 36.5 98 0.735 0.020 85 0.462 0.059 118 0.482 0.042 136 0.396 0.074
37 37.5 96 0.720 0.042 80 0.435 0.050 111 0.461 0.090 124 0.367 0.081
38 38.5 72 0.690 0.042 53 0.413 0.094 79 0.420 0.051 89 0.337 0.101
39 39.5 69 0.661 0.058 47 0.374 0.106 74 0.398 0.081 79 0.303 0.139
40 40.5 41 0.623 0.098 19 0.335 0.053 48 0.366 0.042 46 0.261 0.065
41 41.5 36 0.562 15 0.317 46 0.351 42 0.244
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Figure 5.2 - Mortality rate with time post-engorgement. Relationship between the mortality rate of An. stephensi mosquitoes fed

on blood containing different densities of P. berghei ookinetes and time post-engorgement (days). Markers correspond to the

observed death rates plotted for the mid-point of each time interval. The lines are the best fit hazard model defined in Equation [5.2]

for each parasite density and the shaded area corresponds to 95% confidence intervals. Panels A to G represent increasing

ookinete density per μl of blood fed, with colours as in Figure 2; (A) Control (0 ookinetes); (B) 50 ookinetes; (C) 100 ookinetes; (D)

250 ookinetes; (E) 400 ookinetes; (F) 1,000 ookinetes; (G) 2,000 ookinetes; (H) Hazard curves from each of the parasite densities on

a single axis to facilitate comparison; colours as in panels A to G, in order from lowest to highest at time post engorgement = zero

(where curves cross the y-axis), 0, 50, 100, 250, 400, 1000, and 2000 ookinetes per μl of blood fed.  Figure 5.3 illustrates how the 

parameters of the mortality function vary with ookinete density fed to the mosquitoes.
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Figure 5.3 – Relationship between parameters of the mortality function and

ookinete density fed. Linear functions (as illustrated in Equation [5.2]) are fitted to

the relationship between the parameter values of the mortality function and parasite

density fed to each group of mosquitoes (ookinetes per μl of blood). Shaded areas 

represent 95% confidence intervals. (A) Parameter ν, which chiefly represents the

increase in mortality rate with time-post feeding; parameter values (and 95%

confidence intervals), ν0 = 1.18x10-4 (4.65x10-5, 1.40x10-4)**, ν1 = 6.43x10-8 (4.29x10-

8, 2.60x10-7)**. (B) Parameter δ, which predominantly represents the initial decline in

mortality rate with time post-feeding; δ0 = -3.27x10-3 (-4.13x10-3, -1.31x10-3)**, δ1 =

-1.30x10-6 (-6.77x10-6, -1.24x10-6)*. (C) Parameter θ, which represents the mortality

rate at the time of feeding; θ0 = 3.09x10-2 (9.69x10-3, 5.06x10-2)**, θ1 = 1.07x10-5

(5.99x10-6, 5.33x10-5)*. Significant p-values (* represents a p-value <0.05 and **

represents a p-value <0.001) indicate that the best-fit mortality function includes each

of the parameter values in Equation [5.2].

Allowing mortality rates to vary between the different experiments significantly

improved the fit of the model to the observed data; mortality rates in the

second and third experiments were on average 30% (95% C.I., 17–42%) and

32% (21–42%) lower than in experiment 1 respectively, suggesting

substantial between-experiment variability.

Figure 5.4 shows a 3-dimensional plot of mosquito life expectancy (denoted e)

as it varies with both time post-engorgement (t) and ookinete density fed (K)

(i.e., e(t, K)) using the mortality parameters estimated from combining the

data from all three experiments as in Figure 5.3. Figure 5.5 illustrates the

same format of plot for mosquito life-expectancy using oocyst density at day

10 post-engorgement instead of ookinete density fed as the measure of

parasite density as discussed in Methods Section 5.3.2. This illustrates that
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life expectancy decreases with both parasite density and time post-

engorgement.

Figure 5.4 – Mosquito life expectancy. Life expectancy of mosquitoes maintained

in the laboratory, plotted against time post-engorgement and number of ookinetes

per μl of blood fed to the mosquitoes.  The life expectancy values are generated from 

Equation [5.4] with S(t,K) as defined in Equation [5.3].
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Figure 5.5 – Mosquito life expectancy with time post-engorgement and mean

number of oocysts on day 10 post-engorgement. Life expectancy of mosquitoes

maintained in the laboratory, plotted against time post-engorgement and the mean

number of oocysts per mosquito 10 days post bloodfeed (shown in Table 1 and

Dawes et al., 2009b). Parameter values: 0 = 1.37x10-4; 1 = 1.91x10-7; 0 = -

3.76x10-3; 1 = -2.79x10-6; 0 = 3.21x10-2; 1 = 9.13x10-5.

5.5 Discussion

5.5.1 The role of model systems

As discussed in Chapter 3, any single model system cannot accurately reflect

the biology of all natural parasite–vector combinations. These experiments

exploit the unique ability to study the effect of increasing densities of

homogeneous populations of P. berghei (clone) on the survival of

An. stephensi (inbred iso-female line) in a controlled biological environment.

The results indicate that, in captivity, An. stephensi mosquitoes experience

initial blood feed-associated and age-dependent mortalities, and that their

survival decreases with the intensity of P. berghei infection.
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5.5.2 Blood feeding- and age-dependent mortality

The time (age)-dependent curves of survivorship (Figure 5.1) and mortality

rates (Figure 5.2) indicate that female mosquitoes have the potential to

senesce, in agreement with previously published studies in a variety of

species (Kershaw et al., 1953; Kershaw et al., 1954; Styer et al., 2007;

Clements and Patterson, 1981; Harrington et al., 2008). Most previous

analyses have used the Gompertz hazard function. However, this was not

adequate to describe the mortality rates experienced by the mosquitoes in the

experiments presented here; in each of the mosquito groups, including the

control, mortality rates were found to be high immediately after feeding,

decreasing initially to a minimum at around day 15 before increasing with age.

This functional form, depicted in Figure 5.2, which describes the mortality

rates experienced by the mosquitoes, could result from a number of biological

processes. The initial mortality (measured by parameter  of the hazard

function in Equation [5.1] of the Section 5.3.2) is likely to be in part associated

with the act of feeding itself, for example, allowing the bacterial population

within the mosquito midgut to proliferate (Pumpuni et al., 1996). Additionally,

this early mortality in the control group might also be attributed to asexual

stages of the parasite or parasite-induced factors present in the mouse blood

up-regulating the mosquito’s immune system (Luckhart et al., 2003), which

could be costly to the survival of the mosquito. After reaching a minimum

mortality rate at an intermediate time post-engorgement, the increase in

mortality rate (measured primarily by parameter  of the hazard function in

Equation [5.1]) is expected to represent, at least in part, the effect of mosquito

ageing.

These results suggest that the age at which a mosquito bites an infectious

host is important in determining the probability that it will transmit the parasite

and contribute to malaria transmission. Mosquitoes exhibiting age-dependent

mortality patterns are more likely to transmit pathogens if they bite an

infectious host when their mortality rate is at a minimum as they are more

likely to survive the extrinsic incubation period. Clements and Patterson

(1981) and Styer et al (2007) illustrated the importance of accepting this
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concept of mosquito senescence, showing that the longevity factor (Garrett-

Jones, 1964) and the vectorial capacity for a variety of mosquito species can

be significantly overestimated if calculated using the simpler exponential

hazard model compared to a hazard model which is age-dependent such as

the Gompertz model. Consequently, the potential impact of anti-vectorial

control measures could be underestimated by assuming age-independent

mosquito mortality. Gillies (1988) even called for the exponential hazard

model that assumes no senescence to be ‘buried’, as it produces results

which are ‘at best approximations’. Recent studies that explore the potential

impact of novel control strategies such as fungal biopesticide sprays have

acknowledged this by using a mosquito age-structured model and adult

female age (time since infection)-dependent mortality (Hancock et al., 2009).

The study of mosquito cohorts in the laboratory presented here provides

patterns of mortality and survival under conditions in which many individuals

may survive until old age and therefore represent the baseline state which is

inevitably modified on exposure to natural conditions. It is particularly

important to determine whether age-dependent mortality is relevant in field

situations as it has previously been accepted that few organisms die of

senescence in nature, with the majority being killed by other hazards such as

predators or disease before they reach ‘old age’ (Krebs, 1972). Previous

research has found both constant survival rates in natural settings in An.

gambiae (using Polovodova age-grading) (Russell and Rao, 1942; Lines et

al., 1991) and increasing death rates with insect age in many mosquito

species in the field (Gilles and Wilkes, 1965; Clements and Patterson, 1981;

Harrington et al., 2008). A conceptual shift from age-independent to age-

dependent mortality rates and an understanding of their relative merits in

natural malaria transmission settings requires detailed knowledge of mosquito

population age structure and its relationship to pathogen transmission

dynamics. Current age-grading techniques used in the field are most

commonly based on morphological changes in the mosquito, such as the

detection of tracheal skeins, which only permits differentiation between

nulliparous and parous females (Detinova, 1962), or the enumeration of

follicular relics for the assessment of physiological age (Polovodova, 1949),
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which is difficult to implement in the field (requiring training and the use of

phase-contrast microscopy), as discussed by Hugo et al. (2008). There is

therefore a need for the development of novel age-grading assays that allow

investigation of the age structure in mosquito populations prior to and after

interventions. One example of a more recent age-grading methodology is the

cuticular hydrocarbon technique, where gas chromatography/mass

spectroscopy is used to determine the relative abundance of five alkanes from

the legs of individual mosquitoes (Chen et al., 1990; Desena et al., 1999a;

Desena et al., 1999b; Hugo et al., 2006), which has been used to predict

whether An. stephensi females were older than a critical age for malaria

transmission (Brei et al., 2004). Additionally, other age-related changes also

occur in mosquitoes, such as changes in flight performance (Nayar and

Sauerman, 1973), structure of the salivary glands (Beckett, 1990), immune

function (Christensen et al., 1986; Hillyer et al., 2005), and efficiency of

detoxification mechanisms (Lines and Nassor, 1991), showing that

mosquitoes, like other organisms, experience age-related structural and

functional deterioration.

5.5.3 Plasmodium-dependent mortality

Ferguson and Read’s review (2002b) illustrated the inconsistent results from

research aiming to elucidate the impact of Plasmodium infection on mosquito

mortality. This review also indicated a lack of systematic research to

understand the effect of increasing parasite density on mosquito survival,

despite it often being postulated that Plasmodium is only harmful to the vector

when parasite loads are very high (De Buck, 1936; Hogg and Hurd, 1995b).

The results presented here indicate that mosquito mortality was influenced by

the range of intensities of Plasmodium infection explored. In general, the

higher the parasite density fed to the mosquitoes, the greater the mortality

experienced as indicated by the Cox regression results (Table 5.3). In the

first two experiments, mosquito survival in the group with the lowest

Plasmodium density (100 ookinetes/µl of blood; see Table 5.1 for resulting

oocyst and sporozoite densities) was found to either not differ from, or to be

significantly lower than, that in the control group, whereas significant

differences were found with higher parasite densities in a dose-dependent
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manner. (One potential reason for the control group experiencing greater

mortality than the low density group could be due to the fact that the

mosquitoes were fed directly on mice compared with an artificial membrane,

and therefore may have come into contact with more bacteria). This appears

to be consistent with the few previous studies that have considered infection

density (Gad et al., 1979; Klein et al., 1986; Ferguson et al., 2003; Maier et

al., 1987). In particular, Klein et al. (1986) found that the survival rates of

Anopheles dirus with less than 10 Plasmodium cynomolgi oocysts were not

significantly different from those in uninfected mosquitoes, whereas the mean

survival rates of the groups infected with over 41 oocysts per mosquito were

significantly lower. Interestingly, the results from the third experiment in this

paper indicated that even very low parasite densities (50 ookinetes per μl of 

blood fed, which (from Table 5.1) resulted in a mean oocyst load of 11 per

mosquito on day 10) can reduce mosquito survival. The fitness cost to

mosquitoes of feeding on infectious versus uninfected hosts may even be

higher than estimated in this experimental design, as the control group was

fed on blood with asexual parasitaemia, which by potentially eliciting costly

immune responses could result in increased mosquito mortality (Luckhart et

al., 2003).

The impact of parasite density on mosquito mortality is further exemplified by

the relationship between the parameter values of the empirical hazard

function describing how mortality rates change over time (see Equation [5.2])

and parasite density fed to each of the mosquito groups (Figure 5.3).

Parameter  (the intercept), which describes the rate of mortality immediately

post-feeding, varies with parasite density, being lowest in uninfected

mosquitoes and increasing with parasite density fed to the mosquito. This

indicates that this initial mortality may not only be associated with bacteria

proliferating in the midgut as discussed above, but that there is also an impact

of, or interaction with, Plasmodium infection, potentially due to rupture of the

midgut causing septic injury, particularly at high parasite densities when the

ability of the midgut to repair and seal (Han and Barillas-Mury, 2002; Han et

al., 2000) may be compromised (as seen in Figure 3 of Ecker et al., 2007).
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Parameter  , which primarily measures the degree of the subsequent decline

in the mortality rate, decreases with parasite density, indicating a steeper

decrease in mortality with increasing parasite density (due to starting from a

higher intercept). Finally, parameter  , which measures predominantly the

slope of the final rise in mortality rate with time post-feeding, is positively and

significantly associated with infection density, indicating that mortality not only

increases with age, but that the rate of this increase is amplified by the

intensity of Plasmodium infection. This suggests that Plasmodium density

has the potential of affecting the shape of the hazard function of infected

Anopheles mosquitoes over their full life-span. Interestingly, no specific

change in mortality rate was seen on day 12 or 14 when sporozoites were first

found in the salivary glands of the sample of mosquitoes dissected from each

of the groups (Dawes et al., 2009a).

These results reveal that under laboratory conditions, Anopheles mortality is

not only influenced by Plasmodium infection, but that this may also be an

important source of density dependence in the system. This may, therefore,

go some way towards explaining the varied and often conflicting results found

in the past and reviewed by Ferguson and Read (2002b). The majority of

previous experiments had not explored or even reported parasite density and

therefore the density used in each study may explain why some have found

evidence for Plasmodium-induced mosquito mortality whilst others have not.

Additionally, Plasmodium-density dependent mortality has the potential to

explain the low oocyst loads found in the field as those mosquitoes with large

numbers of oocysts may have died as a result of infection as well as, or

because of, an interaction with environmental factors. Density dependent,

parasite-induced vector mortality has been reported in other vector-borne

diseases and particularly in the filarial parasites, both in captivity (Basáñez et

al., 1996; Krishnamoorthy et al., 2004; Saporu, 1993) and in the field (Das et

al., 1995; Samarawickrema and Laurence, 1978).

It is recognised that there are a number of possible mechanisms and stages

during Plasmodium development in which infection could damage the vector
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and therefore increase mortality. There is mixed evidence for many of these

potential mechanisms, as discussed below, and it is possible that all could be

exacerbated or altered in some way by the density of infection. The parasite

can cause physical tissue damage, for example ookinetes perforating the

mosquito midgut, and this could also increase susceptibility to bacterial

infection and/or invasion by other parasites (Ramasamy et al., 1997; Vaughan

and Turell, 1996). However, the ‘time bomb’ theory suggests that as the

parasite passes through the midgut wall it initiates apoptosis and expulsion of

the midgut cell which is accompanied by a sealing of the midgut epithelium

which regains integrity and a healthy appearance within 48 hours (Han and

Barillas-Mury, 2002; Han et al., 2000). As mentioned above, this seal may not

be entirely aseptic, allowing bacterial infection to spread, especially during an

infection with high parasite numbers when the ability of the midgut to repair

may be compromised or slowed. It has also been postulated that

Plasmodium infection may lead to resource depletion in the mosquito as

levels of amino acids in their haemolymph have been shown to be reduced

and glucose usage has shown to be up to eight times as much as in

uninfected mosquitoes (Beier, 1998; Hurd et al., 1995). In contrast however,

Rivero and Ferguson (2003) found no evidence of a parasite-associated

reduction in the energetic budget of mosquitoes. Additionally, since infection

may be associated with a reduction in egg production (Hogg and Hurd, 1995a;

Hogg and Hurd, 1995b), which is expensive in terms of resources, infection

may even result in a saving of nutrients. In addition, mosquitoes have been

shown to mount a variety of immune responses to pathogens (Dimopoulos et

al., 2002; Michael and Kafatos, 2005; Richman et al., 1997), which can be

energetically costly, incurring reproductive costs (Barillas-Mury et al., 2000;

Schwartz and Koella, 2004; Ahmed and Hurd, 2006). Such costly immune

responses may be induced by the Plasmodium infection itself and/or by the

increase in gut bacteria due to blood feeding (Dimopoulos et al., 1997).

The feeding behaviour of infected mosquitoes has also been shown to differ

between uninfected and infected mosquitoes, with infected mosquitoes

spending more time feeding, probing more regularly, more likely taking

multiple bloodmeals, being more persistent feeders, and having poorer flight
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ability (Anderson et al., 1999; Koella et al., 1998; Rossignol et al., 1984;

Rossignol et al., 1986; Scheifer et al., 1977). These additional behavioural

changes can increase the mortality of infected mosquitoes whilst feeding in

the field (Anderson et al., 2000) and can vary temporally with the

developmental stage of the parasite, balancing opportunities for Plasmodium

transmission with the risk of feeding-associated mortality (Anderson et al.,

1999). Laboratory studies have reported that the feeding persistence of

female An. stephensi is decreased in the presence of Plasmodium yoelii

nigeriensis oocysts, but increased when the malaria has developed into

transmissible sporozoites in the salivary glands (Anderson et al., 1999).

Laboratory experiments, such as those reported here, exclude these possible

indirect costs of infection, such as increased risk of predation, and therefore

the effect of infection on mosquito mortality may be more pronounced in the

field compared to the laboratory due to greater levels of environmental stress.

Insects in this study were fed only once and subsequently kept under

controlled laboratory conditions, instead of undergoing their natural

gonotrophic cycle of feeding, oviposition, and host-seeking, which may

additionally impact on their chances of survival.

The work reported here was carried out using an experimental vector-parasite

combination, the model system P. berghei–An. stephensi, which allowed the

investigation to be conducted under tightly controlled conditions. The average

oocyst numbers resulting from the ookinete densities fed to the mosquitoes in

this study are higher than the average number of Plasmodium falciparum

oocysts found in Anopheles gambiae in the field, and therefore the density

dependence found may not be as evident in studies of vector-parasite

combinations found naturally. Additionally, it is recognised that the analysis of

vector-parasite combinations not naturally found in the field may increase the

chance of finding evidence of Plasmodium-induced vector mortality, as stated

by Ferguson and Read (2002b). As well as this perhaps resulting from a lack

of parasite-vector co-adaptation, it may also be due to the greater likelihood of

distinguishing parasite-induced effects from environmental risks under the

more controlled conditions of the laboratory. In this study, the removal of
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extraneous variables has permitted the unequivocal identification of density

dependent Plasmodium induced Anopheles mortality and therefore, as in

Sinden et al. (2007), the results have generated testable hypotheses which

should now be followed up with studies of other Plasmodium–Anopheles

combinations, including the less tractable human malaria parasites and their

multiple vector species, both in the laboratory and in the field.

5.5.4 Conclusions and implications for malaria transmission and control

These results indicate that, in the model system investigated, the life

expectancy of Anopheles mosquitoes is dependent on both insect age and

the density of Plasmodium infection, as depicted in Figures 5.4 and 5.5. This

emphasises the importance of testing these hypotheses in combinations of

medical importance and of understanding the impact of these factors on

mosquito mortality as they influence the probability of a mosquito surviving the

extrinsic incubation period and contributing to malaria transmission. Linking

these results to the findings of Chapter 2 (Sinden et al., 2007) (which

illustrated density dependent transitions between consecutive sporogony

parasite stages), indicates that intermediate ‘optimum’ parasite densities may

exist for the parasite to complete transmission (discussed further in Chapter

7) and it is likely that these optima will depend on the specific Plasmodium–

Anopheles combination. Understanding such intricacies is of utmost

importance as it is possible that interventions could have unexpected

outcomes; reducing high parasite load for example, could inadvertently

increase the life expectancy of the vector and relax the density dependent

constraints operating upon sporogony within the vector, facilitating successful

transmission of the pathogen. As a result, it is important for studies of

transmission-blocking strategies to report efficacy in terms of reductions in

prevalence as well as parasite density to facilitate understanding of the impact

of such interventions on malaria transmission.

As vector mortality is a particularly sensitive component of pathogen

transmission, quantitative models seeking to describe transmission dynamics

within the vector that do not include these processes could produce
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misleading results or miss epidemiologically important outcomes. The results

presented here suggest that high parasite loads have the potential to reduce

vector competence (summarised as the per capita probability of an ingested

gametocyte to generate infectiousness) and vectorial capacity (which includes

the daily probability of vector survival and the expectation of infective life or

‘longevity factor’).
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6. The Temporal Dynamics of Sporogony:

Insights from Mathematical Modelling6

6.1 Summary

The analyses and results presented in Chapter 2 show there to be density-

dependent progression of P. berghei through the An. stephensi mosquito

vector. This analysis relied on parasite density data at specific days post

engorgement; by contrast the time series data generated from the

experiments described in Chapter 4 allow for more detailed investigation into

the development of the Plasmodium parasite through the mosquito. In this

chapter, a mathematical model is generated to simulate the progression

through the mosquito based on the temporal experimental data and to

investigate the impact of parasite density on the processes represented within

the model. Despite variation in the data between experiments, the model fits

the shape of the temporal data well, helping to identify the timing of density-

dependent processes and highlighting specific areas which warrant further

research.

6.2 Introduction

Renewed calls for malaria elimination are re-focussing research attention

towards the mosquito section of the malaria lifecycle and transmission of the

malaria parasite. As discussed in Chapter 1, it is important to understand the

detailed dynamics of sporogony in the current climate of malaria control. In

addition, an appreciation of the role of parasite density on these dynamics is

crucial; in particular its effect on the temporal dynamics of the developmental

stages within the mosquito in order to permit evaluation of the impact of new

control strategies, such as transmission-blocking drugs and vaccines.

Knowledge of the specific temporal dynamics of each of the life-stages will not

only help predict and recognise if, when and how they change as a result of

6
A section of the results presented in this chapter has been published (see Appendix C3):

Dawes EJ, Zhuang S, Sinden RE and Basáñez MG (2009) The temporal dynamics of
Plasmodium density through the sporogonic cycle within Anopheles mosquitoes. Trans R Soc
Trop Med Hyg 103: 1197-8.
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such interventions, but also assist in the identification of potential new targets

for control strategies.

Mathematical models are widely used to study malaria and its transmission,

focussing on various elements and taking the different approaches discussed

in Chapter 1. However, the majority of such models are either focussed at the

population level or explore the within-host dynamics of the asexual blood

stages of the lifecycle within the human. No models had attempted to

represent the developmental dynamics of Plasmodium within the mosquito

until the very recent model of Teboh-Ewungkem and Yuster (2010); this

model takes the mosquito’s bloodmeal as an input and computes the salivary

gland sporozoite load as the output, representing a preliminary model to be

modified and extended with further knowledge of the within-vector biology of

Plasmodium. Model parameters are based on parasite density values on

specific static post-bloodmeal times sourced from the literature. Although the

model results of this model are consistent with observed results, they are

based on numerous assumptions, the model parameters were not fitted

directly to temporal parasite density data, and the impact of factors such as

parasite density on the dynamics were not investigated.

The parasite burden of a mosquito has previously been statically defined as a

snapshot of the number of parasites of a particular developmental stage on a

given day; for example, oocyst density is typically reported as the number

found 10 days post-feeding. Although it is clear that parasite bottlenecks and

multiplication occur during developmental transitions within the mosquito

(Vaughan, 2007), and such transitions have been shown to be density

dependent (Sinden et al., 2007; Chapter 2), it is still unclear how the densities

of parasite stages change with both time post-infection and the size of the

inoculum. Temporal rather than static data on parasite development is of

interest to: a) investigate in detail the timing of parasite development, b)

determine when the identified density dependence manifests, and c) explore

factors which influence the length of the extrinsic incubation period and

therefore the potential infectiousness of the mosquito.
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A detailed systematic temporal analysis of parasite numbers during

Plasmodium development within the mosquito has not previously been

conducted, however some limited information on parasite progression and the

efficiency and timings of the developmental transitions can be extracted and

combined from published studies; Figure 6.1 illustrates the main stages and

processes involved in the parasite progression through, and development in,

the mosquito.

As discussed in Chapter 5, the latency period in the vector is critically

important in determining transmission success due to the fact that sporogony

takes up a substantial proportion of the mosquito life-span. The incorporation

of this extrinsic incubation period into mathematical models of malaria

transmission has been achieved using a variety of methods. One such

method is to represent the incubation period as another ‘state variable’ in the

standard Ross-Macdonald malaria model (i.e. adding an infected incubating

but non-infectious mosquito class to the model represented in Figure 1.4).

Including this additional compartment makes the assumption that the rate of

progression between the ‘incubating’ and ‘infectious’ compartments is

constant; there will therefore be an exponential distribution of latent periods,

with most mosquitoes becoming infectious almost immediately after gaining

infection, something that is known to be biologically inaccurate. An alternative

representation to incorporate the extrinsic incubation period is to assume that

it is of a fixed duration and that once this fixed incubation period has elapsed,

all vectors become infectious. This assumption may be an over simplification

as many studies have indicated that the release of sporozoites from oocysts is

an asynchronous process (for example, Pei-hui et al., 1984); an investigation

of the specific temporal dynamics of oocysts and sporozoites in the mosquito

will elucidate whether this assumption is valid. One way to remove this

assumption of an identical duration of sporogony is to introduce a gamma

distribution, which allows a distribution of transition times (for example as

used by Smith et al., 2004), which will be explored later in this chapter.
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Figure 6.1 – Plasmodium progression through the Anopheles mosquito. Boxes A, B and C represent areas of parasite development

which will be explored in more detail in this chapter.
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The impact of parasite density on the processes involved in the development

of Plasmodium within the Anopheles vector is of particular interest in the

context of interventions which aim to reduce parasite density but may not

necessarily always impact on parasite prevalence. How the duration and

efficiency of parasite development within the mosquito are affected by the

initial parasite inoculum density has remained largely unexplored despite

many control interventions and laboratory studies. This may, in part, be

because such studies have relied fundamentally on underlying assumptions

such as density-independent progression (explored in Chapters 1 and 2),

density-independent mosquito mortality (explored in Chapter 3) or a density-

independent duration of sporogony.

This chapter aims to characterise the pattern of parasite abundance within the

mosquito over time post-infection, and gain an insight into the impact of

parasite density on parasite development dynamics. The data obtained from

the experiments described in Chapter 4 allow for specific sections and

processes within the sporogonic cycle to be explored in detail. These include:

the duration of the ookinete stage; the efficiency and timing of the ookinete to

oocyst transition (including when the density-dependent processes identified

manifest); the duration of the oocyst stage; the timing and efficiency of oocyst

loss; and the timing and efficiency of sporozoites reaching the salivary glands

rendering the mosquito infectious.

6.3 Experimental Methods and Results

Data were generated from a series of three experiments in which samples of

surviving mosquitoes fed on blood containing various ookinete densities were

dissected every 24-48 hours post-feeding. The experimental set-up and

methodology have been described in Chapter 4. These experiments

generated a time-series of the number of parasites in both the midgut and

salivary glands in each of the parasite density mosquito groups over the

course of each experiment.
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6.3.1 Oocyst density with time post-engorgement

The individual and mean oocyst densities with time post-engorgement for

each mosquito group in each experiment are shown in Figure 6.2. Oocyst

numbers detected (in most cases) appear to increase initially before declining;

the early increase in oocyst numbers reflects the fact that initially the parasites

are ookinetes, which bind to the midgut to establish as oocysts. The peak

number of oocysts in some groups is observed later in time than expected

based on previous studies which indicate that all ookinetes which successfully

become oocysts do so within 24–48 hours (Carter et al., 2007). This indicates

that there may be a longer window of opportunity for ookinetes to interact with

the midgut (and transform from elongate ookinete to round oocyst) than

previously thought or that the process is Plasmodium-species specific.

Alternatively, such observation may be an artefact of the methodology.

Firstly, as discussed in Chapter 4, in the first four days of dissection the

bloodmeal was removed from the midgut to facilitate the counting of only

those parasites that actually bound to the midgut rather than those still within

the undigested blood; this creates the potential for accidental removal of those

parasites only loosely bound, lowering counts on the first few days of each

experiment. Secondly, reduced GFP expression by young oocysts compared

with mature oocysts, reduces the ability to detect oocysts in the initial days of

the experiments. The decline in oocyst numbers appears to be continual and

relatively smooth with time, indicating: firstly, that they are being gradually

cleared from the mosquito, potentially by the immune system; secondly, that

the oocysts which burst to release sporozoites do not do so simultaneously

but over a number of days; and thirdly, that many oocysts may fail to release

sporozoites at all. Oocysts are still found on the mosquito midgut up until the

end of the experiment; this is similar to the results from P. vivax in the study

by Zollner et al. (2006) which found oocysts still present on day 22.
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Figure 6.2 – Oocyst density with time post engorgement in each mosquito group and experiment. Small diamond markers represent parasite

density from individual mosquitoes; square markers represent the mean oocyst density. Ookinete density fed per µl of blood: A 100; B 400; C 2000; D

100; E 400; F 2000; G 50; H 250; I 1000. Note the variation in scale on the vertical axes.
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6.3.2 Sporozoite score with time post-engorgement

The individual sporozoite scores with time post-engorgement for each

mosquito group in each experiment are shown in Figure 6.3. In experiment 1,

salivary glands were not dissected until day 14 post-engorgement, when

sporozoites were already present in some mosquitoes. As a result, salivary

gland dissection began earlier in subsequent experiments, and data suggest

that sporozoites are initially found in the salivary glands from days 12–14 in

each of the mosquito groups. The number of salivary gland sporozoites

increased relatively quickly over the subsequent days, reaching a plateau (not

being released in a bite) after approximately day 20.
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Figure 6.3 – Sporozoite density score with time post engorgement in each mosquito group and experiment. Markers represent parasite

density scores (as defined in Table 4.1) from individual mosquitoes. Ookinete density fed per µl of blood: A 100; B 400; C 2000; D 100; E 400; F 2000;

G 50; H 250; I 1000.
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6.4 Initial Model

As discussed in Chapter 1, mathematical modelling is an important tool for

comparing and testing hypotheses, determining critical parameters for further

investigation, identifying gaps in current knowledge and systematically

investigating the impact of various control strategies. The process of

sporogony lends itself to compartmental modelling due to the natural life-

stage states/compartments (gametocytes, ookinetes, oocysts etc. as

illustrated in Figure 6.1) with the transitions between them representing

parasite maturation and development. The current lack of detailed models

exploring the vector portion of the Plasmodium lifecycle illustrated in Chapter

1 indicates that the employment of mathematical models to fit the temporal

data generated by the experiments could provide important new insights.

The data generated from the mosquito dissections provides a time-series of

the number of parasites in both the midgut and salivary glands over the

course of each experiment. To explore the available data, generate testable

hypotheses and determine which sections or processes to investigate further,

an initial simple model was generated. Figure 6.4 illustrates the structure and

equations of this initial deterministic, compartmental model which describes

the rates of change with respect to time of the numbers of ookinetes, oocysts,

and sporozoites per mosquito. As sporozoite density in the gland was

recorded using a score rather than absolute parasite density, it was deemed

that the most reliable and useable dataset on which to base the initial model

was the number of oocysts that established in the mosquito midgut.

Therefore, the model was fitted to the mean number of oocysts with time post-

feeding, selecting parameter values which minimised the deviation (root mean

square of the differences) between observed data points and the model

prediction using Berkeley Madonna modelling and analysis software (version

8.3.14). Parameters were estimated for the data from each mosquito group

separately, with the initial values for the number of ookinetes (K) equalling the

expected number of ookinetes fed to the mosquitoes per 2µl of blood

(assuming an average bloodmeal size of 2µl (Vaughan et al., 1994)). For

example, for data from mosquitoes fed on blood containing 50 ookinetes per
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K

S

O

ω

σ

µl of blood, the initial value for K was 100. The resulting curves of oocyst

density with time post-feeding are presented in Figure 6.5 and show that the

model reflects the observed oocyst densities well (parameter values are given

in Table 6.1).

K
dt

dK


OK
dt

dO
 

O
dt

dS


Figure 6.4 – Structure and equations of the basic model relating parasite

density to time post-feeding. Ookinetes (K) become established oocysts (O) at a

rate of ω per ookinete, and oocysts give rise to salivary gland sporozoites (S) at a

rate of σ per oocyst.

Figure 6.5 – Initial model results: oocyst density per mosquito with time post-

feeding. Markers represent the mean oocyst density observed from 20 (surviving)

mosquitoes. Lines represent model outputs for expected oocyst density. Colours
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represent the number of ookinetes per µl of blood fed to each mosquito group:

experiments 1 and 2, red = 100, green = 400 and blue = 2000; experiment 3, dark

red = 50, dark green = 250 and dark blue = 1000.

Experiment Mosquito group (number of

ookinetes per µl of blood fed)

Parameter

ω

Parameter

σ

1 100 0.215 0.199

400 0.120 0.238

2000 0.059 0.672

2 100 0.300 0.185

400 0.132 0.404

2000 0.079 1.014

3 50 0.128 0.275

250 0.071 0.355

1000 0.063 0.722

Table 6.1 – Initial model parameter values for each mosquito group and

experiment.

To test the hypothesis of density dependence presented in Chapter 2, the

relationship between parameters ω and σ and the density of infection fed to

the mosquitoes was investigated as shown in Figure 6.6. Figure 6.6A

suggests the operation of density dependence; the per ookinete rate of

conversion to the oocyst stage (ω) decreases non-linearly with increasing

ookinete density, which is consistent with the negative density dependent

limitation section of the ookinete to oocyst transition investigated in Chapter 2.

The per oocyst rate of conversion to the sporozoite stage (σ) appears to

increase with parasite density, which is not consistent with the limitation

(saturating density dependence) hypothesis suggested in Chapter 2. This

inconsistency may be due to the parameter only being based on the oocyst

and not the sporozoite densities, and other simplifications of this initial model,

which were explored further and refined (see section 6.5).
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Figure 6.6 – Relationship between parasite density fed and parameter values

from the initial model fitted to oocyst density with time post-engorgement.

Diamond markers represent parameters fitted to data from experiment 1; square

markers represent parameters fitted to data from experiment 2; triangle markers

represent parameters fitted to data from experiment 3. Colours as in Figure 6.5. A

Parameter ω. B Parameter σ.

The initial model structure is based on many simplifications, making

assumptions which are known not to be supported by biological knowledge.

These include the assumption of a constant rate of progression between life-

stages with no time delays, resulting in an exponential decrease in the

number of each parasite stage (i.e. ookinetes can immediately become

establishing oocysts and oocysts can immediately give rise to sporozoites).

The model deals with the transition from oocysts to sporozoites crudely –

oocysts do not immediately transform to become sporozoites; there is a

period of maturation and multiplication within oocysts before they burst and

sporozoites emerge. Additionally, the structure does not explicitly take into

account parasite mortality at any stage, with only one route of parasite

progression through the system. The initial model results are based on

oocyst parasite density with time post-engorgement only, failing to take into

account the sporozoite score data available. Despite these seemingly

fundamental simplifications, the model results fit well to the temporal

experimental data as indicated in Figure 6.5.

6.5 Model Development

To build on the initial model, particular sections of parasite development were

explored further using the available data and more complex models to test
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hypotheses, establish the most appropriate methods of describing the

temporal dynamics and to determine the impact of parasite density. Data

available from the experiments enabled the detailed investigation of several

sections of the developmental, propagative and migrational processes of the

parasite within the mosquito vector (highlighted as A, B and C in Figure 6.1):

1. Loss of ookinetes (A)

2. Proportion of ookinetes converting to oocysts (A to B)

3. Duration of oocyst presence (B)

4. Timing of sporozoite appearance in the salivary glands (B to C)

5. Prevalence and number of sporozoites in the salivary glands (C)

The insight generated from each investigation led to the development of a

new model, which was fitted to the experimental data and used to explore the

impact of parasite density on each of the processes.

6.5.1 Loss of ookinetes

Ookinetes within the mosquito bloodmeal are lost over time as they bind to

the mosquito midgut to convert to oocysts. However, ookinetes can only

become oocysts for a limited period before they are cleared from the mosquito

system. This clearing represents a number of potential fates for ookinetes

which do not successfully convert to oocysts, including death (which may

include a form of programmed cell death, with ookinetes showing multiple

signs of apoptosis-like mechanisms (Arambage et al., 2009; Al-Olayan et al.,

2002; Hurd and Carter, 2004; Hurd et al., 2006)) digestion by proteases

secreted from the midgut epithelium (Abraham and Jacobs-Lorena, 2004;

Baton and Ranford-Cartwright, 2005; Gass, 1977; Gass and Yeates, 1979),

and excretion by the mosquito (the potential distributions are summarised in

Figure 6.7). It has previously been reported that although the process of

transformation of mature ookinetes to oocysts is asynchronous, all viable

ookinetes become oocysts within 24– 48 hours post-feeding (Carter et al.,

2007). As discussed, data from the experiments shown in Figures 6.2 and 6.5

indicate that the time period for conversion could be longer and that there is

an increase and then a decrease in oocyst numbers, peaking at
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approximately day 4 (however this varies between experiments and mosquito

groups). Oocyst data from experiment 1 has some indication of a ‘peak shift’,

with the peak in oocyst density coming later with an increase in parasite

density fed to the mosquitoes. However this ‘peak shift’ is not apparent in the

results from the other experiments. Investigating the features determining

which ookinetes successfully transform into oocysts may prove important in

the development of novel control strategies; for example, Carter et al. (2007)

illustrated that ookinetes with permeable membranes do not complete

transformation into oocysts.

The rate of loss of ookinetes is determined by the initial number of ookinetes

fed to the mosquitoes and the rate of increase in the number of oocysts, this

is because ookinetes rather than gametocytes were fed to the mosquitoes. It

was not possible to determine accurately the number of ookinetes post-

bloodmeal as those that did not become established as oocysts would have

been washed out with the bloodmeal.

The initial model included a constant rate of conversion of ookinetes to

oocysts, with all ookinetes able to convert to oocysts with no time restrictions.

To determine the most appropriate way to represent the timing and shape of

the ookinete to oocyst transition, a range of model structures and

assumptions were explored. As discussed, the loss of ookinetes represents

more than one process however these processes cannot be represented

independently in the model. The simplest option is to use a constant rate of

parasite loss, which results in an exponentially declining number of ookinetes

as illustrated in Figure 6.7A. However, it is unlikely that the rate of conversion

to oocysts is constant. As the bloodmeal is digested by the mosquito and the

mosquito’s immune responses are activated by the presence of the parasites,

the probability of an ookinete surviving and successfully transforming into a

oocyst is likely to decline. A slowing rate of conversion, such as an

exponential decline, may represent this process more accurately (illustrated in

Figure 6.7B). Another option is the use of a gamma distribution (which is an

exponential distribution at its simplest form, as illustrated in Figure 6.8),
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additionally allowing the fact that ookinetes may not immediately be able to

give rise to oocysts (illustrated in Figure 6.7C).

Figure 6.7 – Potential distributions for ookinete loss. A Constant rate of ookinete

loss results in an exponential decrease in ookinete numbers. B Exponentially

declining rate of ookinete loss. C Gamma distribution for the rate of ookinete loss;

this can range from an exponential distribution to a highly peaked distribution (see

Figure 6.8). Ookinete loss includes transformation to the oocyst life-stage as well as

parasite loss from the system.

Figure 6.8 – Gamma distribution. A The gamma distribution makes use of the

‘linear chain trick’, where a parasite stage is represented by n sequential stages, with
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n affecting the variation of the distribution; the coefficient of variation in the mean

duration as an ookinete is given by
n

1
. B The ordinary differential equations

describing this gamma-distributed duration of ookinete presence. C When n equals

1, the exponential distribution is recovered; when n approaches infinity the ‘waiting

time’ in the ookinete class becomes fixed. Graph taken from Smith et al., 2004.

6.5.2 Proportion of ookinetes converting to oocysts

The function describing ookinete loss may be assumed to either represent

only the conversion of ookinetes to oocysts, or encompass all routes of

ookinete loss. In the first case, the conversion of ookinetes to oocysts would

need to be artificially set to zero on a given day post-feeding to prevent the

continual formation of oocysts; this day could be set by visual inspection of

the data (for example, day 5 to coincide with the latest peak in oocyst data

observed) or allowed to be fitted to available data along with other parameters

(see Figure 6.9 for a visual representation). If the ookinete loss function is

assumed to represent all forms of loss, a parameter defining the proportion of

ookinetes converting to oocysts would need to be estimated. The analysis in

Chapter 2 indicates that the proportion of ookinetes transforming and

surviving to become oocysts at day 10 post-engorgement is significantly

density dependent, therefore investigating density with the time-series data

could elucidate in more detail when this density dependence manifests.

Figure 6.9 – Visual representation of defining the duration of ookinete to

oocyst conversion. At day X post bloodmeal, ookinetes would no longer be able to

convert to oocysts; the ookinetes represented by the shaded area in the graph would

be assumed to be lost to the system through processes such as excretion, digestion,

or immune clearance.

X

Ookinetes

Time post bloodmeal
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6.5.3 Duration of oocyst presence

Following a period of maturation, oocysts burst to release sporozoites. The

reduction in oocyst number would therefore only occur after a period of time

post oocyst formation to allow for this production of sporozoites. Oocyst loss

for reasons other than the release of sporozoites can be investigated using

different model structures (summarised in Figure 6.10). It is often assumed

that the number of oocysts does not reduce with time in the mosquito other

than due to sporozoite release (Baton and Ranford-Cartwright, 2005; Teboh-

Ewungkem and Yuster, 2010). A model based on this assumption would not

include an oocyst loss term until a set day post- bloodmeal, defined by when

oocysts are able to burst and release sporozoites (Figure 6.10A). However,

the temporal oocyst data shown in Figure 6.2 indicate that oocyst numbers

decline prior to sporozoite release; this could be represented by a single rate

(illustrated in Figure 6.10B), or by two rates to account for oocyst death and

oocyst bursting to release sporozoites separately (illustrated in Figure 6.10C).

Figure 6.10 – Potential distributions for oocyst loss. A No loss of oocysts until

day X post bloodmeal. B A single rate of oocyst loss, encompassing both oocyst

death and oocyst bursting to release oocysts. C Two rates of oocyst loss, one

accounting for oocyst death only and one accounting for oocysts bursting and

releasing sporozoites from day X onwards.

6.5.4 Timing of sporozoite appearance in the salivary glands

The timing of sporozoite release from oocysts cannot be directly analysed

from the data collected which consist of sporozoite density (scores) once

located in the salivary glands. It is traditionally accepted that sporozoites are

released from mature oocysts over a 3–4 day period between day 10 and day

A B C

Time post-bloodmeal

Oocysts

X X
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14 after an infective bloodmeal (although this varies with temperature) and

that salivary gland invasion is relatively inefficient, with sporozoites having a

very limited window of opportunity for salivary gland invasion (Hillyer et al.,

2007; Myung et al., 2004). To replicate the timing of sporozoites reaching the

salivary glands in a model, a specific initial day could be set or fitted to data

after which a constant rate of accrual could be employed, or a gamma

distribution could be used for the timing of oocyst ‘maturation’, resulting in a

distribution for the timings of sporozoite accumulation. Data indicates that

sporozoites are initially found in the salivary glands from days 12 to 14 in each

of the mosquito groups as indicated in Figure 6.11 (dissection in experiment 1

began on day 14 when sporozoites were already present in the glands of

some mosquitoes).

Figure 6.11 – Mean sporozoite score with time post-bloodmeal. Markers

represent the mean sporozoite score observed from 20 (surviving) mosquitoes.

Marker shape represents experiment number: circles = experiment 1; triangles =

experiment 2; diamonds = experiment 3. Colours represent the number of ookinetes

per µl of blood fed to each mosquito group: experiments 1 and 2, red = 100, green =

400, and blue = 2000; experiment 3, dark red = 50, dark green = 250, and dark blue

= 1000. Scores as defined in Table 4.1.

Sporozoite invasion of the salivary glands has been shown to be an active

process; for example, reducing sporozoite motility by knock-out of the gene

for parasite surface thrombospondin-related anonymous protein prevented
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sporozoite invasion of the salivary glands (Sultan et al., 1997). It is widely

believed that less than 25% of sporozoites released into the haemocoel from

oocysts will successfully attach to and invade the salivary glands (Baton and

Ranford-Cartwright, 2005; Beier, 1998; Hillyer et al., 2007; Korochkina et al.,

2006; Myung et al., 2004; Rosenberg and Rungiwongse, 1991). However,

Zollner et al. (2006) estimated that this proportion may be as high as 75% with

P. vivax. Hillyer et al. (2007) showed that 19% of sporozoites invaded the

salivary glands within 8 hours of being released from the oocyst. The 80% to

90% of sporozoites unable to invade the salivary glands rapidly die and are

degraded as a result of sporozoite clearing by both melanisation and

phagocytosis (Hillyer et al., 2007).

6.5.5 Prevalence and density of sporozoites in the salivary glands

The data illustrated in Figure 6.11, indicate that sporozoites accumulate in the

salivary glands over a limited period of time and then the number of

sporozoites appears to plateau. However, this levelling-off may be an artefact

of the fact that sporozoite density was measured by a log-based scoring

system. Hillyer et al. (2007) similarly found sporozoite magnitude in the

salivary glands to become constant after a period of time, and that the time

period to reach this plateau was only 8 hours. Sinden (1984) stated that

sporozoites may persist in the salivary glands for 50–59 days and, as

mosquitoes were not allowed to take further bloodmeals after the initial feed in

the experiments reported here, the number of sporozoites did not decrease

during the course of the experiments. Previous research also suggests that

almost all sporozoites that reach the salivary glands will persist for the

remainder of the life of the mosquito (Beier, 1998; Ghosh et al., 2000).

The number of sporozoites reaching the salivary glands is defined by the

number released by each oocyst and the number of oocysts in the mosquito.

However, the details of this relationship may include density-dependent

processes as indicated by the relationship between oocyst density at day 10

post-bloodmeal and salivary gland sporozoite density on day 21 presented in

Chapter 2. It has been shown that during natural infections of mosquitoes,

oocyst rupture can result in the release of thousands of sporozoites into the
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haemocoel of the mosquito (Baton and Ranford Cartwright, 2005; Beier,

1998) but, as discussed, only a small percentage successfully invade the

salivary glands (Rosenberg and Rungiwongse, 1991; Korochkina et al., 2006).

The experimental data indicate that oocysts remain in the mosquito for longer

than required for sporozoite development, indicating that many may not be

able to release viable sporozoites. A more detailed temporal analysis of

sporozoites will allow insight into whether either only a few oocysts release

sporozoites which can successfully invade the salivary glands, or whether

many oocysts release only a few ultimately successful sporozoites. However,

it is clear that one oocyst has the potential to produce a large number of

sporozoites, resulting in an infectious mosquito.

Modelling the number of sporozoites with time post-engorgement based on

the sporozoite scores recorded, resulted in many parameter values fitting

equally well to the observed data. The scores therefore needed to be

converted to an actual number of sporozoites for model fitting; a range of

options for this conversion are summarised in Table 6.2. These include taking

the minimum or maximum values possible for each score, the average

number represented by a score, or a geometric central measure due to the

known overdispersion in parasite distribution.

Score Anti- log Mean Geometric mean Minimum Maximum

0 0 0 0 0 0

1 10 5.5 3.16 1 10

2 100 55.5 33.17 11 100

3 1,000 550.5 317.81 101 1,000

4 10,000 5500.5 3163.86 1,001 10,000

Table 6.2 – Sporozoite score conversion to sporozoite density. Scores are

based on a logarithmic scale (defined in Table 4.1) and therefore the anti-log of the

score equals the maximum parasite density associated with that score.

6.5.6 Final model structure

A model was developed and fitted to the experimental data to mimic and

explore the temporal dynamics of Plasmodium within the mosquito vector by

incorporating all of the information on specific sections of the developmental

processes described. Fitting one model to data from the ookinete to
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sporozoite stages of parasite development simultaneously led to co-

correlation of parameters, resulting in several parameter value combinations

fitting the data equally well. The reason for this lack of ability to estimate

parameter values independently stems from the lack of data of parasite

density at some key stages. For example, the parameter defining the loss of

oocysts and the parameter defining the number of sporozoites generated per

oocyst cannot be independently estimated as data is not available on the

number of sporozoites produced per oocyst or the proportion of sporozoites

reaching the salivary glands (see Figure 6.12 for an example to illustrate this

in further detail).

Figure 6.12 – Relationship between the loss of oocysts and the number of

sporozoites generated per oocyst. Assuming parasite density data of 10 oocysts

and 5 salivary glands sporozoites in a hypothetical example, each of the parameter

combinations illustrated in the graph would fit this data equally well.

As a result, the parameters controlling the initial ookinete to oocyst transition

were fitted first and the resulting values held constant for the second section

of the model. Model structures and results are therefore described in 3

sections:

- Model 1: ookinete to oocyst

- Model 2: oocyst to sporozoite density

- Model 3: oocyst to sporozoite prevalence
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K1

O1
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C

K2

Kn

δ
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1 – C
Death,
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digestion

µ

The ookinete to oocyst model structure (model 1) is summarised in Figure

6.13. The loss of ookinetes is represented by a gamma distribution (an

exponential distribution at its simplest form), as this allows for a distribution of

transition times and the possibility that ookinetes cannot immediately give rise

to oocysts. Oocyst loss is included in the model prior to sporozoite production

as this is indicated in the experimental data; it is represented simply by a

single parameter as this satisfactorily reproduces the data.
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1 Kn
dt

dK


 
   ii

n KnKn
dt

dK
  1

..2

  OCKn
dt

dO
n  

K Ookinetes
O Oocysts
n Number of ookinete ‘stages’

δ Rate of transition between ‘stages’

C Proportion of ookinetes converting to oocysts

1–C Proportion of ookinetes lost

µ Rate of loss of oocysts

Figure 6.13 – Ookinete to oocyst model. A Summary of model structure. B Model

equations. C Parameter and variable definitions.

Parameter values were estimated by allowing the model illustrated in Figure

6.13 to be fitted to the experimental data from each of the mosquito groups

individually and all data combined; minimising the deviation (root mean

square of the differences) between observed data points and the model

prediction using Berkeley Madonna modelling and analysis software (version

8.3.14; Macey and Oster). Parameter n, the number of stages defining the

shape of the gamma distribution, must be an integer and therefore this

parameter was increased sequentially until the root mean square of the

differences between observed data points and the model prediction did not

improve by more than 0.0001. Resulting parameter values are displayed in

Table 6.3 and the model fits to the data are displayed in Figure 6.14. The

A B
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model appears to fit the data well when allowing the parameter values to vary

with initial ookinete density; the impact of parasite density is investigated in

more detail in section 6.6.

Table 6.3 – Ookinete to oocyst model parameter values for each mosquito

group and all data combined. Parameters are defined in Figure 6.12.

Experiment Ookinete density

fed (per µl)
n δ C µ

Average ookinete

duration (days)

Average oocyst

duration (days)

1 100 1 15.32 0.43 0.06 0.07 16.39

400 1 0.60 0.32 0.07 1.66 15.15

2000 1 0.39 0.11 0.08 2.54 12.50

2 100 1 0.87 0.58 0.09 1.15 10.87

400 1 0.90 0.24 0.09 1.11 11.76

2000 1 1.04 0.08 0.08 0.96 12.82

3 50 36 0.96 0.29 0.06 1.04 16.67

250 40 0.99 0.15 0.04 1.01 22.73

1000 20 1.17 0.08 0.05 0.86 20.41

All data combined 1 1.15 0.11 0.07 0.87 15.18
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Figure 6.14 – Ookinete to oocyst model results. Black lines indicate model output ookinete density with time (left-hand axis); coloured lines

represent model output oocyst density with time (right-hand axis). Markers represent mean oocyst density raw data. Ookinete density fed per µl of

blood: A 100; B 400; C 2000; D 100; E 400; F 2000; G 50; H 250; I 1000.
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The second section of modelling the progression of Plasmodium through the

mosquito involves the transition between oocysts and sporozoites in the

salivary glands (models 2 and 3), which can be defined in terms of sporozoite

score, density, or prevalence (Figure 6.15C). Figure 6.15 summarises the

model structure relating oocyst density 10 days post-engorgement to the

timing, prevalence and magnitude of sporozoites in the salivary glands. For

the sporozoite density model (model 2) the scores were converted to numbers

using the geometric mean value (Table 6.2) for model fitting purposes.

Sporozoite prevalence was explored due to the results of Chapter 3 indicating

that prevalence rather than density of sporozoites may be more relevant in

terms of onward transmission. A gamma distribution allows for a delay in the

production of sporozoites, for a distribution in conversion times between the

oocysts and sporozoites, and for the data to determine the transition timing.
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1 qO
dt
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  1
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 qqO
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O Oocysts
S Sporozoites

SGS Salivary gland sporozoites

q Number of oocyst ‘stages’

γ Rate of transition between ‘stages’

v Number of salivary gland sporozoites produced per oocyst

Figure 6.15 – Oocyst to sporozoite models. A Summary of model structure,

beginning with O1, oocyst density 10 days post-engorgement. B Model equations.

C Potential model outputs. D Parameter and variable definitions.
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As previously, parameter values were estimated by minimising the deviation

between observed data points and the model prediction. Parameter q, the

number of stages, which defines the shape of the gamma distribution, must

be an integer and therefore this parameter was increased sequentially until

the root mean square of the differences between observed data points and

the model prediction did not improve by more than 0.0001. Resulting

parameter values from model fitting to both sporozoite density and prevalence

data are displayed in Table 6.4 and the model fits to the data are displayed in

Figures 6.16 and 6.17.

Table 6.4 – Oocyst to sporozoite model parameter values for each mosquito

group and all data combined. Parameters are defined in Figure 6.14.

Experiment
Ookinete density

fed (per µl)

Oocyst density

at day 10

Sporozoite density Sporozoite prevalence

q γ v q γ z

1 100 46.4 4 4x10
-4

1.58 1 0.21 2.03

400 141.8 13 0.16 0.65 3 0.32 0.61

2000 259.6 17 0.12 1.66 1 0.20 0.37

2 100 55.3 51 0.12 0.44 7 0.17 1.14

400 83.1 500 0.10 0.77 9 0.18 0.81

2000 138.1 500 0.09 0.25 6 0.14 0.43

3 50 11.3 11 0.10 1.50 4 0.15 6.87

250 67.6 45 0.15 1.15 25 0.21 1.30

1000 96.8 20 0.13 1.62 19 0.24 0.81

All data combined 22 0.12 0.53 6 0.22 0.78



184

Figure 6.16 – Oocyst to sporozoite density model results. Lines indicate model output sporozoite score with time. Markers represent mean

sporozoite score experimental data. Ookinete density fed per µl of blood: A 100; B 400; C 2000; D 100; E 400; F 2000; G 50; H 250; I 1000.
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Figure 6.17 – Oocyst to sporozoite prevalence model results. Lines indicate model output sporozoite prevalence with time. Markers

represent mean sporozoite prevalence experimental data. Ookinete density fed per µl of blood: A 100; B 400; C 2000; D 100; E 400; F 2000; G 50; H

250; I 1000.
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Figure 6.16 illustrates the sporozoite density model results converted into score format

in order to compare them to the observed data; this indicates that the model fits well.

The model output appears to overestimate sporozoite density in some cases however,

this is an artefact of the use of scores; as soon as the density reaches a threshold the

score ‘jumps’ to the next value. Figure 6.17 indicates a very good fit of the model to

salivary gland sporozoite prevalence data.

6.6 Impact of Parasite Density

To determine the impact of parasite density on the progression of the Plasmodium

parasite through the mosquito, the relationship between each parameter value and the

parasite density fed to the mosquito group was explored. This analysis used mixed

effects models to fit a range of potential relationships as this allows the impact of the

three separate experiments to be taken into account. The different relationships were

compared using log likelihood and AIC values to determine the most appropriate shape

to describe the impact of parasite density on each parameter value. When a constant,

density-independent parameter value is implicated as the best choice, then the value

generated from fitting the model to all of the data combined is used in the final model.

Model 1 – ookinetes to oocysts

Figure 6.18 explores the relationship between the parameter values from the ookinete

to oocyst model (illustrated in Figure 6.13) and the ookinete density fed to each

mosquito group (a full list of parameter values for the final model is given in Table 6.5).

These analyses indicate that the parameters determining the timing of progression are

density independent, but that the parameter determining the number of oocysts

produced per ookinete (C) is density dependent as illustrated in further detail in Figure

6.19. The final model for this transition therefore incorporates this parameter as density

dependent; the resulting model outputs illustrated in Figure 6.20 indicate a good fit to

data from experiment 2. However, as expected from Figure 6.19, the model

underestimates experimental oocyst data from some mosquito groups from experiment

1 and overestimates oocyst density from experiment 3. Incorporating the density-
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dependent parameter in the model structure results in a family of curves as illustrated in

Figure 6.21 with increases in initial ookinete input density.

Figure 6.18 – Determining impact of density on ookinete to oocyst model parameters.

Graph illustrates the relationship; table reports the mixed effects parameter results for a

selection of potential relationships; red indicates the best fitting relationship according to

a b

Model fitted to all
data combined

a 1.150

Constant a 2.344

Linear a+bX 3.468 -0.001

a b

Model fitted to all
data combined

a 0.065

Constant a 0.063

Linear a+bX 0.067 -5x10-6

a b c

Constant a 0.240

Linear a+bX 0.356 -2x10-4

Exponential ae-bX 0.431 -7x10-4 2x10-7

Harmonic a / (1+bX) 0.522 0.003

Hyperbolic a/ (1+bcX)
1/c

0.519 0.003 0.972

A. n = 1; all other parameters allowed to vary

δ

Ookinete density fed (per µl) [X]

B. n = 1; δ = 1.150; all other parameters allowed to vary

µ

Ookinete density fed (per µl) [X]

C. n = 1; δ = 1.150; µ = 0.065

C

Ookinete density fed (per µl) [X]
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likelihood ratio and AIC results. A Impact of ookinete density on parameter d. B Impact of

ookinete density on parameter µ. C Impact of ookinete density on parameter C.

Figure 6.19 – Harmonic function for parameter C. Harmonic function for parameter C;

bX

a
C




1
. Parameter values for data from each experiment separately and for all data

combined are displayed in the table. CI; confidence interval.

a (95% CI) b (95% CI)

All data 0.522 (0.306, 0.737) 0.003 (0.002, 0.005)

Experiment 1 0.611 0.003

Experiment 2 0.605 0.003

Experiment 3 0.349 0.003

C

Ookinete density fed (per µl), X
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Figure 6.20 – Ookinete to oocyst model results incorporating density-dependent

parameter C. A Experiment 1. B Experiment 2. C Experiment 3. Broken lines represent model
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output ookinete density (left-hand axis); markers represent mean oocyst density data (right-

hand axis); solid lines represent model output oocyst density (right-hand axis).

Figure 6.21 – Ookinete to oocyst model results for various input ookinete densities. Each

line represents an initial ookinete density increasing by 100 per µl of blood in the direction of the

arrow.

Model 2 – oocysts to sporozoite density

The timing of sporozoite appearance in the salivary glands is of particular importance as

this defines when a mosquito is capable of transmitting infection. A linear regression

analysis indicates a significant association (p-value = 0.0358) between parasite density

and the first day in which sporozoites were found in the salivary glands as indicated in

Figure 6.22. This analysis only uses data from experiments 2 and 3, because as

previously discussed, sporozoites were already present in the salivary glands of

mosquitoes when dissection began in experiment 1.
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Figure 6.22 – Relationship between oocyst density 10 days post-engorgement and the

first day that sporozoites are found in the salivary glands. Diamond markers represent

data from experiment 2; triangle markers represent from experiment 3. Linear regression

analysis indicates a significant association, p-value = 0.0358; linear relationship, y = 15.911 –

0.030x.

Figure 6.23 explores the relationship between the parameter values from the oocyst to

sporozoite density model (model 2, illustrated in Figure 6.17) and mean oocyst density

10 days post-bloodmeal in each mosquito group (a full list of parameter values for the

final model is given in Table 6.5). These analyses indicate that all the parameters in

this model are density independent. This may be due to the scored nature of the data

as not all changes in parasite density may be able to be represented. This is a different

result to the linear regression analysis which indicated some density dependence in the

timing of this transition; this highlights an area for future data collection and analysis to

be conducted. The final model for this transition includes all parameters as constant

values; the resulting model output illustrated in Figure 6.24 indicates that the model

output score may overestimate the experimental sporozoite density data. However, but

this is due to the model score having to jump to the next value once a threshold number

of sporozoites is reached whereas the experimental data in Figure 6.24 consists of

mean scores.
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Figure 6.23 – Determining impact of density on oocyst to sporozoite density model

parameters. Graph illustrates the relationship; table reports the mixed effects parameter

results for a selection of potential relationships; red indicates the best fitting relationship

according to likelihood ratio and AIC results. A Impact of oocyst density 10 days post-

engorgement on parameter q. B Impact of oocyst density 10 days post-engorgement on

parameter γ. C Impact of oocyst density 10 days post-engorgement on parameter v.

a b

Model fitted to all
data combined

a 22

Constant a 23

Linear a+bX 19.944 0.108

a b

Model fitted to all
data combined

a 0.1248

Constant a 0.277

Linear a+bX 0.169 0.001

a b

Model fitted to all
data combined

a 0.533

Constant a 1.048

Linear a+bX 1.079 -2x10-4

Exponential ae-bx 0.909 -0.001

A. All parameters allowed to vary

q

Oocyst density 10 days post engorgement [X]

B. q = 22; all other parameters allowed to vary

γ

C. q = 22; γ = 0.125

v

Oocyst density 10 days post engorgement [X]

Oocyst density 10 days post engorgement [X]
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Figure 6.24 – Final oocyst to sporozoite score model results. Markers represent mean

sporozoite score from each experiment and mosquito group: diamonds = experiment 1; squares

= experiment 2; circles = experiment 3; red = 100 ookinetes fed per µl of blood in experiments 1

and 2, 50 ookinetes fed per µl of blood in experiment 3; green = 400 ookinetes fed per µl of

blood in experiments 1 and 2, 250 ookinetes fed per µl of blood in experiment 3; blue = 2000

ookinetes fed per µl of blood in experiments 1 and 2, 1000 ookinetes fed per µl of blood in

experiment 3. Black line represents model sporozoite score output (restricted to integer

numbers).

Model 3 – oocysts to sporozoite prevalence

Figure 6.25 explores the relationship between the parameter values from the oocyst to

sporozoite prevalence model and oocyst density 10 days post bloodmeal in each

mosquito group (a full list of parameter values for the final model is given in Table 6.5).

These analyses indicate that the parameters determining the timing of progression are

density independent, but that the parameter determining prevalence (z) is density

dependent. The final model for this transition therefore incorporates this parameter as

density dependent; the resulting model output illustrated in Figure 6.26 indicates a good

fit to experiment 1, but a less good fit to some datasets from experiments 2 and 3. The

maximum prevalence in all parasite groups reaches approximately 80%, with the

exception of the lowest parasite density in experiment 3, which only reaches 50%,

explaining the density dependence in the impact of oocyst density on sporozoite

prevalence level.

Table 6.5 summarizes the final parameter values from all three models.
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Figure 6.25 – Determining impact of density on oocyst to sporozoite prevalence model

parameters. Graph illustrates the relationship; table reports the mixed effects parameter

results for a selection of potential relationships; red indicates the best fitting relationship

according to likelihood ratio and AIC results. A Impact of oocyst density 10 days post-

engorgement on parameter q. B Impact of oocyst density 10 days post-engorgement on

parameter γ. C Impact of oocyst density 10 days post-engorgement on parameter z.

a b

Model fitted to all
data combined

a 6

Constant a 8.333

Linear a+bX 4.689 0.351

Exponential ae-bx 10.602 0.002

a b

Model fitted to all
data combined

a 0.219

Constant a 0.208

Linear a+bX 0.201 1x10-4

Exponential ae-bx 0.196 -0.001

a b

Constant a 1.488

Linear a+bX 2.294 -0.001

Exponential ae-bx 4.234 0.004

Harmonic a / (1+bx) 9.987 0.110

A. All parameters allowed to vary

q

Oocyst density 10 days post engorgement [X]

B. q = 6; all other parameters allowed to vary

γ

C. q = 6; γ = 0.219

z

Oocyst density 10 days post engorgement [X]

Oocyst density 10 days post engorgement [X]
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Figure 6.26 – Oocyst to sporozoite prevalence model results incorporating density-

dependent parameter z. Markers represent sporozoite prevalence from each experiment and

mosquito group, lines represent model outputs. A Experiment 1. B Experiment 2. C Experiment

3. Red = 100 ookinetes fed per µl of blood in experiments 1 and 2, 50 ookinetes fed per µl of

blood in experiment 3; green = 400 ookinetes fed per µl of blood in experiments 1 and 2, 250

ookinetes fed per µl of blood in experiment 3; blue = 2000 ookinetes fed per µl of blood in

experiments 1 and 2, 1000 ookinetes fed per µl of blood in experiment 3.

C

A

B

Time post engorgement (days)

S
p

o
ro

zo
it

e
p

re
v
a
le

n
c
e



196

Table 6.5 – Full parameter list for the final models. X, ookinete density fed per µl of blood; Y,

oocyst density 10 days post-feeding. See Figures 6.12 and 6.14 for model structures.

6.7 Discussion

The data generated from the experiments described in Chapter 4 provided a detailed

time series of parasite density data within surviving mosquitoes. These data allowed for

an insight into how the parasite processes during sporogony and in particular the

influence of parasite density on such processes. The use of mathematical models to

explore the datasets revealed some interesting processes and highlighted specific

areas which would benefit from future research.

The timing of parasite progression within the mosquito was found in this analysis not to

be density dependent. The length of time the parasite persists at the ookinete stage

was found not to differ with parasite density. However, it is important to remember that

ookinetes rather than gametocytes were fed to the mosquitoes and therefore the timing

for the development of ookinetes could not be taken in to account. In addition, the

impact of parasite density on the length of the extrinsic incubation period warrants

further investigation as this is such a critical parameter in malaria transmission and

results were not clear cut in the analyses presented here regarding whether changes in

Model Parameter Description Value

1 - Ookinetes
to oocysts

n Number of ookinete ‘stages’ 1

δ Rate of transition between ookinete ‘stages’ 1.15

C Proportion of ookinetes converting to oocysts 0.522 / (1+0.003X)

µ Rate of loss of oocysts 0.065

2 – Oocysts
to sporozoite
density

q Number of oocyst ‘stages’ 22

γ Rate of transition between oocyst ‘stages’ 0.125

v Number of salivary gland sporozoites produced
per oocyst

0.533

3 – Oocysts
to sporozoite
prevalence

q Number of oocyst ‘stages’ 6

γ Rate of transition between oocyst ‘stages’ 0.129

z Impact on sporozoite prevalence per oocyst 9.987 / (1+0.110Y)
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parasite density could reduce the amount of time before a mosquito becomes infectious.

This could have important implications for transmission, potentially allowing the

mosquito to take more infectious bloodmeals during its limited lifespan.

Chapter 2 indicated that the transition between ookinetes and oocysts at 10 days post

bloodmeal was density dependent (Sinden et al., 2007), however from the data

analysed it was not possible to determine when this density dependence manifested.

The time-series data shows that this density dependence occurs during the oocyst

establishment rather than survival stage as a density dependent relationship is found

between ookinete density fed and the number of oocyst established in the mosquito at

the first time point, but not between ookinete density fed and the rate of loss of oocysts.

This suggests that the density dependence is a result of a process that occurs prior to

the first time point, either as a result of ookinete mortality, the actual establishment of

ookinetes as oocysts on the basal lamina as hypothesised in Chapter 2, or the very

early mortality of oocysts. Although this temporal analysis reproduced the negative

density dependence described in Chapter 2, the positive density dependent element of

the sigmoid relationship was not reproduced. This may be due to the lack of very

parasite densities being investigated.

The impact of oocyst density on sporozoite density needs further investigation to

determine whether most oocysts release a few sporozoites which are ultimately

successful at invading the salivary glands or whether only a few oocysts are actually

capable of releasing successful sporozoites. Actual sporozoite density data rather than

score or prevalence data will allow for a more detailed investigation of density-

dependence in this portion of the lifecycle in more detail. The loss of oocysts due to

processes other than the release of sporozoites is incorporated into the final model

presented here as the data clearly indicate a decrease in oocyst density with time.

Future work could focus on analysing these data further, as this decrease may be due

to processes such as immune processes within the mosquito clearing the parasites, or

may be an artefact of the data coming from only surviving mosquitoes. Chapter 5

indicates the activity of parasite density-dependent mosquito mortality, therefore the
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average number of oocysts found in a group of mosquitoes could reduce over time due

to those mosquitoes with the highest parasite density dying and being removed from the

sample population at the next time point. Future work could involve adapting the

mathematical model of sporogony to include mosquito mortality and shed light on such

processes.

Overall, these results suggest an impact of parasite density on the Plasmodium

sporogony transitions within the mosquito, particularly at the early stages of the

sporogony process. As a result this should be taken into account in the future design of

studies exploring the parasite-vector interface because the day in which parasite density

is measured may have a significant impact on the interpretation of any results.
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7. General Discussion and Conclusions

7.1 Summary of Main Results

This thesis has explored the development and progression of the Plasmodium parasite

through the Anopheles mosquito, with particular reference to the P. berghei–

An. stephensi model system. The population dynamics of this Plasmodium–Anopheles

interface has been investigated with particular focus on understanding the impact of

parasite load on population regulation. The analyses presented in this thesis have

challenged the classic underlying assumption of malaria research, modelling and

control, that population processes operate independently of parasite density.

Chapter 1 reviewed the fundamental aspects of malaria biology, epidemiology, control

and modelling. This emphasised the importance of the vector-parasite interface in the

malaria control effort, the lack of mathematical models concentrating on this important

section of the malaria lifecycle, and the potential impact of parasite density on

population dynamics, disease and transmission.

Density-dependent processes that regulate population growth are common in host-

parasite systems and can influence the resilience of an infection to control interventions

(Dietz, 1988). Chapter 2 reported statistical analyses of data from experiments

conducted using the P. berghei–An. stephensi model system and illustrated that the

progression of Plasmodium through the vector depends non-linearly on parasite density.

Two types of density dependence were found to operate during sporogony. Firstly, the

transitions from the macrogametocyte to ookinete, ookinete to oocyst, and oocyst to

sporozoite stages were found to be restricted at high parasite densities, indicating the

operation of negative density dependence. Secondly, positive density dependence was

found to operate at very low ookinete densities, with oocyst development facilitated by

increasing ookinete number.
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The important hypotheses generated using a model system in Chapter 2 were explored

further in Chapter 3 by collating, reviewing and analysing published (mainly aggregate)

data on the relationships between densities of consecutive parasite stages during

sporogony in other experimental systems and natural parasite–vector combinations to

determine if the phenomena identified are specific to the P. berghei–An. stephensi

system. This analysis indicated that although it is difficult to establish specific

relationships which span all parasite-vector combinations, it is clear that the underlying

assumption in many models and analyses of linear relationships is not supported by the

available data. Chapter 3 also extended the analyses to the next transitional stage and

found a lack of specific relationship between the number of sporozoites in the mosquito

salivary glands and the number inoculated into the vertebrate host during a bloodmeal,

highlighting the importance of prevalence as well as density in malaria transmission.

Chapter 4 described the design and methodology of a series of experiments to explore

the P. berghei–An. stephensi system in more detail, to generate extensive and robust

datasets, and to investigate other areas in which parasite density may have an impact.

The experiments were specifically designed to test if mosquito mortality is influenced by

mosquito age and/or parasite density, and to study the temporal dynamics of parasite

development within the mosquito. Cohorts of mosquitoes were fed on blood containing

different ookinete densities and followed over time to record mosquito mortality.

Samples of those surviving were dissected to determine parasite density with time post-

bloodmeal.

The mosquito mortality data generated from these experiments were analysed in

Chapter 5, testing the classical assumptions of mosquito mortality being independent of

mosquito age, infection status and infection density. There is growing evidence that

mosquito survival depends on the age of the mosquito (Harrington et al., 2008; Styer et

al., 2007) and that Plasmodium may influence the life-expectancy of the mosquito

(Anderson et al., 2000) (although a meta-analysis of laboratory experiments

investigating the effect of the malaria parasite on mosquito survival yielded inconclusive

results (Ferguson and Read, 2002)). The experimental data obtained and analysed in
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this thesis indicated that mosquitoes experienced an initially high, feeding- (and parasite

density-) associated, mortality rate which declined to a minimum before increasing with

mosquito age and parasite intake. Results indicated that the death rate, and therefore

life-expectancy, of An. stephensi mosquitoes is dependent on both mosquito age and

the presence and density of P. berghei infection.

Chapter 6 explored the parasite density time-series data generated in the experiments

described in Chapter 4. Due to the scarcity of mathematical models to specifically

describe and investigate the mosquito portion of the Plasmodium lifecycle, and due to

the nature of the available data generated here, mathematical modelling was used to

simulate the temporal dynamics of parasite abundance during sporogonic development,

to estimate parameters governing such dynamics by fitting the data available, and to

generate insights into the impact of parasite density on this progression. The results

from this modelling approach indicated that the timings (after an infected bloodmeal) of

the various processes and transitions are not dependent on parasite density. The

estimated parameters for the rates of transition, however, supported the hypothesis of

negative density dependence operating upon the ookinete to oocyst transition (a result

from Chapter 2), suggesting that this operates early in oocyst establishment rather than

in oocyst survival. (The early positive density dependence found in Chapter 2 was not

supported; this may be due to the limited data available at such low densities.) The

process of model development highlighted specific areas which warrant further

investigation to generate additional data and improve the model further.

7.2 Implications of the Results

The relevant implications of the research presented have been discussed in each

chapter. Overall, the results presented in this thesis suggest that the density of

Plasmodium within the mosquito vector population may be an important factor in

determining the potential for parasite survival, development and transmission, and

therefore should be taken into consideration in future research. Awareness and

knowledge of the possible operation of parasite density dependence in malaria

transmission will be important for those designing and conducting experiments on the
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mosquito stage of the Plasmodium lifecycle; the results generated from studies

performed using one parasite density may be substantially different to those from

experiments conducted using different initial Plasmodium densities. For example, in the

light of the possible impact of parasite-induced vector mortality, lab-based studies

measuring intervention efficacy should compare the survival of mosquitoes between

groups over their whole lifetime as vectors that ingest a lower number of parasites may

have had a higher probability of surviving long enough to be dissected. Failing to

control for this may cause the intervention efficacy to be overestimated.

The various types and forms of density dependence identified, as well as any others yet

to be analysed, will combine to determine the actual effect of the density of infection in

the mosquito bloodmeal on the resulting transmission and disease. An understanding

of the impact of parasite density on population processes is important to help

understand how populations will react to control measures, in particular new methods

which target this delicate interface. A number of promising control measures are being

developed with the goal of reducing the incidence of human malaria by blocking

transmission to and from the mosquito vectors. These include TBVs, which target

antigens expressed on the malaria parasite within the mosquito (Saul, 2007), biological

agents to prime the mosquitoes’ immune system to reduce its infectivity (Koella et al.,

2009), and the use of refractory, genetically-modified mosquitoes to reduce infection of

the mosquito (Christophides, 2005; Marelli et al., 2007). The processes regulating the

development of the malaria parasite within the mosquito may influence the success of

transmission-blocking interventions (TBIs) currently under development. As the

research presented in this thesis indicates that parasite density will influence several of

these processes, it is important to take account of this in the design, development and

evaluation of TBIs. Most of these TBIs are, at present, only partially effective, so it is

important to understand how their interaction with the non-linear processes taking place

within the vector (and with other interventions that are also likely to affect parasite

density) would influence overall transmission. Potential vaccines under research aim to

target different Plasmodium life-stages within the vector and the human host (Carter et

al., 2000); therefore understanding how the population dynamics of the parasite within
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the mosquito may enhance or hinder the impact of a TBI could also guide decisions as

to which stages to prioritise as targets or which combinations would be most beneficial.

Current results indicate that targeting early stages within the sporogonic process, before

the establishment of oocysts may be beneficial as this will take advantage of the

positive density dependence identified in Chapter 2, but that any intervention should

ideally reduce parasite prevalence within the mosquito population substantially, not just

density if a meaningful impact on transmission potential is to be effected as indicated in

Chapter 3.

7.3 Future Research

7.3.1 Impact of multiple density-dependent processes

The research presented in this thesis is already being extended to investigate the

combined impact of multiple density-dependent regulatory processes acting

simultaneously on the parasite population within the mosquito, and the subsequent

impact of TBIs which target different parasite life-stages within the mosquito on overall

parasite transmission (Appendix C5). The parasite density- and age- dependent

mortality estimated in Chapter 5 (Dawes et al., 2009), together with the density-

dependent parasite progression during sporogony estimated in Chapter 2 (Sinden et al.

2007) have been used to develop and calibrate a model. The model examines how

TBIs which target different parasite life-stages within the mosquito may influence overall

parasite transmission (Churcher et al., under review). Since deterministic models can

underestimate the cumulative effect of multiple non-linear functions, an individual-based

stochastic model is used to capture the changes in parasite density over the different

stages of sporogonic development. The highly overdispersed distribution of parasites

recorded among mosquitoes (Beier et al., 1991; Medica and Sinnis, 2007; Medley et al.,

1993; Sinden et al., 2007; Vaughan et al., 1994) is modelled explicitly, as parasite

aggregation will, on average, increase the influence of density-dependent regulatory

processes (Churcher et al., 2005).
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The results of this analysis indicate that under certain scenarios, a partially effective TBI

could actually enhance transmission by increasing the mosquito’s lifespan and hence

the number of infectious bites made by a mosquito during its lifetime, whilst failing to

sufficiently reduce its infectivity. Although it is unlikely that a TBI with low efficacy would

be deployed in a public health programme, the effectiveness of an intervention may

wane over time, so it is therefore important to consider how these low efficacies will

influence transmission dynamics. For example, TBV efficacy is thought to decline

relatively rapidly as the concentration of antibodies within the bloodstream falls. This

means that unless the production of the pertinent antibodies is regularly boosted,

antibody concentration may drop, causing the level of transmission to increase above

pre-intervention levels.

Model results also support the idea posed in Chapter 2; interventions that reduce

ookinete density beneath a threshold level are likely to have auxiliary benefits, as

transmission would be further reduced by density-dependent processes that restrict

sporogonic development at low parasite densities. The complex relationships between

different positive and negative density-dependent processes mean that the best life-

stage to target may also vary between settings; future research may be able to

elucidate patterns that can be exploited in tailored control efforts.

7.3.2 Density dependence in other PlasmodiumAnopheles species combinations

Model systems provide a powerful tool for identifying testable hypotheses that may be

applicable to the transmission of human malaria. However, it is important to validate the

observations made in laboratory models of mosquito-malaria interactions in field

transmission systems (Lambrechts et al., 2007). The density-dependent processes,

identified in the P. berghei–An. stephensi model system, are likely to operate in other

parasite-vector combinations (Poudel et al., 2008; Vaughan, 2007), including those

relevant to human malaria (Drakeley et al., 1999; Paul et al., 2007; Pichon et al., 1996).

As initiated in Chapter 3, future research should aim to determine if the processes

identified in this thesis are species combination-specific or operate universally upon the

development of Plasmodium parasites within their mosquito hosts. Future laboratory
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studies could, for example, focus on P. falciparum–An. gambiae, conducting

experiments similar to those described here with lab-adapted strains of both parasite

and vector. However, not only are these experiments more costly (in addition to

requiring extensive safety management), but also the lab strains themselves would lack

the diversity of natural populations. Therefore the key studies will be those on the

parasites and vectors in their numerous and different endemic areas. This aspect is

being tackled within our research group at Imperial College by analysis of numerous

field-based mosquito feeding experiments measuring human gametocytaemia and the

resulting oocyst (or sporozoite, where available) density in the Anopheles mosquito (see

below). Collaborations are also being established with authors of many of the papers

identified in Chapter 3 in order to obtain and analyse the (unpublished) individual

mosquito data.

If parasite-induced vector mortality influences the population dynamics of Plasmodium

species infecting humans in malaria endemic regions, it would be important to quantify

the variability and duration of TBI efficacy to ensure that community benefits of control

measures are not overestimated. However, it has previously been reported that there is

little evidence for parasite-induced vector mortality (and sub-lethal morbidity) from field

studies and, even if it does occur, it may operate only over a narrow range of unusually

high parasite densities (Dye and Williams, 1995). However, even if parasite densities in

vectors are rarely high enough to impose significant mortalities on their hosts, they may

be high enough to cause significant interactions among the parasites themselves as

indicated in analyses presented in Chapter 3. Progress has been made towards

extending the analyses of Chapter 3 by collating individual mosquito data from feeding

experiments conducted on naturally found parasite-vector combinations from across

Africa; this has generated a dataset of more than 12,000 mosquitoes which had been

fed on blood from a total of 327 different human patients (Appendix B5). Initial analyses

on these data show that the relationship between gametocytaemia and oocyst presence

and density is again best described by a sigmoidal curve, indicating that sporogonic

development is restricted at both low and high gametocyte densities as hypothesised

from the model P. berghei–An. stephensi system.
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More accurate estimation of an intervention’s impact at the population level will require

information on the distribution of gametocytes within the bitten human population, and

this is likely to vary temporally (Drakeley et al., 2005), geographically (Stepniewska et

al., 2008), and with previous/current treatment. As a result, the community impact of

different TBIs will likely vary from setting to setting. Gametocyte densities of

P. falciparum are lower than those in the experimental system investigated in the

majority of this thesis, with a significant proportion of human hosts having densities too

low to be detected through standard microscopy (Okell et al., 2009). This may improve

the efficacy of TBIs if the positive density dependence at low ookinete densities

reported in Chapter 2 is found to operate in the field.

7.3.3 Other potentially density-dependent processes

This thesis has investigated the impact of Plasmodium density on: a) the progression

through and development within the mosquito and; b) vector survival. Future research

should now investigate whether any other population processes are also influenced by

parasite density and how this impacts on transmission and disease. The parasite sex

ratio impacts on transmission success and this has been shown to be density

dependent; a male dominated sex ratio gives rise to a higher transmission success at

low gametocyte density but reduces transmission success at high gametocyte densities

(Mitri et al., 2009). The mechanisms behind this phenomenon need to be investigated

to determine the potential success of TBVs aiming to impede the fertilisation process.

Mosquito behaviour and physiology other than mortality may also be influenced by

Plasmodium infection density. The frequency of biting is a particularly important

parameter in transmission dynamics and epidemiology. Anderson et al. (1991) reported

that the feeding persistence of An. stephensi decreased in the presence of P. yoelii

nigeriensis oocysts but increased when sporozoites were present in the salivary glands.

In addition to this it has been shown that the likelihood that a mosquito bites more than

one person is influenced not only by the presence of sporozoites but is also increased

with sporozoite load (Koella et al., 1998). This links with the results presented in
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Chapter 3, and suggests that although the number of sporozoites per bite may not be

influenced by parasite density, the number of bites the mosquito takes, and therefore

the potential for transmission, may be density dependent. This may also add to the

parasite density-dependent mosquito mortality identified in the laboratory setting

reported in Chapter 5, as sporozoite-infected mosquitoes probe more often and spend

more time probing than those uninfected because sporozoite-infected salivary glands

produce less apyrase than uninfected glands (Rossignol et al., 1984). Increased biting

rates lead to an increased risk of feeding-associated mortality due to host defensive

behaviour (Anderson et al., 2000).

Plasmodium infection with oocysts (but not sporozoites) has been shown to impact on

the reproductive capacity (number of eggs produced or hatched) in both laboratory and

wild-caught mosquitoes (Hogg and Hurd, 1995a; Hogg and Hurd, 1995b; Hogg and

Hurd, 1997; Jahan and Hurd, 1997; Rossignol et al., 1986). There have also been

some indications that the density of oocyst infection may influence fecundity (Hogg and

Hurd, 1995a). It will be important to further investigate this relationship and incorporate

it into mathematical models to determine its impact on malaria transmission as modified

frequencies of egg-laying could have important ecological and epidemiological

implications. Other potential population processes which may be influenced by parasite

density and warrant further research attention include mosquito flight performance and

the activity of the mosquito’s immune system.

7.3.4 Modelling malaria transmission

The research presented in this thesis has highlighted the importance of understanding

the population dynamics of the malaria parasite within the mosquito in order to predict

and optimise the success of control measures and design implementation policies.

Developing further the mathematical models presented in Chapter 6 and Appendix C5

will result in a detailed model which could be used to investigate the complex interaction

between interventions which reduce both parasite density and prevalence, taking into

account the impact this would have on a variety of parasite and mosquito population

processes. This should lead to a fuller understanding of the combined impact
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interventions will have on parasite transmission. Such models should relate the

parasite densities found in the mosquito vectors to the gametocyte density of human

hosts, which may often be at sub-microscopic densities, and that have been shown to

be of potential importance for the maintenance of malaria transmission in endemic

areas (Okell et al., 2009).

Similar methods should also be used to understand the influence of multiple density-

dependent processes on other vector-borne diseases as parasite development and

vector survival have been shown to be influenced by the parasite density in both human

onchocerciasis (Basáñez et al., 1995; Basáñez et al., 1996) and lymphatic filariasis

(Krishnamoorthy et al., 2004; Snow et al., 2006; Stolk et al., 2004).

7.4 Conclusions

Until the complex interplay between the malaria parasite and its mosquito vector is

thoroughly analysed, it will remain difficult to quantify the epidemiological implications of

interventions impacting on the biology of this interaction. Understanding the population

dynamics of Plasmodium within the mosquito is important for the identification of the

most important targets for, and impact of, transmission-blocking strategies currently

under development by the scientific community under the present malaria research

climate focussing on elimination. This thesis has used statistical analysis approaches,

practical experimentation, and mathematical modelling to explore this important

interface, with particular focus on the impact of Plasmodium density upon the population

biology of this important interface. The results have shown that the progression of

P. berghei through An. stephensi, and the survival of the mosquito both depend non-

linearly on parasite density, indicating that the widely relied upon classical assumptions

of critical population processes being independent of the burden of infection are

oversimplifications. A framework for a mathematical model tracking Plasmodium

density within the mosquito has been developed, and further investigation of sporogonic

processes will allow this to be further refined, parameterised, and extended for use in

the future design and evaluation of control methods which target the mosquito or the

parasite whilst within the vector. The importance of such a multidisciplinary approach
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cannot be overemphasized; only through a continuous dialogue between, and

combination of, field studies, laboratory experiments under tightly controlled conditions,

rigorous statistical analyses, and mathematical modeling, will we be able to understand

the full impact of antimalarial control interventions in human and vector populations.
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MOTIVATION:

• Classical mathematical models of malaria typically use prevalence frameworks, ignoring any influence of the infection intensity.

• Progress has been made towards understanding the effect of the density of infection in the human host, but the impact of parasite density
within the mosquito vector on pathogen survival and transmission is less clear.

METHODS:

• Experimental system: Plasmodium berghei / Anopheles stephensi.

• Overdispersed frequency
distributions fitted to the
number of parasites per
mosquito by maximum
likelihood.

• Linear and nonlinear models
fitted to the relationships
between parasite densities at
consecutive life-stages by
maximum likelihood, taking
into account the overdispersed nature of the data.

TRANSITION 2: OOKINETES TO OOCYSTS

TRANSITION 1:
MACROGAMETOCYTES TO

OOKINETES TRANSITION 3: OOCYSTS
TO SPOROZOITES

IMPLICATIONS:

• Significant non-linearity was found at each transition, indicating that measuring just the prevalence of infection in vectors is not sufficient to
understand the population dynamics of Plasmodium within the mosquito.

• Studies investigating insect immunity must take into account the density of parasites.

• The assessment of the impact of control measures such as transmission blocking vaccines must take the identified non-linearities into account.

FUTURE WORK:

1. Generate more robust estimates of the strength of density
dependence at each of the above transitions by taking into
account the hierarchical structure and measurement error in the
data.

2. Explore other overdispersed frequency distributions to provide
weighted contributions to overall population regulation.

POPULATION DYNAMICS OF PLASMODIUM WITHIN THE
MOSQUITO HOST

AIM: To examine the possible occurrence of non-linear (density-dependent) processes in the relationship between life-stages of
Plasmodium within the vector, with the future aim to incorporate these results into a model of the transitions of Plasmodium through the
mosquito that may help investigating the efficacy of transmission blocking vaccines.

ACKNOWLEDGEMENTS: We would like to thank Joanna Waldock, Olivia Finney and Jacqui Mendoza for supplying the datasets, and our funders: Medical Research
Council, UK [ED & M-GB]; EU RTN networks & EU Biomalpar programmes [RES]

• Hyperbolic model found to best
fit the data.

• Initially ~77 macrogametocytes
are required to produce one
ookinete, saturating at ~3500 ookinetes.

• Efficiency of conversion reduces at high macrogametocyte
densities indicating the presence of negative density dependence.

• Sigmoid model found to be
the best fit when fitted to all
data combined (black line)
and to each experimenter
separately (coloured lines).

• Initially ~72 ookinetes are
required to produce one
oocyst, with saturation at ~80
oocysts.

• Initial facilitation (efficiency of conversion increases with increasing
ookinete density), followed by limitation (efficiency decreases with

increasing ookinete density)
indicates the presence of both
positive and negative density
dependence.

• Hyperbolic model found to best
fit the data.

• Initially, on average, each
oocyst generates ~60 salivary
gland sporozoites.

• Efficiency of conversion reduces at high oocyst densities
indicating the presence of negative density dependence, but
there is multiplication of parasites within the oocysts..

The Life-cycle of Plasmodium within the Mosquito

SporozoitesGametocytes

Ookinetes Oocysts
Invasion

RuptureFertilisation

Ingestion Inoculation

3. Explore the interplay between density dependence and parasite
frequency distributions.

4. Determine the impact of parasite-induced vector mortality.

5. Model the transition of Plasmodium through the vector.and link this
to measures of transmission from vectors to humans.

6. Make comparisons with the filarial-vector interactions.

0

50

100

150

200

250

300

350

400

0 1000 2000 3000 4000 5000

0

50

100

150

200

250

300

350

400

0 1000 2000 3000 4000 5000

Number of Ookinetes per μl

N
u

m
b

e
r

o
f
O

o
c
y
s
ts

p
e

r
M

o
s
q

u
it
o

0

1000

2000

3000

4000

5000

6000

0 100000 200000 300000 400000

0

1000

2000

3000

4000

5000

6000

0 100000 200000 300000 400000

Number of Macrogametocytes
per Bloodmeal

N
u

m
b

e
r

o
f
O

o
k
in

e
te

s
p

e
r

M
o

s
q

u
it
o

0

2000

4000

6000

8000

10000

0 20 40 60 80 100 120 140 160 180 200

0

2000

4000

6000

8000

10000

0 20 40 60 80 100 120 140 160 180 200

Number of Oocysts per Mosquito

N
u

m
b

e
r

o
f
S

a
liv

a
ry

G
la

n
d

S
p

o
ro

z
o

it
e

s
p

e
r

M
o

s
q

u
it
o

0

20

40

60

80

100

120

140

160

0
40

0
80

0
12

00
16

00
20

00
24

00
28

00
32

00
36

00
40

00
44

00
48

00
52

00
56

00

0

20

40

60

80

100

120

140

160

0
40

0
80

0
12

00
16

00
20

00
24

00
28

00
32

00
36

00
40

00
44

00
48

00
52

00
56

00

Number of Ookinetes per mosquito

F
re

q
u

e
n

c
y

Observed

Expected from
Negative Binomial
Distribution

Ookinete Frequency
Distribution per Mosquito



Emma J. Dawes1, Shijie Zhuang1, María-Gloria Basáñez1 and Robert E. Sinden2

1Department of Infectious Disease Epidemiology; 2Department of Life Sciences, Imperial College London.

MALARIAMALARIA--INFECTED MOSQUITO MORTALITY INFECTED MOSQUITO MORTALITY 
IS AGEIS AGE-- AND AND PLASMODIUMPLASMODIUM--DENSITY DEPENDENTDENSITY DEPENDENT MRC

Medical

Research

Council

MOTIVATION:

• Daily mortality is an important determinant of a vector’s ability to transmit pathogens, influencing the probability of encountering an infectious host, surviving the 
extrinsic incubation period and transmitting the infection. 

• Malaria transmission models typically include vector mortality as independent of age, infection status and parasite load.

• Evidence for the operation of Plasmodium-induced vector mortality is controversial and very few studies to date have considered the effect of infection density. 

AIM: To test the validity of the assumptions that vector mortality is independent of age, infection status and parasite load and to ascertain the importance of 
parasite-induced vector mortality at various stages in the sporogonic cycle as a possible cause of density-dependent regulation of parasite abundance.

ACKNOWLEDGEMENTS: We would like to thank Tom Churcher, members of the Sinden lab, particularly Chandra Ramakrishnan, Kalpana Lal and Ken Baker, and our funders: Medical Research 
Council, UK [ED & M-GB], EU RTN networks & EU Biomalpar programmes [RES]

METHODS:

• 3 experiments, each consisting of 4 cages of Anopheles stephensi mosquitoes 
fed on blood infected with different Plasmodium berghei ookinete densities,  
ranging from 0 to 2000 ookinetes per μl of blood.

• Each cage contained between 500 and 1000 fed female mosquitoes.

• Twice daily the number of dead mosquitoes in each group was recorded, and 
both nonparametric and parametric survival analyses conducted.

CONCLUSIONS & IMPLICATIONS:

• Mosquito mortality is dependent upon mosquito age and Plasmodium infection, 
and may be an important source of density dependence in malaria transmission.

• May clarify why previous studies have found conflicting results, with mortality 
dependent on infection density not simply infection status.

• Potential to explain the low parasite loads found in the field, especially with the 
greater levels of environmental stress.

• Mosquito population age structure and infection density should be included in 
models describing transmission dynamics within the vector.

• Interventions that act to reduce parasite load could inadvertently increase the 
life expectancy of the vector and relax the density-dependent constraints   
operating upon sporogony within the vector, facilitating successful 
transmission of the pathogen. 

RESULTS:

A. Plasmodium Infection:

Kaplan-Meier survival curves illustrate the difference between the mortality 
experienced in each of the groups in all 3 experiments. FIGURE 1

The relationship between the parameters of the parabola (a, b, and c) and 
ookinete density revealed linear relationships, indicating that the parameters 
of the mortality function are infection-density dependent. FIGURE 3

The parameters represent: c:   intercept
b:   decline
a:   subsequent rise
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Paired Wilcoxon tests indicate:

• 1st and 2nd experiments: mortality in the lightly-infected group did not 
differ significantly from that in the control group, whereas increased 
dose-dependent, mortality was recorded in the moderately- and 
heavily-infected groups.  

• 3rd experiment: all infected mosquito groups experienced significantly 
higher mortality than the control group.

FIGURE 1
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B. Hazard Function: 

Empirical expression 
for the relationship 
between the mortality 
rate and time post-
engorgement, t, fitted 
using maximum 
likelihood methods. 
FIGURE 2: 

FIGURE 2

C. Life Expectancy:

Mosquito life 
expectancy is 
therefore dependent 
on both parasite 
density and time since 
engorgement of 
bloodmeal.  

FIGURE 4 illustrates 
mosquito life 
expectancy based on 
parameters estimated 
from the mixed-effects 
model (black lines in 
FIGURE 3).

D. Mosquito Age:

Mortality rate increases with age even in the control group and survivorship 
functions do not conform to the exponential model, indicating that mosquito 
mortality is age-dependent. 

Initial high mortality hypothesised to be associated in part with feeding 
(bacterial and yeast growth) and also possibly with parasite intake.

FIGURE 4

FIGURE 3
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MOTIVATION:

• Renewed calls for malaria elimination 
make it essential to understand the    
role of parasite density in malaria 
transmission.

• Crucial to determine the effect of 
parasite density on the temporal 
dynamics of the developmental 
stages within the mosquito.

• Enable development of mathematical 
models describing the sporogonic 
cycle of Plasmodium within the vector 
using a parasite density framework, 
helping to evaluate the impact of 
transmission blocking strategies.

AIM: To characterise the pattern 
of oocyst and salivary gland 
sporozoite abundance over time 
post-infection, and determine the 
impact of parasite density on these 
dynamics. 

ACKNOWLEDGEMENTS: We would like to 
thank Tom Churcher, members of the Sinden 
lab, particularly Chandra Ramakrishnan, 
Kalpana Lal and Ken Baker, and our 
funders: Medical Research Council, UK 
[ED & M-GB], EU RTN networks & EU 
Biomalpar programmes [RES]

METHODS:

• 3 experiments, each consisting of 4 
cages of Anopheles stephensi
mosquitoes fed on blood infected with 
different (fluorescently tagged) 
Plasmodium berghei ookinete 
densities, ranging from 0 to 2000 
ookinetes per μl of blood.

• Each cage contained between 500 
and 1000 fed female mosquitoes.

• Every 24–48 hours after membrane 
feeding, samples of 20 surviving 
mosquitoes were dissected and the 
number of established oocysts and 
salivary gland sporozoites counted 
using florescent microscopy.

FUTURE WORK:

Extensions of this simple model:

• Continue to the sporozoite stage, 
making use of the sporozoite scores 
collected.

• Take in to account time delays in the 
system and mosquito mortality.

• Fit the models generated to 
individual-level data rather than 
mean values. FIGURE 4 gives an 
example of the individual variability.

IMPLICATIONS:
• Recognise the impact of parasite 

density on the transmission 
dynamics of malaria.

• Appreciate the impact of parasite 
density in contexts such as 
laboratory studies.

• Further the understanding of the 
most important targets for, and 
impact of, transmission blocking 
strategies in the effort to eliminate 
malaria.

RESULTS:
A.  Oocyst Numbers
Markers in FIGURE 1
illustrate the mean number of 
oocysts counted from 20 
dissected mosquitoes.

Oocyst numbers found were 
dependent on ookinete 
density fed in a non-
proportional way, indicating 
density-dependent parasite 
establishment.

Oocyst numbers appear to 
increase initially (especially 
in the higher density groups) 
before declining.

C. Model
Oocyst data used to 
parameterise a simple 
compartmental model to 
describe parasite development 
and transition in the mosquito.

B. Sporozoite Numbers
Sporozoite numbers counted in the salivary glands were 
recorded as scores:

0 0 sporozoites
1 1 – 10 sporozoites
2 11 – 100 sporozoites
3 101 – 1000 sporozoites
4 1001 – 10000 sporozoites

FIGURE 2 illustrates that sporozoites are initially found in 
the salivary glands from day 12-14, and their number 
stabilises after day 20.
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D. Parameter Values

The ω parameter represents the rate of transition from 
ookinetes to oocysts.

FIGURE 3 indicates that the magnitude of this transition 
rate estimated from each of the oocyst datasets is 
dependent on parasite density.   
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B1

The impact of parasite density on life-stage transitions of Plasmodium within

the mosquito vector

Basáñez M-G, Filipe JAN, Dawes EJ, Finney O, Sinden RE

Mathematical models of malaria typically describe infection prevalence in humans and

vectors, ignoring infection intensity. The probabilities of the infection establishing within

mosquitoes and vertebrates are parameters assigned a fixed value, regardless of

gametocytaemia or sporozoite density. We examine the possible occurrence of nonlinear

(density-dependent) processes in the life-stages of Plasmodium within the mosquito,

analysing laboratory observations of ookinete density in the midgut of individual mosquitoes

after ingestion of bloodmeals with given macrogametocyte density. The distribution of

ookinete numbers is overdispersed. The parameters of the distribution vary nonlinearly with

macrogametocyte density. The relationship between ookinete output and gametocyte input

(both in terms of means and individual counts) is significantly nonlinear. We discuss the

implications of our findings for the population dynamics of Plasmodium within vectors, and

for the control of malaria by transmission-blocking vaccines.



B2

Population biology of Plasmodium within the vector

Dawes EJ, Basáñez M-G, Sinden RE

Classical models of malaria typically describe prevalence, ignoring the possible influence of

infection intensity. Recent models, however, have started incorporating parasite density

within the human host, but up until now it has been less clear whether parasite density within

the mosquito regulates pathogen survival and transmission. The relationships between

Plasmodium berghei life-stages within Anopheles stephensi were examined in

experimentally infected, surviving mosquitoes for the possible occurrence of nonlinear

(density-dependent) processes. Linear and nonlinear models were fitted to both the mean

and individual parasite densities using maximum likelihood estimation, taking into account

the (overdispersed) frequency distribution of parasite numbers per mosquito at each

developmental stage. The relationship for each transition investigated (macrogametocyte to

ookinete, ookinete to oocyst, and oocyst to salivary gland sporozoites) proved to be non-

linear, saturating at high parasite densities, when using data at the individual level. This

density dependence has implications for many disciplines such as population dynamics of

Plasmodium within vectors, vector immunity, vector-parasite interactions, and more

importantly for malaria control, particularly by transmission-blocking vaccines. Future work

will investigate the role of parasite-induced vector mortality and use the estimated functions

to build and parameterise a model for the flow of Plasmodium through the vector.



B3

Parasite-induced mosquito mortality in Plasmodium berghei-Anopheles

stephensi

Dawes EJ, Basáñez M-G, Sinden RE

Background: Daily mortality is an important determinant of a vector’s ability to transmit

pathogens; influencing the probability to encounter infectious hosts, survive the extrinsic

incubation period, and transmit the infection. Original simplifying assumptions in malaria

transmission models include vector mortality as independent of age, infection status and

parasite load. The importance of Plasmodium-induced vector mortality remains

controversial; a recent review concluding that overall, malaria parasites do reduce mosquito

survival. Very few studies to date have considered the effect of infection density.

Methods: Four cages of Anopheles stephensi were fed on blood infected with different

P. berghei ookinete densities (~500 fed females per cage). Twice daily the number of dead

mosquitoes in each group was recorded, and on alternate days a sample of live mosquitoes

from each group were dissected to determine parasite density in both midgut and salivary

glands.

Results: Survival analysis indicates that mosquitoes senesce and the density of P. berghei

affects their survival. Mortality in the light infection group (100 ookinetes/μl) did not differ

significantly from that in the control group, whereas intermediate (400 ookinetes/μl) and high

(2000 ookinetes/μl) densities generated significantly higher mortality. Dissection results

provided a detailed time-course describing how infection density changes over time within

the mosquito.

Conclusions: Mosquito population age structure and infection density may need to be

included in malaria models seeking to investigate transmission blocking strategies. Future

work will include building and parameterising a model for the flow of Plasmodium through the

vector taking into account the investigated sources of density dependence.



B4

Entomological aspects of filarial-malaria co-infection: mathematical modelling

Dawes EJ, Lamberton LP, Basáñez M-G

Outline:

- Why is the study of malaria-filariasis co-infection important?

- Shared biological features that permit to postulate the possible operation of inter-specific

interactions and their effects on control

- Concentrating on the vector-parasites interface rather than on the interface with the

human host

- The effects of co-infection may be manifested as density-dependent effects (when the

population abundance of one parasite species affects the population abundance of the

other species)

- Density dependence in filariasis and in malaria separately - parasite uptake,

establishment, development, vector survival

- A possible experimental approach to the study of within-mosquito malaria-lymphatic

filariasis (LF) interactions

- A possible mathematical modelling approach

- Conclusions and future directions



B5

The development of Plasmodium falciparum within Anopheles gambiae is

restricted at high and low gametocyte densities and will influence the human

reservoir of infection

Churcher TS, Bousema JT, Drakeley CJ, Harris C, Cohuet A, Morlais I, Vlachou D, Dawes

EJ, Basáñez M-G

Density-dependent processes regulating the development of the malaria parasite within the

mosquito may influence parasite transmission and could have important implications for the

control of the disease. Data from mosquito feeding experiments conducted on naturally

found parasite-vector combinations from across Africa were collated to generate a dataset of

more than 12,000 mosquitoes which had been fed on blood from a total of 327 different

human patients. Gametocytemia was estimated by either microscopy or quantitative nucleic

acid sequence-based amplification. Mosquito infectivity was assessed by both the presence

of viable oocysts and the number of oocysts identified in infected mosquitoes. A range of

mathematical techniques was used to show that the relationship between gametocytemia

and oocyst presence and density was best described by a sigmoidal curve, indicating that

sporogonic development is restricted at both low and high gametocyte densities.

Gametocytemia surveys conducted in Burkina Faso are used to illustrate how these density-

dependent regulatory processes will influence the contribution of children to overall

transmission. The implications of the results for prospects of malaria elimination are

discussed.
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Summary 

 
Mathematical models of malaria typically describe infection prevalence in humans and 
vectors, ignoring infection intensity. The probabilities of the infection establishing within 
mosquitoes and vertebrates are parameters assigned a fixed value, regardless of 
gametocytaemia or sporozoite density. We examine the possible occurrence of nonlinear 
(density-dependent) processes in the life-stages of Plasmodium within the mosquito, 
analysing laboratory observations of ookinete density in the midgut of individual mosquitoes 
after ingestion of bloodmeals with given macrogametocyte density. The distribution of 
ookinete numbers is overdispersed. The parameters of the distribution vary nonlinearly with 
macrogametocyte density. The relationship between ookinete output and gametocyte input 
(both in terms of means and individual counts) is significantly nonlinear. We discuss the 
implications of our findings for the population dynamics of Plasmodium within vectors, and 
for the control of malaria by transmission-blocking vaccines. 

Introduction 

 
The classical mathematical models for the transmission dynamics of malaria among humans 
and vectors,1 aim to describe the prevalence of infection with the biting rate of mosquitoes on 
humans, the duration of the sporogonic cycle within the vector, and the probabilities of 
infection establishing successfully within humans and vectors being influential factors. Since 
then, some progress has been made towards understanding the effect that the intensity of 
infection may have on such processes. It has been documented that the density of 
Plasmodium within its vertebrate host modulates the physiological response induced, which 
in turn influences parasite survival. Whether the density of parasite stages within mosquitoes 
determines the outcome of infection in the vector is far less clear. A review of the relevant 
literature suggests that each ensuing parasite stage may not be proportionally related to the 
previous one.2 However, the relationship between the densities of two successive parasite 

3
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stages has been usually interpreted as linear. The classification of malaria as a microparasite,3 
has helped to accentuate the tendency of infectious disease epidemiologists to think of 
Plasmodium as a parasite for which the (vertebrate and insect) hosts are the units of study 
rather than the parasites themselves, making prevalence modelling the framework of choice, 
rather than modelling of parasite numbers. Yet, density-dependent, regulatory processes are 
ubiquitous in natural populations generally, and parasite-host systems particularly,4 
contributing to the persistence and resilience to control interventions that characterise parasite 
populations. Not only is density dependence relevant in determining endemic parasite 
abundance. Arguably more importantly, is the realisation that the point in the parasite’s 
lifecycle upon which density dependence operates, influences the rate of reinfection 
following an intervention.5 In consequence, it is necessary to assess and quantify such 
processes as accurately as possible.  

We use the rodent parasite Plasmodium berghei–Anopheles stephensi experimental 
system to examine how the density of each stage of parasite development within the mosquito 
influences parasite numbers in the ensuing stage. Here we focus on the development of 
gametocytes to ookinetes and investigate the distribution of the number of parasites per 
mosquito. We discuss our results in the context of malaria control with transmission-blocking 
vaccines. 

Materials and Methods 

 
Parasites 

The experiments reported here used clone 234 of the rodent malarial parasite P. berghei 

ANKA. The parasite was maintained by no more than eight sequential mechanical blood 
passages before passage through mosquitoes. This ensures gametocyte infectivity to the 
mosquito, a critical property for this study. Gametocyte density and male : female ratios were 
determined in Giemsa stained smears, and infections were always done on days 3-5, when a 
low but rising gametocytaemia prevailed.6 Protocols for mosquito infection and parasite 
enumeration were as described.7 Those experiments in which there was significant insect 
mortality were excluded, on the assumption that this phenomenon may itself be related to 
infection intensity.8 To facilitate parasite identification, experiments used the GFP con-
transgenic parasite,9 derived from the HP line of P. berghei. In order to count ookinetes in the 
bloodmeal, the indirect fluorescent antibody test (IFAT) was used, which reveals parasites 
expressing P28/Pbs21.2 In all calculations it has been assumed that the bloodmeal volume in 
fully gorged An. stephensi is 2.13 microlitres.10 
 

Mosquitoes 

All gametocytes were raised in T.O. mice and transmitted to An. stephensi strain sda 500. 
Mosquitoes were maintained at 19 ºC and 80% RH, and fed on 5% fructose / 0.05% para-
amino-benzoic acid.7. 
 

Experimental design 

In order to minimise the impact of extraneous factors upon gametocyte infectivity,6,11 pools 
of gametocytes were washed free of variable serum factors and re-suspended in a single pool 
of serum known to support P. berghei infectivity. Gametocytes re-suspended at known 
parasite densities were fed to replicate samples of An. stephensi from the same rearing brood. 
Fifteen hours later, GFP-expressing, or P28-positive retorts and ookinetes were counted by 
IFAT in dissected bloodmeals. All experiments were repeated in triplicate. 
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Data analysis 

Frequency distribution of the number of ookinetes per mosquito. For each experiment and 
macrogametocyte density a frequency distribution histogram was prepared for the number of 
ookinetes per bloodmeal. These distributions proved to be overdispersed (the variance was 
greater than the mean), and in general they were well described by the negative binomial 
distribution, fitted to the data by maximum likelihood. Goodness of fit to this distribution 
were assessed by chi-square tests. The overdispersion, k parameter of the negative binomial 
was plotted, for each macrogametocyte density and experiment, against the (arithmetic) mean 
number of ookinetes per bloodmeal in order to assess whether or not the k parameter was 
independent or somehow related to the means of the distributions. 
 
Models fitted to the mean densities of parasite stages per bloodmeal. Since the distribution of 
the number of ookinetes per mosquito departed from normality, a geometric, Williams’ mean 
number of ookinetes per bloodmeal was calculated.12 These means were plotted against 
macrogametocyte density for all three experiments. Heterogeneity between experiments was 
minimal, the data suggesting a single and consistent relationship, where variations between 
mean ookinete density, O , the outcome variable, seemed to be due to variations in 
macrogametocyte density M , the explanatory variable. Therefore, a single model was fitted 
to all three experiments. Visual inspection of such a plot suggested a non-linear relationship 
between the means of the per mosquito density of ookinetes (O ) and that of macro-
gametocytes ( M ). The model βαMO =  was linearised by taking logarithms on both sides of 
the expression. The equation )log(log)log( MO βα +=  was fitted to the data by maximum 
likelihood, assuming by central limit theorem, normal distribution of the means. Departures 
of the parameter β from unity indicate nonlinearity, with β < 1 corresponding to negative 
density dependence or ‘limitation’ (the per macrogametocyte probability of becoming an 
ookinete decreases with increasing macrogametocyte density). Asymptotic confidence 
intervals13 for β were obtained in order to establish whether β was significantly lower than 1. 
 
Models fitted to individual parasite densities. Having established that the relationship 
between the mean densities was nonlinear, models were fitted to the actual individual counts 
of the number O, of ookinetes per mosquito versus macrogametocyte density, again 

combining all experiments. A model of the form, β

β

γ
α

M

M
O

+
=

1
 was chosen because it 

encompasses a linear relationship (α > 0; β = 1; γ = 0;); a power model (α > 0; β ≠1; γ = 0;); 
a hyperbolic model (α > 0; β = 1; γ > 0;), and a sigmoid model (α > 0; β > 1; γ > 0;). Since 
the individual number of ookinetes per bloodmeal followed a negative binomial distribution, 
the likelihood function followed that used to describe numbers of Wuchereria bancrofti 
larvae in mosquitoes.14

 Parameter estimates for α, β, γ, and k were obtained maximising such 
likelihood. Since inspection of the plot of k values versus the mean for each distribution 
suggested a power relationship between the overdispersion parameter and the mean, a 
function of the form k(O) = k0 + k1 O

 k2 was also used. 
 

Results 

 
Figure 1a shows the observed and expected frequency distribution of the number of ookinetes 
per mosquito combining all three experiments. The relationship between the overdispersion 
parameter of the negative binomial and the mean number of ookinetes per bloodmeal is 
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presented in Figure 1b. The k parameter increases with the mean according to a power 
function. This indicates that the degree of parasite aggregation is maximal at low densities of 
infection in the mosquito and decreases somewhat with increasing parasite density. The 
decrease in the degree of overdispersion with intensity of infection is a common occurrence 
in other parasite-host systems, including stages that develop in insect vectors.15 The 
interpretation of this phenomenon is, however, not straightforward. On the one hand, it may 
signify the operation of density dependence acting on the most heavily infected individuals 
and lopping off the tail of the frequency distributions. On the other hand, it may reflect the 

Figure 1a. The observed (black bars) and expected (white bars) frequency distribution of the number 
ookinetes per mosquito for all data combined. The expected ditribution is the negative binomial, fitted 
to the ookinete counts by maximum likelihood. The estimate of the overdispersion parameter, k is 
0.453.  
Figure 1b. The overdispersion parameter was estimated for each distribution separately and plotted 
against the mean number of ookinetes per mosquito, with black squares indicating data from 
experiment 1, grey squares from experiment 2, and white squares from experiment 3. The fitted line 
indicates that the relationship may obey a power function with equation k(O) = k1 O

 k2 and 
parameter values k1=0.027 and k2 = 0.639 (r = 0.71). 
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Figure 2a. The relationship between the geometric, Williams’ mean number of ookinetes per 
mosquito and the density of macrogamettocytes in the bloodmeal. Markers identifying 
experiments are as in Fig. 2b. The fitted line corresponds to the power model as described in 
the text, fitted by maximum likelihood, with α = 0.0297 (95% CL: 0.0123 0.0385) and β = 
0.8472 (0.8265 0.9185), indicating that parameter β is significantly lower than unity.   
Figure 2b. Individual ookinete counts per mosquito, O, were plotted against macro-
gametocyte density, M, for each experiment and a suite of nested models were fitted to the 
data by maximum likelihood, indicating that the hyperbolic model, O = α  M / (1 + γ M) was 
the most parsimonius, yet adequate model (see text). Parameter estimates were α = 0.010 per 
macrogameticyte and γ = 0.241 10-5 per macrogametocyte. 

fact that as infection intensity increases, parasite loads become more evenly distributed 
among vectors. Since we have excluded from analysis dead or dying mosquitoes, we cannot 
rule out the operation of parasite-induced vector mortality, by which, those mosquitoes 
exhibiting reduced survival would have been the most heavily infected.8 

Figure 2a presents the geometric mean number of ookinetes per bloodmeal as a 
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function of the number of macrogametocytes. The curvilinear function fitted through the data 

points is the equation βαMO = , with α = 0.029 (95% CI: 0.012 0.039)and β = 0.847(95% 
CI: 0.827 0.918). This suggests that the relationship between the averages of these two 
parasite stages is indeed nonlinear, with the proportion of macrogametocytes that become 
oocysts declining with increasing macrogametocyte density. Parameter β can be interpreted 
as the severity of density dependence. The lower the value of parameter β, the greater the 
strength of density-dependent constraints operating on ookinete development, and the lower 
the magnitude of the parasite yield. 

The results of fitting a nonlinear model to the entirety of individual ookinete counts 
per mosquito are in Fig. 2b, where the fitted curve corresponds to the hyperbolic model. The 
hyperbolic model was finally selected by comparing the likelihoods of the various nested 
models described above with the likelihood ratio test.13 Parameter values were 
α = 0.010 macrogametocyte-1, γ = 0.241 10-5 macrogametocyte-1, and k = 0.795, when k was 
assumed to be constant (log-likelihood = -2781.6), in comparison with the power model (log-
likelihood = -2784.9, p-value = 0.001, 1 d.f.) and the linear model (log-likelihood = -2786.0, 
p-value = 0.002, 2 d.f.). The sigmoid model was not significantly better than the hyperbolic 
model (log-likelihood = -2779.8, p-value = 0.0575, 1 d.f.). This probably means that our 
study may not have had enough power to distinguish between the sigmoid and the hyperbolic 
models. Although the likelihood of the sigmoid model was slightly higher than that of the 
hyperbolic model, we selected the most parsimonious, yet adequate model to describe the 
data. Allowing parameter k to be a function of the mean, estimates were k1 = 0.179, and 
k2 = 0.139, but the log-likelihood (-2779.0) was not significantly better than that of the model 
with constant k (-2781.7, p-value = 0.065, 2 d.f.). 

Discussion and Conclusions 

 
The importance of nonlinear processes in parasite population biology has been well 
understood for macroparasites.3,12,15 Nonlinearities in transmission processes may be of the 
facilitation (positive feedback) or limitation (negative feedback) types.15 The former may lead 
to the existence of transmission breakpoints;3 the latter to population stability, responding to 
control interventions by the severity of the regulatory constraint being relaxed, increasing the 
(per capita) rate of the process in question. This usually translates into control efforts not 
being particularly efficacious until parasite densities are low, i.e., the response of the system 
is not linearly proportional to the magnitude of the effort being exerted until the progress of 
the control measure(s) is well advanced.  

We have presented results for the relationship between two successive parasite stages 
of the malaria parasite in Anopheles, namely between ookinetes and macrogametocytes, and 
found negative density dependence to be statistically significant. We cannot speculate at 
present about the biological mechanisms underlying this relationship, but their investigation 
will be relevant for our understanding of vector-parasite interactions in malaria. We are 
extending analyses such as the one presented here to the remaining stages of Plasmodium 
within its mosquito host.2 Complications will arise between the stage of oocyst and that of 
sporozoite, where there is multiplication in addition to development. Of greatest importance 
will be the relationship between the numbers of sporozoites in salivary glands and those in 
bite. The overall aim of our work is to construct a mathematical model for the lifecycle of 
malaria within the vector using an intensity framework that explores the interplay between 

16
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density dependence and parasite frequency distribution16 and that is pertinent to natural 
infections.17 Not surprisingly, the distribution of parasite stages per mosquito is 
overdispersed,18 with the majority of mosquitoes harbouring low parasite densities. Since the 
severity of density dependence will be greater within the most heavily infected vectors, and 
the frequency of the latter will be low in vector populations, a weighted average of the 
contribution to transmission will be necessary, with the weight being the probability of 
harbouring a given number of parasites.3,16 

The entomological inoculation rate includes the vector : human ratio, the biting rate 
per mosquito on humans, the proportion of infective vectors and the probability, per bite, of 
the infection establishing within humans. Depending on the results of our ongoing analyses, 
both the proportion of infective vectors and the probability of transmission upon contact may 
be nonlinear functions of sporozoite density in salivary glands. Such density may also affect 
the frequency of biting per mosquito. The latter two processes may be facilitated or hindered 
by parasite density. If negative density dependence prevails, anti-transmission vaccines may 
have to reduce parasite density within vectors to nearly zero in order to block transmission 
effectively. 
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It is well documented that the density of Plasmodium in its vertebrate host modulates the physiological response
induced; this in turn regulates parasite survival and transmission. It is less clear that parasite density in the mosquito
regulates survival and transmission of this important pathogen. Numerous studies have described conversion rates of
Plasmodium from one life stage to the next within the mosquito, yet few have considered that these rates might vary
with parasite density. Here we establish infections with defined numbers of the rodent malaria parasite Plasmodium
berghei to examine how parasite density at each stage of development (gametocytes; ookinetes; oocysts and
sporozoites) influences development to the ensuing stage in Anopheles stephensi, and thus the delivery of infectious
sporozoites to the vertebrate host. We show that every developmental transition exhibits strong density dependence,
with numbers of the ensuing stages saturating at high density. We further show that when fed ookinetes at very low
densities, oocyst development is facilitated by increasing ookinete number (i.e., the efficiency of ookinete–oocyst
transformation follows a sigmoid relationship). We discuss how observations on this model system generate important
hypotheses for the understanding of malaria biology, and how these might guide the rational analysis of interventions
against the transmission of the malaria parasites of humans by their diverse vector species.
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Introduction

The availability of the genomes of man, the mosquito and
the malarial parasite has enabled penetrating new studies on
the molecular organization of Plasmodium in its two hosts. Yet,
we do not fully comprehend how parasite population
densities may affect transmissibility. Without this knowledge
our understanding of the impact of host responses, or of
external intervention, upon the transmission of the parasite
through endemic populations will remain incomplete.

Within the mosquito, Plasmodium transforms from macro-
gametocyte to ookinete, oocyst, and finally to sporozoite. The
many studies reporting marked fluctuations in parasite
numbers during this development have been elegantly
summarized by Vaughan [1]. In susceptible mosquitoes it is
the oocyst that frequently represents the nadir of parasite
numbers in the life cycle (Figure 1). Within the oocyst,
parasite numbers reportedly increase by two or three orders
of magnitude [2,3] before the daughter sporozoites make
their inefficient passage to the salivary glands. Few are
inoculated into the vertebrate host when the female mosquito
takes a subsequent bloodmeal [4–8]. In a number of well
characterized parasite–mosquito combinations, ookinetes
completely fail to cross the midgut epithelium or sporozoites
fail to invade the salivary glands [9,10]. An important
question that has eluded enquiry, however, is whether the
ookinete-oocyst bottleneck and the other developmental
transitions through the mosquito are density-dependent. (In
this context, a transition is density-dependent when the rate
at which such process occurs is determined by the parasite

density of the previous stage.) Contributory factors for this
omission may include the facts that most previous studies
have compared parasite numbers in just two life stages,
looked at a single infection intensity, or investigated densities
within narrow ranges [11–13].
In this paper we have attempted to address this question by

measuring the relationships between wide-ranging densities
of successive life stages (macrogametocytes, ookinetes, oocysts
and salivary gland sporozoites) achievable in the laboratory
model Plasmodium berghei–Anopheles stephensi, and by statisti-
cally fitting functional forms to these relationships. Deter-
mining the form of these relationships may increase our
understanding both of the processes regulating the trans-
mission of this parasite by the mosquito, and (by extrap-
olation) of the potential impact of intervention measures.
Although the biological bases for the parameters thus
estimated can be inferred, we make no attempt to verify
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them experimentally. We recognize that they may include,
among others: interspecific competition between the parasite
and its vertebrate and invertebrate hosts (the former being
largely, though not exclusively, confined to the mosquito
bloodmeal, and the latter mediated, for instance, by immune
attack from the mosquito); intraspecific competition between
parasites; and the possible ‘‘altruistic’’ apoptotic death of the
parasite [14]. The incorporation of the functional forms that
we report in this paper into a mathematical model describing
the transition of Plasmodium within the mosquito, and its
linkage to malaria models that take into account parasite
density in the human host [15], will be presented elsewhere.

Results

The following results describe the dynamics of P. berghei
within An. stephensi observed in one laboratory, with experi-
ments conducted by many different researchers on numerous
occasions. We recognize that some of the parasite densities
achievable in this parasite–insect combination lie outside
those normally recorded in most infections of human
parasites in their natural vectors; nonetheless, these ‘‘extreme
values’’ permit a more objective fitting of functional forms
that span the full range of values anticipated in the latter
species.

Estimating the Type and Severity of Density Dependence
The fitting procedures investigated the frequency distri-

bution among mosquitoes of the outcome variable (parasite
numbers of the ensuing stage); fitted an appropriate
distribution (usually overdispersed); explored the relation-
ship between the degree of overdispersion and mean parasite
density; and fitted models to both the means (to allow
comparisons to be made with the literature) and to the
individual parasite counts (to allow maximum use of the data
available) for the relationships between two consecutive
parasite stages.

Density dependence can be positive (facilitation) or
negative (limitation), characterized by the per capita parasite
yield increasing or decreasing, respectively, with parasite

density. Initial facilitation may be followed by subsequent
limitation, producing a sigmoid relationship. Absence of
density dependence, where the rate of success is constant with
parasite density is characterized by proportionality. To
encompass all these possible behaviors, we fitted the following
generalized formula,

y ¼ axb

1þ cxb
; ð1Þ

where x represents the input and y the output parasite
density. This function can describe a linear (a . 0; b¼ 1; c¼
0); a saturating (a . 0; b¼1; c . 0); or a sigmoid (a . 0; b . 1;
c . 0) relationship, with each function being nested into the
following one. The attributes of each of these functional
forms are described in Table 1.

Macrogametocyte to Ookinete Transition
Data for this transition originated from two researchers on

four separate occasions. The behavior of this transition was
independent of the worker conducting the infections (results
not shown). Analysing the datasets jointly revealed that the
overall distribution of the number of ookinetes per mosquito
was strongly overdispersed, confirmed by a variance over
mean ratio (VMR) of 1108 (where a VMR of 1 suggests a
Poisson, random distribution). A negative binomial distribu-
tion (NBD) was fitted to the overall frequency of mosquitoes
harboring a given number of ookinetes; this revealed an
arithmetic mean infection of 643 ookinetes per mosquito and
an overdispersion parameter estimate of 0.45 (95% con-
fidence interval (CI): 0.02–3.59) (Figure 2A). The chi-square
goodness of fit test indicated good agreement between the
observed and expected distributions (v2 ¼ 13.2, degrees of
freedom (df)¼ 12, p¼ 0.36). When a separate NBD was fitted
for each macrogametocyte density and its parameters

Figure 1. Changes in Parasite Abundance during Development within

the Mosquito

Reported changes in numbers of P. berghei as it develops in An.
stephensi, starting from an intake of 104 macrogametocytes. Note the use
of a log-scale on the y-axis. Figure adapted from Sinden [87], based on
data from Alavi et al. [55].
doi:10.1371/journal.ppat.0030195.g001
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Author Summary

Malaria, one of the world’s most devastating parasitic diseases, is
caused by protozoan parasites of the genus Plasmodium and is
transmitted between mammalian hosts by Anopheles mosquitoes.
Within the mosquito, the parasite undergoes four sequential
developmental transformations as it passes from the bloodmeal
through the mosquito’s midgut epithelium to the salivary glands,
from where the parasite is inoculated when the mosquito bites the
vertebrate host. This study demonstrates, in a laboratory model, that
parasite input density at every developmental stage in the mosquito
regulates output to the ensuing form. Statistical models were fitted
to experimental data to identify and describe the most appropriate
functional relationships. In all cases, the relationships between two
consecutive parasite stages can saturate at high parasite densities,
suggesting that at high parasite densities parasite numbers may
have to be reduced substantially to effect an appreciable decrease
in parasite transmission. These results may help establish a rational
basis for new studies on species of medical importance and further
our understanding of how interventions designed to reduce parasite
survival within the mosquito might be expected to impact upon
transmission.



estimated, the most overdispersed distributions were found
among the lowest ookinete densities, and the degree of
overdispersion decreased with increasing density (Figure 2B)
as found in other parasite–vector systems [16].

Due to the overdispersion found in the data, the relation-
ship between the number of macrogametocytes offered in the
bloodmeal, and the resulting mean ookinete density, was
investigated using the geometric mean of Williams (WM) [17]
as a measure of central tendency for ookinete density.
Excluding one outlying datapoint (where exceptional parasite
death occurred) the best-fitting expression proved to be a
saturating, hyperbolic function (with a ¼ 0.008 (0.006–0.009)
and c¼ 2.36 3 10�6 (1.09 3 10�6–4.27 3 10�6)), indicating that
the efficiency of this transition declines monotonically with
increasing macrogametocyte density (Figure 2C). Initially
;125 macrogametocytes are required to produce one
ookinete and ookinete numbers saturate at a value (given
by a/c) of ;3,500 per mosquito.

A hyperbolic relationship between the number of ingested
macrogametocytes and the resulting numbers of ookinetes
produced, was again indicated when plotting the ookinete
counts for individual mosquitoes (with a¼0.013 (0.012–0.014)

and c¼ 3.573 10�6 (2.563 10�6–4.673 10�6); Figure 2D). This
again suggests that the probability of a macrogametocyte
becoming an ookinete declines with increasing input. This
analysis predicts that initially ;77 macrogametocytes make
one ookinete, and this relationship again saturates at a
density of ;3,500 ookinetes per mosquito.

Ookinete to Oocyst Transition
Data for this transition came from three researchers and

nine experiments. We recognize that the following analysis
may be influenced by the atypical relationship that might
exist between the pre-formed ookinetes in the bloodmeal and
the midgut of the insect. As in the previous transition, oocyst
numbers were overdispersed (VMR¼ 63). An NBD was fitted
to the combined datasets, and to the oocyst frequency
distributions for each ookinete input density. However in
this case, the NBD was not the most appropriate to describe
the frequency of mosquitoes with a given oocyst density (v2¼
158.8, df¼29, p , 0.001) (unlike [18]); this may be because our
ookinete feed technique (unlike the gametocyte feeds used in
[18]), rarely fails to infect mosquitoes. As in the previous

Table 1. Description of Functional Forms Nested within Equation 1

Functional

Form

Behavior Equationa Biological Interpretation

of Parameters

Shapeb Efficiency of Conversion

(Parasite Yield)

Linear Proportionality. y ¼ ax a is the (constant) slope.

No density

dependence.

Hyperbolic Limitation. y ¼ ax
1þcx

a is the initial rate of success

(as x ! 0); c is the severity

of density dependence

(the larger the c the lower

the maximum parasite density

achieved, given by a
c).

Negative density

dependence.

Sigmoid Initial facilitation

and subsequent

limitation.

y ¼ axb

1þcxb
b (.1) is a shape parameter, the

initial slope (as x ! 0) tends to

zero, and the maximal parasite

density is given by a
c. When b ¼ 2,

the input parasite density at which

initial facilitation turns into

limitation (the turning point, or

value at which the efficiency of

conversion is maximal) is
ffiffiffiffi
1

3c

q
.

Positive followed by

negative density

dependence

aVariables x and y denote, respectively, the input and output densities of P. berghei consecutive stages within An. stephensi.
bArbitrary units.
doi:10.1371/journal.ppat.0030195.t001
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transition, the degree of overdispersion was maximal at low
oocyst mean densities, and decreased with increasing density.

The fitted relationship between input ookinete density and
the resulting WM oocyst number (Figure 3A) indicated a
sigmoid relationship, suggesting the operation of initial
facilitation and subsequent limitation (with a ¼ 6.87 3 10�5

(5.28 3 10�5–8.85 3 10�5); b ¼ 1.98 (1.89–2.11) and c ¼ 2.64 3

10�6 (1.88 3 10�6–3.81 3 10�6)). Initially, 120 ookinetes
produce one oocyst; at the point of maximum yield ;60
ookinetes produce one oocyst; and as the number of
ookinetes increases further, the transformation becomes
constrained above a mean density of ;26 oocysts per
mosquito.

As with the relationship identified for the means, the best
fitting model for the number of oocysts per individual
mosquito as a function of ookinete density (Figure 3B), was

sigmoid (with parameters a¼ 5.84 3 10�4 (5.55 3 10�4, 6.12 3

10�4); b¼ 1.74 (1.73, 1.76); c¼ 7.44 3 10�6 (6.89 3 10�6, 8.11 3

10�6)). Initially ;72 ookinetes are required to produce one
oocyst; at the point of maximum yield this requirement
decreases to ;35 ookinetes per oocyst; and the relationship
saturates at a maximum of ;80 oocysts per mosquito as the
number of ookinetes increases. When testing inter-experi-
menter variation it was clear that even in the same laboratory,
oocyst production from ookinete membrane-feeds varied
markedly between different researchers. Nonetheless each
experimenter’s data invariably indicated that, despite the
differing overall efficiency of oocyst production, every
relationship was sigmoid (Figure 3B, Table 2).
Recognizing that the transformation of the ookinete into

an oocyst is dependent not only on the ookinete locating and
invading the midgut wall, but also on the ability of the

Figure 2. Analysis of Parasite Densities in the Transition from Macrogametocytes to Ookinetes

(A) Frequency distribution of the number of ookinetes per mosquito. Observed frequency (red bars), expected frequency according to negative
binomial distribution (blue bars) with k ¼ 0.45 (an inverse measure of the degree of overdispersion; i.e., the lower the value of k, the greater the
departure from the Poisson, random distribution), estimated by maximum likelihood.
(B) Maximum likelihood estimates of parameter k (for each macrogametocyte density) against arithmetic mean ookinete density. The degree of
overdispersion decreases (k increases) with mean ookinete density with a saturating relationship when the outlying red point (from OF’s experiments) is
excluded.
(C) WM number of ookinetes per mosquito against number of macrogametocytes per bloodmeal. Ookinete density increases nonlinearly with
macrogametocyte density when the outlying red point (from JM’s experiment) is excluded. Error bars denote standard errors of WMs.
(D) Number of ookinetes per individual mosquito against number of macrogametocytes per bloodmeal. The fitted curve corresponds to a saturating
function (with underling nonlinear relationship between overdispersion parameter and mean ookinete density).
All data pertain to P. berghei in An. stephensi. Markers in (B–D) refer to three experiments by OF (blue) and one by JM (green).
doi:10.1371/journal.ppat.0030195.g002
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intracellular ookinete to survive attack by the mosquito’s
innate immune mechanisms, we have, in replicate studies,
examined directly the ability of green fluorescent protein
(GFP)-expressing ookinetes to invade the gut cells. Following
the ingestion of 3,600 GFP-tagged ookinetes, a mean of 516
(or 14%) were detected 24 hours later in the midgut
epithelium. This number of ookinetes would be expected to
produce 80 oocysts (Figure 3B) and thus at this infection
intensity just 16% (80/516) of the ookinetes in the midgut
epithelium are predicted to be detected as oocysts 9 days
later.

Oocyst to Sporozoites in the Salivary Glands
Data for this transition came from three independent

experiments by one researcher. The number of sporozoites
per mosquito showed strong overdispersion (VMR ¼ 1,393).
The distributions resulting from each oocyst density were
separately examined for an NBD, and again, overdispersion
decreased with increasing sporozoite density. However, as for

the frequency distribution of oocysts, the NBD did not fit the
distribution of the number of salivary gland sporozoites per
mosquito (v2¼ 41.3, df¼19, p , 0.002) as well as it did for the
ookinete distribution.
The relationship between the output WM number of

salivary gland sporozoites per mosquito and the input WM
oocyst density per mosquito (Figure 4A) was most parsimo-
niously fitted by a linear model (with a¼ 14.61 (11.58–17.63))
based on the likelihood ratio statistic (LRS) analyses, although
this model was only marginally better than the hyperbolic fit.
(The latter was suggested as the better model according to the
Akaike Information Criterion (AIC) and this discrepancy may
indicate insufficient power to distinguish between the two
models.) This relationship predicts that in this study on
average, each oocyst produces between just 12 and 18
sporozoites that successfully invade the salivary glands. This
relationship became significantly nonlinear when analyzing
the number of salivary gland sporozoites per individual
mosquito as a function of the mean oocyst density (Figure

Figure 3. Analysis of Parasite Densities in the Transition from Ookinetes to Oocysts

(A) WM number of oocysts per mosquito against number of ookinetes per ll of blood. Mean oocyst density is related to ookinete density by a sigmoid
function. Error bars denote standard errors of the WMs.
(B) Number of oocysts per individual mosquito against number of ookinetes per ll of blood. The black line is fitted to the combined data; the brown
line to data from [88]; the green line to data from JM; and the pink line to data from experiments by JW. In all cases the fitted curve corresponds to a
sigmoid function (with an underlying nonlinear, power relationship between overdispersion and mean oocyst density). Assuming a bloodmeal volume
of 2.13 ll, ookinete density can be expressed per mosquito by multiplying by 2.13.
All data pertain to P. berghei in An. stephensi. Markers refer to one experiment by JM (green), three by JW (pink/violet), and five by [88] (orange/yellow/
brown).
doi:10.1371/journal.ppat.0030195.g003

Table 2. Parameter Estimates for Sigmoid Models Fitted to the Ookinete to Oocyst Transition

Experimenter a (3 10�4)

(95% CI)

b (95% CI) c (3 10�6)

(95% CI)

Initial Number of

Ookinetes Required

to Produce One Oocysta

Number of Oocysts

per Mosquito at

Saturationa

Turning Point

Ookinete Densitya

Ranawaka [88] 0.52 2.05 1.56 141 33 462

(0.47–0.61) (2.02–2.14) (1.30–1.86)

JM 1.32 2.04 3.19 88 41 323

(1.25–1.41) (2.02–2.07) (2.92–3.47)

JW 4.81 1.85 3.99 46 121 289

(4.47–5.22) (1.83–1.88) (3.59–4.51)

aCalculated assuming b ¼ 2 for simplicity.
doi:10.1371/journal.ppat.0030195.t002
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4B). In this case, the best fitting model was hyperbolic (with a
¼ 62.21 (53.98–72.20) and c ¼ 0.018 (0.013–0.024)), indicating
that initially 54–72 salivary gland sporozoites are produced
per oocyst, and thereafter the efficiency of conversion
declines with rising oocyst density, reaching a plateau of
;3,500 salivary gland sporozoites per mosquito irrespective
of rising oocyst input.

Discussion

The Role of Experimental Models
We recognize that one model system cannot accurately

reflect the diverse biology of the hundreds of natural
malaria–vector combinations found worldwide; nonetheless
we also recognize that studies on the biology of Plasmodium
spp., and their interactions with Anopheles spp., have been
advanced considerably by the analysis of malaria parasites of
rodents. Exploiting the rare opportunity to study, in a
controlled environment, cloned populations of P. berghei in
an inbred line of An. stephensi at widely differing parasite
densities has permitted us to raise questions in the model that
are orders of magnitude more difficult to study in the
parasites of man. Under these specific conditions, we show
that parasite’s developmental transitions within the mosquito
are density-dependent. These conclusions are consistent with
limited (mainly laboratory based) studies on the malaria
parasites of humans (see below). They help generate key
hypotheses that now require to be tested on other parasite–
vector combinations. We recognize that future laboratory
studies on , for example, P. falciparum–An. gambiae, would have
to conduct experiments with lab adapted strains of both
parasite and vector; not only are these experiments more
costly (in addition to requiring extensive safety management),
but also the lab strains themselves lack the diversity of natural
populations. We recognise therefore that the key studies will
be those on the parasites and vectors in their numerous and
different endemic areas. If validated in the human malarias,
the hypotheses generated in this study may have important

implications for the design of anti-malarial intervention
programs.
To our knowledge, this is the first quantitative investigation

of the impact of parasite density upon all transitions between
Plasmodium stages within the mosquito. Our data have
permitted analyses not only of measures of central tendency
in groups of mosquitoes (the most frequent type of
(aggregate) analysis reported in the literature), but also of
parasite counts in individual mosquitoes, and their distribu-
tion.

Parasite Distribution
Gametocyte numbers in the bloodmeal are variously

described as being normally distributed [1,19] or over-
dispersed [20,21]; ookinete numbers in the ingested blood-
meal as being normally distributed [1] or overdispersed
[19,22]; and oocysts and salivary gland sporozoites as being
markedly overdispersed [6,18,19,22,23]. Recognising that the
NBD can originate, for instance, when each host /vector is
infected according to a Poisson process whose mean is
gamma-distributed (i.e., there is marked heterogeneity in
mosquito susceptibility [18]), we were interested to find that
even using highly ‘‘inbred’’ organisms, ookinete, oocyst, and
gland sporozoite numbers per mosquito exhibit strong
overdispersion (see also [24,25]). As previously observed
[16,18], the severity of overdispersion was itself density-
dependent, decreasing with mean parasite density both when
the relationship between overdispersion and parasite load
was analyzed separately (having fitted distributions to each
parasite density previously), and when the degree of over-
dispersion was allowed to vary with parasite density whilst
jointly fitting models to individual parasite counts.

Oocyst Development within the Mosquito
In designing these experiments we were cognizant of early

studies which recognized that infectivity of individual
gametocyte carriers differs widely over the course of an
infection [26–28]. Whereas P. berghei ookinete production in

Figure 4. Analysis of Parasite Densities in the Transition from Oocysts to Sporozoites in the Salivary Glands

(A) WM number of sporozoites in the salivary glands against WM number of oocysts per mosquito. Mean sporozoite density increases linearly with
oocyst density. Error bars denote standard errors of the WMs.
(B) Number of salivary gland sporozoites per individual mosquito against the WM number of oocysts per mosquito. The fitted curve corresponds to a
saturating function (with underling linear relationship between overdispersion and mean ookinete density).
All data pertain to P. berghei in An. stephensi. Markers refer to three experiments by JW.
doi:10.1371/journal.ppat.0030195.g004
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vitro faithfully reflected gametocyte density in the blood,
oocyst formation in the mosquito host was severely compro-
mised after day 5 of the blood infection [27]. Whereas some
prior studies have concluded that gametocyte-oocyst inten-
sities are linearly related [11,12], others noted a nonlinear
relationship in P. falciparum within, but not between experi-
ments [29]. Ponnudurai et al. [29] and Pichon et al. [30]
reported the operation of density-dependent suppression of
oocyst development in P. falciparum; we have similarly found
that the gametocyte-oocyst transformation is density-depend-
ent. Notwithstanding the operation of nonlinearities, the
efficiency of this conversion in our experimental P. berghei–
An. stephensi system tends to be lower than that estimated in
the natural combinations P. gallinaceum–Aedes aegypti [11] and
P. falciparum–An. gambiae [12] (results not shown).

The numerous blood-borne variables responsible for
modulating gametocyte-oocyst development in vivo transcend
species, and many suppress the early conversion of game-
tocytes to ookinetes [31–40]. Mosquito factors regulating
infection are less well understood but include physiological,
immunologic and biotic variables [41–44], the expression of
which varies with both mosquito and parasite species [45,46],
as well as with genotypes [31,47]. Interestingly, it has been
suggested that Plasmodium may have immunosuppressive
effects upon the vector [48]. Consistent with the above,
recent analyses on P. vivax concluded that it is vertebrate
factors that impact largely upon fertilization, whereas
mosquito factors determine ookinete losses [49].

Unlike these previous studies which investigated the
relationship between gametocytes and oocysts (and found
or not some evidence of nonlinearity), our work has aimed at
teasing out where exactly nonlinearities may be occurring,
and therefore we have examined the transition from
gametocytes to ookinetes separately from that of ookinetes
to oocysts. In P. falciparum the efficiency of macrogametocyte
to ookinete conversion in vivo reportedly varies widely (from
0.025% to 42%) [50]. In P. berghei, we find that the efficiency
of conversion for the transition of macrogametocytes to
ookinetes is maximal at the lowest parasite densities (i.e., the
hyperbolic models were found to best fit this relationship). At
the lowest macrogametocyte densities investigated (i.e.,
;7,000 per bloodmeal) the efficiency of ookinete production
in vivo is ;1.3%; thereafter the efficiency falls progressively
with increasing density (0.6% for 360,000 macrogametocyes/
bloodmeal). This fall suggests competition for limited
resources, or density-dependent stimulation of a parasite-
killing response in the mosquito [44,51,52].

Interestingly, when examining ookinete to oocyst develop-
ment we found a sigmoid relationship, indicating that at low
ookinete densities, and with this experimental design, the
transition was positively density-dependent (i.e., the per
capita probability of successful oocyst establishment was very
low at the lowest ookinete densities but increased initially
with increasing ookinete density in the bloodmeal). Similarly,
a sigmoid zygote-oocyst relationship was reported by Rosen-
berg et al. when P. gallinaceum female zygotes produced in vitro
were membrane-fed to Ae. aegypti [53]. The maximal parasite
yield (100%) was achieved for zygote densities of ;4/
mosquito, but at ;40,000/mosquito the per zygote efficiency
had decreased to 0.3%. A possible biological explanation for
this initial facilitation may lie in the difficulty that individual
ookinetes may have to disrupt the mosquito’s peritrophic

matrix or midgut epithelial cells, whereas at higher ookinete
densities, those which succeed in penetrating these structures
may make it easier for other ookinetes to do so, facilitating
their passage and ultimately their establishment under the
basal lamina of the midgut epithelium. These results are
entirely consistent with an earlier study by Munderloh and
Kurtti [54], who observed that low numbers of P. berghei
ookinetes do not reliably produce oocyst infections. Assum-
ing a bloodmeal volume of 2.13 ll [19], our data suggest that
to ensure infection with at least one oocyst, approximately
40–140 ookinetes/mosquito are required (Table 2), whereas
they estimated that ;1,100 (purified) ookinetes would be
necessary. We attribute these differences in number to recent
improvements in the parasite culture. Studies on P. falciparum
in vivo [19] similarly indicate an apparent ‘‘threshold’’
ookinete density of 30/mosquito in An. gambiae. Sigmoid
relationships have a ‘‘turning’’ parasite density at which the
maximum probability of transformation is achieved and
beyond which negative density dependence operates. The
turning-point ookinete density (assuming b¼2 for simplicity)
is 355 for the model fitted to mean P. berghei oocyst density
(Figure 3A), and 212 for the model fitted to all individual data
combined (black curve in Figure 3B; see Table 2 for
researcher-specific turning points). Other examples of initial
facilitation followed by subsequent limitation within a vector
have been found among filarial parasites [16]. Earlier studies
[50,55–57] remarked on the high cost of ookinete-oocyst
transformation, and suggest it to be a critical block. Published
work suggests that at this stage of development, mosquitoes
can be significantly (P. falciparum / An. albimanus [19]; P. yoelii /
An. albimanus [22,58]) or totally refractory (P. berghei / Ae.
Aegypti [55]). However, in compatible parasite–vector combi-
nations, e.g., P. falciparum / An. freeborni [19] and P. yoelii / An.
stephensi [22], transformation can be efficient and parasite
losses at the late ookinete stage rare. It will be interesting to
explore whether the specificity and/or magnitude of the
mosquito’s immune responses are sensitive to ookinete
density. It is known that immune responses are qualitatively
different in different parasite–vector combinations [59], and
their cost to vector fitness and survival is not insignificant
[48,60–62].

Oocyst Maturation and Sporozoite Delivery
The transition from oocyst to salivary gland sporozoite is

usually inefficient and can be totally inhibited in some
Plasmodium/mosquito combinations [3]; whether sporozoites
released from the oocyst are removed from the hemocele by
hemocytes, or lysed by immune peptides is still unknown [63].
Salivary gland burden is markedly increased if oocyst-
infected mosquitoes take a second, uninfected bloodmeal,
typically 4 days after infection [64]. This may overcome inter-
oocyst competition for nutrients, but it has been suggested
that it synchronizes sporozoite maturation [29,65]. Whilst
some authors suggest that mosquito survivorship is not
adversely impacted by oocyst density [10,66], others found
that mosquito mortality increased with oocyst burden [67,68].
Our experimental design was not influenced by these
variables; the experiments were all subjected to the same
(single) blood-feed regimen, and all examined mosquitoes
were alive immediately prior to dissection.
The mathematical relationship between abdominal oo-

cysts and salivary gland sporozoites is complicated by the
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variable and unknown sporozoite production within oocysts
[64,69,70]. Previous studies have reported that the number
of sporozoites produced per oocyst is not density-dependent
[22], and studies on P. vivax [13,66] reported linear
relationships between oocyst and salivary gland sporozoite
prevalences. Others have described only a weak (Pearson)
correlation between oocyst, and sporozoite number in the
glands in both P. falciparum, and P. vivax [10]. Geometric

mean oocyst loads of 2.6 (1–197) and 2.2 (1–26) in,
respectively, naturally infected An. gambiae and An. funestus
have been correlated with mean loads of 962 and 812
salivary gland sporozoites. Assuming a production of
;10,000 sporozoites per oocyst [2], this would translate in
only 4% of sporozoites invading the salivary glands [23]. Our
data suggest that mean oocyst numbers are linearly related
to mean salivary gland sporozoite load (Figure 4A, r ¼ 0.9),
but that a saturating (hyperbolic) relationship best describes
the sporozoite numbers per individual mosquito (Figure 4B).
At most naturally occurring oocyst burdens (1–5 per
mosquito), our results suggest that the number of spor-
ozoites in the glands is most likely to be directly propor-
tional to oocyst load, as found with P. falciparum in An.
gambiae, however the latter combination exhibits a much
higher efficiency (i.e., ;400–700 P. falciparum gland spor-
ozoites/oocyst [23,50] versus 54–72 P. berghei gland sporo-
zoites/oocyst). However at the high oocyst numbers (.50)
achievable in P. berghei / An. stephensi, it is evident that
salivary gland numbers are rate-limited (Figure 4B).
Previous authors have discussed, for P. berghei, P. yoelii, and

P. falciparum [2,5–9,71–74], the importance of sporozoites
being located in the salivary gland ducts at the time of feeding
in relation to the probability of a sporozoite being inoculated
into the skin of the host. Figure 5 illustrates the enormous
variation reported in sporozoite inocula in the bites of An.
stephensi with wide-ranging salivary gland burdens of spor-
ozoites of the rodent malarias. Whilst it is widely conjectured
that sporozoites of different Plasmodium spp. differ dramat-
ically in their infectivity to their vertebrate hosts, published

Table 3. Number of Sporozoites Required to Establish a Patent Parasitaemia in Vertebrate Hosts

Parasite

Species

Average

Gland

Scorea

Sporozoites

Inoculated

(Range)b

Number

of Bites

Net Probability

of Infection (%)

Reference

P. falciparum — — 1–2 50 [89]

P. falciparum 2 — 1 100 [89]

P. falciparum — — 1 100 [71]

P. vivax — 10 — 100 [90]

P. vivax — 10 — 100 [91]

P. vivax 4 — 8 100 [92]

P. vivax 2 — 1 100 [93]

P. cynomolgi 4 10 2 100 B. Collins (personal communication)

P. yoelii — 3.7 (1–14) — 50 S. Hoffman (personal communication)

P. berghei — 370 — 50 S. Hoffman (personal communication)

P. berghei — 360 — 100 [94]

P. berghei — 1,000 — 94 [95]

P. berghei — 100 — 46 [95]

P. berghei — 10 — 26 [95]

P. fragile — — 5.5 100 [96]

P. gallinaceum — — 1 85 [97,98]

P. gallinaceum — 1 glandc — 100 [98]

P. gallinaceum — 0.01 glandc — ‘‘high’’ [99]

P. gallinaceum 20 spzd — — 100 [100]

P. cathemerium — 250 — 100 [101]

P. cathemerium — 5 — 40 [101]

aGland scores: 1, 1–10 sporozoites; 2, 11–100; 3, 101-1000; 4, .1,000.
bSporozoites were inoculated through the bite of infectious mosquitoes, or by direct inoculation into vertebrate host. The average of the most commonly observed minimal infectious

inoculum for all species is ;10 sporozoites.
cSalivary gland inoculated as opposed to sporozoites.
dSporozoites (spz) counted.
doi:10.1371/journal.ppat.0030195.t003

Figure 5. Relationship between the Number of Salivary Gland

Sporozoites and Sporozoites Transferred in the Bite

Data from Medica and Sinnis [6] (P. yoelii in An. stephensi) illustrating the
relationship between the number of sporozoites counted in dissected
salivary glands and the number of sporozoites observed in the saliva
ejected by a single bite. Note the use of a logarithmic scale on the x-axis.
doi:10.1371/journal.ppat.0030195.g005
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and unpublished data kindly made available to us (Table 3)
suggest that for all species studied, inocula of just 10
sporozoites can be infectious. It is therefore relevant to
investigate the question ‘‘At what salivary gland sporozoite
density, will the number of sporozoites in the bite fall below
10?’’ Whilst the data suggest gland burdens as high as 30,000
can result in inocula below this ‘‘threshold’’, it is clear that
gland infections of just a few hundred sporozoites (that could
be derived from 1–2 oocysts in the P. falciparum / An. gambiae
combination) have clear infection potential. It is thus obvious
that the prevalence and not the intensity of oocysts or salivary
gland sporozoite infections will be the key practical param-
eter when considering the potential infectivity of individual
mosquitoes to the vertebrate host.

Implications for the Modeling of Transmission-Blocking
Strategies

Our overarching goal is to develop mathematical models of
the population biology of malaria within the mosquito that
ultimately relate the prevalence and intensity of gametocy-
taemia in the vertebrate host with the entomological
inoculation rate and the force of infection, and to link these
frameworks with novel models of malaria in the human host
[15]. Thus far, these studies have found little relationship
between the infectiousness of human populations to vectors
and the resulting transmission intensity from vectors back to
humans.

The very poor correlation between salivary gland burden
and sporozoite inoculum at the next bite, suggests that
reductions in oocyst number may not correlate well with the
potential impact of intervention upon transmission. In
contrast, it is abundantly clear that any effective trans-
mission-blocking strategy will have to reduce both oocyst
intensity and prevalence (their inter-relationship being non-
linear [18]). The biological consequences of reductions in
prevalence cannot be contested —uninfected mosquitoes
cannot transmit. The varying reduction in prevalence that
would be induced, by a 90% reduction in oocyst intensity, at
different initial oocyst densities is illustrated in Figure 6. If

studies into transmission-blocking strategies were to discuss
their efficacy in terms that unequivocally reduce the number
of infectious bites (and therefore the force of infection), as
argued by those applying anti-vector policies, they might
facilitate the wider understanding and acceptance of the
obvious impact of such interventions in endemic commun-
ities. We will report elsewhere how our data will permit us to
forward hypotheses as to how interventions targeted at
different mosquito stages, e.g., gametes, ookinetes, oocysts
or sporozoites, might be expected to reduce the prevalence of
infectious mosquitoes in a theoretical population.

Materials and Methods

The parasite. To eliminate the impact of host and parasite genetic
variability, parasite clones, and one inbred mosquito line were used.
All but one experiment reported here used clone 234 of the rodent
malarial parasite P. berghei strain ANKA. The parasite was maintained
by serial passage, but no more than eight sequential mechanical blood
passages took place before passage through mosquitoes [27,33]. This
regimen maintains gametocyte infectivity to the mosquito, a critical
property for this study. Gametocyte density and male: female ratios
were determined in Giemsa stained smears, and infections were
always done on days 3–5 when a low but rising gametocytaemia
prevailed [27,33]. Male:female ratios invariably fell within the normal
range for low-passage P. berghei infections, i.e., 1.64 6 0.93SD (Dearsly,
unpublished). All details of direct, or membrane feeds and parasite
enumeration are as described previously [75]. Those experiments in
which there was significant insect mortality were excluded, on the
understanding that this phenomenon may itself be related to
infection intensity [76]. In an effort to facilitate parasite identifica-
tion, one set of experiments used the GFP-expressing transgenic
clone (PbGFPCON) [77] derived from the HP line of P. berghei.
Experiments counting ookinetes in the bloodmeal used the indirect
fluorescent antibody test (IFAT) to reveal parasites expressing P28/
Pbs21 [78]. In all calculations it has been assumed that the bloodmeal
volume in A. stephensi is 2.13 ll [19].

The hosts. All gametocytes were raised in Theiler’s Original (TO)
mice and transmitted to A. stephensi strain Sd 500, maintained at 19 8C
and 80% RH, and fed on 5% fructose/0.05% para-amino-benzoic acid
as described previously [75].

Experimental design. The impact of numerous extraneous factors
(e.g., host serum; mosquito midgut milieu) upon gametocyte
infectivity complicates the design and reproducibility of experiments
in P. berghei [34,27]. Pools of gametocytes were therefore washed free
of variable serum factors and re-suspended in a single pool of serum
known to support P. berghei infectivity. Gametocytes, re-suspended at
known parasite densities, were fed to replicate aliquots of A. stephensi
from the same rearing brood. Fifteen hours later, GFP-expressing, or
P28-positive retorts and ookinetes were counted by IFAT in dissected
bloodmeals. Ten days after blood feeding, oocysts were counted by
phase contrast microscopy of freshly dissected midguts. Sporozoites
were similarly counted on days 21–25 by hemocytometry of dissected
salivary glands. Unless otherwise stated, all experiments were
repeated in triplicate and all mosquitoes examined were alive
immediately prior to dissection. We have not attempted to study
oocyst infections below a mean of 10 as the proportion of uninfected
mosquitoes rises rapidly making the necessary group sizes unmanage-
ably large [18]. To study the impact of ookinete density upon oocyst
formation we exploited our ability to culture P. berghei ookinetes in
vitro. Following culture ookinetes were resuspended at known
densities in fresh heparinised mouse blood and fed by membrane
feeder [75]. Under these conditions it is anticipated that some
ookinetes will invade the midgut epithelium earlier than when
mosquitoes are infected by gametocytes.

Even with the advent of GFP-tagged parasite lines it is not possible
to count midgut oocysts in vivo without compromising the
subsequent development of the sporozoites in the mosquito, due to
direct UV irradiation, or stress/damage to the insect. Thus, batches in
excess of 200 mosquitoes were each infected with different ookinete
numbers such that different oocyst burdens could be determined by
dissecting groups of at least 50 mosquitoes [79]. The remainder of
each mosquito batch (.50) was incubated a further 8–15 days before
counting the salivary gland sporozoites. With this design, both input
and output parasite densities are random variables.

Sporozoite counting by polymerase chain reaction (PCR). Efforts to

Figure 6. Reduction in Oocyst Prevalence Induced by a 90% Reduction in

Intensity at Different Initial Densities

A 90% blockade in intensity at varying oocyst numbers by a theoretical
intervention results in the greatest reductions in prevalence of infected
mosquitoes when mean oocyst numbers are low. Data from Medley et al.
[18].
doi:10.1371/journal.ppat.0030195.g006
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enumerate sporozoites in the saliva secreted into a bloodmeal, using
PCR, were not successful, and have been superseded by the elegant
studies of others [5,6,72]. However, for the sake of completeness, we
give an account of our procedures in Text S1.

Statistical methods. Frequency distributions. Frequency distribution
histograms were prepared for each of the output life stages of
interest, i.e., the number of ookinetes, the number of oocysts, and
the number of salivary gland sporozoites per mosquito. The VMR
was calculated for each distribution, which indicated the presence of
overdispersion (the ratio was significantly greater than 1 as
ascertained by chi-square tests [80]). An NBD (whose parameters
are the arithmetic mean, and the exponent, k, an inverse measure of
the degree of overdispersion) was fitted to the data using maximum
likelihood (ML). The goodness of fit of the negative binomial
distribution to the observed frequency distribution was assessed
using chi-square tests [80]. For each life stage, values for k were thus
estimated for the combined data, and for each input parasite
density separately, and plotted against the corresponding arithmetic
mean number of parasites to assess whether the overdispersion
parameter was independent or related to the means of the
distributions. The functional form of the relationship between k
and the mean was determined by fitting various models (detailed in
Text S2) using ML, which were compared using the LRS [81] for
nested models and the AIC [82] for non-nested models. The LRS and
AIC results can be found in Table S1, and the resulting parameter
values in Table S2.

Models fitted to mean parasite densities. Functional relationships were
fitted to mean parasite densities as a function of the (pre-defined)
previous life stage density, using the WM [17] as a measure of central
tendency for the outcome variable (given the overdispersed nature of
the data as assessed above). Asymmetric CIs were estimated for the
WMs [83]. When the explanatory variable was also the mean of a
random variable (rather than a pre-determined parasite density fed
to mosquitoes), CIs were also calculated for the variable plotted on
the horizontal axis. Heterogeneity in the data between experiments
and between workers was examined to determine whether a single
model should be fitted to the entire dataset, to individual experi-
ments, or to experimenter subsets. The form of the relationship
between two subsequent life stages, using the mean values, was
determined by fitting Equation 1 by ML using quasi-Newton
algorithms. We maximized a sample size-weighted log-likelihood for
a normally distributed variable after applying a suitable (square root)
transformation of the means. The weighting procedure allowed us to
take into account the number of mosquitoes contributing to each
mean value in addition to the total number of mean values [84]. In
this case, y was the WM of the outcome variable and x was the parasite
density of the previous (input) life stage. Parameters a, b, and c
determine the shape of the functional form as described in Table 1,
and the resulting models were compared using the LRS [81] as the
models were nested (linear versus hyperbolic and versus sigmoid;
hyperbolic versus sigmoid). (Details of the LRS results are provided in
Table S3.) Asymptotic 95% CIs [85] were estimated for each
parameter in the final model.

Models fitted to individual parasite densities. In order to make better use
of the data available, models were also fitted to individual parasite
densities rather than the mean values, using parasite densities from
individual mosquitoes against the pre-defined (or mean) parasite
densities of the previous life stage. The form of the relationship
between two subsequent life stages using the individual values was
determined by fitting the functional form given in Equation 1, where
x, a, b, and c, were as described above, and y was the parasite count of

the subsequent stage as observed in individual mosquitoes. Param-
eters were estimated, using quasi-Newton algorithms, by maximising
a negative binomial log-likelihood that allowed the overdispersion
parameter to be a function of the mean [86]. Again, models were
compared using LRS, and asymptotic 95% CIs [85] were estimated for
the parameters in the final model, including overdispersion
parameters. Details of model comparison can be found in Table S4.
In all cases p , 0.05 was considered to indicate a significant departure
from the null hypothesis in question. Limitations of the statistical
analyses are discussed in Text S3.
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Summary The impact of parasite density on malaria transmission remains unclear. We inves-
tigated sporogony temporal dynamics and the effect of parasite density on these dynamics. A
series of experiments was conducted in which cages of mosquitoes were fed on blood contain-
ing a range of ookinete densities. Samples of surviving mosquitoes were dissected over time
post-feeding to count oocyst and sporozoite numbers. Results reveal a humped (convex) pat-
tern of oocyst numbers and suggest that transition rates between sporogony stages are density
dependent. This has implications for the design of parasite—mosquito interface studies and the
development of transmission-blocking strategies.
© 2009 Royal Society of Tropical Medicine and Hygiene. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

Renewed calls for malaria elimination are re-focusing
research attention towards transmission and the mosquito
portion of the malaria life cycle. It is crucial to understand
the role of parasite density, and in particular, its effect on
the temporal dynamics of the developmental stages within
the mosquito (sporogony) for evaluating the impact of new

� Based on a presentation to the Royal Society of Tropical Medicine
& Hygiene Research in Progress meeting on 18 December 2008. This
poster presentation was awarded second prize at the meeting.

∗ Corresponding author. Tel.: +44 020 7594 3229.
E-mail address: emma.dawes05@imperial.ac.uk (E.J. Dawes).

control strategies, such as transmission-blocking drugs and
vaccines.

Parasite burden of a mosquito has previously been (stat-
ically) defined as a snapshot of the number of parasites
of a particular developmental stage on a given day; e.g.
oocyst density is typically reported as the number found
10 d post-feeding. Although parasite bottlenecks and multi-
plication occur during developmental transitions within the
mosquito,1 and we have shown these transitions to be den-
sity dependent,2 it is still unclear how the density of parasite
stages changes with time post-infection and the size of the
inoculum. We aimed to characterise the pattern of oocyst
and salivary gland sporozoite abundance over time post-
infection, and determine the impact of parasite density on
these dynamics.

0035-9203/$ — see front matter © 2009 Royal Society of Tropical Medicine and Hygiene. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.trstmh.2009.03.009
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Figure 1 Oocyst density per mosquito with time post-feeding.
Markers represent the mean oocyst density observed from 20
(surviving) mosquitoes at each timepoint. Lines represent model
outputs (i.e. expected oocyst density according to a compart-
mental dynamic model fitted to the data; see Materials and
methods section). Colours represent the number of ookinetes
per �l of blood fed to each mosquito group: experiments 1 and
2, red = 100, green = 400 and blue = 2000; experiment 3, dark
red = 50, dark green = 250 and dark blue = 1000.

2. Materials and methods

Three experiments were conducted, each consisting of three
cages of fully engorged (400—1000) Anopheles stephensi
mosquitoes (SDA500 strain) membrane-fed on mouse blood
containing different Plasmodium berghei (PbCONGFP clone,
ANKA strain) ookinete densities (0—2000 ookinetes/�l
blood) following standard procedures.3 Cages were main-
tained at ∼19 ◦C and 80% relative humidity, and the
mosquitoes were fed on 5% fructose for the duration of
the experiment. Every 24—48 h after membrane feeding,
samples of 20 surviving mosquitoes from each cage were
randomly selected and dissected, and the number of estab-
lished oocysts and salivary gland sporozoites were counted
using fluorescence microscopy. The numbers of sporozoites
located in the salivary glands were recorded using a ‘sporo-
zoite score’: 0 = 0; 1 = 1—10; 2 = 11—100; 3 = 101—1000;
4 = 1001—10 000; and 5 = >10 000 sporozoites. The resulting
mean numbers of oocysts with time post-feeding were used
to parameterise a deterministic, compartmental model that
describes the rates of change with respect to time of the
numbers of ookinetes, oocysts and sporozoites per mosquito
(Figure 1).

3. Results and discussion

The numbers of oocysts were related (in a non-linearly
proportional fashion) to the number of ookinetes fed, sug-
gesting the operation of density dependence as we have
previously reported.2 Figure 1 illustrates the fact that oocyst
numbers (in most cases) increase initially before declining
(which motivated the use of the compartmental model). The
early increase reflects the fact that initially the parasites are

ookinetes, which bind to the midgut to establish as oocysts;
however, the peak number of round oocysts in some groups
is observed later than expected, indicating that either there
is a longer window of opportunity for ookinetes to interact
with the midgut (and transform from elongate ookinete to
round oocyst) than previously thought, or that this may be an
artefact of the methodology. (In the first 4 d of dissection the
blood meal had to be removed to be able to count only those
parasites bound to the midgut with the potential of remov-
ing those parasites only loosely bound, lowering counts on
the first days of the experiments.)

The decline in oocyst numbers appears to be continual
and relatively smooth with time, indicating: firstly that they
are being gradually cleared from the mosquito, potentially
by the immune system; secondly, that the oocysts which
burst to release sporozoites do not do so all at once but over
a number of days; and thirdly, that many oocysts may fail
to release sporozoites. Sporozoites were initially found in
the salivary glands from days 12—14 in each of the mosquito
groups and increased in number relatively quickly over the
subsequent days, reaching a plateau (not being released in
a bite) after day 20.

These results suggest an impact of parasite density on
the transition rates of Plasmodium sporogony within the
mosquito, and potentially on malaria transmission. This
should be taken into account in the design and interpre-
tation of results from studies exploring the parasite—vector
interface. Understanding the temporal and parasite density-
dependent dynamics of Plasmodium within the mosquito will
be important for identifying the most important targets for,
and impact of, transmission-blocking strategies.
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Abstract
Background: Daily mortality is an important determinant of a vector's ability to transmit
pathogens. Original simplifying assumptions in malaria transmission models presume vector
mortality is independent of age, infection status and parasite load. Previous studies illustrate
conflicting evidence as to the importance of Plasmodium-induced vector mortality, but very few
studies to date have considered the effect of infection density on mosquito survival.

Methods: A series of three experiments were conducted, each consisting of four cages of 400-
1,000 Anopheles stephensi mosquitoes fed on blood infected with different Plasmodium berghei
ookinete densities per microlitre of blood. Twice daily the numbers of dead mosquitoes in each
group were recorded, and on alternate days a sample of live mosquitoes from each group were
dissected to determine parasite density in both midgut and salivary glands.

Results: Survival analyses indicate that mosquito mortality is both age- and infection intensity-
dependent. Mosquitoes experienced an initially high, partly feeding-associated, mortality rate,
which declined to a minimum before increasing with mosquito age and parasite intake. As a result,
the life expectancy of a mosquito is shown to be dependent on both insect age and the density of
Plasmodium infection.

Conclusion: These results contribute to understanding in greater detail the processes that
influence sporogony in the mosquito, indicate the impact that parasite density could have on
malaria transmission dynamics, and have implications for the design, development, and evaluation
of transmission-blocking strategies.

Background
Daily mortality is the most important determinant of a
mosquito's ability to transmit pathogens, influencing the
probability to encounter infectious hosts, survive the
extrinsic incubation period and transmit the infection [1].

The period necessary for the parasite to reach its infective
stage within the vector often takes an appreciable portion
of the vector's life-span and, therefore, only a small pro-
portion actually survive long enough in nature to transmit
the infection. As a result, the basic reproduction number
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(R0) of vector-borne infections is critically dependent on
the life-span of the vector, and in particular on the infec-
tive life expectancy [2,3]. Small changes in the daily mor-
tality rate can result in relatively large changes in
transmission. In support of this, Macdonald's malaria
models indicated that at equilibrium, the weakest link in
the chain of transmission was the survivorship of the
adult female Anopheles [1], providing a rationale for a
DDT-focused, World Health Organization-coordinated
eradication campaign that successfully eliminated malaria
transmission among approximately 700 million people
[4]. Therefore, understanding the determinants of mos-
quito survival can have important implications for the
design and assessment of new malaria control strategies.

Original simplifying assumptions in malaria transmission
models include that vector mortality is independent of
and, therefore, unaffected by, mosquito age, infection sta-
tus and parasite load [1,3,5-7]. This has resulted in esti-
mates of the daily survival rate entering as constants in
mathematical equations of epidemiological indices such
as the vectorial capacity and the entomological inocula-
tion rate, in models of population dynamics and in the
assessment of control strategies. These assumptions have
continued to permeate malaria transmission models
despite conflicting evidence as to their validity.

The assumption of mosquito mortality being independ-
ent of age was first articulated by Macdonald, who rea-
soned that environmental insults, disease, and predation
would kill mosquitoes before they died of old age [5].
Macdonald, therefore, based his mathematical treatment
of survival on the factor p, the probability of a mosquito
surviving from one day to the next. Some studies support
this notion [8,9] whereas others have found evidence of
mosquito senescence, particularly in laboratory popula-
tions [10-16]. Notably, Clements and Patterson [17] re-
analysed published reports of mosquito mortality and
concluded that many species exhibit age-dependent mor-
tality, with most, but not all, consistent with the Gom-
pertz model [18]. More recently, Styer et al [16] found that
mortality was highly age-dependent in both sexes of Aedes
aegypti, and that the age at which a mosquito first bites an
infectious host is an important indicator of the probabil-
ity of transmitting a pathogen.

Despite these studies clearly calling into question the
assumption of no senescence in mosquito populations,
the common operational assumption remains that insect
vector mortality is independent of age, and this has been
incorporated into many mathematical models [7,19-24].
The reluctance for this to change can primarily be ascribed
to the fact that allowing mortality to be constant with age
leads to the exponential model for the distribution of sur-
vival times, which has the significant advantage of mathe-

matical simplicity and tractability, and reduces the
number and complexity of variables that need to be con-
sidered. However, acceptance of this non-senescence
assumption leads to the simplified view that the potential
of mosquitoes to survive and transmit disease is constant
regardless of their age, and it has been shown that quanti-
tative models that assume non-senescence can produce
results with substantial errors [17].

It has been argued that there will be strong selection pres-
sure on Plasmodium not to reduce vector survival, as both
partners benefit from high rates of survival and of blood-
feeding; the mosquito to increase its reproductive success
and the parasite to ensure its transmission [25]. However,
investigations into the pathogenicity of malarial parasites
in mosquitoes have not been conclusive, resulting in con-
flicting evidence as to whether malaria parasites are
benign to their vectors. Laboratory studies are contradic-
tory; some indicate that the survival rate of infected mos-
quitoes is not different from that of non-infected
mosquitoes [26-31], whereas others indicate reduced sur-
vival [32-37]. Ferguson and Read [38] conducted a meta-
analysis of 22 previously published laboratory studies,
and concluded that overall, malaria parasites do reduce
mosquito survival, but stated that these mortality effects
were more likely to be detected in vector-parasite combi-
nations not occurring naturally in the field and in studies
of longer duration. Field studies which have explored par-
asite-induced vector mortality indirectly, have also
yielded conflicting results; some supporting [39,40] and
others not supporting [41] its operation.

It has also been suggested that malaria parasites may only
be harmful to mosquitoes when parasite burdens are
exceedingly high [28,35], which has been used to refute
the existence of Plasmodium-induced mortality in nature,
as most naturally infected mosquitoes carry, on average,
only two to three oocysts of Plasmodium falciparum [42-
45]. However, the absence of high oocyst burdens in pop-
ulation samples could also be due to the mortality of
more heavily infected mosquitoes [40]. Very few studies
to date have explicitly and systematically considered the
effect of infection density on mosquito mortality, and
those which have, have not reported consistent results.
Whilst some authors suggest that mosquito survivorship
is not negatively correlated with parasite density [29,32],
others found that mosquito mortality increased with
oocyst burden [35-37,46]. The review by Ferguson and
Read [38] concluded that there is no relationship between
mortality and mean oocyst burden in the five studies that
reported oocyst burden, but suggested that sporozoite
load may be the prime determinant of mosquito mortality
as mortality differences only became apparent in studies
of longer duration when sporozoites would be in the sal-
ivary glands.
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In the context of the renewed global efforts to eliminate
malaria, it has become increasingly important to obtain a
better understanding of the component of the malaria life
cycle taking place within the mosquito. Using the Plasmo-
dium berghei-Anopheles stephensi experimental system, it
has been rigorously demonstrated that parasite develop-
ment during sporogony is density-dependent [47]. Using
the same system, this paper investigates the validity of the
original simplifying assumptions that mosquito mortality
is independent of age, infection status, and infection den-
sity, which are commonly used in the formulation of
mathematical models of malaria transmission. The ulti-
mate aim is that of generating testable hypotheses that
serve to prompt investigation of whether similar phenom-
ena apply to any of the complex, numerous, and multifar-
ious parasite-vector combinations that play a role in
malaria transmission in the field.

Methods
Experimental design
Three experiments were conducted over the course of one
year, each consisting of four (30 cm3) cages of An.
stephensi (SDA500 strain) fed on mouse blood infected
with different P. berghei ookinete densities, summarized
in Figure 1. The first group of mosquitoes in each experi-
ment acted as the control group, and were fed on rodent
blood containing P. berghei 233; a non-gametocyte-pro-
ducing clone (i.e., 0 ookinetes). This choice of control rec-
ognizes the impact of parasite-induced serum
components present at the time of blood-feed which are
known to modulate parasite infectivity [48], thus making
the groups as comparable as possible, differing only in the
presence and density of ookinetes. The further three
groups were fed on blood containing increasing ookinete
densities; 100, 400 and 2,000 ookinetes per l of blood in
the first two experiments (to represent the three phases of
the sigmoid relationship between numbers of oocysts and
ookinetes shown in Sinden et al [47]), and 50, 250 and
1,000 ookinetes per l of blood in the third experiment
(in order to explore a different range of parasite densities).
Ookinete rather than gametocyte densities were chosen as
the source of infection because they tend to predict more
accurately the intensity of the resulting infection [47], and
reduce the between-mosquito variability that would oth-
erwise require much larger (and unfeasible) mosquito
numbers to achieve sufficient statistical power. For these
groups of mosquitoes the transgenic GFP-expressing P.
berghei clone PbCONGFP (ANKA strain) was maintained
in Theiler's Original mice, as these parasites express the
GFP constitutively throughout all stages of the life cycle
facilitating localization and enumeration of parasites. The
growth kinetics of this fluorescent strain has been shown
to be the same as that of the wild-type [49]. The course of
infections and gametocyte production were monitored on
Giemsa-stained blood films. The mosquitoes were starved

overnight and fed either directly on anaesthetized infected
mice (for the control cage), or were membrane-fed with a
suspension of cultured ookinetes in blood from unin-
fected mice (for each of the other cages). The feeder appa-
ratus used Parafilm® as the feeding membrane and
maintained the blood at a constant temperature of 37°C
using a water circulation system. The feeds lasted approx-
imately 90 minutes in the dark at 19°C. Those mosqui-
toes which had taken less than a full blood meal
(distinguished visually) were removed the following day,
reducing the possibility that any difference between
groups could be due to variation in blood meal size, and
resulting in roughly 400 to 1,000 fed females per cage (see
Table 1). The cages were maintained at approximately
19°C, 80% relative humidity and fed on 5% fructose for
the duration of the experiment.

The populations of mosquitoes were followed over time
post-feeding (which is also a proxy for mosquito age in
this experiment) by recording the number of dead females
in each group twice each day. In addition, for the first six
days, and on alternate days after this time, a sample of
twenty live mosquitoes from each group (with the excep-
tion of the control) were dissected to remove both the
midgut and (from approximately day 10 onwards) sali-
vary glands to determine parasite density in both midgut
and salivary glands using fluorescence microscopy. This
paper reports the results of the survival analysis. A sum-
mary of the resulting dynamics of parasite stages and den-
sities with time post-feeding has been presented elsewhere
[50].

Statistical analysis
Non-parametric methods
Survival functions for each of the four groups (based on
the ookinete density fed to the mosquitoes) in each of the
three experiments, were estimated using the Kaplan-Meier
estimate [51], classifying those mosquitoes lost to follow-
up, e.g. those which were killed for dissection, as censored
observations. (For details on the calculation of the Kap-
lan-Meier estimate see additional file 1: 'Detailed statisti-
cal methods'.)

The median survival time (with 95% confidence intervals)
was calculated for each group to compare survival times,
by determining the time beyond which 50% of the indi-
viduals in the population are expected to survive. The
Mantel-Cox test and a log-rank test for trend were used to
compare the survival distributions of the four groups
within each of the experiments. The Mantel-Cox test is
used for two-sample comparisons and is based on a test
statistic with a chi-squared distribution and one degree of
freedom under the null hypothesis that there is no differ-
ence between the survivorship of the individuals in the
two groups under comparison [52,53] (for further details
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see additional file 1: 'Detailed statistical methods'). The
log-rank test for trend was computed because the four
groups to be compared in each experiment represented
ordered, increasing, densities of infection. Therefore, the
codes assigned to each of the mosquito groups were the
number of ookinetes per l of blood fed, which allowed
this test to investigate if a linear trend exists between par-
asite density and survival. The resulting test statistic has a
chi-squared distribution with one degree of freedom,
under the null hypothesis of no trend across the groups
[52,54] (for further details see additional file 1: 'Detailed
statistical methods').

The combined datasets from the three experiments were
analysed using Cox regression survival analysis (propor-
tional hazards model) fitting ookinete density fed to the
mosquitoes first as a categorical variable to test for differ-
ences in survival between cages, and subsequently as a
continuous variable to explore the impact of an increase
in parasite density on mosquito survival. This statistical
analysis allows the impact of parasite density on mos-
quito survival to be tested whilst controlling for variation
due to experiment.

Estimation of mosquito mortality rates
The modelling of survival data centers on the hazard func-
tion (the instantaneous death rate), which is used to
express the risk or hazard of death at time t. Kaplan-Meier
estimates, which assume that this hazard function is con-
stant between successive death times, were calculated and

plotted for the mid-point of each time-interval (for details
as to their calculation see additional file 1: 'Detailed statis-
tical methods').

Some of the most common hazard functions applied in
survival analysis were used to explore the underlying mos-
quito survivorship. These included a constant death rate,
the Gompertz function (the rate of mortality increases
with age in such a manner that its logarithm is linearly
proportional to age), and the Weibull function (the rate of
mortality increases or decreases monotonically with age
depending on the values of a shape and a scale parame-
ter). However, as the observed hazard rates initially
declined before increasing as time post-engorgement pro-
gressed, none of these functions were able to describe ade-
quately the pattern observed in the data. Consequently,
the following empirical quadratic hazard function for the
relationship between mortality rate and time post-
engorgement [55], was fitted by least squares estimation,

This function describes a parabola, with parameter  rep-
resenting the mortality rate at the time of feeding (i.e.
when t = 0), and parameters  and  being associated,
respectively, with the subsequent decline and increase in
death rate with time post-feeding, which could represent
different biological causes of mortality. Parameters  , 
and  were each allowed to vary linearly with the density
of ookinetes fed to the mosquitoes (K) to identify whether

   t t t( ) = + +2 (1)

Table 1: Summary statistics for cages of An. stephensi mosquitoes fed different estimated P. berghei ookinete densities

Experiment (date) Estimated ookinete 
density fed (per l)

Mean‡ number of 
oocysts per mosquito 
on day 10* (range)

Mean‡ sporozoite 
score† per mosquito 
on day 22*

Total number of 
mosquitoes in each 
cage

Median survival 
(days)
(95% C.I.)

1 0 442 32 (30, 34)
(August 2007) 100 46.4 (0-251) 2.4 399 ND (25, ND)

400 141.8 (0-307) 3.0 645 26 (23, 31)
2,000 259.6 (0-591) 3.7 562 21 (19, 24)

2 0 733 33 (32, 35)
(April 2008) 100 55.3 (0-212) 2.0 565 ND (ND, ND)

400 83.1 (0-259) 2.6 662 34 (32, ND)
2,000 138.4 (0-477) 1.8 502 30 (29, ND)

3 0 625 42 (41, ND)
(July 2008) 50 11.3 (0-47) 1.2 815 36 (35, 37)

250 67.6 (0-121) 1.7 852 36 (34, 38)
1,000 96.8 (0-200) 2.9 999 34 (32, 35)

‡ Arithmetic mean parasite load in 20, randomly chosen surviving mosquitoes.
* Parasite densities presented from the dissections on days 10 and 22 as these are the standard days used in determining oocyst and salivary gland 
sporozoite density and therefore allow comparisons to be made with published studies, such as Sinden et al [47].
† Sporozoites counted using a scoring system; 0, 0 sporozoites; 1, 1 to 10 sporozoites; 2, 11 to 100 sporozoites; 3, 101 to 1,000 sporozoites; 4, 
1,001 to 10,000 sporozoites; 5, over 10,000 sporozoites.
ND, not determined as survival curve does not cross 0.5 and therefore the median survival cannot be calculated.
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vector mortality is a density-dependent process. The full
equation is therefore given as,

where 0, 0 and 0 represent the baseline hazard experi-
enced by uninfected mosquitoes, and 1, 1 and 1 repre-
sent the additional mortality per unit increase in ookinete
density. Equation (2) was fitted to the full dataset using
non-linear least squares estimation, and allowing the
average mosquito mortality rate to vary between experi-
ments to account for inter-experimental variability. Anal-
ysis of variance tests were conducted on nested versions of
this full model to find the most parsimonious hazard
function using the 'nls' and 'anova' commands in the sta-
tistical package R [56] as described by Bolker [57]. Ninety-
five percent confidence intervals (95% C.I.) for the best-fit
model were estimated using bootstrapping methods (see
additional file 2: 'Generation of 95% confidence intervals
for the best-fit model'). The survivorship function con-
tains the integrated hazard function as detailed in addi-
tional file 1: 'Detailed statistical methods'.

Life expectancy
The median survival times (Table 1) provide an indication
of life expectancy immediately after engorgement for each
of the mosquito groups. In addition, life expectancy can
be calculated using the parametric survivorship model
described above, including each parameter of Equation
(1) as a linear function of fed ookinete density as in equa-
tion (2):

Life expectancy at t = 0 of a group of mosquitoes fed K
ookinetes, e0(K), is this survival function integrated from
the time of feeding to the maximum time post-engorge-
ment lived by an engorged mosquito,

      t K K t K t K,( ) = +( ) + +( ) + +( )⎡
⎣

⎤
⎦0 1

2
0 1 0 1

(2)
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0
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max

= ∫ (4)

Schematic representation of the experimental designFigure 1
Schematic representation of the experimental design. Three experiments were conducted each consisting of 4 cages 
of An. stephensi mosquitoes, represented by boxes in the figure.

� � � � � � � � � 	 � � 
 	 � � � � �  � � � � � � � � � � � � � � � 	 � � � � � � � � � � 	 � � 
 	 � � � � � � �   � � � � � � � � � � � � � � � � �  � � 
� � � � � � � � � � � � � � �  ! ! "

  � �
� # $ % & � � � "

' ( ) * + ,' ( ) * + - ' ( ) * + . / ) 0 1 ( ) 2' ( ) * + ,

3 � � # � � � � � � � �

4 5 � � � 	 � � � � 6 7 8  9 : ; ;< 	 � �

' ( ) * + -

3 � � # � � � � � � � �

4 5 � � � 	 � � � � 6 7 8  9 7 ; ;< 	 � �

' ( ) * + .

3 � � # � � � � � � � �

4 5 � � � 	 � � � � 6 7 8  9
 ; ; ; < 	 � �

/ ) 0 1 ( ) 2

= 	 � � � � � � � �

4 5 � � � 	 � � � � 6 7 >  8 ! 9
; < 	 � �

= � � ;

� � < 	 � � � � 6 � � � �

4 5 � � � 	 � � � � ! 9
 ? ; � � < 	 � � � � 6 � � � �

� � < 	 � � � � 6 � � � �

4 5 � � � 	 � � � � ! 9
? ; � � < 	 � � � � 6 � � � �

 > ; ; ; � � < 	 � � � � 6 � � � �

4 5 � � � 	 � � � � ! 9
7 > ; ; ; � � < 	 � � � � 6 � � � �

; � � < 	 � � � � 6 � � � �

= � � 7 @ � � � � � � 6 A � 	 � � � 6 � � � � B � � � � � � � � � � � � � � � � �  � 6

& � � # � � � � � � � � � � 6 A � 	 � � � 6 � � � � � � � � � � � � 5 	 � � � � � � � B � � � 7 ; 7 : � � � � 6 � � � � � � � � � � � 	 � � � � � � � �
� 5 � � � 	 � � � �

 ; 6 � � B 	 B 	 �  � � 6 A � 	 � � � 6 � � � � � � � � � � � 6 � � � � � � 	 6 6 � � � � � � � � �  � � � � 6 7 � � ! � B � � � 7  � � � 6 � �

= � � 6 7 ? !

� � � � � � 	 � � � � � � 6 � � � � 6 � � 	 B � � �  � � � � 6 � � � � C � 	 � � � � � 6 	 � �



Malaria Journal 2009, 8:228 http://www.malariajournal.com/content/8/1/228

Page 6 of 16
(page number not for citation purposes)

Equation (4) was evaluated using the Berkeley Madonna
numerical integration package (Version 8.0.1) [58] to cal-
culate how the life expectancy of mosquitoes varied with
the number of fed ookinetes and time post-engorgement.
In the literature, mosquito life-span has been previously
discussed in relation to oocyst rather than ookinete den-
sity, and therefore by way of illustration, mosquito life
expectancy was also related to the mean oocyst load found
in the sample of mosquitoes dissected from each of the
cages 10 days post-bloodfeed as described in additional
file 3: 'Calculating how life expectancy of mosquitoes var-
ies with mean oocyst density on day 10 and time post-
engorgement'.

Results
Table 1 summarizes the data from each of the three exper-
iments (approximately 400-1,000 female mosquitoes fed
in each of the cages). The median survival time experi-
enced by each of the cages of mosquitoes within each
experiment shows a general trend towards a decrease in
survival with an increase in average parasite load.

Figure 2 presents the observed proportion of mosquitoes
surviving each time interval as Kaplan-Meier survival
curves for every mosquito group in each of the three
experiments. Mosquitoes in the control group of Experi-
ment 1 were followed up until day 53 post-feeding, when
every mosquito had died; the figures only display results
up until day 40 to facilitate comparison with the other
mosquito groups. The mosquitoes clearly experienced dif-
ferent mortality through the course of the experiment
depending on which infection intensity group they
belonged to (especially evident in experiments 1 and 3).

In addition, if mosquito mortality were independent of
age (here measured as time since feeding), these survival
curves would be represented by an exponential decline.
However, in each of the cages, including the control, the
survival curves do not conform to an exponential distribu-
tion of survival times (Figure 2), and observed mortality
rates are not constant with age (Figure 3), indicating that
mosquitoes do senesce.

The log-rank test applied to each of the experiments had a
significant chi-square value in all three cases (Table 2).
The results of a series of Mantel-Cox tests, conducted as
pair-wise comparisons between the survival of mosqui-
toes in each cage within each experiment, are given in
Table 2. Experiment 1 indicates that the survival of mos-
quitoes in the low infection density group (100 ookinetes
per l of blood fed) did not differ significantly from that
experienced by the control group, whereas mosquitoes in
the intermediate (400 ookinetes per l) and high density
groups (2,000 ookinetes per l) experienced statistically
significantly (see Table 2) higher mortality in a dose-
dependent manner (see Table 1 for mean numbers of
oocysts and sporozoites in each population). The results
from experiment 2 indicate that the mosquitoes in the low
density group actually experienced a lower mortality rate
than the control group, the intermediate density group
did not differ significantly from the control group, and the
highest parasite density group had significantly higher
mortality than each of the other groups. The Mantel-Cox
tests that compared the cages from experiment 3 indicate
that all three groups fed on infectious blood experienced
significantly more mortality than the control group fed on
uninfected blood, but that there was no difference

Kaplan-Meier survival curves with time post-engorgement for each group of An. stephensi mosquitoesFigure 2
Kaplan-Meier survival curves with time post-engorgement for each group of An. stephensi mosquitoes. (A) 
Experiment 1. Colors; black = 0 ookinetes per l of blood fed; red = 100 ookinetes per l of blood fed; green = 400 ookinetes 
per l of blood fed; blue = 2,000 ookinetes per l of blood fed. (B) Experiment 2. Colors as in panel A: (C) Experiment 3. 
Colors; black = 0 ookinetes per l of blood fed; dark red = 50 ookinetes per l of blood fed; dark green = 250 ookinetes per 
l of blood fed, dark blue = 1,000 ookinetes per l of blood fed.
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Table 2: Results of two-sample and multi-sample statistical comparisons of An. stephensi survival times.

Experiment (Date) Mosquito Group (Ookinete 
density per l of blood)

Test Statistic Statistical Results

1 100 400 2,000

(August 2007) 0 Hazard Ratio (HR) 1.1413 1.4261 2.2004
HR C.I. (0.87, 1.50) (1.17, 1.74) (1.77, 2.74)
Mantel-Cox 0.9124 12.4278 52.6238
P-value 0.3395 0.0004* <0.0001*

100 HR 1.4003 1.9702
HR C.I. (1.09, 1.80) (1.52, 2.55)
Mantel-Cox 6.9297 27.2606
P-value 0.0085* <0.0001*

400 HR 1.4023
HR C.I. (1.16, 1.70)
Mantel-Cox 12.2886
P-value 0.0005*

All 4 Groups Log-rank 55.89
P-value <0.0001*

2 100 400 2,000

(April 2008) 0 HR 0.7312 1.1786 1.7447
HR C.I. (0.58, 0.92) (0.97, 1.44) (1.38, 2.20)
Mantel-Cox 7.0017 2.6747 22.3554
P-value 0.0081* 0.1020 <0.0001*

100 HR 1.6063 2.1607
HR C.I. (1.27, 2.03) (1.65, 2.82)
Mantel-Cox 15.7261 33.6528
P-value <0.0001* <0.0001*

400 HR 1.3186
HR C.I. (1.05, 1.66)
Mantel-Cox 5.6392
P-value 0.0176*

All 4 Groups Log-rank 31.20
P-value <0.0001*

3 50 250 1,000

(July 2008) 0 HR 2.2198 2.1914 2.5451
HR C.I. (1.77, 2.79) (1.76, 2.73) (2.06, 3.15)
Mantel-Cox 49.5610 51.1026 78.9376
P-value <0.0001* <0.0001* <0.0001*

50 HR 1.0144 1.1677
HR C.I. (0.86, 1.20) (0.99, 1.37)
Mantel-Cox 0.0283 3.7481
P-value 0.8664 0.0529

250 HR 1.1543
HR C.I. (0.99, 1.34)
Mantel-Cox 3.5264
P-value 0.0604

All 4 Groups Log-rank 36.61
P-value <0.0001*

* Significant at 5% level
C.I., 95% confidence interval.
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between the three infected groups. The Cox regression
results summarized in Table 3, show that when combin-
ing the data from all three experiments, all ookinete den-
sities fed to mosquitoes, apart from 100 ookinetes per l,
resulted in significantly greater mosquito mortality than
the control blood containing no ookinetes. In addition,
treating ookinete density as a continuous variable resulted
in a significant p-value, suggesting an increase in mos-
quito mortality with ookinete density. The Cox regression
analysis also indicated a significant effect of experiment
on mosquito mortality, with mosquitoes in experiments 2
and 3 experiencing significantly lower levels of mortality
than those in experiment 1.

Life tables for each mosquito group in each experiment
are presented in additional file 4: 'Life tables for each
experiment'. Mortality rates per time interval, and fitted
by the parametric hazard function described in Equation
(1), are plotted in Figures 3A to 3G (for the range of ook-
inete densities explored), and compared in Figure 3H. In
general, mosquitoes experienced a degree of excess mor-
tality immediately after feeding, and their death rate
declined with time post-engorgement (age) to a mini-
mum value before subsequently rising again, generating a
parabolic shape. The empirical mortality function
described in Equation (1) fitted this pattern well, the larg-
est discrepancies occurring at the end of the experiments
when few mosquitoes remained alive in each of the cages
and therefore their survival or death resulted in larger fluc-
tuations. The relationship between parameters ,  and 
of the mortality functions and the ookinete density fed to

the mosquitoes (as in Equation (2)) is shown in Figures
4A, 4B and 4C respectively, and the results of statistical
tests (on nested versions of the model, see Methods) indi-
cate that each of these three parameters are significantly
parasite-density dependent, with the inclusion of each of
the parameters in Equation (2) significantly improving
the fit of the model.

Allowing mortality rates to vary between the different
experiments significantly improved the fit of the model to
the observed data; mortality rates in the second and third
experiments were on average 30% (95% C.I., 17-42%)
and 32% (21-42%) lower than in experiment 1 respec-
tively, suggesting substantial between-experiment varia-
bility.

Figure 5 shows a 3-dimensional plot of mosquito life
expectancy (denoted e) as it varies with both time post-
feeding (t) and ookinete density fed (K), i.e., e(t, K), using
the mortality parameters estimated from combining the
data from all three experiments as in Figure 4. Additional
file 5: 'Mosquito life expectancy with time post-engorge-
ment and mean number of oocysts on day 10 post-
engorgement' relates this life expectancy to oocyst density
10 days post-engorgement as discussed in the Methods.
This illustrates that life expectancy decreases with both
parasite density and time post-engorgement.

Table 3: Cox regression analysis results.

Variable Coefficient Standard Error Hazard Ratio (95% C.I.) P-value

Ookinete density per l of blood fed as a categorical variable
Control (0) 0 - 1 -
50 0.754 0.112 2.125 (1.707, 2.645) <0.001*
100 -0.074 0.086 0.928 (0.784, 1.099 0.390
250 0.767 0.110 2.153 (1.737, 2.669) <0.001*
400 0.314 0.067 1.369 (1.200, 1.561) <0.001*
1000 0.887 0.106 2.429 (1.974, 2.988) <0.001*
2000 0.639 0.071 1.894 (1.649, 2.176) <0.001*

Experiment 1 0 - 1 -
Experiment 2 -0.411 0.053 0.663 (0.598, 0.735) <0.001*
Experiment 3 -1.000 0.105 0.368 (0.299, 0.452) <0.001*

Ookinete density per l of blood fed as a continuous variable
Control (0) 0 - 1 -
Ookinete density 3.26 × 10-4 2.88 × 10-5 1.00032 (1.0003, 1.0004) <0.001*

Experiment 1 0 - 1 -
Experiment 2 -0.421 0.052 0.656 (0.593, 0.727) <0.001*
Experiment 3 -0.474 0.046 0.622 (0.569, 0.680) <0.001*

* Significant at 5% level
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Discussion
The role of model systems
Any single model system cannot accurately reflect the
biology of all natural parasite-vector combinations.
Nonetheless studies on the biology of Plasmodium spp per
se, and their interactions with Anopheles mosquitoes have
been advanced considerably by the analysis of P. berghei
in An. stephensi [47]. This paper exploits the unique ability
to study the effect of increasing densities of homogeneous
populations of P. berghei (clone) on the survival of An.
stephensi (inbred iso-female line) in a controlled biologi-
cal environment. The results reported here indicate that,
in captivity, An. stephensi mosquitoes experience initial
blood feed-associated and age-dependent mortalities, and
that their survival decreases with the intensity of P. berghei
infection.

Blood feeding- and age-dependent mortality
The time (age)-dependent curves of survivorship (Figure
2) and mortality rates (Figure 3) indicate that female mos-
quitoes have the potential to senesce, in agreement with
previously published studies in a variety of species
[10,11,16,17,59]. Most previous analyses have used the
Gompertz hazard function. However, this was not ade-
quate to describe the mortality rates experienced by the
mosquitoes in the experiments presented here; in each of
the mosquito groups, including the control, mortality
rates were found to be high immediately after feeding,
decreasing initially to a minimum before increasing with
age. This functional form, depicted in Figure 3, which
describes the mortality rates experienced by the mosqui-
toes, could result from a number of biological processes.
The initial mortality (measured by parameter  of the haz-
ard function in Equation (1) of the Methods section) is
likely to be in part associated with the act of feeding itself,

Mortality rate with time post-engorgementFigure 3
Mortality rate with time post-engorgement. Relationship between the mortality rate of An. stephensi mosquitoes fed on 
blood containing different densities of P. berghei ookinetes and time post-engorgement (days). Markers correspond to the 
observed death rates plotted for the mid-point of each time interval. The lines are the best fit hazard model defined in Equation 
(2) for each parasite density, and the shaded area corresponds to 95% confidence intervals. Panels A to G represent increasing 
ookinete density per l of blood fed, with colors as in Figure 2; (A) Control (0 ookinetes). (B) 50 ookinetes. (C) 100 ooki-
netes. (D) 250 ookinetes. (E) 400 ookinetes. (F) 1,000 ookinetes. (G) 2,000 ookinetes. (H) Hazard curves from each of the 
parasite densities on a single axis to facilitate comparison; colors as in panels A to G, in order from lowest to highest at time 
post engorgement = zero (where curves cross the y-axis), 0, 50, 100, 250, 400, 1000 and 2000 ookinetes per l of blood fed. 
Figure 4 illustrates how the parameters of the mortality function vary with ookinete density fed to the mosquitoes.
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for example, allowing the bacterial population within the
mosquito midgut to proliferate [60]. Additionally, this
early mortality in the control group might also be attrib-
uted to asexual stages of the parasite, or parasite-induced
factors present in the mouse blood up-regulating the mos-
quito's immune system [61], which could be costly to the
survival of the mosquito. After reaching a minimum mor-
tality rate at an intermediate time post-engorgement, the
increase in mortality rate (measured primarily by param-
eter  of the hazard function in Equation (1)) is expected
to represent the effect of mosquito ageing.

These results suggest that the age at which a mosquito
bites an infectious host is important in determining the
probability that it will transmit the parasite and contrib-
ute to malaria transmission. Mosquitoes exhibiting age-
dependent mortality patterns are more likely to transmit
pathogens if they bite an infectious host when their mor-
tality rate is at a minimum, as they are more likely to sur-
vive the extrinsic incubation period. Clements and
Patterson [17] and Styer et al [16] illustrated the impor-
tance of accepting this concept of mosquito senescence,
showing that the longevity factor [3] and the vectorial
capacity for a variety of mosquito species can be signifi-
cantly overestimated if calculated using the simpler expo-
nential hazard model compared to a hazard model which

is age-dependent such as the Gompertz model. Conse-
quently, the potential impact of anti-vectorial control
measures could be underestimated by assuming age-inde-
pendent mosquito mortality. Gillies [62] even called for
the exponential hazard model that assumes no senescence
to be 'buried', as it produces results which are 'at best
approximations'. Recent studies that explore the potential
impact of novel control strategies such as fungal biopesti-
cide sprays have acknowledged this by using a mosquito
age-structured model and adult female age (time since
infection)-dependent mortality [63].

The study of mosquito cohorts in the laboratory presented
here provides patterns of mortality and survival under
conditions in which many individuals may survive until
old age, and therefore represent the baseline state which is
inevitably modified on exposure to natural conditions. It
is particularly important to determine whether age-
dependent mortality is relevant in field situations as it has
previously been accepted that few organisms die of senes-
cence in nature, with the majority being killed by other
hazards such as predators or disease before they reach 'old
age' [64]. Previous research has found both constant sur-
vival rates in natural settings in An. gambiae (using
Polovodova age-grading) [9,41], and increasing death
rates with insect age in many mosquito species in the field

Relationship between parameters of the mortality function and ookinete density fedFigure 4
Relationship between parameters of the mortality function and ookinete density fed. Linear functions (as illus-
trated in Equation (2)) are fitted to the relationship between the parameter values of the mortality function and parasite den-
sity fed to each group of mosquitoes (ookinetes per l of blood). Shaded areas represent 95% confidence intervals. (A) 
Parameter , which predominantly represents the increase in mortality rate with time-post feeding; parameter values (and 95% 
confidence intervals), 0 = 1.18 × 10-4 (4.65 × 10-5, 1.40 × 10-4)**, 1 = 6.43 × 10-8 (4.29 × 10-8, 2.60 × 10-7)**. (B) Parameter , 
which predominantly represents the initial decline in mortality rate with time post-feeding; 1 = -3.27 × 10-3 (-4.13 × 10-3, -1.31 
× 10-3)**, 1 = -1.30 × 10-6 (-6.77 × 10-6, -1.24 × 10-6)*. (C) Parameter , which represents the mortality rate at the time of 
feeding; 0 = 3.09 × 10-2 (9.69 × 10-3, 5.06 × 10-2)**, 1 = 1.07 × 10-5 (5.99 × 10-6, 5.33 × 10-5)*. Significant p-values (* represents 
a p-value < 0.05 and ** represents a p-value < 0.001) indicate that the best-fit mortality function includes each of the parameter 
values in Equation (2).
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[12,17,59]. A conceptual shift from age-independent to
age-dependent mortality rates and an understanding of
their relative merits in natural malaria transmission set-
tings requires detailed knowledge of mosquito popula-
tion age structure and its relation to pathogen
transmission dynamics. Current age-grading techniques
used in the field are most commonly based on morpho-
logical changes in the mosquito, such as the detection of
tracheal skeins, which only permits differentiation
between nulliparous and parous females [65], or the enu-
meration of follicular relics for the assessment of physio-
logical age [66], which is difficult to implement in the
field (requiring training and the use of phase-contrast
microscopy), as discussed by Hugo et al, 2008 [67]. There
is therefore a need for the development of novel age-grad-
ing assays that allow investigation of the age structure in
mosquito populations prior to and after interventions.
Additionally, other age-related changes also occur in mos-
quitoes, such as changes in flight performance [68], struc-
ture of the salivary glands [69], immune function [70,71],

and efficiency of detoxification mechanisms [72,73],
showing that mosquitoes, like other organisms, experi-
ence age-related structural and functional deterioration.

Plasmodium-dependent mortality
Ferguson and Read's review [38] illustrated the inconsist-
ent results from research aiming to elucidate the impact of
Plasmodium infection on mosquito mortality. This review
also indicated a lack of systematic research to understand
the effect of increasing parasite density on mosquito sur-
vival, despite it often being postulated that Plasmodium is
only harmful to the vector when parasite loads are very
high [28,35]. The results presented here indicate that mos-
quito mortality was influenced by the range of intensities
of Plasmodium infection explored. In general, the higher
the parasite density fed to the mosquitoes the greater the
mortality experienced as indicated by the Cox regression
results (Table 3). In the first two experiments, mosquito
survival in the group with the lowest Plasmodium density
(100 ookinetes/l of blood; see Table 1 for resulting

Mosquito life expectancyFigure 5
Mosquito life expectancy. Life expectancy of mosquitoes maintained in the laboratory, plotted against time post-engorge-
ment and number of ookinetes per l of blood fed to the mosquitoes. The life expectancy values are generated from Equation 
(4) with S(t, K) as defined in Equation (3).
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oocyst and sporozoite densities) was found either not to
differ from, or to be lower than, that in the control group,
whereas significant differences were found with higher
parasite densities, in a dose-dependent manner. This
appears to be consistent with the few previous studies that
have considered infection density [33,37,46,74]. In partic-
ular, Klein et al [37] found that the survival rates of Anoph-
eles dirus with less than 10 Plasmodium cynomolgi oocysts
were not significantly different from those in uninfected
mosquitoes, whereas the mean survival rates of the groups
infected with over 41 oocysts per mosquito were signifi-
cantly lower. Interestingly, the results from the third
experiment in this paper indicated that even very low par-
asite densities (50 ookinetes per l of blood fed, which
(from Table 1) resulted in a mean oocyst load of 11 per
mosquito on day 10) can reduce mosquito survival. The
fitness cost to mosquitoes of feeding on infected versus
uninfected hosts may even be higher than estimated in
this experimental design, as the control group was fed on
blood with asexual parasitaemia, which by potentially
eliciting costly immune responses, could result in
increased mosquito mortality [61].

The impact of parasite density on mosquito mortality is
further exemplified by the relationship between the
parameter values of the empirical hazard function
describing how mortality rates change over time (Equa-
tion (2) in the Methods section) and parasite density fed
to each of the mosquito groups (Figure 4). Parameter 
(the intercept), which describes the rate of mortality
immediately post-feeding, varies with parasite density,
being lowest in uninfected mosquitoes and increasing
with parasite density fed to the mosquito. This indicates
that this initial mortality may not only be associated with
bacteria proliferating in the midgut as discussed above,
but that there is also an impact of, or interaction with,
Plasmodium infection, potentially due to rupture of the
midgut causing septic injury, particularly at high parasite
densities when the ability of the midgut to repair and seal
[75,76] may be compromised (as seen in Figure 3 of [77]).
Parameter , which primarily measures the degree of the
subsequent decline in the mortality rate, decreases with
parasite density, indicating a steeper decrease in mortality
with increasing parasite density (due to starting from a
higher intercept). Finally, parameter , which measures
predominantly the slope of the final rise in mortality rate
with time post-feeding, is positively and significantly
associated with infection density, indicating that mortal-
ity not only increases with age, but that the rate of this
increase is amplified by the intensity of Plasmodium infec-
tion. This suggests that Plasmodium density has the poten-
tial of affecting the shape of the hazard function of
infected Anopheles mosquitoes over their full life-span.
Interestingly, no specific change in mortality rate was seen
on day 12 or 14 when sporozoites were first found in the

salivary glands of the sample of mosquitoes dissected
from each of the groups [50].

These results reveal that under laboratory conditions,
Anopheles mortality is not only influenced by Plasmodium
infection, but that this may also be an important source of
density dependence in the system. This may, therefore, go
someway towards explaining the varied and often con-
flicting results found in the past and reviewed by Ferguson
and Read [38]. The majority of previous experiments had
not explored or even reported parasite density, and there-
fore the density used in each study may explain why some
have found evidence for Plasmodium-induced mosquito
mortality whilst others have not. Additionally, Plasmo-
dium-density dependent mortality has the potential to
explain the low oocyst loads found in the field as those
mosquitoes with large numbers of oocysts may have died
as a result of infection as well as, or because of an interac-
tion with, environmental factors. Density-dependent, par-
asite-induced vector mortality has been reported in other
vector-borne diseases, and particularly in the filarial para-
sites, both in captivity [55,78,79] and in the field [80,81].

It is recognized that there are a number of possible mech-
anisms and stages during Plasmodium development in
which infection could damage the vector and therefore
increase mortality. There is mixed evidence for many of
these potential mechanisms, as discussed below, and it is
possible that all could be exacerbated or altered in some
way by the density of infection. The parasite can cause
physical tissue damage, for example ookinetes perforating
the mosquito midgut, and this could also increase suscep-
tibility to bacterial infection and/or invasion by other par-
asites [82,83]. However, the 'time bomb' theory suggests
that as the parasite passes through the midgut wall it ini-
tiates apoptosis and expulsion of the midgut cell, which is
accompanied by a sealing of the midgut epithelium which
regains integrity and a healthy appearance within 48
hours [75,76]. As mentioned above, this seal may not be
entirely aseptic, allowing bacterial infection to spread,
especially during an infection with high parasite numbers
when the ability of the midgut to repair may be compro-
mised or slowed. It has also been postulated that Plasmo-
dium infection may lead to resource depletion in the
mosquito as levels of amino acids in their haemolymph
have been shown to be reduced, and glucose usage has
shown to be up to eight times as much as in uninfected
mosquitoes [84,85]. In contrast however, Rivero and Fer-
guson (2003) [86] found no evidence of a parasite-associ-
ated reduction in the energetic budget of mosquitoes.
Additionally, since infection may be associated with a
reduction in egg production [34,35], which is expensive in
terms of resources, infection may even result in a saving of
nutrients. In addition, mosquitoes have been shown to
mount a variety of immune responses to pathogens [87-
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89], which can be energetically costly, incurring reproduc-
tive costs [90-92]. Such costly immune responses may be
induced by the Plasmodium infection itself and/or by the
increase in gut bacteria due to blood feeding [93].

The feeding behaviour of infected mosquitoes has also
been shown to differ between uninfected and infected
mosquitoes, with infected mosquitoes spending more
time feeding, probing more regularly, more likely taking
multiple blood meals, being more persistent feeders, and
having poorer flight ability [94-98]. These additional
behavioural changes can increase the mortality of infected
mosquitoes whilst feeding in the field [39], and can vary
temporally with the developmental stage of the parasite,
balancing opportunities for Plasmodium transmission
with the risk of feeding-associated mortality [94]. Labora-
tory studies have reported that the feeding persistence of
female An. stephensi is decreased in the presence of Plasmo-
dium yoelii nigeriensis oocysts, but increased when the
malaria has developed into transmissible sporozoites in
the salivary glands [94]. Laboratory experiments, such as
those reported here, exclude these possible indirect costs
of infection such as increased risk of predation, and there-
fore the effect of infection on mosquito mortality may be
more pronounced in the field compared to the laboratory
due to greater levels of environmental stress. Insects in
this study were fed only once and subsequently kept
under controlled laboratory conditions, instead of under-
going their natural gonotrophic cycle of feeding, oviposi-
tion, and host-seeking, which may additionally impact on
their chances of survival.

The work reported here was carried out using an experi-
mental vector-parasite combination, the model system P.
berghei-An. stephensi, which allowed the investigation to
be conducted under tightly controlled conditions. The
average oocyst numbers resulting from the ookinete den-
sities fed to the mosquitoes in this study are higher than
the average number of Plasmodium falciparum oocysts
found in Anopheles gambiae in the field, and therefore the
density dependence found may not be as evident in stud-
ies of vector-parasite combinations found naturally. Addi-
tionally, it is recognized that the analysis of vector-
parasite combinations not naturally found in the field
may increase the chance of finding evidence of Plasmo-
dium-induced vector mortality, as stated by Ferguson and
Read [38]. As well as this perhaps resulting from a lack of
parasite-vector co-adaptation, it may also be due to the
greater likelihood of distinguishing parasite-induced
effects from environmental risks under the more control-
led conditions of the laboratory. In this study the removal
of extraneous variables has permitted the unequivocal
identification of density-dependent Plasmodium induced
Anopheles mortality, and therefore, as in Sinden et al [47],
the results have generated testable hypotheses, which now

should be followed up with studies of other Plasmodium-
Anopheles combinations, including the less tractable
human malaria parasites and their multiple vector species,
both in the laboratory and in the field.

Conclusions and implications for malaria 
transmission and control
These results indicate that, in the model system investi-
gated, the life expectancy of Anopheles mosquitoes is
dependent on both insect age and the density of Plasmo-
dium infection, as depicted in Figure 5. This emphasizes
the importance of testing these hypotheses in combina-
tions of medical importance, and of understanding the
impact of these factors on mosquito mortality, as they
influence the probability of a mosquito surviving the
extrinsic incubation period and contributing to malaria
transmission. Linking these results to previous findings
[47] (which illustrated density-dependent transitions
between sporogony parasite stages), indicates that inter-
mediate 'optimum' parasite densities may exist for the
parasite to complete transmission, and it is likely that
these optima will depend on the specific Plasmodium-
Anopheles combination. Understanding such intricacies is
of utmost importance, as it is possible that interventions
could have unexpected outcomes; reducing high parasite
load for example, could inadvertently increase the life
expectancy of the vector and relax the density-dependent
constraints operating upon sporogony within the vector,
facilitating successful transmission of the pathogen. As a
result it is important for studies of transmission-blocking
strategies to report efficacy in terms of reductions in prev-
alence as well as parasite density to facilitate understand-
ing of the impact of such interventions on malaria
transmission.

As vector mortality is a particularly sensitive component
of pathogen transmission, quantitative models seeking to
describe transmission dynamics within the vector that do
not include these processes could produce misleading
results or miss epidemiologically important outcomes.
The results presented here suggest that high parasite loads
have the potential to reduce vector competence (summa-
rized as the per capita probability of an ingested gameto-
cyte to generate infectiousness) and vectorial capacity
(which includes the daily probability of vector survival
and the expectation of infective life or 'longevity factor').
Age- and parasite density-dependent mosquito mortality,
as well as density-dependent Plasmodium development are
in the process of being included into mathematical mod-
els that will provide a more comprehensive description of
the processes that influence sporogony in the mosquito
and the expectation of infective life. The usefulness of
such models for the design, development, and evaluation
of transmission-blocking strategies will be reported else-
where.
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Abstract

Background: The combined effects of multiple density-dependent, regulatory processes may have an important
impact on the growth and stability of a population. In a malaria model system, it has been shown that the
progression of Plasmodium berghei through Anopheles stephensi and the survival of the mosquito both depend
non-linearly on parasite density. These processes regulating the development of the malaria parasite within the
mosquito may influence the success of transmission-blocking interventions (TBIs) currently under development.

Methods: An individual-based stochastic mathematical model is used to investigate the combined impact of these
multiple regulatory processes and examine how TBIs, which target different parasite life-stages within the
mosquito, may influence overall parasite transmission.

Results: The best parasite molecular targets will vary between different epidemiological settings. Interventions that
reduce ookinete density beneath a threshold level are likely to have auxiliary benefits, as transmission would be
further reduced by density-dependent processes that restrict sporogonic development at low parasite densities.
TBIs which reduce parasite density but fail to clear the parasite could cause a modest increase in transmission by
increasing the number of infectious bites made by a mosquito during its lifetime whilst failing to sufficiently
reduce its infectivity. Interventions with a higher variance in efficacy will therefore tend to cause a greater
reduction in overall transmission than a TBI with a more uniform effectiveness. Care should be taken when
interpreting these results as parasite intensity values in natural parasite-vector combinations of human malaria are
likely to be significantly lower than those in this model system.

Conclusions: A greater understanding of the development of the malaria parasite within the mosquito is required
to fully evaluate the impact of TBIs. If parasite-induced vector mortality influenced the population dynamics of
Plasmodium species infecting humans in malaria endemic regions, it would be important to quantify the variability
and duration of TBI efficacy to ensure that community benefits of control measures are not overestimated.

Background
Density-dependent processes that regulate population
growth are common in host-parasite systems and can
influence the resilience of an infection to control inter-
ventions [1]. In a model malaria-mosquito system, the

progression of Plasmodium berghei through Anopheles
stephensi depends non-linearly on parasite density [2].
Two types of density dependence operate during spor-
ogony in this system. Firstly, the transitions from the
female (macro-)gametocyte to ookinete, ookinete to
oocyst, and oocyst to sporozoites are all restricted at
high parasite densities. These negative density-depen-
dent processes limit sporogony at high parasite densities
(when the per parasite rate of transition to the next
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stage tends to zero), but are relaxed as density
decreases. Secondly, an additional, positive density
dependence impedes the transformation from ookinete
to oocyst in mosquitoes with a low number of ookinetes
[2]. This mechanism (the Allee effect) initially facilitates
transmission as ookinete density increases, but will
make it unstable at low parasite densities.
In addition to this density-dependent sporogonic devel-

opment, the mosquito’s (and thus parasite’s) survival
could be influenced by parasite density. Indeed, there is
growing evidence that the mosquitoes survival depends
on its age [3,4] and that Plasmodium may influence the
life-expectancy of the mosquito [5] (although a meta-ana-
lysis of laboratory experiments investigating the effect of
the malaria parasite on mosquito survival yielded incon-
clusive results [6]). In these experiments, the mortality
rate of An. stephensi was dependent on its age and on the
presence and density of P. berghei [7]. These density-
dependent processes, identified in the P. berghei-An. ste-
phensi model system, may operate in other parasite-vec-
tor combinations [8,9], including those relevant to
human malaria [10-14]. Therefore, the interactions
between these different positive and negative density-
dependent processes may have important implications
for the control of human malaria.
The intensity of malaria transmission in endemic areas

is typically measured by the entomological inoculation
rate (EIR); the annual number of infectious bites
received by a person living in such areas. This metric
makes the assumption that the infectiousness of a mos-
quito is the same irrespective of how many sporozoites
are within the salivary glands. However, recent evidence
indicates that there is a correlation between the number
of P. berghei sporozoites at the bite site and the prob-
ability that the mouse host will go on to develop blood
infection [15]. The importance of parasite density as a
determinant of the potential for malaria transmission
from the vector to the human population would depend
on whether there is a correlation between the number
of sporozoites within the salivary glands, the number
injected into the human host, and ultimately the prob-
ability of acquiring the infection. Using quantitative
PCR, Medica & Sinnis [16] recently showed that there
was a statistically significant and positive correlation in
the Plasmodium yoelii-An. stephensi system, despite sub-
stantial variability in the number of sporozoites injected
between different mosquitoes and over time from the
same mosquito. Notwithstanding such a correlation, the
presence of parasite-induced, density-dependent vector
mortality would make parasite density important so
both sporozoite presence and density shall be presented
in this paper.
Density-dependent parasite growth may impact upon

various malaria control strategies. A number of

promising control measures are being developed with
the goal of reducing the incidence of human malaria by
blocking transmission to and from the mosquito vectors.
These include transmission-blocking vaccines (TBVs),
which target antigens expressed on the malaria parasite
within the mosquito [17], biological agents to prime the
mosquitoes’ immune system to reduce its infectivity
[18], and the use of refractory, genetically modified mos-
quitoes to reduce infection of the mosquito [19]. How-
ever, most of these transmission-blocking interventions
(TBIs) are, at present, only partially effective, so it is
important to understand how their interaction with the
non-linear processes taking place in the vector would
influence overall transmission. Potential vaccines under
investigation aim to target different Plasmodium life-
stages within the vector [20]. Understanding how the
population dynamics of the parasite within the mosquito
may enhance or hinder the impact of a TBI could guide
decisions as to which stage(s) to prioritize as target(s).
In this paper, mathematical models are used to inves-

tigate the potential effect on malaria transmission of the
multiple density-dependent processes that have been
identified in the P. berghei-An. stephensi model system.
Since deterministic models can underestimate the
cumulative effect of multiple non-linear functions, an
individual-based stochastic model is used to capture the
changes in parasite density over the different stages of
sporogonic development. The highly overdispersed dis-
tribution of parasites recorded among mosquitoes
[2,16,21-23] is also modelled explicitly, as parasite aggre-
gation will, on average, increase the influence of density-
dependent regulatory processes [24]. The results of the
model are used to re-fit the mortality data from mos-
quito experimental infections reported by Dawes et al
[7] to investigate how different parasite life-stages may
influence vector mortality (in [7] it was assumed that
the ookinete stage was responsible for excess mosquito
mortality). The full model is then used to investigate
how interventions targeting different within-vector para-
site life-stages would influence the transmission
dynamics of Plasmodium.

Methods
A stochastic individual-based model was used to calcu-
late the number of macrogametocytes, ookinetes,
oocysts and salivary gland sporozoites at different times
post-feeding in every mosquito of the hypothetical
population. To facilitate comparison with published data
the same post-feeding times are used as in [2], as these
represent typical time-points at which mosquitoes are
dissected to assess sporogonic development. Let Li

j

indicate the number of parasites of life-stage j within
mosquito i, be it macrogametocytes ingested ( Li

1 ) at
cessation of feeding, ookinetes at 15 hours ( Li

2 ), oocysts
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at day 10 ( Li
3 ), or sporozoites in the salivary glands at

day 21 ( Li
4 ). The life-expectancy of each mosquito was

then estimated from data in Dawes et al [7] and used to
quantify the contribution of each mosquito to overall
transmission. A graphical representation of the model
and the different density-dependent functions describing
sporogonic development are given in Figure 1. A full
description of the model and parameter values can be
found in Additional file 1.

Mosquito life-expectancy
It is unknown which stage(s) of Plasmodium develop-
ment cause(s) the excess mortality in the mosquito.
Ookinetes could increase susceptibility to bacterial
infection as they perforate the mosquito midgut [25],
whilst all three stages, ookinetes, oocysts, and sporo-
zoites, could cause physiological disruption [26], nutri-
ent depletion [26,27] or costly immune responses [28].
Assessing the parasite density in dead mosquitoes can
be difficult (unless a mosquito is dissected shortly after
its death, parasite counts are unreliable), so studies
investigating parasite-induced vector mortality typically
explore the association between mosquito mortality and
the estimated number of parasites ingested. If later spor-
ogonic stages cause mosquito mortality, any statistical
investigation must take into consideration the highly
non-linear relationship between the number of parasites
ingested and the number developing into the stage caus-
ing the mortality. Otherwise parasite-induced vector
mortality would be harder to detect. The relative success
of different TBIs will be influenced by which sporogonic

stage(s) cause(s) vector mortality. Therefore, scenarios
are investigated in which vector mortality is associated
with ookinete load; oocyst burden at day 10, or number
of salivary gland sporozoites at day 21 post-feeding by
re-fitting the empirical (parabolic) hazard function of [7]
to the mosquito mortality rate obtained by these authors
varying the life-stage that is responsible for the excess
mortality. The Akaike information criterion (AIC) was
used to distinguish between model fits (the best sup-
ported model being the one with the lowest AIC) [29].

Variability in intervention efficacy
If vector mortality were determined by parasite load and
not just parasite presence or absence, any variability in
intervention efficacy would influence its overall effec-
tiveness. Vaccinated populations typically generate a
wide range of antibody responses [30] and the efficacy
of other interventions may also vary. A partially effica-
cious intervention, which reduces parasite density but
fails to clear infection, may increase the life-expectancy
of a mosquito without substantially reducing its infectiv-
ity. This could lead to the intervention actually increas-
ing rather than decreasing overall transmission.
By way of illustration, the variability in efficacy of all

the interventions investigated in this paper was mod-
elled on the range of responses expected from a single
immunogenic TBV. Though the distribution of antibody
titres generated by any TBV is not well known, it is
expected to be similar to that in other human vaccines,
which tend to show a log-normal distribution of anti-
body concentrations [30,31]. The relationship between

Figure 1 Graphical description of the mathematical model describing sporogonic development within the mosquito prior to the
introduction of an intervention. The model charts the number of macrogametocytes, Li

1 , ookinetes, Li
2 , oocysts, Li

3 , and salivary gland
sporozoites, Li

4 , within mosquito i. For a full list of notation see Additional file 1. The graphs under each arrow indicate the density-dependent
processes describing the number of parasites which develop into the subsequent life-stage. Shaded areas indicate the 95% confidence intervals
for the best-fit model fitted in [2].
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antibody concentration and TBV efficacy is typically
highly non-linear (hyperbolic) and can be described
using the Hill equation [31] (see Protocol S1). This gen-
erates a skewed distribution of intervention efficacies
whose mean is always closer to 50% than the median (i.
e. a negative skew at high mean efficacies and a positive
skew at low mean efficacies). For comparability it was
assumed that all interventions reduce the production of
the specific life-stage at which they are targeted, and not
additionally the production of a subsequent stage. This
is analogous to TBV antibodies attacking surface pro-
teins of a particular life-stage as soon as they appear.

Lifetime mosquito contribution to transmission
To aid interpretation of the complex concepts investi-
gated in the paper, a measurement of parasite transmis-
sion is devised based on the contribution of an
individual mosquito to onwards transmission over its
lifetime (assuming that infection is acquired during its
first bloodmeal). This method of estimating the lifetime
transmission potential of a mosquito has been used in
other mathematical approaches, though the exact defini-
tions vary [32,33]. In this paper, the definition will
depend on whether it is assumed that the potential for
malaria transmission from vectors to humans is deter-
mined by the presence or the density of salivary gland
sporozoites. For the former, onwards transmission is
defined as “the mean number of infectious bites made
per mosquito during its lifetime”. For the latter, onwards
transmission is “the mean number of salivary gland
sporozoites available to be injected per mosquito during
its lifetime”. These metrics allow transmission to be
compared between mosquitoes that ingest different
gametocyte densities, irrespective of other contributing
factors such as the mosquito to human ratio, the human
blood index, and the endemicity of malaria.

Results
Cumulative impact of density-dependent sporogonic
development
The cumulative impact of the multiple density-depen-
dent processes acting on the progression of P. berghei
through the mosquito makes the relationship between
the number of macrogametocytes ingested and the pre-
sence or number of salivary gland sporozoites highly
non-linear (Figures 2A, D). In highly infected vertebrate
hosts, reducing the number of macrogametocytes
ingested by 50%, from 300,000 to 150,000, reduces spor-
ozoite prevalence by only ~6% and sporozoite density by
~24%. The number of vertebrate hosts with very high
gametocytaemia is likely to be relatively small as the
majority of infected individuals tend to have intermedi-
ate or low gametocyte densities (see [34], though care
should be taken when comparing gametocyte densities

between species as P. falciparum typically has higher
mosquito infectivity [35]). To illustrate the epidemiolo-
gical importance of vertebrate hosts with relatively low
gametocytaemia, all additional graphs have a logged x-
axis. Figures 2B and 2E show how TBIs targeting differ-
ent life-stages will influence the final presence and den-
sity of salivary gland sporozoites within the mosquito.
Precisely which parasite life-stage is best to target to
achieve the greatest reduction in transmission will
depend on intervention efficacy, number of gametocytes
ingested, and on whether malaria transmission intensity
is assumed to depend on the presence or the density of
salivary gland sporozoites (Figures 2C and 2F). Target-
ing the ookinete life-stage is the most successful strategy
when the intervention is highly efficacious or the mos-
quito ingests a low/intermediate number of parasites
(Figure 2C). This is because the Allee-effect (positive
density dependence) acts on the production of oocysts
at low ookinete densities (Figure 1). Reducing ookinete
density per mosquito beneath a certain threshold (212
in this model system) would enhance parasite control by
making the development of ookinetes to oocysts less
efficient, giving additional benefits to TBIs. An interven-
tion reducing ookinete density by 60% (blue line) in
mosquitoes ingesting less than 100,000 macrogameto-
cytes has a greater than 60% reduction in the density of
salivary gland sporozoites (Figure 2E).

Parasite life-stage causing vector mortality
The results of the above model were used to re-fit the
relationship between parasite density and mosquito
mortality rate using the same data and methodology
presented in [7] (see Additional file 1). The model that
used the number of salivary gland sporozoites as the
explanatory variable gave the best fit to the experimental
data (AIC = -3384), followed by oocysts (AIC = -3376)
and finally ookinetes (AIC = -3370). However, this result
should be interpreted with caution. Though the AIC
values were able to clearly distinguish between the mod-
els that used sporozoites or ookinetes as the explanatory
variable, the difference between the sporozoite and
oocyst models was not so great as to exclude either
model. The best-fit models were used to show the rela-
tionship between the number of gametocytes ingested
and the number of infectious bites made by a mosquito
during its lifetime (see Additional file 2).
The complex relationship between the aggregated para-

site distribution and the range of efficacies generated by a
potential TBV makes the impact of parasite-induced vec-
tor mortality far from intuitive. Ultimately, the impact of
parasite-induced vector mortality will depend on the
time it takes for an infected mosquito to become infec-
tious, the shape of the relationship between parasite den-
sity and mosquito mortality and the distribution of
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parasites within the population (both before and after an
intervention). If vector mortality is determined by the
number of oocysts, a mosquito that ingests 100,000
macrogametocytes will bite, on average, 21% fewer times
from 16 days after blood-feeding onwards (i.e., once it is
infectious, see Additional file 1) than an uninfected mos-
quito (a drop from 3.8 to 3.0). This figure drops to 13%
(from 3.8 to 3.3) if vector mortality is caused by the num-
ber of sporozoites within the salivary glands.

Overall transmission prior to intervention
The cumulative impact of density-dependent sporogonic
development and vector mortality on overall transmission
is shown in Figure 3. If the intensity of malaria transmission

were determined by parasite density, then the reduction in
the number of infectious bites at high parasite densities
would be offset by a net increase in the number of sporo-
zoites reaching the salivary glands. Therefore, in this sce-
nario the highest contribution to transmission would be
made by mosquitoes that ingest the greatest number of
gametocytes (Figures 3E and 3G). However, if malaria
transmission were determined solely by the number of
infectious bites, then increases in parasite density above a
certain threshold would have only a minimal impact on
mosquito infectivity. Mosquitoes that feed on hosts with
intermediate gametocytaemia densities could therefore
make the highest contribution to overall transmission. This
is seen in the absence of an intervention in Figure 3A, in

Figure 2 The impact of transmission-blocking interventions which target different parasite life-stages on the prevalence and density
of salivary gland sporozoites. The Figure shows the relationship between the number of macrogametocytes ingested and the mean
prevalence of infectious mosquitoes (dashed lines, A and B) or the mean number of salivary gland sporozoites per mosquito (solid lines, D and
E). The model (described in Protocol S1) was run with either no intervention (black line) or representing an intervention which reduced the
production of a Plasmodium life-stage by 60%: macrogametocytes (yellow line); ookinetes (blue line); oocysts (green line); salivary gland
sporozoites (red line). The grey dotted-dashed line in panel B and panel E (where it lies on top of the red line) indicates an overall reduction in
sporozoite density/prevalence of 60% as a benchmark for comparison. The shaded areas of panels A and D depict the 95% confidence intervals
for the best-fit model. Panel D illustrates the importance of using an individual-based model (with which to account for parasite aggregation), as
simply combining the three density-dependent functions within a mean-based, deterministic model (thin dotted-dashed line) underestimates
the severity of the non-linear relationship. Panels C and F show which is the best life-stage to target to reduce transmission for a range of
gametocyte densities and intervention efficacies: macrogametocytes (yellow surface); ookinetes (blue surface); sporozoites (red surface).
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which transmission peaks in mosquitoes that ingest
~100,000 macrogametocytes per bloodmeal, if vector mor-
tality is determined by oocyst density. However, if vector
mortality were determined by sporozoite density (Figure
3C), then the small increase in the prevalence of infectious
mosquitoes as the number of macrogametocytes rises
above 200,000 per bloodmeal is enough to counteract the
reduction in the mean number of infectious bites made by
the mosquito population during their lifetime. This is in
part because the highly aggregated distribution of parasites
within the vector population ensures that a high percentage
of the parasites are within heavily infected mosquitoes,
which will not survive long enough to contribute to trans-
mission. Re-running the model assuming that parasites are
Poisson-distributed within the mosquito population
increases the modal relationship between gametocytaemia
and transmission (see Additional file 3).

Overall transmission after an intervention
A TBI with low efficacy could elevate transmission
intensity above that seen prior to the intervention. For

example, if parasite-induced vector mortality were deter-
mined by oocyst density in the mosquito, then accord-
ing to the model, the maximal average number of
infectious bites during the lifetime of a mosquito prior
to an intervention would be 2.3. This could increase to
2.9 if a TBI reducing oocyst density by approximately
60% was introduced (Figure 3A). This is because mos-
quitoes that ingest a high number of gametocytes have a
greater chance of becoming infected, but a lower life
expectancy. If an intervention reduced the number of
parasites of the life-stage that causes vector mortality,
the life-expectancy of the mosquito would increase,
boosting transmission.
Again, the impact of TBIs that target different sporo-

gonic stages on the overall level of transmission will
depend on the efficacy of the intervention, the number
of gametocytes ingested by the mosquito and the biol-
ogy of the infection (Figure 3). The likelihood of an
intervention increasing transmission will depend on
which parasite life-stage the intervention is targeting
and which life-stage vector mortality is dependent on.

Figure 3 The impact on transmission of interventions which target different parasite life-stages. The Figure shows the relationship
between the number of macrogametocytes ingested and transmission according to whether the latter is dependent on the presence (dashed
lines, panels A, B, C and D) or density (solid lines, panels E, F, G and H) of salivary gland sporozoites. The mean number of infectious bites per
mosquito and the lifetime mean number of salivary gland sporozoites available to be injected per mosquito are both estimated assuming the
mosquito is infected at its first bloodmeal. Parasite-induced vector mortality is dependent on the number of oocysts at day 10 (A, B, E and F) or
salivary gland sporozoites on day 21 (C, D, G and H). In panels A, C, E and G the model was run with either no intervention (black line) or
representing an intervention which reduced the production of a life-stage by 60%: gametocytes (yellow line); ookinetes (blue line); oocysts
(green line); salivary gland sporozoites (red line). Note that the black and red lines overrun each other in panel A. The thin grey dotted-dashed
line indicates an overall efficacy of 60% for comparison. The contour plots (panels B, D, F and H) show the relationship between
gametocytaemia, the efficacy of an intervention which targeting oocysts and the overall reduction in transmission that this intervention causes.
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Interventions are less likely to have a negative effect in
mosquitoes which ingest a low number of gametocytes.
However, if vector mortality is caused by later sporogo-
nic stages then interventions with low efficacies which
target oocysts or sporozoites may have a perverse out-
come irrespective of how many gametocytes the mos-
quito ingests, though the size of the effect is likely to be
modest (Figures 3B and 3D).
Parasite-induced vector mortality will make the effec-

tiveness of an intervention depend on its ability to
reduce parasite prevalence as well as parasite density. A
partially effective intervention with a high variance in
efficacy will tend to cause a greater reduction in trans-
mission than one with a lower variance, as it will have a
the greatest chance of clearing infection in some mos-
quitoes whilst minimising the number of bites made by
those still contributing to transmission (Figure 4).

Discussion
Density-dependent processes regulating malaria parasite
development within the mosquito are likely to influence
the success of partially effective TBIs and should be
considered when making decisions on which stage(s) to
prioritize as target(s). The complex relationships
between different positive and negative density-depen-
dent processes mean that the life-stage that is best to
target may also vary between settings. However, some
general conclusions can be drawn from this analysis.

Interventions that reduce ookinete density beneath a
threshold are likely to have auxiliary benefits as they uti-
lize positive density-dependent processes naturally
restricting sporogonic development at low densities.
TBIs which fail to reduce ookinete density beneath this
threshold will have a lower overall impact on transmis-
sion than the efficacy achieved at the targeted life-stage.
Unless the intervention successfully clears the infection,
any reductions in parasite density could potentially
increase the life-expectancy of the mosquito, enhancing
transmission. Therefore partially effective interventions
with a high variance in effectiveness will be more effec-
tive than those that have a more uniform efficacy.
Model systems provide a powerful tool for identifying

testable hypotheses that may be applicable to the trans-
mission of human malaria. The processes investigated in
this paper have been identified and quantified in the P.
berghei-An. stephensi laboratory model and this work
needs to be repeated in naturally found parasite-vector
combinations to draw definitive conclusions about
human malaria. Similar density-dependent processes
influencing sporogonic development within the mos-
quito have been identified in other parasite-vector com-
binations [8,36]. Indeed, a number of studies of P.
falciparum indicate a sigmoidal relationship between
gametocyte density and mosquito infectivity [10-14],
indicating that positive and negative regulatory

Figure 4 The relationship between gametocytaemia and transmission for three different theoretical transmission blocking vaccines
which have the same mean efficacy but differ in their variance. The two panels show the impact of the interventions which reduce the
production of ookinetes by an average of 60% if malaria transmission is dependent on the presence (dashed line, panel A) or density (solid line,
pane B) of salivary gland sporozoites. Predictions are shown for no intervention (black line) or for a TBV which generates a range of antibody
responses in the vaccinated population corresponding to a ratio of the 97.5% percentile to the 2.5% percentile of 9 fold (low variance, light
green), 68 fold (medium variance, dark green) or 6664 fold (high variance, purple) [31].
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processes within the mosquito may influence the popu-
lation dynamics of human malaria.
This paper has examined the effect of different poten-

tial TBIs on mosquitoes fed on blood with known game-
tocyte concentrations. More accurate estimation of an
intervention’s impact at the population level will require
information on the distribution of gametocytes within
the bitten human population, and this is likely to vary
temporally [37], geographically [14], and with treatment
[38]. As a result, the community impact of different
TBIs will likely vary from setting to setting. Gametocyte
densities of Plasmodium falciparum are lower than
those in the experimental system investigated here, with
a significant proportion of human hosts having densities
too low to detect through standard microscopy [34].
This may improve the efficacy of TBIs if ookinete densi-
ties were low enough to restrict transmission as a conse-
quence of the positive density-dependent processes that
may operate on oocyst development.
The chance that a TBI actually increases the average

number of infectious bites a human host population is
exposed to will depend on the severity of parasite-
induced vector mortality, the distribution of parasites
within the human host and mosquito population before
and after the intervention, and the shape of the relation-
ship between gametocyte density and mosquito infectiv-
ity. The probability of infecting a feeding mosquito
plateaus at moderate gametocyte densities, though the
exact shape of this gametocytaemia-infectivity relation-
ship may vary [39-41]. Therefore, partially decreasing
gametocyte density in human hosts with high gametocy-
taemia may not substantially decrease the host’s ability
to infect a mosquito. In such a scenario, even weak den-
sity-dependent parasite-induced vector mortality would
reduce the number of infectious bites made by vectors
ingesting a high number of gametocytes. The conse-
quences of this for malaria transmission will depend on
the distribution of gametocytes within the human host
population. An intervention may reduce the contribu-
tion to transmission of hosts with low gametocytaemia
whilst at the same time increasing the number of infec-
tious bites made by mosquitoes (during their lifetime)
that feed on highly gametocytaemic hosts. The overall
change in the potential for malaria transmission will
therefore depend on whether the cumulative reduction
in transmission from human hosts with low number of
gametocytes outweighs the increase in transmission
caused by heavily infected hosts.
The model has been parameterized using mosquito

mortality data from laboratory experiments where the
insects will live much longer than they would do under
natural conditions. In the wild, mosquitoes are likely to
make relatively few bites more than 10 days after
becoming infected, so malaria transmission will be

highly sensitive to small changes in mosquito mortality.
In addition, older mosquitoes are much more suscepti-
ble to changes in parasite density [7]. Since these are
the mosquitoes contributing most to transmission (given
the long extrinsic incubation period of Plasmodium
within Anopheles) even a small increase in mortality of
this age group may have a significant impact on
transmission.
The results of this analysis indicate that interventions

with an intermediate or low efficacy are more likely to
cause an increase in transmission. Although it is unlikely
that any TBI with a low efficacy would be deployed in a
public health programme, the effectiveness of an inter-
vention may wane over time so it is important to con-
sider how these low efficacies will influence transmission
dynamics. For example, TBV efficacy may decline rela-
tively rapidly as the concentration of antibodies within
the bloodstream falls. This means that unless vaccine effi-
cacy is regularly boosted, antibody concentration may
drop, causing the level of transmission to increase above
pre-intervention levels. This is in additions to any
enhancement of mosquito infectivity that may occur as
the concentration of serum antibodies falls [42-44].
It is interesting to note that if parasite-induced vector

mortality operates in natural combinations of medical
importance, then Plasmodium may benefit from eliciting
a mild transmission-blocking immune response. If
malaria transmission is determined by sporozoite pre-
sence (rather than density), then reducing parasite den-
sity once the mosquito is infected will tend to increase
overall transmission by reducing the mortality of the
insect vector. Pre-fertilization antigens are known to be
a target of the natural immune response and it may be
more plausible to ascribe this type of immunity to an
evolutionary response by the parasite and not the
human host.
Further work is required to identify whether parasite-

induced vector mortality acts in malaria endemic
regions so that any perverse outcome of TBIs can be
thoroughly understood and contained. Taking into
account the possible non-linear relationships between
different sporogonic life-stages will increase the chance
of identifying any changes in mosquito mortality caused
by the parasite. Re-fitting vector mortality data indicates
that later sporogonic stages are the most likely cause of
parasite-induced vector mortality. However, it is likely
that more than one parasite life-stage will play a role, as
oocysts or sporozoites cannot have caused the elevated
mortality seen in mosquitoes immediately after blood
feeding.
Research into possible TBIs should consider how the

development of the parasite within the mosquito may
influence study results. The standard method of asses-
sing the efficacy of a TBV is to compare the number of
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oocysts within mosquitoes fed on immunised/unimmu-
nised blood [45,46]. These efficacy estimates therefore
already include the net effects of all density-dependent
mechanisms acting upon the production of ookinetes
and oocysts. Interventions targeting gametocytes and
ookinetes may have had a different efficacy than that
measured at the oocyst stage, depending on the number
of gametocytes ingested. Understanding this may
improve the accuracy of molecular methods for asses-
sing TBV efficacy [46]. Researchers should also be aware
that reductions in oocyst intensity may overestimate
reductions in malaria transmission due to the actions of
density-dependent sporozoite development and parasite-
induced vector mortality.
In light of the possible impact of parasite-induced vec-

tor mortality, lab-based studies measuring intervention
efficacy should compare the survival of mosquitoes
between treatment groups over their whole lifetime.
This is because vectors that ingest a lower number of
parasites may have had a higher probability of surviving
long enough to be dissected. Failing to control for this
may cause the intervention efficacy to be overestimated.
It is also important to investigate the impact of an inter-
vention on the survival of older mosquitoes as they
make the greatest contribution to overall transmission.
Studies should quantify the distribution of efficacies
caused by a TBI (both within the human host and the
mosquito) to allow the full impact of a control measure
to be estimated. It is also important to understand how
the efficacy of an intervention may change over time.
Phase II clinical trials of possible TBV candidates should
quantify the rate and variance of antibody decay in a
range of environmental settings (i.e. with different
degrees of natural immunological boosting from
ongoing infection). In addition, ideally the duration of
both Phase II and Phase III trials should be lengthened
until target antibody concentrations have returned to
pre-intervention levels, allowing the full impact of start-
ing an intervention but failing to sustain it to be
quantified.
There is evidence that other regulatory processes act-

ing upon the malaria parasite within the mosquito may
also be density-dependent in natural populations. For
example, Plasmodium may influence mosquito biting
frequency [47], feeding persistence [48] and physiology
[49]. Other factors such as parasite sex ratio may also
affect the likelihood of onwards transmission [50], and
therefore should be considered when quantifying the
overall impact of an intervention. Similar methods
should be used to understand the influence of multiple
density-dependent processes on other vector-borne dis-
eases as parasite development and vector survival have
been shown to be influenced by the parasite density in

both human onchocerciasis [51,52] and lymphatic filar-
iasis [53-55].

Conclusions
This paper has highlighted the importance of understand-
ing the population dynamics of the malaria parasite within
the mosquito as processes regulating the development of
the parasite may enhance or impede the effectiveness of a
control strategy. Mathematical models should be used to
investigate how an intervention influences both parasite
development and vector mortality in order to fully evalu-
ate the effectiveness of the new transmission blocking
interventions currently under development.

List of abbreviations
TBI: (Transmission-blocking interventions); TBV:
(Transmission-blocking vaccine).

Additional material

Additional file 1: Description of the mathematical model and table
of parameter values.

Additional file 2: The impact of varying which parasite life-stage
causes mosquito mortality on the mean number of potentially
infectious bites made by a mosquito in its lifetime. Parasite mortality
is dependent on the mean number of ingested ookinetes (blue line),
oocysts at day 10 (green line) or salivary gland sporozoites on day 21
(red line). All bites made 10 days after the first bloodmeal are defined as
being potentially infectious. The relationship between ookinete density
and the later life-stages was estimated using the full model and used to
re-fit the mosquito mortality data from [7].

Additional file 3: The relationship between gametocytaemia and
transmission for a Poisson-distributed parasite population. The
potential for malaria transmission is dependent on either salivary gland
sporozoite density (solid lines, panel A) or prevalence (dashed lines,
panel B). The mean number of salivary gland sporozoites available to be
injected per mosquito and the mean number of infectious bites per
mosquito are both estimated assuming the mosquito is infected at its
first bloodmeal and correspond to the total during the mosquito’s
lifetime. The model was run with either no intervention (black line) or
representing a TBI which reduced the production of a life-stage by 60%:
gametocytes (yellow line); ookinetes (blue line); oocysts (green line);
salivary gland sporozoites (red line). The thin dotted-dashed grey line
(which overlaps with the red line in A) indicates an overall reduction in
sporozoite density/prevalence efficacy of 60% as a benchmark for
comparison. The number of parasites of each life-stage among the
mosquitoes follows a Poisson distribution (i.e. ki

j = 10).

Acknowledgements
This work has been supported by the European Commission FP7
Collaborative project TransMalariaBloc (HEALTH-F3-2008-223736). EJD also
thanks the Medical Research Council UK, for a Doctoral Training Account
within the Faculty of Medicine, Imperial College London.

Author details
1Department of Infectious Disease Epidemiology, School of Public Health,
Faculty of Medicine, Imperial College London, UK. 2Division of Cell and
Molecular Biology, Faculty of Life Sciences, Imperial College London, UK.
3Division of Biology, Faculty of Natural Sciences, Imperial College London,
UK.

Churcher et al. Malaria Journal 2010, 9:311
http://www.malariajournal.com/content/9/1/311

Page 9 of 11

http://www.biomedcentral.com/content/supplementary/1475-2875-9-311-S1.DOC
http://www.biomedcentral.com/content/supplementary/1475-2875-9-311-S2.DOC
http://www.biomedcentral.com/content/supplementary/1475-2875-9-311-S3.DOC


Authors’ contributions
TSC carried out the mathematical modelling and drafted the manuscript.
TSC, EJD and MGB conceived the study. EJD, RES, GKC, JCK and MGB
participated in the design of the study and helped to draft the manuscript.
All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 5 August 2010 Accepted: 4 November 2010
Published: 4 November 2010

References
1. Dietz K: Density-dependence in parasite transmission dynamics. Parasitol

Today 1988, 4:91-97.
2. Sinden RE, Dawes EJ, Alavi Y, Waldock J, Finney O, Mendoza J, Butcher GA,

Andrews L, Hill AV, Gilbert SC, Basáñez MG: Progression of Plasmodium
berghei through Anopheles stephensi is density-dependent. PLoS Pathog
2007, 3:e195.

3. Harrington LC, Vermeylen F, Jones JJ, Kitthawee S, Sithiprasasna R,
Edman JD, Scott TW: Age-dependent survival of the dengue vector
Aedes aegypti (Diptera: Culicidae) demonstrated by simultaneous
release-recapture of different age cohorts. J Med Entomol 2008,
45:307-313.

4. Styer LM, Carey JR, Wang JL, Scott TW: Mosquitoes do senesce: departure
from the paradigm of constant mortality. Am J Trop Med Hyg 2007,
76:111-117.

5. Anderson RA, Knols BG, Koella JC: Plasmodium falciparum sporozoites
increase feeding-associated mortality of their mosquito hosts Anopheles
gambiae s.l. Parasitology 2000, 120:329-333.

6. Ferguson HM, Read AF: Why is the effect of malaria parasites on
mosquito survival still unresolved? Trends Parasitol 2002, 18:256-261.

7. Dawes EJ, Churcher TS, Zhuang S, Sinden RE, Basáñez MG: Anopheles
mortality is both age- and Plasmodium-density dependent: implications
for malaria transmission. Malar J 2009, 8:228.

8. Poudel SS, Newman RA, Vaughan JA: Rodent Plasmodium: population
dynamics of early sporogony within Anopheles stephensi mosquitoes. J
Parasitol 2008, 94:999-1008.

9. Vaughan JA: Population dynamics of Plasmodium sporogony. Trends
Parasitol 2007, 23:63-70.

10. Barnes KI, White NJ: Population biology and antimalarial resistance: The
transmission of antimalarial drug resistance in Plasmodium falciparum.
Acta Trop 2005, 94:230-240.

11. Drakeley CJ, Secka I, Correa S, Greenwood BM, Targett GA: Host
haematological factors influencing the transmission of Plasmodium
falciparum gametocytes to Anopheles gambiae s.s. mosquitoes. Trop Med
Int Health 1999, 4:131-138.

12. Paul RE, Bonnet S, Boudin C, Tchuinkam T, Robert V: Aggregation in
malaria parasites places limits on mosquito infection rates. Infect Genet
Evol 2007, 7:577-586.

13. Pichon G, Robert V, Tchuinkam T, Mulder B, Verhave JP: A quantitative
analysis of the distribution of Plasmodium falciparum oocysts in
Anopheles gambiae. Parasite 1996, 3:161-167.

14. Stepniewska K, Price RN, Sutherland CJ, Drakeley CJ, von Seidlein L,
Nosten F, White NJ: Plasmodium falciparum gametocyte dynamics in
areas of different malaria endemicity. Malar J 2008, 7:249.

15. Kebaier C, Voza T, Vanderberg J: Kinetics of mosquito-injected
Plasmodium sporozoites in mice: fewer sporozoites are injected into
sporozoite-immunized mice. PLoS Pathog 2009, 5:e1000399.

16. Medica DL, Sinnis P: Quantitative dynamics of Plasmodium yoelii
sporozoite transmission by infected anopheline mosquitoes. Infect
Immun 2005, 73:4363-4369.

17. Saul A: Mosquito stage, transmission blocking vaccines for malaria. Curr
Opin Infect Dis 2007, 20:476-481.

18. Koella JC, Lorenz L, Bargielowski I: Microsporidians as evolution-proof
agents of malaria control? Adv Parasitol 2009, 68:315-327.

19. Christophides GK: Transgenic mosquitoes and malaria transmission. Cell
Microbiol 2005, 7:325-333.

20. Carter R, Mendis KN, Miller LH, Molineaux L, Saul A: Malaria transmission-
blocking vaccines–how can their development be supported? Nat Med
2000, 6:241-244.

21. Beier JC, Onyango FK, Ramadhan M, Koros JK, Asiago CM, Wirtz RA,
Koech DK, Roberts CR: Quantitation of malaria sporozoites in the salivary
glands of wild Afrotropical Anopheles. Med Vet Entomol 1991, 5:63-70.

22. Medley GF, Sinden RE, Fleck S, Billingsley PF, Tirawanchai N, Rodriguez MH:
Heterogeneity in patterns of malarial oocyst infections in the mosquito
vector. Parasitology 1993, 106:441-449.

23. Vaughan JA, Noden BH, Beier JC: Sporogonic development of cultured
Plasmodium falciparum in six species of laboratory-reared Anopheles
mosquitoes. Am J Trop Med Hyg 1994, 51:233-243.

24. Churcher TS, Ferguson NM, Basáñez MG: Density dependence and
overdispersion in the transmission of helminth parasites. Parasitology
2005, 131:121-132.

25. Jahan N, Docherty PT, Billingsley PF, Hurd H: Blood digestion in the
mosquito, Anopheles stephensi: the effects of Plasmodium yoelii
nigeriensis on midgut enzyme activities. Parasitology 1999, 119:535-541.

26. Beier JC: Malaria parasite development in mosquitoes. Annu Rev Entomol
1998, 43:519-543.

27. Hurd H, Hogg JC, Renshaw M: Interactions between bloodfeeding,
fecundity and infection in mosquitos. Parasitology Today 1995, 11:411-416.

28. Dimopoulos G, Christophides GK, Meister S, Schultz J, White KP, Barillas-
Mury C, Kafatos FC: Genome expression analysis of Anopheles gambiae:
responses to injury, bacterial challenge, and malaria infection. Proc Natl
Acad Sci USA 2002, 99:8814-8819.

29. Burnham K, Anderson D: Model Selection and Multi-Model Inference: A
Practical Information-Theoretic Approach. New York: Springer;, 2 2004.

30. Saul A, Fay MP: Human immunity and the design of multi-component,
single target vaccines. PLoS One 2007, 2:e850.

31. Saul A: Efficacy model for mosquito stage transmission blocking vaccines
for malaria. Parasitology 2008, 135:1497-1506.

32. Saul AJ, Graves PM, Kay BH: A cyclical feeding model for pathogen
transmission and its application to determine vectorial capacity from
vector infection-rates. J Appl Ecol 1990, 27:123-133.

33. Smith DL, McKenzie FE: Statics and dynamics of malaria infection in
Anopheles mosquitoes. Malar J 2004, 3:13.

34. Okell LC, Ghani AC, Lyons E, Drakeley CJ: Submicroscopic infection in
Plasmodium falciparum-endemic populations: a systematic review and
meta-analysis. J Infect Dis 2009, 200:1509-1517.

35. Schneider P, Bousema JT, Gouagna LC, Otieno S, van de Vegte-Bolmer M,
Omar SA, Sauerwein RW: Submicroscopic Plasmodium falciparum
gametocyte densities frequently result in mosquito infection. Am J Trop
Med Hyg 2007, 76:470-474.

36. Rosenberg R, Koontz LC, Carter R: Infection of Aedes aegypti with zygotes
of Plasmodium gallinaceum fertilized in vitro. J Parasitol 1982, 68:653-656.

37. Drakeley CJ, Carneiro I, Reyburn H, Malima R, Lusingu JP, Cox J,
Theander TG, Nkya WM, Lemnge MM, Riley EM: Altitude-dependent and
-independent variations in Plasmodium falciparum prevalence in
northeastern Tanzania. J Infect Dis 2005, 191:1589-1598.

38. Adjuik M, Babiker A, Garner P, Olliaro P, Taylor W, White N: Artesunate
combinations for treatment of malaria: meta-analysis. Lancet 2004,
363:9-17.

39. Draper CC: Observations on the infectiousness of gametocytes in
hyperendemic malaria. Trans R Soc Trop Med Hyg 1953, 47:160-165.

40. Jeffery GM, Eyles DE: Infectivity to mosquitoes of Plasmodium falciparum
as related to gametocyte density and duration of infection. Am J Trop
Med Hyg 1955, 4:781-789.

41. Tchuinkam T, Mulder B, Dechering K, Stoffels H, Verhave JP, Cot M,
Carnevale P, Meuwissen JH, Robert V: Experimental infections of
Anopheles gambiae with Plasmodium falciparum of naturally infected
gametocyte carriers in Cameroon: factors influencing the infectivity to
mosquitoes. Trop Med Parasitol 1993, 44:271-276.

42. Naotunne TD, Rathnayake KD, Jayasinghe A, Carter R, Mendis KN:
Plasmodium cynomolgi: serum-mediated blocking and enhancement of
infectivity to mosquitoes during infections in the natural host, Macaca
sinica. Exp Parasitol 1990, 71:305-313.

43. Peiris JS, Premawansa S, Ranawaka MB, Udagama PV, Munasinghe YD,
Nanayakkara MV, Gamage CP, Carter R, David PH, Mendis KN: Monoclonal
and polyclonal antibodies both block and enhance transmission of
human Plasmodium vivax malaria. Am J Trop Med Hyg 1988, 39:26-32.

44. Tirawanchai N, Winger LA, Nicholas J, Sinden RE: Analysis of immunity
induced by the affinity-purified 21-kilodalton zygote-ookinete surface
antigen of Plasmodium berghei. Infect Immun 1991, 59:36-44.

Churcher et al. Malaria Journal 2010, 9:311
http://www.malariajournal.com/content/9/1/311

Page 10 of 11

http://www.ncbi.nlm.nih.gov/pubmed/15463054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18166078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18166078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18402147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18402147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18402147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17255238?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17255238?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10811273?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10811273?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10811273?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12036738?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12036738?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19822012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19822012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19822012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18576764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18576764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17188574?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15878154?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15878154?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10206267?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10206267?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10206267?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17521970?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17521970?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19055751?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19055751?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19390607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19390607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19390607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15972531?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15972531?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17762780?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19289199?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19289199?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15679836?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10700212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10700212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1768902?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1768902?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8341579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8341579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8074258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8074258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8074258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16038403?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16038403?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10633914?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10633914?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10633914?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9444756?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12077297?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12077297?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17786221?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17786221?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18257944?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18257944?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15180900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15180900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19848588?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19848588?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19848588?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17360869?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17360869?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7119992?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7119992?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15838785?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15838785?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15838785?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14723987?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14723987?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13077714?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13077714?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13259002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13259002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8134766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8134766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8134766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8134766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2209788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2209788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2209788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3041855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3041855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3041855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1987051?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1987051?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1987051?dopt=Abstract


45. Chowdhury DR, Angov E, Kariuki T, Kumar N: A potent malaria
transmission blocking vaccine based on codon harmonized full length
Pfs48/45 expressed in Escherichia coli. PLoS One 2009, 4:e6352.

46. Miura K, Keister DB, Muratova OV, Sattabongkot J, Long CA, Saul A:
Transmission-blocking activity induced by malaria vaccine candidates
Pfs25/Pvs25 is a direct and predictable function of antibody titer. Malar J
2007, 6:107.

47. Koella JC, Sorensen FL, Anderson RA: The malaria parasite, Plasmodium
falciparum, increases the frequency of multiple feeding of its mosquito
vector, Anopheles gambiae. Proc Biol Sci 1998, 265:763-768.

48. Anderson RA, Koella JC, Hurd H: The effect of Plasmodium yoelii nigeriensis
infection on the feeding persistence of Anopheles stephensi Liston
throughout the sporogonic cycle. Proc Biol Sci 1999, 266:1729-1733.

49. Hogg JC, Hurd H: Malaria-induced reduction of fecundity during the first
gonotrophic cycle of Anopheles stephensi mosquitoes. Med Vet Entomol
1995, 9:176-180.

50. Mitri C, Thiery I, Bourgouin C, Paul RE: Density-dependent impact of the
human malaria parasite Plasmodium falciparum gametocyte sex ratio on
mosquito infection rates. Proc Biol Sci 2009, 276:3721-3726.

51. Basáñez MG, Remme JHF, Alley ES, Bain O, Shelley AJ, Medley GF,
Anderson RM: Density-dependent processes in the transmission of
human onchocerciasis: Relationship between the numbers of
microfilariae ingested and successful larval development in the simuliid
vector. Parasitology 1995, 110:409-427.

52. Basáñez MG, Townson H, Williams JR, Frontado H, Villamizar NJ,
Anderson RM: Density-dependent processes in the transmission of
human onchocerciasis: Relationship between microfilarial intake and
mortality of the simuliid vector. Parasitology 1996, 113:331-355.

53. Krishnamoorthy K, Subramanian S, Van Oortmarssen GJ, Habbema JD,
Das PK: Vector survival and parasite infection: the effect of Wuchereria
bancrofti on its vector Culex quinquefasciatus. Parasitology 2004,
129:43-50.

54. Snow LC, Bockarie MJ, Michael E: Transmission dynamics of lymphatic
filariasis: vector-specific density dependence in the development of
Wuchereria bancrofti infective larvae in mosquitoes. Med Vet Entomol
2006, 20:261-272.

55. Stolk WA, Van Oortmarssen GJ, Subramanian S, Das PK, Borsboom GJ,
Habbema JD, de Vlas SJ: Assessing density dependence in the
transmission of lymphatic filariasis: uptake and development of
Wuchereria bancrofti microfilariae in the vector mosquitoes. Med Vet
Entomol 2004, 18:57-60.

doi:10.1186/1475-2875-9-311
Cite this article as: Churcher et al.: Population biology of malaria within
the mosquito: density-dependent processes and potential implications
for transmission-blocking interventions. Malaria Journal 2010 9:311.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Churcher et al. Malaria Journal 2010, 9:311
http://www.malariajournal.com/content/9/1/311

Page 11 of 11

http://www.ncbi.nlm.nih.gov/pubmed/19623257?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19623257?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19623257?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17686163?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17686163?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9628035?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9628035?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9628035?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10518321?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10518321?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10518321?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7787226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7787226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19656795?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19656795?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19656795?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7753582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7753582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7753582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7753582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8873475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8873475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8873475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15267110?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15267110?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17044876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17044876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17044876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15009446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15009446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15009446?dopt=Abstract

	DAWES EJ PHD THESIS - Correct colours.pdf
	Appedices (New).pdf
	First section of Appendix.pdf
	Churcher et al., 2010.pdf
	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Mosquito life-expectancy
	Variability in intervention efficacy
	Lifetime mosquito contribution to transmission

	Results
	Cumulative impact of density-dependent sporogonic development
	Parasite life-stage causing vector mortality
	Overall transmission prior to intervention
	Overall transmission after an intervention

	Discussion
	Conclusions
	List of abbreviations
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References



